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Foreword

For the past ten years it has been a great pleasure for me to watch the growth and
maturation of the Professional Development Program described in this Volume, under
the inspired leadership of Lisa Hunter and her staff. I have found this program to be
fascinating, and I think this Volume will help convey its fascination to you, the reader.

The Professional Development Program has played a key role within in the Center
for Adaptive Optics (CfAO), a Science and Technology Center funded by the U.S.
National Science Foundation. As an NSF Center, the CfAO’s mandate was to “foster
excellence in education by integrating education and research, and by creating bonds
between learning and inquiry so that discovery and creativity fully support the learning
process.”1 In my ten years as Theme Leader, Deputy Director, and then Director of the
CfAO, I watched its Professional Development Program (which we called the “PDP”
for short) fulfill all of these aims, and more. The current Volume describes the structure
and goals of the PDP, its outcomes in terms of Inquiry Activities and Course Curricula,
and research and evaluation of the PDP.

Here I want to say a few words about the role that the PDP has played in the life
of the Center for Adaptive Optics, and about future plans for the program.

First, what is Adaptive Optics itself? Adaptive optics is a technique for correcting
optical distortions to dramatically improve image quality. To accomplish this, adaptive
optics uses special “deformable mirrors” which change their shape as fast as hundreds
of times a second, in order to cancel out the incoming distortions. Today adaptive optics
is used in astronomy, vision science, ophthalmology, laser communications, and within
high-powered lasers. The Center for Adaptive Optics brought together widely dispersed
research groups from about a dozen universities and more than a dozen national lab-
oratories, industrial organizations, and eye institutes. It funded collaborative research
focused on the applications of adaptive optics to astronomical telescopes and to instru-
ments that image the living human retina – two very different applications which share
very similar technologies and engineering.

One of the biggest challenges in building collaborative research within the Center
for Adaptive Optics was to make “the whole bigger than the sum of the parts,” when
most participants initially did not even know researchers from the other sites or the
other fields. We found that by running an education program for our graduate students
in which everyone participated, our students and postdocs got to know and trust each
other as they came together at the PDP workshops and as they worked together on de-
veloping the PDP’s inquiry activities and curricula. Once the students and postdocs had
worked together on education projects, they were able to bring new ideas for research
collaboration to their own faculty advisors. Thus in a very real sense the Professional
Development Program provided the “glue” that held the Center for Adaptive Optics
together!

During the CfAO’s ten years of life as an NSF Science and Technology Center, the
PDP created a “community of learners” among our graduate students, post-docs, and
faculty. A community of learners is a group of people who support each other in their
collective and individual learning, are cooperative, and work productively together. As

1NSF Program Guidelines Solicitation 08-580, http://nsf.gov/funding/pgm_summ.jsp?pims_id=
5541&org=OIA

xi



xii Foreword

a result, strongly shared values about the importance of education have permeated the
CfAO community. The graduate students and postdocs who participated in the PDP
have a strong commitment to education and a better ability to put that commitment
to effect than the typical science or engineering graduate student does. In addition,
many of our CfAO faculty no longer view education as secondary to a research career,
and many agree that participation of graduate students in PDP activities has been quite
beneficial. In several different ways, the PDP has been an agent for change within the
science and engineering departments who were CfAO members.

In addition to these institutional benefits, the PDP has had a salutary effect on
CfAO students and postdocs as individuals. Survey results show that the PDP has
been important for keeping our students motivated in graduate school; that teaching
research skills to others has helped our graduate students to understand how to do their
own research; and that the PDP has been important in helping our graduating PhD
students to get postdoc and faculty jobs, as well as grants. Likewise, participation in
PDP-developed inquiry activities and courses has had a very significant effect on re-
taining undergraduate-level students from groups that are under-represented in science
and engineering, as they progress through their undergraduate education, graduate ex-
periences, and jobs in science and technology fields.

You will see, as you read this book, the contributions of many graduate students
and postdocs to the PDP program and its outcomes. I deeply thank all of them for their
commitment and efforts over the past ten years.

Now that the ten years of National Science Foundation funding for the CfAO has
ended, what does the future hold?

The CfAO itself is continuing under the aegis of the University of California. Its
retreats, workshops, and Adaptive Optics Summer School will retain their roles in the
creation of an “adaptive optics community” for researchers in this exciting technology.

The legacy of the CfAO’s Professional Development Program is embodied in two
new initiatives with the PDP at their hearts: the Institute for Scientist & Engineer Edu-
cators at the University of California, Santa Cruz (UCSC), and the Akamai Workforce
Initiative in Hawaii.

At UCSC, the Institute for Scientist & Engineer Educators represents an expansion
of the scope of the PDP beyond its origins in astronomy and optometry departments,
to now include participants from all of the science and engineering departments on our
campus. This new Institute prepares science and engineering graduate students and
postdoctoral researchers for their educational role as future faculty members and for
a wide range of other science and engineering careers. The Institute offers teaching
certificates and a variety of workshops, programs, symposia, and other activities open
broadly to UCSC’s science and engineering community.2

In Hawaii, the Akamai Workforce Initiative has grown out of the PDP program and
is focused on preparing the next workforce in science, engineering, and technology to
meet manpower needs in astronomy, remote sensing, and other high-technology indus-
tries in Hawaii. The Akamai Workforce Initiative is providing training in electro-optics
for a diverse student population through an innovative, culturally-relevant curriculum,
in a collaboration that includes the University of Hawaii – Maui College, the University
of Hawaii Institute for Astronomy, and the University of California, Santa Cruz. One

2For a more complete description of the Institute for Scientist & Engineer Educators, see http://isee.
ucsc.edu/
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of the goals of the Akamai Workforce Initiative is to demonstrate the value that the
astronomy “industry” brings to the local community in Hawaii through these new and
effective educational programs for young people.3

In the early years of the CfAO, we asked ourselves what “monuments” do we want
to leave, after the mandatory ten-year limit on National Science Foundation funding has
passed. In this context the current Volume serves two purposes: it describes one of our
finest legacies, the Professional Development Program, and it is itself a legacy of the
Center. I hope you enjoy reading about these exciting activities and programs.

Claire Max
Director, Center for Adaptive Optics

Santa Cruz, California
August 1, 2010

3For a more complete description of the Akamai Workforce Initiative see http://kopiko.ifa.hawaii.
edu/akamai/





Preface

The Professional Development Program (PDP) is a thriving program that trains
graduate students and postdoctoral researchers in science and engineering to teach ef-
fectively and inclusively through inquiry. The PDP was originally developed in 2001
through the Center for Adaptive Optics (CfAO), a National Science Foundation-funded
Science and Technology Center, and the program has been implemented every year
since. The PDP originally recruited mainly early-career astronomers and vision sci-
entists who use adaptive optics technology in their research and also value education.
Since then, the program has kept strong ties to the astronomy departments at CfAO-
affiliated institutions and broadened to include participants from many natural science
and engineering disciplines at both the University of California, Santa Cruz, where the
CfAO is headquartered, and in Hawaii, where we have strong partnerships.

The PDP includes a year-long cycle of activities in which participants experience
inquiry from the learner’s perspective, then design and teach their own inquiry labo-
ratory activities, mainly for undergraduate student audiences. Participants then reflect
on the experience, and are encouraged to return and take on leadership roles in future
PDP cycles. The PDP focuses on training participants to teach scientific and engi-
neering concepts, research skills, and reasoning skills through inquiry. This approach
gives students more ownership over their learning than commonly used but often in-
effective strategies such as teaching heavily guided “cookbook”-style activities. Other
important focuses of the PDP include assessing students’ learning, and teaching inclu-
sively, so that a broad student population is engaged. In general, we project the attitude
that teaching and learning can be approached critically, even scientifically, and that it
is valuable to practice and to incorporate research-based strategies into one’s teaching
repertoire. This training complements and enhances our participants’ ongoing research
training, and strengthens their preparation for future faculty careers. An incredibly im-
portant outcome of the PDP is our community of current and past participants, who we
now regard as scientist- and engineer-educators.

As National Science Foundation funding of the CfAO drew to a close, we were
looking for a way to celebrate nearly ten years of accomplishments led by PDP partic-
ipants, staff, and researchers. We also wanted to kick off new efforts as the PDP con-
tinues through the new Institute for Scientist & Engineer Educators (ISEE) at the Uni-
versity of California, Santa Cruz, and through the Akamai Workforce Initiative (AWI),
based at the University of Hawaii Institute for Astronomy on Maui. Thus we held
Learning from Inquiry in Practice, a conference for alumni PDP participants and PDP
collaborators. At the conference, alumni had the opportunity to share their longer views
of the importance of their participation in the PDP, including the way their PDP training
has positively impacted their career advancement. They also presented the work they
had accomplished through the PDP.

The papers within this Volume reflect the PDP-based work of conference partici-
pants and of some PDP participants who were unable to join us at the alumni confer-
ence. This work spans a broad range of disciplines and efforts, and here we describe
the way we have organized the papers within the Volume:

1. Professional Development: This section includes papers describing the PDP and
specific elements of the program, written by the people who design and imple-
ment the PDP.

xv



xvi Preface

2. Inquiry Activity Design: Over the past ten years, PDP participants have designed
∼60 inquiry activities, many of which are described in these papers.

3. Larger-Scale Curriculum Design: Many inquiry activities developed by PDP par-
ticipants were designed as a part of larger courses or curriculum elements, or in
support of other curricula. The papers in this section describe PDP-influenced
curriculum elements such as “short courses,” formal college courses, and even
research experiences.

4. Research and Evaluation: The PDP has inspired education research projects and
is constantly under evaluation as it evolves, and these papers focus on those ef-
forts.

5. Perspectives: This section includes papers that are more personal reflections on
the PDP experience and related efforts.

The PDP sprang from what seemed like a radical idea, in 2001, to add teaching
preparation to a graduate student’s professional development. We have found the com-
munity of graduate students and postdocs incredibly receptive to this training, such
that we have doubled the number of participants we accept, and we are still oversub-
scribed. Faculty and administrators who were originally skeptical of our program have
also come to recognize the importance of this training, and the benefit it can have on
their students’ careers.

Making a change within existing and deeply entrenched educational systems is an
enormous challenge that takes innovation, leadership, and significant resources. The
original National Science Foundation Science and Technology Center (STC) funding
enabled us to try something new and risky, to revise and refine, and to do the ground-
work needed to establish a sustainable program. It is unusual to have the luxury of
ten years for an education project, and it cannot be emphasized enough how much the
success of the PDP relied upon the funding, resources, opportunities, people, partners,
and national profile afforded and encouraged by STC funding. ISEE and AWI are now
charged with continuing the PDP, and with the leadership needed to keep the PDP a
thriving and evolving community. The papers in this Volume are a testament to the
value of the PDP, and its potential to transform science and engineering education. We
have every expectation that it will continue to cultivate new generations of scientist-
and engineer-educators in the future.

Lisa Hunter
Director, Professional Development Program

Anne J. Metevier
Professional Development Program Instructor
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Abstract. The Professional Development Program (PDP) is at the heart of the edu-
cation programs of the Institute for Scientist & Engineer Educators. The PDP was orig-
inally developed by the Center for Adaptive Optics, and since has been instrumental in
developing and advancing a growing community of scientist- and engineer-educators.
Participants come to the PDP early in their careers—most as graduate students—and
they emerge as leaders who integrate research and education in their professional prac-
tice. The PDP engages participants in the innovative teaching and learning strategies of
inquiry. Participants put new knowledge into action by designing inquiry activities and

3
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teaching their activities in undergraduate science and engineering laboratory settings.
In addition to inquiry, members of the PDP community value and intentionally draw
from diversity and equity studies and strategies, assessment strategies, education re-
search, knowledge about effective education practices, and interdisciplinary dialogue.
This paper describes the PDP, including goals, rationale, format, workshop sessions,
outcomes from ten years, and future directions.

1. Introduction

The Professional Development Program (PDP) was developed through the Center for
Adaptive Optics (CfAO), and is now at the heart of an education program at the Institute
for Scientist & Engineer Educators at the University of California, Santa Cruz (UCSC).
Since 2001, the PDP has been instrumental in developing and advancing a growing
community of scientist- and engineer-educators. Participants come to the PDP early
in their careers—most as graduate students—and they emerge as leaders who integrate
research and education in their professional practice.

Successful early-career scientists and engineers have generally been taught in large
lectures and step-by-step “cookbook”-style laboratory activities. The disciplinary re-
search skills and scientific reasoning skills that these graduate students need to acquire
for the research portion of their careers are rarely formally taught. Instead they pick up
these skills from their environment, or they may be fortunate enough to have particu-
larly effective mentors. Meanwhile, they are increasingly called upon to teach the next
generations of scientists, engineers, and citizens. Most begin formally teaching their
own students as graduate teaching assistants, and many progress as faculty.

In graduate school, scientists and engineers are in a prime position to learn about
and reflect on how research skills are acquired and how they might be taught and to
consider how laboratory units and courses can be tapped to provide students with ex-
periences that impart relevant content knowledge and reasoning skills. They are in a
position to teach research skills explicitly and intentionally, so that their students can
develop research abilities through coursework rather than just by good luck. In that po-
sition, they can use these developing research skills to strengthen students’ scientific/
engineering reasoning skills and teach content knowledge with understanding. As they
carefully consider research skills, reasoning skills and content understanding, graduate
students become better teachers and develop as future mentors. This reflective practice
also enhances their own learning, making them better researchers.

The PDP builds, supports, and mobilizes a community of participants by engag-
ing them in the teaching and learning of research skills, reasoning skills and content
understanding (in combination, we call this inquiry). Participants put new knowledge
into action by designing inquiry activities and teaching their activities in undergraduate
science and engineering laboratory settings. Subsequent further reflection on the state
of the art within the community keeps the PDP active, dynamic, iterative, and respon-
sive. In addition to inquiry, members of the PDP community value and intentionally
incorporate diversity and equity considerations, formative and summative assessment
strategies, critical use of education research, knowledge about effective education prac-
tices, and interdisciplinary dialogue. These shared values, which are further described
in Seagroves et al. (this volume) support the community as PDP participants experience
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and reflect on inquiry, then experiment with and reflect again on inquiry. Participants
who thus iterate their way into integrated identities—as both researchers and teachers—
emerge as leading scientist-educators and engineer-educators.

This paper draws heavily from our previous descriptive paper on the PDP (Hunter
et al. 2008), but also includes new material highlighting new frameworks, workshop
sessions, and other infrastructure that have been added to the program in the past two
years. Next in §2, we give an overview of the PDP, and then we discuss the PDP’s focus
areas and frameworks in more detail in §3. In §4, we describe the components of the
PDP, including individual workshops, and in §5 we demonstrate some PDP outcomes.
Finally, in §6, we discuss the future of the PDP.

2. Overview of the PDP

Originally the PDP was developed through the CfAO, a National Science Foundation-
funded Science and Technology Center1 (STC). STCs are charged to conduct innova-
tive, potentially transformative research and education; develop partnerships between
public and private organizations; and demonstrate leadership in the involvement of
groups traditionally underrepresented in science and engineering. Centers create envi-
ronments that support work at the interfaces of research disciplines, and where research
and education are integrated. Although each STC has its own unique set of needs, re-
sources, and opportunities, they all share a rare opportunity spending up to ten years to
develop, refine, and sustain an educational program within the environment of top tier
U.S. research universities. The PDP, and the broader CfAO education program, were
specifically designed to take advantage of the opportunities afforded by STC funding:
long-term funding, a charge to be innovative, a national presence, and the opportunity
to advance future scientist- and engineer-educators (i.e., the Center’s graduate students
and post-doctoral scholars).

The CfAO education program, including the PDP, was the result of an ongoing
strategic planning process that took into consideration the Center’s particular strengths
and resources, educational needs related to the Center, and the body of knowledge on
learning and teaching, to find a niche where the Center could make a unique contribu-
tion. From this process, the CfAO developed two integrated strands designed to impact
teaching and learning in higher education. Both strands focus on the ways that students
experience and engage in the processes, practices, and culture of science and engineer-
ing. One strand focuses on the learning experience of current undergraduates, while
the other focuses on the teaching practices of early-career scientists and engineers. The
two-strand model can be applied to different teaching and learning contexts. However,
the CfAO chose to focus these strands on a challenge closely related to its research
goals: the fact that a disproportionate number of women, Hispanics, African Ameri-
cans, Native Americans, and Pacific Islanders who pursue baccalaureate degrees in the
physical sciences and engineering (fields that the CfAO relies on for a workforce) leave
or choose not to pursue work or an advanced degree in these fields.

1More information about Science and Technology Centers may be found within the NSF’s Office of Inte-
grative Activities at http://www.nsf.gov/od/oia/programs/stc/ .
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The CfAO’s two-strand model, shown in Figure 1, has now been integrated into
two major educational initiatives: the Institute for Scientist & Engineer Educators
(ISEE)2 at the University of California Santa Cruz, and the Akamai Workforce Initiative
(AWI)3 at the University of Hawai‘i Institute for Astronomy. The model is designed to
simultaneously (1) prepare a new generation of scientists and engineers to effectively
engage all students when teaching their disciplines (horizontal “strand”), and (2) change
the learning experience of students currently pursuing science and engineering careers,
in order to retain them (vertical “strand”). The vertical strand includes programs and
courses aimed at retaining students of all backgrounds in science and engineering dis-
ciplines. These programs and courses have many innovative components that serve as
“teaching laboratories” for participants in the horizontal strand.

Figure 1. The two-strand education model, in which early-career scientists and
engineers are trained to teach more effectively and inclusively (horizontal strand),
and college students from diverse backgrounds engage in research-like experiences
that increase their knowledge and interest in pursuing further science and engineering
opportunities (vertical strand). In this paper, we focus on the horizontal strand of the
program, the PDP.

Many of the activities designed within the PDP and used as “teaching laboratories”
are described in this volume. The horizontal strand encompasses the PDP, and is aimed

2http://isee.ucsc.edu

3http://kopiko.ifa.hawaii.edu/akamai/
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at changing the way the next generation will teach undergraduate science and engineer-
ing. Although the two strands are depicted neatly in Figure 1, it is the complexity and
interplay between the two strands that has engaged the community for so many years.
At the intersection, at least three things are happening simultaneously:

• PDP participants (early-career scientists and engineers) are practicing effective,
inclusive teaching

• College students are practicing science and/or engineering in a learning environ-
ment created to be more equitable (designed and taught by PDP participants)

• New curriculum is being piloted and demonstrated

The remainder of this paper will focus on the horizontal strand of activities, which we
call the PDP.

The broad goals of the PDP are to:

Develop scientist- and engineer-educators: Cultivate scientist- and engineer-
educators, who design and teach innovative, authentic inquiry experiences for a
diverse population of future scientists, engineers, teachers, and citizens.

Illustrate inquiry: Demonstrate laboratory activities that reflect the practices of sci-
entists and engineers.

Establish infrastructure: Create the tools, methods, professional development curric-
ula, and community that enable emerging scientists and engineers to develop and
advance as educators.

Effect broader change: Influence the larger science and engineering community to
think innovatively about education—in particular, to reconsider the traditional
relationships between teaching and research and between the natural and social
sciences, and to reconsider the inclusiveness of their practices.

To achieve these goals, our participants experience a cycle of activities (described in
§4) in which they experience a classroom inquiry activity, reflect on this experience,
design and teach their own inquiry activity, and reflect on their practices.

The designers, developers, organizers and instructors of the PDP are a group of
education professionals and scientists. Several of us were graduate student participants
in past cycles of the PDP. Although our current official titles range widely among uni-
versity (staff, post-docs, faculty) and consulting positions, for lack of a better term, we
will refer to those who drive the PDP as “PDP staff.”

2.1. PDP Participants

The PDP has focused on mentoring early-career scientists and engineers who are in
the process of becoming scientist- and engineer-educators. Through 2010, the PDP
has impacted over 250 participants from a broad diversity of disciplines, institutions,
and careers. They come from institutions across the continental U.S. and Hawai‘i.
Their specialties, and the disciplines in which they have applied their teaching, span
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vision science, astronomy, physics, molecular biology, ecology, chemistry, electrical
engineering, optical engineering, and more.

Though participants come from this wide array of disciplines, they all have in com-
mon their interdisciplinary endeavor to advance as educators. The fact that everyone
is an expert at something else, and none are yet expert educators, becomes common
ground and a basis for community. Hierarchies that participants bring with them—
such as the fact that they might be junior or more senior members of their research
lab—count for little within the PDP community. Instead, contributions to and seniority
within the PDP community itself are valued. Some participants have joined the commu-
nity for as little as a couple of months (from workshops to teaching experience) while
many return year after year to grow as leaders and innovators within the community.

Participants have included post-docs, community college and university faculty,
administrators, education professionals, and high school teachers, but most have been
graduate students. Many science and engineering graduate students are teaching al-
ready, and will be in the future, yet they receive little training in education. They are
looking for help and are in a prime position to grow. They are at a phase in their
careers when they are still actively learning research skills themselves, and can be re-
flective about the learning and teaching of these skills that are so critical to science
and engineering. Not only can the PDP impact their immediate teaching, but there is
great potential for long-term impact: Most Ph.D. recipients become college/university
faculty, and nearly 75% of faculty positions are at institutions with a strong focus on
teaching. In fact, only 3% of U.S. institutions of higher education are “research” univer-
sities (Boyer Commission 1998). The PDP is well aligned with calls to reform graduate
education to better “prepare students to teach in a variety of settings using a range of
pedagogies based on research in teaching and learning” (Nyquist & Wulff 2002, and
references therein).

As discussed in §2, one of the goals of the PDP is to develop these participants
as leading scientist-educators and engineer-educators. To achieve this, the PDP is de-
signed to help participants make progress in the following areas:

Designing inquiry activities: Participants in the PDP engage in a series of activities in
which they experience and reflect on inquiry, then design and teach an inquiry ac-
tivity, and reflect again on this experience. As they design inquiry activities, par-
ticipants are expected to draw from education research, known effective teaching
practices, assessment strategies, and diversity/equity considerations. Participant
progress includes articulating clear learner goals in terms of inquiry, and plan-
ning activities that weave the knowing and doing of science and/or engineering
together, while taking into account students’ prior knowledge and experiences.
Participants are also expected to deliberately sequence activity components so
that all learners improve at generating and evaluating evidence, and at convey-
ing, using, and interpreting explanations. Participants’ designs should improve
all students’ abilities to productively participate in the practices and discourse of
science and/or engineering.

Optimizing learning: Participants advance at creating effective and inclusive learning
environments. For the PDP community, improving as an educator includes ar-
ticulating and communicating learning goals. It also includes honoring students’
backgrounds, values, and community, adapting instruction accordingly, and en-
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gaging what students already know and think. Effective educators create learning
environments that support the further development of students’ values, interests,
attitudes, and identity, so that students can productively participate in the enter-
prises of science and engineering.

Facilitating students: Participants not only design inquiry activities, but also teach
them, using techniques collectively called “facilitation.” Improving as a facilita-
tor requires developing a repertoire of strategies that engage and support all stu-
dents in building and practicing inquiry skills. The facilitator uses strategies that
make learners’ thinking visible to both the learner and facilitator (Harlen 2003),
and that maintain productive and collaborative group learning environments. In
particular, the art of facilitation lies in guiding learners—sometimes even leading
them—without taking away their feeling of ownership over their investigations
and understandings (King 1993).

Growing more intentional: In the PDP community, “growing intentional” means be-
coming more informed and thoughtful about choices made when teaching. Par-
ticipants become more reflective on education and integrate education into their
identities as scientists and engineers. Participants reflect on inquiry both in the
educational context and in their own research context—and some may find that
this reflection improves their research as well as their teaching. Advancing as a
reflective, intentional educator includes valuing and using frameworks from ed-
ucation research to develop teaching strategies, valuing diversity and equity as a
consideration in education design, and participating in the community of practice
that focuses on improving science and engineering education.

3. Focus Areas and Frameworks of the PDP

The PDP is a multi-layered program in which we present advanced concepts about sci-
ence and engineering education, and we expect our participants to put those ideas into
practice as they design and teach their own activities. In order to support participants
in this effort, we have recently begun to articulate our emphases in three major focus
areas—inquiry, diversity and equity, and assessment—in a more structured way. Artic-
ulating the most important concepts we want participants to learn about and put into
practice has helped us to more clearly define what we mean by “inquiry,” for example,
and more clearly tailor our workshops and training activities. Below, we give further
background and describe our Inquiry, Diversity & Equity, and Assessment focus ar-
eas. Within the Inquiry focus, we have elevated the formality of our emphases to call
it a “framework.” In all three focus areas, the choice and articulation of emphases is
PDP-specific.

3.1. The Evolving PDP Inquiry Focus Area

Engaging undergraduates in research experiences is widely held as a way to recruit and
retain students in science and engineering (see, e.g., Russell, Hancock, & McCullough
2006), as well as a way to give K–12 teachers authentic experiences so that they can
effectively convey science and engineering content and practices to their students. Yet
it is nearly impossible to provide individually mentored research experiences to more
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than a small fraction of undergraduates. Meanwhile, laboratory units and courses al-
ready exist, and they represent a vast untapped potential for providing all students with
experiences that impart relevant content knowledge and reasoning skills, mirroring the
authentic practices of scientists and engineers. Moving laboratory activities away from
cookbook-like performances, toward authentic inquiry, is an emphasis of the PDP. Sup-
porting this emphasis has stimulated ongoing refinement of the PDP, as PDP-designed
laboratory activities have expanded into diverse content areas and advanced levels. De-
signing activities for engineering courses, and for content areas that require synthesiz-
ing data from multiple sources with computer models and other abstractions, have been
major forces for new PDP workshops, tools, and supports.

3.1.1. PDP Inquiry Framework

Inquiry has always been at the center of the PDP’s community of practice. “Inquiry”—
along with its close cousin “inquiry-based learning”—is a term that is widely used but
less widely defined. Within the PDP, the conception of inquiry has evolved, from an
initial literal understanding that it is learning motivated by questions, to a broader yet
more nuanced understanding: inquiry is a powerful means of learning substantive con-
tent and laboratory skills, and of developing critical ways of thinking about science and
engineering. The PDP community has come to use the term inquiry to refer to sci-
ence activities that mirror the research practices of scientists, and engineering activities
that mirror the design practices of engineers. A useful shorthand we have adopted is
“learning X the way X is done,” with possible values of X including broad terms like
“science” or “engineering,” or more specific terms like “genetics” or “electro-optics.”

In 2010, the PDP introduced a framework that articulated six elements of inquiry,
as defined within the PDP community. The framework is intended to help PDP partici-
pants design, teach, and reflect on inquiry teaching and learning. It is also meant to help
PDP staff more effectively facilitate PDP participants as they push into new areas and
new models for inquiry. A major driving force for developing the six elements was the
growing need within the PDP community to teach science and engineering at the up-
per division undergraduate and graduate levels. Science and engineering at these levels
often includes using existing databases, computer simulations, mathematical models,
and other strategies in which the investigator cannot generate new knowledge just by
physically manipulating the objects of investigation. Some have called this kind of in-
quiry “second-hand inquiry” (e.g., Palinscar & Magnusson 2001) to indicate that the
investigation uses data or evidence generated through other sources. The challenges
associated with supporting development in these areas of inquiry became evident as
PDP participants became interested in teaching topics such as structural elucidation of
chemical compounds, fluid dynamics, and adaptive optics system design. The PDP is
currently evolving to support the development of these advanced undergraduate and
graduate level topics by developing new tools, workshops, and model designs. As part
of the process the PDP defined the following six elements of inquiry (shown in Ta-
ble 1) to help the PDP community innovate in new territories, while staying grounded
in inquiry.

3.1.2. Scientific Inquiry and Engineering Design

To learn science and engineering the way science and engineering are done requires en-
gaging the content as well as the processes of these disciplines. Science and engineer-
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Table 1. The PDP Inquiry Framework. The PDP’s definition of inquiry is articu-
lated through six elements (left column) that are reflected in the design of activities
(center column) and in facilitation strategies that instructors employ (right column).

Inquiry Activity Design Inquiry Activity
Facilitation

Element of Inquiry

Designers articulate goals, ac-
tivity components, and assess-
ments that include the follow-
ing . . .

Instructors employ strategies
and moves that . . .

1. Cognitive science
& engineering
processes

At least one important cog-
nitive science/engineering pro-
cess is operationalized in learn-
ing goals, practiced in activity,
and assessed.

Assess learners’ experience
with and engagement in pro-
cesses and supports practice
and improvement.

2. Content:
foundational
scientific concepts

Foundational scientific con-
cepts (or concepts that can be
tied to them) are articulated in
learning goals, and assessed.
Activity components support
learning these concepts.

Make learners’ ideas about con-
tent visible, and then support
learners improving their under-
standings and making connec-
tions to other understandings.

3. Intertwined
content and process

Content (#2) is learned through
the application of inquiry pro-
cesses (#1). Application of in-
quiry processes is motivated by
content.

Encourage learners to reflect
on how processes were used
to learn content, and how pro-
cesses can be generalized to
other contexts.

4. Mirroring
authentic
research/design
processes

Design goals and activity
components are driven by,
and reflect, authentic research/
design processes, practices, and
norms.

Convey how the activity mir-
rors authentic research as part
of contexting and synthesis.

5. Ownership of
learning

Activity components open and
promote multiple pathways
to understanding content,
and practicing processes, and
learners have ownership of
paths.

Guide learners in coming to
their own understandings via
their own pathways.

6. Explaining using
evidence

Learners use evidence and rea-
soning to do at least one of
the following in relation to their
understanding of content goals:
make meaning, articulate, or
persuade others.

Help learners focus on using ev-
idence to make sense of their
investigation and to talk about
their findings by linking them to
scientific principles.
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ing have much in common, but as the PDP audience has included increasing numbers
of engineers, we have adapted to treat the critical differences. For science, processes
students must learn and practice include generating and refining research questions, de-
signing investigations, collecting and then interpreting data, constructing explanations,
and communicating findings. In engineering, students must learn and practice defining
and clarifying a need or problem, identifying requirements and constraints, develop-
ing possible solutions, constructing prototypes, testing and evaluating solutions and
tradeoffs, and communicating results. In both the science and engineering cases, these
processes cannot exist in a vacuum, but are inextricably linked with particular content.

The early PDP focused on scientific inquiry process skills such as those discussed
in Chinn & Malhotra (2002) so that participants had deeper understandings of these
processes and could support their students in learning them. As the community’s pop-
ulation and teaching venues have both expanded to include engineering and technol-
ogy disciplines, the PDP has had to supplement treatment of scientific inquiry skills
with support for engineering skills as well. The PDP’s treatment of engineering skills
includes ideas such as a step-by-step “engineering design cycle” (see Massachusetts
Department of Education 2006, p. 84), and the accreditation criteria for engineering
schools (ABET 2008a). But the PDP has also acknowledged that engineering can be
much more non-linear and iterative and that students must master skills that are realis-
tic for the engineering workplace (Seagroves & Hunter 2009, and Seagroves & Hunter,
this volume). In addition, because PDP participants teach both in engineering design
programs and in technology programs, the treatment of skills is broad and includes
frameworks such as ITEA (2007) and ABET (2008b). Even with all of this, however,
it is important to note that science and engineering have much in common, and indeed,
key to any meaningful instructional engineering activity is the inclusion of fundamental
scientific concepts.

3.1.3. Inquiry Learning as an Effective and Inclusive Strategy

Inquiry is called for in most national reports on improving science and engineering ed-
ucation (e.g., PKAL 2006; AAAS 1989; NRC 2000, 2005a; NAS, NAE, & IoM 2006).
Our conception of inquiry incorporates much of what is known about how students
learn (NRC 1999, 2005b), and the PDP emphasizes the importance of becoming an in-
formed consumer of education research and effective practices. We display respect for
the fields of the learning sciences,4 and we demonstrate that one can approach teaching
and learning as critically as one would approach science and engineering.

As shown in Table 2, inquiry connects broadly to education research, and also
more specifically to strategies that support diversity and equity. Different pedagogical
techniques and support for different prior knowledge and experiences are explicitly
incorporated in inquiry activities, along with a strong sense of student ownership (one
of our six inquiry elements, Table 1) and an emphasis on discourse, communication,
and explanations (another of our inquiry elements).

4The “learning sciences” is a term used to describe the interdisciplinary systematic study of learning and
of educational interventions. It draws from many fields, such as education, cognitive science, psychology,
and others.
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Table 2. Connections Between Inquiry and Inclusive Teaching Practices. Inquiry
teaching/learning strategies naturally incorporate and connect with features that are
known to improve the inclusivity of the learning environment.

Features of Inquiry Connections to Research

Facilitators (instructors) employ formative
assessment

Supports students’ use of metacognitive
strategies, one of the core principles of
learning (NRC 1999, 2005b)

Includes different entry/exit points
Engages and adapts to students’ prior
knowledge and experience, another core
principle of learning (NRC 1999, 2005b)

Includes various pedagogical tools and par-
ticipant structures (group work, etc)

Supports different ways of learning, a fea-
ture of a culturally responsive curriculum
(Gay 2000)

Sets high expectations and supports stu-
dents to meet them

Alleviates stereotype threat (Steele & Aron-
son 1995) by conveying respect for learn-
ers’ potential

Allows students to communicate in their
own style but also requires them to commu-
nicate in a technical manner

Supports an awareness of and proficiency
with code- and culture-switching (Aiken-
head & Jegede 1999)

Student ownership over knowledge gains:
“I figured it out by myself. It was empow-
ering.”

Increases confidence, motivation and per-
sistence (Wigfield et al. 2006)

3.2. PDP Diversity and Equity Focus Area

While we know from experience that PDP participants have strongly positive impacts
on their students’ attitudes and understandings, pinpointing the ways in which they can
and do create inclusive learning environments can be challenging. There is a myriad of
different resources for learning about diversity and equity in science and engineering,
including a great deal of formal research, and there is another myriad of strategies that
have been proposed and tested for addressing diversity issues. Table 2 shows that the
PDP inquiry model “automatically” provides a good start for improvement, but we and
our participants want ways to address diversity and equity more explicitly.

To help our participants navigate this complex space of ideas, we have identified
five emphases within the diversity and equity focus area that are particularly relevant
to PDP participants’ work. These emphases are not meant to be comprehensive, but
instead are meant to closely match the PDP’s focus on inclusive teaching in the under-
graduate laboratory environment. The emphases help PDP participants choose activity
components and facilitation strategies, plan for an effective learning environment, and
reflect on their teaching.

The emphases not only align with the existing PDP, but they also allow for growth
beyond the PDP as the umbrella ISEE and AWI programs grow. For example, PDP
workshop sessions may not cover every emphasis in great depth, but a follow-on new
workshop could be designed to complement the existing PDP that would be coherent
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with what is already offered. The emphases will be used to organize tools, strategies,
and examples for designing, teaching and assessing activities as well as entire courses
and programs. For a full discussion of the emphases within the diversity and equity
focus area, as well as the research and practice that inform this focus area, see Hunter
et al. (this volume). Here we simply summarize the emphases within this focus area:

Multiple ways to learn, communicate and succeed: Learners should be provided
with multiple ways to engage in, approach, and succeed in their work, and mul-
tiple ways to communicate their understandings.

Learners’ goals, interests, and values: Learners’ goals, interests, values, and sources
of motivation should be engaged and leveraged through activities that are rele-
vant, meaningful, and challenging.

Beliefs about learning, achievement, and teaching: Learners and teachers should
develop beliefs about learning, achievement, and intelligence that support an ex-
pectation of success for students from all backgrounds.

Inclusive collaboration and equitable participation: Learners should have equal
opportunities to participate and equal access to resources in classroom and col-
laborative activities. They should have opportunities to contribute diverse ideas,
identify problems and solutions, and participate as valued team members.

Social identification within science and engineering culture: Learners should gain
a sense of belonging in the science/engineering culture that fits with who they
see themselves as, who they want to become, and what they want to become part
of.

3.3. PDP Assessment Focus Area

PDP participants learn about assessment throughout their PDP experience, through
workshops and sessions, and through direct experience. The field of assessment, goals
of assessment, and many types of assessment tools encompass a spectrum of issues that
could not possibly be given full coverage within the PDP. However, PDP participants
gain significant experience within the particular domain they work within—designing
and teaching an inquiry laboratory activity. They articulate their intended learning out-
comes, develop a rubric to score their learners’ explanations, and practice formative
assessment through their facilitation of inquiry activities. PDP staff realized that partic-
ipants were unaware of the connections between assessment and their thinking within
the How People Learn (NRC 1999, 2005b) framework (e.g., Scotter & Pinkerton 2007)
and the many ways in which they were getting experience with assessment. So in 2010
we made this more explicit with the following outline of assessment-related PDP em-
phases and activities:

Articulating assessable learning outcomes: PDP participants articulate and commu-
nicate learning outcomes that are assessable, through content and process goals
that are operationalized. In other words, participants articulate learning goals that
refer to the specific knowledge and tasks they expect their learners to be able to
understand and accomplish. To support this, we include PDP sessions on types of
learning outcomes/goals, with an emphasis on content and process goals, and we
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give participants practice stating goals. Participants then determine learning out-
comes for their own inquiry activities, as well as the evidence they will look for
as they teach that indicates learners have reached these outcomes. They articulate
these learning outcomes as they design and make them clear to their learners as
they facilitate.

Making learners’ thinking visible: Facilitation sessions in the PDP emphasize the
importance of using strategies to make learners’ thinking visible to both the in-
structor and the learner, as an important part of formative assessment. This way,
learners can more clearly pinpoint areas where they may need to improve their
understanding, and facilitators can adjust their teaching to better support learn-
ers. As they design their inquiry activities, PDP participants develop a facilitation
plan that incorporates relevant strategies, and then they practice these strategies
as they facilitate their activities.

Monitoring and self-monitoring the application of cognitive processes: The PDP
draws from the How People Learn (NRC 1999, 2005b) summaries’ emphasis
on metacognition and also highlights the importance of formative assessment as
applied to scientific and engineering process skills. Although this is not cov-
ered explicitly in workshop sessions, PDP facilitation training does draw from
strategies for monitoring learners’ engagement in and application of cognitive
reasoning processes in their investigations (such as Black & Wiliam 1998). Self-
monitoring by learners is also embedded in PDP inquiry activities, though not
explicitly addressed in workshop sessions.

Assessing content understanding through learners’ explanations: All PDP partici-
pants generate a rubric and use this to assess their learners’ content understand-
ing as they watch, listen to or read learners’ explanations of their work. This
assessment task is designed to help PDP participants assess their learners’ under-
standing of scientific principles at a level deep enough to explain their findings,
and if they are able to use evidence to appropriately support a claim. Participants
generate their rubric in the context of the inquiry activity they design, identifying
the types of scientific arguments their learners might make at different levels of
performance. Participants break these arguments down into claims, supported by
evidence (e.g., data) and related reasoning that draws from scientific principles,
using a base explanation rubric (see Appendix C). The claim-evidence-reasoning
structure is based on frameworks common in the education research literature,
such as Harris et al. (2006) and McNeill & Krajcik (2009), while the idea of be-
ginning with a base rubric and customizing it for a particular application borrows
from Siegel et al. (2006).

4. Structure and Components of the PDP

In the previous sections of this paper, we described the rationale behind the PDP, goals
for PDP participants, and the main concepts and emphases we impart through the PDP
experience. In this section, we give a practical description of the PDP cycle of activities.
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4.1. The PDP Cycle

The full PDP experience includes active participation in a series of workshop-based
“intensives,” development of an inquiry activity, a teaching experience, and time for re-
flection. Together, these activities comprise a pathway in which participants experience
inquiry from the learner’s perspective, reflect on their experience, practice inquiry as
educators, and reflect on their practice.

Figure 2. The year-long cycle of PDP activities. Participants engage in inquiry,
reflect on their experience, receive training on science/engineering pedagogy, de-
sign and teach inquiry activities for their own students, and reflect on their teaching
practice. Participants may return for more than one year of the PDP cycle.

In Figure 2, we show the progression of PDP activities. Note that the word “inten-
sive,” used as a noun, has a particular meaning in our community. For us, an intensive
is a series of workshops in which PDP participants and staff gather together to focus
on teaching and learning inquiry. New participants begin with the one-day introduc-
tory intensive Re-Thinking Science & Engineering Learning & Teaching in the fall, and
then join returning participants for the rest of the program. In the spring, 4.5 days of
further training begin with the Inquiry in Science & Engineering Learning & Teaching
intensive. This is a particularly immersive experience in which new and returning par-
ticipants engage in inquiry activities and consider pedagogical aspects of educating in
this way. (Introductory intensives are described in §4.2 and the workshops within these
intensives are described in §4.2.1.)

At the end of this intensive, participants begin the Design Institute, in which they
work in teams on the design of inquiry-focused laboratory activities, primarily for un-
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dergraduate students. Each team uses the concept of “backward design” to develop
an activity that has clear goals of imparting knowledge about concepts, reasoning pro-
cesses, and attitudes relevant to a topic in the natural sciences or engineering (see the
Design Task, below, the description of backward design workshops in §4.2.1 and the
description of backward design of inquiry activities in §4.3). In 2010, the PDP offered
the option for teams to thoughtfully plan for the facilitation of an existing PDP activity
rather than designing a new activity. The 2010 PDP Design and Facilitation Tasks are
shown below:

PDP Design Task: Design Teams will design a PDP inquiry activity where students
simultaneously learn scientific knowledge, reasoning processes, and attitudes,
by practicing science or engineering. Designs should reflect consideration for
contemporary issues in education (such as those summarized in the How People
Learn series) through careful integration of the ISEE focus areas of inquiry, di-
versity/equity, and assessment in the activity. Teams will assess learners’ gains
in understanding through their explanations.

PDP Facilitation Task: Facilitation Teams will prepare to facilitate an existing PDP
inquiry activity where students simultaneously learn scientific knowledge, rea-
soning processes, and attitudes, by practicing science or engineering. Individual
designed elements and preparation for “on-the-fly” moves should reflect consid-
eration for contemporary issues in education (such as those summarized in the
How People Learn series) through careful integration of the ISEE focus areas of
inquiry, diversity/equity, and assessment in the activity. Teams will assess learn-
ers’ gains in understanding through their explanations.

Teams continue to meet regularly throughout the spring/summer to work together
on their activity designs and facilitation plans (see §4.3). Each team works with a PDP
staff member who consults with them during their planning process. Participants then
teach their activity in the summer or fall in a venue supported by or partnered with ISEE
or AWI (see §4.4). These venues serve as “teaching laboratories,” where participants
have the opportunity to test out the activity they designed, as well as the new teaching
methods they learned, with the support of their fellow team members and consultation
from ISEE/AWI staff.

After teaching, participants reflect on their experience by debriefing and submit-
ting additional reflections on a written form (see §4.5). They consider all they have
gained by participating in the PDP: tools, confidence, and community support for teach-
ing science/engineering effectively. They also provide valuable input that helps to shape
future PDP cycles, and they consider what they may want to work on as they contem-
plate returning for another PDP cycle and as they move forward in their education and
careers.

4.2. Preparatory Training Intensives

The PDP intensives are the central means by which we provide formal training and
support for our participants. Each intensive is an immersive experience made up of a
series of workshops on teaching and learning inquiry. The format of the intensives has
varied over the years, both in how the workshops are arranged and divided between
the intensives, and in the workshops themselves. For example, in 2008 the PDP cycle
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began with two intensives: a one-day event for new participants, and a four-day re-
treat for all participants. In 2009 we also offered a separate one-day intensive just for
returning participants. For many years we have offered a separate half-day workshop
for all participants just before they began their teaching experience, to prepare them
for on-the-fly facilitation moves necessary to successfully teach an inquiry activity. In
2010 we continued our one-day intensive for new participants and offered a 4.5-day
combined intensive for all participants in which we offered separate training on activity
design and facilitation. We also integrated a new “Special Projects” strand for multi-
year returning participants who were working on larger scale curriculum development
or related innovative work that did not fit into the PDP Design or Facilitation Tasks.
Regardless of the variations on the structure of the intensive, there is always a signifi-
cant multi-day intensive in which first-year and returning participants sometimes work
together and sometimes engage in separate activities. Throughout these intensives, par-
ticipants are mixed in different ways to encourage community and a broad exchange of
ideas.

During the intensives, PDP staff model working together as collaborators focused
on science and engineering education. Returning participants may take on leadership
roles and participate in training new participants.

4.2.1. PDP Workshops

The following workshops are offered within PDP intensives, arranged in various ways
depending upon time constraints, funding, and programmatic needs.

Comparing Approaches: Three Kinds of Hands-On Science (new participants, ∼3
hrs)
In this activity, developed by the Exploratorium’s Institute for Inquiry,5 new par-
ticipants experience a hands-on science lesson taught in three different ways: via a
guided worksheet activity, via a challenge activity with a design goal, and through
open exploration with an array of materials. Participants then reflect on the experience,
discussing the pedagogical pros and cons of each hands-on technique in small groups.
This is the first time many participants consider that “hands-on” does not have one
well-specified meaning, that all learners do not learn as they do, and that a reflective
teacher can approach pedagogy intentionally. Returning participants may be trained to
lead one of the three stations and the reflective discussions.

Science of Learning and Teaching: The How People Learn Framework (new partic-
ipants, ∼1.5 hrs)
We build off the previous workshop, demonstrating that one can approach education
with the same rigor that is used to study science and engineering, and projecting re-
spect for educators who are informed, critical consumers of research on teaching and
learning (Handelsman et al. 2004). Participants work in small groups, discussing a
reading from the How People Learn series of summaries (NRC 1999, 2005b). Together
they elaborate the three principles of effective teaching and learning that are presented

5The Exploratorium Institute for Inquiry’s professional development activity designs are available at
http://www.exploratorium.edu/ifi/workshops/fundamentals/index.html.
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in this reading: engaging learners’ prior knowledge; recognizing the fundamental role
of factual knowledge and conceptual frameworks in fostering understanding; and en-
couraging metacognition, or self-monitoring, during learning.

They also consider the four “lenses”—learner-centered, knowledge-centered,
assessment-centered, and community-centered—through which educators can “view”
classroom activities to successfully implement these principles. Participants are
encouraged to share how these ideas have been highlighted in their own formative
learning experiences. After discussing their experiences in general, participants are
asked to consider how they might apply the principles and lenses in typical graduate
student teaching venues (lab courses, small discussion sessions scheduled outside
of lecture time, and mentoring undergraduate researchers). By analogy with the
participants’ experiences in science and engineering, we emphasize the value of having
a model or framework for trying out new education ideas and reflecting on the results.
How People Learn provides a useful and accessible framework, though we note that it
is not the only framework supported by education research.

2009 PDP participants discuss the How People Learn framework.

Revisiting the How People Learn Framework (all participants, ∼1.75 hrs)
This workshop opens the four or five day combined intensive, reviewing what was
learned from the “Science of Learning and Teaching: The How People Learn Frame-
work” and moving participants further with a discussion on a second reading on the
learning sciences. Participants also consider how the How People Learn framework
can be applied to a classroom scenario. Increased familiarity with education research
sets the stage for applying the framework to their own inquiry activity design. The
PDP’s focus areas in inquiry, assessment, and diversity/equity are presented and
situated within the otherwise broad How People Learn framework.

Light and Shadow Inquiry Activity (new participants, ∼7 hrs over two days)
This activity is the centerpiece of the new participant experience: all PDP participants
experience inquiry as learners and reflect critically on this experience before they de-
sign and teach their own activities. The activity has been tailored for the PDP but
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is based on a model from the Exploratorium’s Institute for Inquiry (see footnote 5).
The inquiry begins with three starter demonstrations and brief explorations of engaging
phenomena involving light and shadows. While these phenomena appear to be simple,
they are rich enough to challenge participants with backgrounds ranging from little to
no optics through optical engineers. Participants generate questions about the phenom-
ena, and then form small investigation groups based on common interest in a question.
Investigations include cycles of hypothesizing, designing and executing experiments,
and devising explanatory models, and are aided by materials and a facilitator. Facilita-
tors do not “teach” in the traditional sense, but guide groups and individuals to come to
their own understandings. Participants summarize their investigations and conclusions
in semi-formal presentations to their peers. Finally, PDP staff members synthesize the
content of the phenomena under investigation.

2009 PDP participants explore light and shadow phenomena.

After completing the inquiry activity, new participants move into the teacher/
designer stance with a reflective discussion. They compare the inquiry activity to more
traditional labs and in particular consider the diversity of their learning experiences dur-
ing the inquiry. They also examine how the inquiry activity is structured and facilitated,
while retaining learners’ ownership over their own knowledge gains.

Some returning participants have special roles in the “Light and Shadow” activity.
A few may “shadow” the activity, choosing a focus and closely observing learning
and teaching as the activity unfolds. Others may be trained to facilitate the inquiry, an
intense experience in which they guide their peers. These participants are coached by
PDP staff and debrief the experience afterward.

Parachutes Inquiry Activity (returning participants, ∼2.5 hrs)
This activity serves as a quick refresher of inquiry from the learner’s perspective for
returning participants. It differs from the “Light and Shadow Inquiry Activity” in
content, structure, pacing, and emphasis. Participants construct a simple parachute as
a starter and briefly observe this starter parachute to generate interest and questions.
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Questions are then communally voiced and charted for the entire group. Participants
with like interests pair up to investigate parachutes further. They then present (often by
demonstrating their parachutes) their understandings to the group, and finally a staff
person synthesizes content on parachutes.

Comparing Inquiry Elements (returning participants, ∼1 hr)
Immediately following the “Parachutes Inquiry Activity” there is a reflective discus-
sion. Since returning participants have already experienced the “Light and Shadow”
activity and taught an inquiry activity of their own design, they are in a position to
compare and contrast the features and components of different activity designs. This
helps participants see that the “Light and Shadow” model that is presented in their first
year is not the PDP’s definition of inquiry; it is simply an (excellent) example of an
inquiry activity. In this discussion participants analyze the pros and cons of making
different design choices and varying from that model (using the How People Learn
framework as a structure).

Designing Engineering Activities (returning participants, ∼1.75 hrs)
Since PDP teaching venues span science and engineering disciplines, participants
focus on ideas in engineering education in this workshop. We begin with a lecture on
engineering skills, highlighting similarities and key differences between engineering
and scientific processes. Participants then work in small groups to apply these ideas.
They re-design the “Parachutes Inquiry Activity” with an eye toward fostering one of
these engineering skills: identifying constraints, defining requirements for a successful
solution, brainstorming a diverse set of solutions, and considering tradeoffs to choose
the most appropriate solution to a problem. As participants re-design the activity,
they grapple with what it means to engage in an engineering skill, how this differs
from doing “pure science,” and how they would look for students’ improvement at a
particular engineering skill.

Preparing to Lead a PDP Design or Facilitation Team (returning participants, ∼1.25
hrs)
Many returning participants will lead inquiry activity Design or Facilitation Teams,
so this workshop is focused on the PDP design process (from which facilitation
planning also flows) and our expectations for leaders in our community. Using
concrete examples, participants discuss what does and does not fit within the PDP
Design Task, and why (see also §4.1 and §4.3). Participants also consider the social
dynamics of productively leading their peers, discussing common problem situations
and brainstorming strategies for addressing them.

Introduction to Process Skills (new participants, ∼1.25 hrs)
Participants practice the scientific processes of hypothesizing, predicting, questioning,
and so on, in their daily research lives. However, they may not consider these processes
as discrete skills, and thus may have trouble identifying where learners are struggling,
or how to help them. In this workshop, participants visit several small hands-on
stations, each of which asks them to perform a simple scientific task. Participants must
then identify a specific process skill that they are practicing at each station. This leads
to small-group and later large-group discussions about the process skills. The goal
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of this workshop (modified for the PDP from an Exploratorium Institute for Inquiry
workshop, see footnote 5) is for participants to view scientific processes with more
specificity than a broad construal of “the scientific method” so that they can support
learners with more specificity as well.

2009 PDP participants perform simple scientific tasks at a process skills station.

Improving Learners’ Process Skills (returning participants, ∼2 hrs)
In many PDP inquiry designs—even excellent, mature activities—learners may
perform science or engineering reasoning tasks but may not learn and improve at
science or engineering reasoning skills. In this workshop, small groups of returning
participants consider a problematic skill from a real PDP inquiry design that could be
improved. They are introduced to two structures that help guide improvement: a move
from “simple tasks” toward “authentic inquiry” from Chinn & Malhotra (2002), and
the utility of both “generic” and “context-specific” scaffolds from McNeill & Krajcik
(2009). They then design small interventions or redesign particular components of the
activity to address specific skills. These revisions are then available for the team that
ultimately takes on the (re)design and teaching of that activity design. For more on
this workshop, see Quan et al. (in the Professional Development section of this volume).

Addressing Diversity and Equity (all participants, ∼2.5 hrs)
Participants now come together for a series of plenary workshops, beginning with a
focus on diversity and equity in science and engineering. This plenary workshop starts
with a presentation contrasting demographics of the entire U.S. population with those
in U.S. science and engineering fields. The under-representation of women and minori-
ties is demonstrated, and more complicated topics such as the “leaky pipeline” from
elementary school through college and beyond are discussed. Participants are moti-
vated to address these problems in the classroom.

As with the How People Learn literature, we draw from social science research,
assigning readings from the “stereotype threat” and “mindset” literatures (see refer-
ences at Stroessner & Good 2010, for instance). PDP staff members summarize major
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findings and lead small-group brainstorms, in which participants suggest strategies for
encouraging inclusive classroom environments in their own teaching practice. Finally,
we highlight connections between diversity/equity and the inquiry model itself, through
a facilitated discussion in which participants consider the ways that the PDP Diversity
& Equity Focus Area (§3.2) is highlighted through the various components of the in-
quiry model.

Sessions within this workshop and relevant outcomes are more fully described in
other papers in this volume (Hunter et al., in the Professional Development section,
and Metevier et al., in Research and Evaluation, respectively).

Practicing Backward Design (all participants, ∼2 hrs)
In this workshop, we provide participants with a strategy for beginning the design of
their own inquiry activity. We point out that most participants’ science and engineering
education has focused on content learning, and we encourage participants to reflect
on the equal importance of reasoning processes both in the inquiry activity they
experienced and in their own research. They read about “backward” curricular design:
designing activities not by proceeding forward from materials (e.g., textbooks, lab
equipment), but backward from learning goals (Wiggins & McTighe 2005, chapter 1).
Different types of learning goals are presented, and the intertwining of content and
process goals is emphasized. As a warm-up to their own design work, participants work
in small groups to articulate an example learning goal. Given a broad, process-focused
learning goal (typical of participants’ first attempts at incorporating scientific and/or
engineering processes into designs) and a setting (the “Light and Shadow” activity
that they are familiar with), participants iterate through the backward design process.
They “operationalize” the learning goal, making it more specific and concrete, so that
learners’ progress can be measured. They then tweak the design of the activity itself to
put learners on such a path.

Examining Goals (all participants, ∼0.75 hrs)
In this session, participants consider different types and levels of learning goals.
In discussing goal “types”, PDP staff separate out goals in which learners gain an
understanding of scientific or engineering content, goals in which students learn new
reasoning processes, goals in which students learn new technical skills, and goals that
affect learners’ attitudes toward science and engineering. Goals are further separated
into “levels” that range from overarching course-level or even institutional goals,
to goals specific to an activity, to goals that are specific to a particular station or
segment of an activity. Participants work together to categorize example goals that
were articulated in previously designed activities, and are encouraged to focus on
articulating content- and process-related goals at the activity level as they design their
own activities. This session is intended to stimulate participants to think deeply about
learning goals and how they are articulated. It is more about gaining perspectives
through the process of categorization, than about the final placement of goals into
each category. For example, a vaguely worded goal is hard to categorize, and through
facilitation by PDP staff, participants can see how hard it would be to teach or assess
such a goal (or for a learner to understand what they are supposed to gain).
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Assessing Learners’ Explanations (all participants, ∼1 hr)
Assessment is an important theme that is woven throughout the PDP, but this workshop
is where assessment is most directly highlighted in the PDP intensives. Prior to the
intensive, participants read an assessment primer that includes background information
on different types of assessment (e.g., formative and summative assessment) and on
rubrics, which are an important assessment tool. They also read about scientific expla-
nations, and how they are not only an important and authentic scientific practice, but
are important for learning and applying scientific concepts, gaining reasoning skills,
and understanding the nature of science. Within this session there is a very quick sum-
mary of the readings, leaving time for participants to get practice in applying what they
read to their own activity designs.

Developing a rubric for their activity requires PDP participants to debate and clearly articulate
how exactly their learners might demonstrate their understandings.

As part of their PDP cycle of activities, participants are charged with developing
and using a rubric to assess their students’ explanations of their new understandings.
To support this work, we give participants a somewhat generic “base” rubric, which
breaks an explanation out into three key components (see the rubric at Appendix C and
§3.3 for references on these ideas): a scientific or engineering “claim,” the evidence
or data that support the claim, and the reasoning or principles that connect the claim
and evidence. Participants must articulate the kinds of claims they hope to hear
from their students, the specific data students might invoke to support their claims,
and the reasoning paths students would use to connect the two. Articulating these
expectations in advance of their teaching can help PDP participants more effectively
facilitate an activity, pinpointing specific areas where students may be excelling or
need more support. In this session, participants discuss the various forms of “claims”
by considering authentic examples of research projects (drawn from an undergraduate
research experience program). Participants also use a strategy developed in Krajcik,
McNeill, & Reiser (2008) to define “learning performances” that carefully state how
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knowledge gained by the learners would be used in an explanation or other scientific
practice that would demonstrate the learner’s understanding. Participants use their
own activity and work from an important concept that they want their learners to
understand, and then define how a learner would demonstrate their understanding
through an explanation that uses evidence to support a claim, and appropriate reasoning.

Design Team Working Time (Design Teams only, ∼8 hrs over two days)
Participants spend the Design Institute in small Design Teams, working on their
inquiry activities for ISEE, AWI, or partner venues. As noted earlier, their task is to
design an activity that simultaneously teaches science and engineering content and
processes, while also taking into account diversity/equity and other contemporary
education issues. Many returning participants serve as Design Team Leaders, assuming
responsibility for driving their teams toward productive design work and teaching.
PDP staff work closely with teams to facilitate their progress. Design time at the
Design Institute is fairly unstructured, but is interspersed with sessions that provide
fresh insight into the activity design process. For example, a few returning participants
may formally present activity designs they worked on in past PDP cycles, highlighting
innovative ideas, successes, and areas for improvement. The PDP design process is
further elaborated in §4.3.

A team receives mentoring, feedback, and consultation from a PDP staff member.

Facilitation Planning Time (Facilitation Teams only, ∼4 hrs over two days)
During the Design Institute, Facilitation Teams place an emphasis on planning to
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facilitate their activities. As is noted elsewhere in the paper (e.g., previously in §2.1
and later in §4.4.1), facilitation is a means of teaching in which instructors encourage
students’ ownership over their new understandings. Effective facilitation employs a
number of teaching techniques that include careful planning and on-the-fly support
for students. Facilitation Teams generally work on an established activity that has
already been designed through the PDP. During the Design Institute, they reconsider
the learning goals of the activity and make decisions about whether or not the activity
needs any re-design. They decide what individual facilitators’ roles will be during
the activity, and how and when they will set the context for each phase of the activity
as they work with their students. Facilitation planning also includes considering
what knowledge students should be able to demonstrate during each phase of the
activity, and how best to support students who may need guidance. This is closely
tied to the Facilitation Teams’ assessment planning: during inquiry investigations,
facilitators engage in informal dialogues with their students and can gauge students’
understandings from their explanations of their work. By articulating what they want
their students to be able to explain (e.g., through development of their explanation
rubrics), facilitators can better plan to support students at different stages in their
learning.

Special Projects (multi-year returners only)
In 2010, we implemented a new “Special Projects” strand of the PDP. This strand was
designed to engage participants who have returned to the PDP for several years and
may not greatly benefit from participating in a given set of workshops for, e.g., the
fourth time, but still have a great deal to contribute to, and gain from, the PDP com-
munity. The Special Projects strand consists of fairly loose working time interspersed
with specific readings and discussions, often led by one of the advanced participants
themselves. Special Projects participants are required to define and clear their projects
with the PDP Director in advance of the 4.5-day combined intensive. Some of
the projects participants worked on in the most recent cycle included developing
outlines for new scenarios and discussions about diversity and equity issues, adapting
PDP-designed activities and teaching models to formal course settings, and curriculum
development on scales larger than individual inquiry activities.

Community Sharing of Progress (all participants, several hours interspersed over sev-
eral days)
During the 4.5-day combined intensives, we intersperse several opportunities for partic-
ipants to share their work on their activity designs, facilitation plans, or special projects.
Community sharing within the PDP serves many purposes. Participants are pushed, and
held accountable, to make progress; staff can evaluate progress of individual teams as
well as the entire cohort; and the entire community gains an awareness of the its pro-
cesses and products. In the most recent cycle, we included one-minute poster “pops” at
the beginning of the intensives in which team leaders and Special Projects participants
gave brief descriptions of their activities and projects. These participants updated the
community on their progress in later poster pops, and then, toward the end of the inten-
sives, we held a more formal poster session. The latter session was led by other team
members, giving them a chance to describe the activity they were working on, while
giving team leaders an opportunity to look more closely at other teams’ work.
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A PDP team reports to the rest of the community on their ideas and progress.

The 4.5-day combined intensive ends with a community celebration. The health
and development of our community is enormously important, and is supported by
informal meals, different ways of mixing participants during workshops, and the
retreat-like setting of the intensives. The final celebration is an occasion for savoring
new and renewed friendships and collaborations.

Facilitating Learners Engaged in Inquiry (∼half day)
Teams with activity designs that are more fleshed-out and closer to being taught be-
gin to focus their attention on the teaching and facilitation of their activities. In a
short sequence of workshops, participants role-play common scenarios that they may
encounter, such as working with learners who are “stuck,” who are convinced of a mis-
conception, who “get it” early, and so on. Participants also discuss the importance of
context-setting and giving clear directions, and have dedicated time to plan these criti-
cal (but too often overlooked) transitional elements. They discuss a reading on the craft
of facilitation (Institute for Inquiry 2005), in particular facilitation’s emphasis on for-
mative assessment, on intervening appropriately, on helping learners along their path
without depriving them of their ownership, and on attending to learners’ social interac-
tions and needs.

4.3. Inquiry Activity Design

The structure of the intensives provides participants with an opportunity to experience
inquiry, reflect on that experience, and begin to put what they have learned into practice
by beginning the activity design process. PDP participants are supported in this effort
through a variety of means, including workshops and sessions within the intensives, the
leadership of experienced returning participants, and design tools and guidance from
PDP staff.
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Prior to the main intensive, PDP staff members begin support for inquiry activity
design by placing all participants in Design Teams. We begin this process by reviewing
what teaching venues might be available to our participants in the upcoming year, what
disciplines these venues cover, what activities might need to be designed or re-designed
within these venues, which participants prefer to work on a Design Team versus a
Facilitation Team, and finally which returning participants might be the appropriate
leaders for Design and Facilitation Teams. Then, we meet with returning participants
and select a cohort of team leaders for the upcoming year. To support them in this role,
Design and Facilitation Team Leaders are provided with additional leadership training
during the workshop “Preparing to Lead a PDP Design or Facilitation Team” (see also
§4.2.1). We note that Facilitation Team Leaders are typically also experienced activity
designers and need to have a thorough understanding of an activity design in order to
lead a team in planning to facilitate it. Once team leaders are selected, we discuss
possible team placements with all of our PDP participants, given their interests and
content background.

As discussed earlier, participants begin the process of designing their inquiry ac-
tivities during the combined 4.5-day intensives. In addition to the formal workshops
and sessions on design, we give participants a significant amount of semi-structured
time in which to begin designing their activities. We emphasize the process of back-
ward, intentional design. Drawing heavily from the method introduced in Wiggins &
McTighe (2005, chapter 1), we ask participants to begin designing their activity by set-
ting goals for their students. These goals should incorporate learning about the content,
reasoning processes, and attitudes of science or engineering. We then ask participants
to consider what would count as evidence that their students are learning and improving
according to the goals that have been set. In other words, what do participants expect
their students to know and be able to do? Finally, participants begin to map out what
their students will do during the activity, thinking carefully about the rationale for each
element of the activity. Participants are expected to make intentional choices during
the design process, considering results from education research, knowledge of effective
practices in teaching, and the PDP focus areas of inquiry, assessment, and diversity/
equity (§3). In reality, the design of an inquiry activity often requires several iterations
and the overall process can be non-linear, but this “backward” method—beginning with
goals and then mapping out the activity itself—provides an excellent way to start.

We also provide participants with tools to assist their design process. The pri-
mary tool is a Design Template that is graphically laid out to help participants follow
the model of backward design as they work on their activity designs. Accompanying
the Design Template is a Template Guide, which has helpful prompts and assists par-
ticipants in making intentional design choices during each step of the design process.
These documents are included in Appendix A.

Finally, we provide each Design Team with guidance and support by assigning a
PDP staff member to work with each team. These “consultants” meet with the team
throughout the design time to assess the team’s progress, give advice, and to help teams
stay focused on the task and the process of backward design. Following the intensives,
the staff consultant continues to work with the Design Team, helping them make addi-
tional progress throughout the weeks and/or months until they teach their activity.
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4.4. Teaching Experience

Regardless of whether they participate in a Design or Facilitation Team, all PDP partici-
pants teach an activity and spend a significant amount of time planning for that teaching
experience. This gives participants an opportunity to put their new ideas about teaching
and learning into practice. PDP participants teach in a wide variety of venues. In the
most recent cycles, Design Teams worked with a range of learners that included high
school students, community college students, university undergraduates, and science
and engineering graduate students, post-docs and faculty. Teaching venues included
semi-formal courses, residential summer programs, formal college courses, and techni-
cal courses for professional scientists and engineers.

Many PDP participants have designed and taught activities for undergraduate stu-
dents in semi-formal laboratory courses, often called “short courses.” These semi-
formal courses often have a less structured curriculum and thus provide our partici-
pants with the opportunity to be innovative in both the method of instruction and the
content covered. As a natural progression, more PDP participants are now designing
and teaching activities for standard college and university laboratory courses. Though
these formal courses have more constraints than the semi-formal courses, they have the
advantages of: (1) providing PDP participants with a venue that may be more similar to
those they will encounter in their future careers as faculty, and (2) impacting a greater
number of undergraduate students by institutionalizing the new inquiry activities within
colleges and universities. The migration of PDP activities into formal courses has posed
many challenges to the PDP community, and has been a gradual progression. Intro-
ductory courses (e.g., the first year chemistry or physics courses) are often critical to
the retention of students in science and engineering, and inclusive inquiry experiences
could significantly enhance these courses. However, integrating curricular innovations
into introductory courses is complex and involves departments or other institutional
stakeholders. The courses are large, with many lab sections offered, and the curriculum
is tightly defined. The PDP community has found that upper division and/or elective
courses are more amenable to curricular changes. In the longer term, it is hoped that
with time and examples of success in the upper division courses, the opportunity for
innovation in the introductory courses will grow.

Inquiry activities designed through the PDP are listed in Appendix B.

Regardless of the venue, PDP participants’ teaching experiences are unique com-
pared to many other types of teaching experiences in three substantial ways. First, as
mentioned earlier in the paper, we emphasize the use of facilitation techniques as a pri-
mary teaching method. Next, we provide our participants with support and guidance
before, during, and after their teaching experience, in the form of workshops and direct
mentoring from PDP staff. Finally, PDP participants team-teach their inquiry activities
with the other members of their Design or Facilitation Team.

4.4.1. Facilitation

As discussed in §2.1, a primary theme within the PDP is learning to teach inquiry activ-
ities using facilitation techniques, which focus on assisting learners on their own path to
understanding. We help our participants think about how to accomplish three primary
goals of facilitation (Institute for Inquiry 2005): assessing their learners’ current under-
standing, intervening in a manner that shows respect for their learners’ own investiga-
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tion pathways, and attending to social interactions between learners so that all students
are able to fully engage with the inquiry process. PDP participants learn to track their
students’ progress through careful observations and informal questioning and conversa-
tions. They may also model success and give students hints and encouragement without
explicitly “giving the answer” (King 1993). Facilitation provides an excellent opportu-
nity for formative assessment of students’ progress (Harlen 2003): this in-the-moment
dialogue gives instructors continual feedback on students’ knowledge gains.

4.4.2. Support from PDP Staff

Teams are also supported in their teaching by a PDP staff member or experienced re-
turning participant acting in the role of a “teaching consultant.” Before the activity, the
consultant helps the team finish final preparations, alerting the team to any aspects of
their planning which may need more attention. During the activity, s/he observes the
team’s teaching and provides advice and guidance as needed. Finally, after the activity
is over, the consultant helps the team reflect and debrief on the entire process of activity
design and teaching.

4.4.3. Team Teaching

In many traditional science and engineering teaching experiences, teaching is done solo.
However, we prefer to give our participants practice teaching as a team. Team teaching
gives them an opportunity to discuss, reflect, and learn from one another throughout the
preparation and implementation of their activity. This also allows for participants to in-
dividually gain confidence in preparing and teaching without feeling solely responsible.
Additionally, because Design and Facilitation Teams usually consist of a mix of first-
time and returning participants, team teaching passes on the experience and knowledge
of the returning participants to the first-time participants. This sets the stage for the
transition of leadership in upcoming PDP cycles. Finally, working collaboratively on
teams to design and teach inquiry activities helps to establish the overall community of
scientist- and engineer-educators that can consult each other about learning and teach-
ing in the future. PDP staff model this collaborative method of designing and teaching
in the way that we plan and instruct the workshops within the intensives.

4.5. Reflection on the PDP Experience

All PDP participants reflect on their experience after teaching their inquiry activity.
Just as it is critical to reflect on inquiry before designing an inquiry activity, it is also
critical for participants to reflect on the challenges and accomplishments of designing
and teaching their activity. Participants also reflect more broadly on their overall PDP
experience as a crucial part of becoming scientist- or engineer-educators.

The process of reflection begins immediately after the activity is taught, when
teams debrief with their teaching consultant. This debrief includes a discussion of
how the activity went and what challenges and successes the team experienced. Teams
reflect more deeply on how well they felt they achieved the Design or Facilitation Task,
and on how they focused on and supported particular inquiry process skills. Following
the debrief, each participant fills out a post-teaching report on the design and teaching
of the activity. This form also begins the process of planning for the next year, as
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participants consider what might be improved on in the activity design or facilitation
plan.

Finally, the report also solicits participants’ thoughts on their overall experience
within the PDP. This provides participants with an opportunity to consider how the PDP
has impacted them and what they have gained through their participation. Furthermore,
it lays the groundwork for thinking about whether they are interested in continued PDP
participation in upcoming years and what new knowledge they may take with them into
their future careers.

We use our participants’ reflections to guide our planning for the next PDP cycle.
We adapt and modify the PDP each year, drawing in part from the feedback the com-
munity provides us during this reflective time. We use this time to talk with participants
about their interest in continued participation and leadership roles in the upcoming PDP
cycle.

Within the PDP, reflections and debriefs are not just about finding flaws or cele-
brating successes. Rather, participants are learning and practicing the process of self-
assessment: stopping to consider what has or has not worked and why. PDP work-
shops emphasize the notion that an educator should approach teaching and learning
critically—teaching should be approached systematically and intentionally. Reflections
and debriefs serve to make sure participants consider what happened at least as system-
atically as they had considered their plans.

5. Outcomes from the PDP

Outcomes from the PDP fall into the four broad goals outlined in §2:

• Development of scientist- and engineer-educators

• Illustrating inquiry

• Establishing infrastructure

• Effecting broader change

Below, we describe some of the most notable outcomes relating to each of these goals.

We emphasize that the entire Learning from Inquiry in Practice volume that this
paper appears in is a major outcome of the PDP, containing proceedings that reflect the
work and leadership of many PDP participants. While this paper provides a stand-alone
description of the PDP for the broad community of science and engineering educators,
researchers, and policy-makers, it also provides an introduction to the PDP within the
volume. Therefore, within our formal description of PDP outcomes, we also include
references to each of the papers that follow in these proceedings.

5.1. Development of Scientist- and Engineer-Educators

Since its inception in 2001, the PDP has served 255 participants, who have in turn de-
signed and taught �60 inquiry activities through their involvement with the program
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(these activities are listed in Appendix B below). Through participation in the inten-
sives, experience designing and teaching an inquiry activity, and then reflection, par-
ticipants make progress in the following areas described in §2.1: 1) designing inquiry
activities; 2) optimizing learning; 3) facilitating learners; and 4) growing more inten-
tional. All participants in the PDP actively design an inquiry activity, and then teach the
activity in a venue where they have the opportunity to facilitate learners as they engage
in inquiry. Throughout the PDP, staff members formatively assess PDP participants’
progress—first in their design work, and then later when they teach. Participants com-
plete design templates, report on their designs at multiple points, discuss their designs
with staff consultants, and often maintain an electronic record of their progress. This
open and transparent design process allows multiple points for staff to assess and inter-
vene if necessary, and ultimately ensures that all participants clearly articulate learning
goals and form a general plan that aligns with inquiry learning. At a more detailed
level, participants’ designs vary in how closely they align with the PDP inquiry frame-
work. Almost all participants design an activity that engages their learners in inquiry
processes, and provides for learners to have ownership over their process. The more
accomplished designs give learners practice with a specific inquiry process that reflects
authentic research, while simultaneously gaining an understanding of important sci-
entific concepts. Less accomplished designs may try to incorporate too many general
inquiry processes, or may fall somewhat short on content, or in some cases end up more
guided than had been intended. However, participants reflect on their designs, and their
facilitation, and so come away from each PDP cycle with a better understanding of how
to design, facilitate, and assess inquiry.

In addition to observations by staff and participants’ documentation of their ac-
tivity designs, an education researcher led a study documenting the inquiry learning
that occurred in a PDP teaching venue (Ball & Hunter paper on inquiry and implica-
tions for the research setting, this volume). In this study, the lead researcher recorded
multiple inquiry activities while PDP participants facilitated them. The study included
an examination of how and when learners engaged in explaining, or the early stages
of generating scientific explanations (an important inquiry process). Opportunities for
learners to take initiative as they were participating in the inquiry activity were also
recorded. Instances of explaining and initiating were quantified and compared to how
learners engaged in these two practices while completing a formal, mentored research
project. Findings indicated that the rates of both explaining and initiating were higher in
the PDP inquiry activities than in the research experience. The extensive documentation
of learners engaged in explaining, and the PDP participants’ facilitation, is compelling
evidence that PDP participants are successfully designing and implementing inquiry
activities.

PDP participants are all expected to include consideration for diversity and equity
in their activity designs and teaching practice; this falls under the broad PDP participant
goal of “optimizing learning.” There are specific sessions to inform them of relevant
issues, expose them to inclusive teaching strategies, and to facilitate the integration
of inclusive teaching practices in their own design and teaching. An assessment was
designed to gauge participants’ increase in understanding about how they could en-
gage diverse learners through their teaching and research, using an open-ended prompt
that was given before and after the PDP workshops. The prompt asked participants
to briefly describe how they would engage a diverse undergraduate student population
through their teaching and research. A total of 98 pairs of pre- and post-workshop re-
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sponses from two different PDP years were analyzed, scored, and compared (Metevier
et al., in the Research and Evaluation section of this volume). The analysis and scoring
used a rubric based on the PDP Diversity & Equity Focus Area (in fact, it was a main
stimulus for developing the Diversity & Equity Focus Area and was the first version of
the five “emphases,” which later evolved into the current form reported in §3.2). Two
authors scored the responses, blind to pre/post and new/returning participation status,
and established a satisfactory inter-rater reliability. Results from this analysis showed a
significant improvement in participants after participation in the PDP, indicating that the
PDP training does improve participants’ understandings about how to teach inclusively.

In order to assess the effect of the PDP on participants after their participation, we
sent out a survey to gather information on the long-range impact of the PDP, and we
summarize some of those results here. Of the 255 people who have participated in the
PDP over the past 10 years, we regard 118 of those as “primary” participants who have
completed at least one full cycle of PDP training, activity design, and teaching activities
during the years 2001–2009; and who participated in the PDP while they were either
a graduate student or postdoctoral researcher. (We note that particularly in the earlier
years of the PDP, some participants received partial training through the program but
did not necessarily design and teach an inquiry activity). Of the primary participants,
60 responded to our long-range survey, giving us a ∼50% response rate.

As part of the survey, participants were asked to rate the value of various aspects
of the PDP on a four-point scale, with 0 = not valuable, 2 = somewhat valuable, and
4 = extremely valuable. Some of the highest rated aspects of the PDP are:

• Being part of a scientist-educator community (mean response: 3.6)

• Learning how to teach inquiry (mean response: 3.6)

• Having an opportunity to design and teach something of your own (mean re-
sponse: 3.6)

These responses indicate that participants strongly value the PDP community and the
opportunity to spend time on teaching as part of their career training. One of the lower-
rated aspects of the PDP was “Learning how to advise and/or mentor students doing
research projects,” which received a mean response of 2.6. While participants still
found this aspect of the PDP valuable, it is possible that we could do a better job of
explicitly linking inquiry activity facilitation to advising students in a formal research
setting. This might generally make the connection between the education and research
sides of our participants’ career training clearer, as well. Participants’ rating of the
overall value of the PDP experience was very high, with a mean rating of 3.7.

Since their participation in the PDP, many of our participants have received pres-
tigious postdoctoral positions, and 15 participants (10 of these are “primary” partici-
pants) have now moved on to tenured or tenure-track faculty positions. Clearly, there
is much potential for the PDP to benefit not only our participants, but also their cur-
rent and future students. On our long-range survey, we asked participants to rate the
impact of the PDP on various aspects of their careers, now using a four-point scale
with 0 = negative impact, 2 = neutral, and 4 = positive impact. Participants’ responses
indicate that the PDP has had a notably positive impact on:

• Enhancing your job qualifications (mean response: 3.5)
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• Valuing education as a part of your career (mean response: 3.6)

• Overall impact of PDP on career (mean response: 3.3)

We do not have the space to share the full results of our survey here, but we intend to
do so in a future publication.

5.2. Illustrating Inquiry

As stated earlier, members of the PDP community have designed and taught �60 in-
quiry activities (see Appendix B). These activities span a wide range of disciplines and
are designed for educational levels from high school to the graduate level, with many
aimed at the undergraduate level. Inquiry activities have been taught in informal and
formal settings, in some cases using an informal setting to pilot an activity for later use
in a formal classroom.

The collection of papers in this volume demonstrates the diversity of designs cre-
ated by the PDP community. The range of content taught through PDP activities is
very broad, including topics such as stellar populations (Rafelski et al., this volume),
telescope design (Sonnett et al., this volume), molecular biology (Quan et al. paper on
“Central Dog-ma” activity, this volume), fluid dynamics (Traxler et al., this volume),
and vision science (Putnam et al., this volume). The community has grappled with the
unique challenges posed in designing inquiry activities across disciplines such as bi-
ology (Petrella et al., this volume) and engineering technology (e.g., Morzinski et al.
paper on circuit design activity, this volume). PDP teams have demonstrated models
for inquiry to overcome other curricular challenges that are present across a range of
disciplines, such as inquiry learning with hardware systems (e.g., Harrington et al. and
Ammons et al., this volume), and with content that could not be investigated directly
with physical objects (e.g., Montgomery et al. paper on galaxy activity, this volume).
Activities have been designed for high school students (e.g., Yuh et al. and Dorighi
et al. papers on bacteria activities, both in this volume), community college students
(e.g., Mostafanezhad et al. paper on CCD activity and Morzinski et al. paper on digital
image activity, both in this volume), four-year university undergraduates (e.g., Dorighi
et al. paper on PCR activity, this volume), and graduate/professional level audiences
(e.g., Do et al., this volume). At the college level, activities have been designed for
science majors (e.g., Rogow et al., this volume), as well as non-majors (e.g., Putnam et
al. paper on lens activity, this volume). The format of activities has followed traditional
three-hour lab periods (e.g., McConnell et al., this volume), 6–8 hour activities spread
over two days (e.g., Kim et al., this volume), and multi-week student projects (Bresler
et al., this volume).

Within the PDP community, staff, participants, and researchers (studying the PDP)
have identified challenges to implementing inquiry activities, and have either devel-
oped or observed strategies to make inquiry successful. As noted earlier, observations
of PDP participants during their teaching experience yielded interesting findings about
both the PDP participants, and their learners (Ball & Hunter, this volume). The learners
often were not immediately ready to engage in inquiry learning. They arrived with ex-
pectations and classroom habits that made it difficult for them to engage in the kind of
self-directed learning that PDP inquiry activities require. However, it was also observed
that through careful design of the curriculum, PDP participant-instructors overcame the
barriers, using specific strategies such as setting the context for inquiry, sequencing
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activities, and carefully timing facilitation moves. Over the years, participants have
created their own innovative solutions to overcoming barriers to inquiry learning, such
as very brief facilitated brainstorming sessions with learners that served to establish ex-
pectations and classroom norms (Sonnett & Montgomery, this volume). Full activities
have also been developed to help students transition from more traditional modes of
teaching and learning to the experience and expectations of an inquiry learning envi-
ronment (e.g., Seagroves, this volume).

Inquiry activities have been used to accomplish goals that go beyond learning
scientific content and processes. A number of activities have been designed to en-
gage students transferring from community college into a university (e.g., Kretke et al.,
this volume). Programs aimed at motivating high school students to pursue science/
engineering majors have been designed by PDP participants (e.g., Cooksey et al., this
volume), and have integrated a number of PDP activities (e.g., Raschke et al. paper
on optics activity and Quan et al. paper on astrobiology activity, both in this volume).
Activities have been incorporated into special courses designed to prepare college stu-
dents for research (e.g., Montgomery et al. paper on the Akamai Maui Short Course,
Rice et al. paper on the Akamai Observatory Short Course, and Metevier et al. paper
on the Hartnell Astronomy Short Course, all in this volume), as well as short programs
to recruit prospective graduate students (e.g., Jacox & Powers, this volume). Through
the design and implementation of this diverse range of activities, the PDP community
has demonstrated that inquiry learning is broadly applicable, and can accomplish many
valued educational goals.

5.3. Establishing Infrastructure

Through ten years of an evolving program, the PDP has produced tools, methods, pro-
fessional development curricula, and a community, all that enable and empower par-
ticipants. This infrastructure can be used in the broader community. Tools include
frameworks, templates, reading materials, models, handouts, and other concrete items
that the community uses. Methods include the ways that we accomplish the goals of
the PDP, ranging from our philosophy to the lessons learned about how to carry out the
particular professional development in our arena. Our curriculum includes the large to
minute details that make up each of our intensives, workshops, and sessions. Finally,
we consider the PDP community part of the infrastructure and an essential part of the
success of the PDP.

From ten years of an evolving design, the PDP staff and participants have devel-
oped many tools that are integrated into our curriculum at all levels. A PDP design
template and guide (see Appendix A) provides structure for inquiry design while still
encouraging creativity. Our articulation of primary focus areas and emphases within
the PDP (see §3) provides reference points for work on inquiry, assessment, and diver-
sity/equity. As PDP participants have expanded into teaching in new areas, we have
created new tools to support their work. For example, the expansion into engineer-
ing education led us to collaborate with the Akamai Workforce Initiative to develop a
new framework for engineering technology skills (Seagroves & Hunter, this volume).
We have developed many handouts that are either used in workshops or read before
participation, and include carefully written scenarios that participants can analyze and
templates for encouraging reflection.
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A significant aspect of the PDP infrastructure is our method—how we go about do-
ing what we do, and how we overcome the challenges that inevitably arise in teaching,
learning, and professional development. This paper and our earlier paper (Hunter et al.
2008) give high-level perspectives on our methods. We have also articulated our values
and the unique attributes of the PDP (Seagroves et al., in the Perspectives section of this
volume), and the priorities that significantly shape our methods. In addition, our 2008
paper includes a section that outlines some of the specific challenges for participants
(pages 19–21), and how we support participants so that they can reach the intended
learning outcomes. These methods include knowing participants’ common prior under-
standings about and experiences with teaching and learning, and having strategies for
dealing with them when they become constraints. For example, participants may arrive
at the PDP with some exposure to inquiry and even view it as a method for teaching
scientific processes, but they may not recognize its value in teaching scientific content.
One of our most important methods for changing this view is to give participants a
personal experience in inquiry, and an opportunity to reflect on the experience. Telling
participants about inquiry, in our experience, is not enough—they must experience it as
a learner before they can design an inquiry activity. The importance of experience and
reflection was also one of the findings in the Ball & Hunter research described above.
Their study suggests that it was PDP participants’ experience of producing and applying
their own understanding of inquiry that was key to the transformational experience.

The PDP’s curriculum—the intensives, workshops, and workshop sessions—are
exhaustively documented: hundreds of pages (bound into “StaffGuides” for each inten-
sive) describe the design and delivery of every professional development workshop we
offer, while hundreds more pages (bound into companion booklets) encompass hand-
outs, readings, and other supplemental material. PDP Staff Guides are internal doc-
uments, used by the staff team to implement PDP intensives. In addition, the PDP
staff team writes up workshops, or thematic clusters of workshops, to disseminate more
broadly. While not at the detailed level available in Staff Guides, published papers
describe the goals, structures, and other important details of these workshops, such
as common pitfalls. For example, the “Improving Process Skills” workshop (Quan et
al., Professional Development section of this volume) describes successful strategies
for helping PDP participants first articulate an inquiry process learning goal, and then
design an activity in which learners improve their skills with that process. Lessons
learned include the importance of engaging participants in an authentic design experi-
ence rather than just telling them about it, or engaging them in a fabricated scenario.
The PDP’s workshops on diversity and equity, including how they evolved over time,
are described along with the PDP Diversity & Equity Focus Area (Hunter et al., also in
the Professional Development section of this volume). A somewhat different example
is a paper describing an important element of inquiry activities, the inquiry “starter”
(Kluger-Bell, this volume), which piques learners’ curiousity, generates questions for
further investigation, and defines the content area of the activity. Kluger-Bell’s paper
describes the goals, elements, and important attributes of starters, along with several
concrete examples.

One of the most valued aspects of the PDP is the community. PDP participants
indicate in many ways how much they value being part of this particular community
and the experience it provides. As described above, alumni of the PDP reported that
being part of a scientist-/engineer-educator community was one of the most valued
aspects of the PDP (average value rating 3.6 out of 4), and could be differentiated
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from merely “being part of any community”; in fact, in our long-range survey, a lower
value rating was given to “being part of any community” (average value rating 3.1 out
of 4). Comments on post-PDP surveys also reveal that being part of the community is
extremely important to participants. They feel like valued contributors and have a sense
of ownership and agency within the community.

Community is an essential part of the PDP infrastructure, but is hard to identify,
describe, and demonstrate. Broadly speaking, community can be considered a strategy
for accomplishing a desired outcome, or community can be the outcome—within the
PDP it is both. Community is one of the ten major aspects or attributes that distinguish
the PDP and is further described in Seagroves et al. (Perspectives section of this vol-
ume). Like other communities, the PDP community exists within, is shaped by, and
overlaps with, other communities and organizations. The PDP was originally embed-
ded within a prestigious science center (the CfAO) that exerted pressures to conform
to long-standing expectations and norms, yet was part of an education program that
was charged by the funding agency to be innovative and to challenge existing norms.
Over time the PDP community grew to exert its own pressure outward, influencing oth-
ers and challenging norms and practices. Authors of an organizational study (Ball &
Hunter, another paper in this volume) reviewed institutional records and documented
the changes that occurred within the CfAO as the education program became increas-
ingly successful. The study found that the PDP community played a significant role in
this success, negotiating and capitalizing on the tensions that existed at the boundaries
of the various communities. In addition, the authors posit that inquiry was a fulcrum
for change, and acted as a “boundary object” that is used in different ways by dif-
ferent communities, having a common identity but interpreted differently depending
upon the community (Star & Griesemer 1989). In this case, the PDP generates its own
community of participants that draws from a community of early-career scientists and
engineers, who in turn interact with the larger community of established science and
engineering researchers.

5.4. Effecting Broader Change

The last major goal of the PDP is to influence the larger science and engineering com-
munity to think innovatively about education—in particular, to reconsider the tradi-
tional relationships between teaching and research and between the natural and social
sciences, and to reconsider the inclusiveness of their practices. PDP outcomes related
to this goal include the impact of PDP participants interacting within their other com-
munities to effect change, and the rippling effect that occurs as they advance in their
careers and initiate their own education work. In addition, the PDP is a rich environ-
ment that has opened new collaborations that span disciplines and sectors. As described
above, the difference between community as a strategy, and community as an outcome,
is blurry; thus there is overlap between this section and the discussion of how the PDP
community is part of an infrastructure in the prior section.

Although the primary focus of PDP participants is on designing and teaching an
activity (or unit) that gets integrated into a course or program, the PDP community has
expanded upon this to develop courses, and even full programs. The Akamai Workforce
Initiative is built upon the PDP, and is now funded to run a Hawai‘i-based PDP focused
on the development of a new Engineering Technology Bachelor’s of Applied Science
(BAS) degree program. The BAS program will include courses that incorporate inquiry
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lab activities, and integrate PDP teams as visiting instructors. In the first phase of this
work, interviews with high-tech companies (future employers of the graduates of the
new BAS program) yielded strong support for inquiry, with an emphasis more toward
problem-solving. From these interviews a new framework for engineering technology
process skills (Seagroves & Hunter, this volume) was developed which is used by AWI
to develop courses, and is now integrated back into the PDP. A second new program
utilizing inquiry learning, this time at the graduate level, is also in the planning phases
by a member of the PDP community (Sheinis et al., this volume).

PDP participants also learn about, and pursue, the practice of professional devel-
opment. The PDP curriculum and methods open opportunities for participants to hone
their own skills as professional developers, both within and beyond the PDP. PDP par-
ticipants who return for a second cycle (or more) have the option to apprentice with the
PDP staff team in some of the workshops. For example, many participants receive train-
ing and then lead a discussion in the “Comparing Approaches: Three Kinds of Hands-
on Learning” workshop, either within the PDP, or at other venues arranged through
the PDP community. PDP participants have led this workshop on their own in out-
reach activities, and in science teaching methods courses for pre-service teachers. The
experience gives PDP participants many new perspectives and a rich experience (e.g.,
Rice, this volume). Participants have also developed their own professional develop-
ment activities, utilizing PDP methods and curriculum. For example, a PDP participant
designed a two-day workshop for Mexican teachers using the “Parachutes” workshop,
along with other reflective components (Racelis & Brovold, this volume).

The PDP offers a rich environment for education researchers to conduct studies
on learning, teaching and professional development, and has been the basis for sev-
eral studies. A dissertation research project (Ball 2009) centered on the study of the
PDP and led to two of the papers in this volume (both papers by Ball & Hunter). The
cross-disciplinary nature of the PDP has led to many new collaborations and spin-off
projects, as well. PDP teaching teams are formed based on factors that naturally cross
the boundaries of disciplines, often bringing together individuals from diverse back-
grounds. In a recent example, a team that included graduate students from astronomy,
ocean science, and environmental studies designed and taught an activity on fluids and
layering. There is an immediate benefit to the team members, as they must learn to
communicate and appreciate the different ways that disciplines view a topic, and there
are also examples of new opportunities arising from interdisciplinary teams, such as
visits and research collaborations. The PDP has also integrated the natural sciences,
education, and social science into its activities. An interesting array of projects has
emerged from ongoing interactions between CfAO education (primarily through the
PDP) and the UCSC Educational Partnership Center (Goza et al., this volume). These
projects include and cross boundaries between evaluation, educational assessment, and
social science research—often stimulating new questions and methods.

An emerging spin-off area of the PDP is the application of PDP curriculum and
methods to mentoring student research. Over the years a number of PDP community
members have made connections between the “facilitation” that PDP participants are
trained to do while teaching their inquiry activities, and on-the-fly interactions that
mentors employ as they work with students engaged in authentic research. Many PDP
strategies can be translated to facilitate students’ productive engagement in formal re-
search (Severson, this volume) and to design productive research projects.
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6. The Future of the PDP

The PDP has been running for ten years, changing and evolving, and growing in de-
mand from graduate students. The program sprung from what seemed like a radical
idea, in 2001, to add teaching (in addition to research) preparation to a graduate stu-
dent’s professional development. Many questioned whether science and engineering
graduate students would even be interested in such a program. The PDP has shown that
they are not simply interested, they are eager for it. Today’s graduate students know
that there are serious deficiencies and challenges in all levels of education. They are
preparing for careers in which they will impact thousands of undergraduates through
their own teaching and mentoring, and they want the skills and knowledge to teach well
when they become the next generation of college and university faculty members.

The success of the PDP has led to the continuation of the program in the two
regional areas it has served for many years—California and Hawai‘i. In California, the
PDP continues through the UCSC Institute for Scientist & Engineer Educators, where
it is now being integrated into graduate training. In Hawai‘i, the PDP is a core activity
in the Akamai Workforce Initiative, which includes a PDP focusing on engineering
technology, astronomy, and the fields related to the growing astronomical facilities in
the state of Hawai‘i.

6.1. Institute for Scientist & Engineer Educators (ISEE)

ISEE was launched in 2008 to institutionalize the PDP as a program to be offered
broadly to the science and engineering community at UCSC. The PDP is a major pro-
gram within ISEE, and is at the heart of almost all other programs and activities, as
it was with the educational arm of the CfAO. ISEE is developing several certificates,
the first formalized one being a Certificate in Teaching Innovative Laboratory Experi-
ences. Participation in the PDP is a major requirement for earning this certificate. ISEE
is developing new workshops and courses, and building a research strand so that we
can continue to learn more about the teaching and learning related to the PDP, and the
broader applications of this teaching and learning.

In the transition from a grant-funded program to an institutional program, the PDP
is evolving to include more teaching venues within formal undergraduate courses, and
even graduate courses, but continues to find teaching venues in programs and other
semi-formal settings an extremely productive “teaching lab” for PDP participants. The
format of the PDP within ISEE is also evolving. Financial constraints may require that
the PDP move away from residential multi-day intensives toward a series of workshops
offered on-campus. The value of a multi-day intensive at a remote site—where staff
and participants drop everything else, eat meals together, and find ample opportunity
for informal discussions—cannot be overlooked. An outstanding question is how im-
portant the retreat format of the past PDP cycles is for inspiring the PDP community
and community members’ accomplishments.

The ISEE community that is emerging is as vibrant as the PDP community has
been, with new leaders emerging and initiating new activities. Graduate students and
postdoctoral researchers who work on ISEE-related projects, “ISEE Fellows,” meet
weekly to share their progress and get input from other Fellows. One ISEE Fellow cre-
ated a journal club, which meets monthly to discuss education research journal articles.



40 Hunter et al.

The enthusiasm, commitment, and innovation demonstrated by ISEE participants and
staff creates a momentum that will likely keep ISEE funded and growing.

6.2. Akamai Workforce Initiative (AWI)

The PDP model is also a key component of the Akamai Workforce Initiative (AWI) in
Hawai‘i, which will focus on the development of a new engineering program, bringing
in PDP participants as designers and visiting instructors for new laboratory courses at
the University of Hawai‘i – Maui College. The PDP element of AWI is run by ISEE,
and to date has remained integrated into the ISEE PDP, continuing the long tradition
of collaboration between the University of Hawai‘i Institute for Astronomy/Maui and
UCSC. Funding from the National Science Foundation and the Air Force Office of
Scientific Research will continue the Hawai‘i-based PDP through 2014.

The particular needs and opportunities of Hawai‘i are also creating changes within
the PDP, and spinning out new projects. The AWI focus on engineering technology has
brought increased attention to the similarities and differences between engineering and
science, which has required changes in PDP workshops. AWI is closely tied to indus-
try, and the PDP teaching venues are often aimed at preparing students for work in
the high-tech industry and astronomical observatories. The AWI interest in industry
needs has been a new and expanding area of work, starting with inventories of desired
skills (Hunter, Hoffman, Armstrong, Reader, Seagroves, & Raschke 2009; Seagroves,
Hunter, & Armstrong 2009), and leading us to create an engineering technology skills
framework (Seagroves & Hunter 2009, and Seagroves & Hunter, this volume), which
feeds back into the PDP participants’ work to help them focus on designing activities
aimed at teaching industry-related skills. A further evolution in this vein is a pilot
project, Promoting Engineering Problem Solving Through Argumentation and Rea-
soning (PEPSTAR), which is aimed at improving engineers’ ability to generate well-
conceived solutions to technological challenges. PEPSTAR overlaps significantly with
the PDP, using its infrastructure, integrating with the PDP community, and feeding new
tools back into the PDP.

7. Summary

Out of ten years of funding through the CfAO, the PDP has grown into a dynamic,
evolving, highly successful program that develops early-career scientists and engineers
into innovative scientist-educators and engineer-educators. The PDP illustrates inquiry
as a teaching/learning strategy in higher education science/engineering laboratories and
builds tools, infrastructure, and community to support innovation in university science/
engineering teaching. The PDP has effected broader change in the institutions it is
associated with; as PDP alumni move forward in their careers, they effect even broader
changes at new institutions. The PDP continues to develop, adapt, and expand through
major new programs such as the Institute for Scientist & Engineer Educators and the
Akamai Workforce Initiative.
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Appendix A. Design Template

The Design Template is a significant tool developed to support PDP participants as they
work on their inquiry activity designs. We have constructed the template to help par-
ticipants use the “backward design” strategy (Wiggins & McTighe 2005, chapter 1),
considering their students’ backgrounds and starting their design by articulating learn-
ing goals that incorporate the content and process knowledge they want their students to
gain. Through the template, we encourage partici- pants to consider the evidence they
will look for, as they teach, that will indicate their students are achieving these learning
goals. We encourage participants to build off of the “Light and Shadow” inquiry ac-
tivity model they experienced during PDP workshops, bringing in considerations from
the PDP Focus Areas of inquiry, assessment, and diversity/equity (§3). We also prompt
participants to articulate their facilitation strategy and plans.

On the following pages, we present:

• The PDP Activity Design Template

• Page 1 of a Guide to the template, with prompts to help PDP participants develop
their designs

• Page 2 of a Guide to the template, with prompts to help PDP participants connect
their design plans to considerations from education research and best practices.
Specifically, participants are prompted to consider input from the How People
Learn framework and the three PDP focus areas of inquiry, assessment, and di-
versity/equity (§3).

These documents are copyrighted and are reproduced here with the kind permis-
sion of ISEE and CfAO.
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Appendix B. Inquiry Activity Designs

These are the inquiry activities that teams of PDP participants have designed, taught,
and in some cases redesigned. They span a wide variety of science and engineering
disciplines and are designed for a range of audiences. See §5.2 for more discussion of
this diversity in activities.

For Undergraduate Learners

• Stellar Populations
• Galaxy Morphologies in the Hubble Ultra Deep Field
• Mystery Galaxies
• Galaxy Clusters: Mass vs. Visible Light
• Galaxy Components
• Recipe for a Galaxy
• Spectroscopy Astronomy Lab
• Transiting Planets
• Photometric Calibration and Transiting Planets
• Color, Light, and Spectra
• Light, Color Addition, and Color Subtraction
• Lenses and Refraction
• Camera Obscura and Pinholes
• Light, Optics, and Telescopes
• Compound Pendulums
• Resonant Pendula
• Fluid Dynamics
• Water Lab
• Wavefront Correction
• Understanding Adaptive Optics
• Electronic Detectors
• Digital Image Files
• CCD Models
• Circuit Design
• Spectrograph Design
• Telescope Design Challenge
• Solar Intensity Monitoring System
• Retinal Anatomy
• Physiology and Optics of the Human Eye
• Color Perception
• Central DOG-ma Disease Detectives
• Biological Imaging: Understanding Image Files
• UCSC CSI: Understanding DNA
• DNA in a Box
• Linking PCR to Research
• Growing Bacteria
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• A Walk in the Woods
• At the Tipping Point (Thresholds)
• Ocean Science Lab
• Efficacy of Porous Materials
• Interpreting Spectroscopy Data
• Math Methods for Chemistry

For Graduate and Professional Learners

• Fourier Optics
• Adaptive Optics System Demonstrator
• Adaptive Optics System Design Project
• Human Vision and Aberrations
• Adaptive Optics for Vision Science

For High School Learners

• Variable Stars
• Open and Globular Star Clusters
• Planetary Nebulae
• Classifying Galaxies: Color and Morphologies
• Stars and Color
• Tabletop Optics: Lenses and Mirrors
• Spectroscopy Physical Science Lab
• Lenses and Human Vision
• Visual Perception
• Astrobiology: Extremophiles!
• Bacteria and Viruses
• Ecology in the Intertidal Zone
• Sea Turtle By-Catch
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Appendix C. Base Explanation Rubric

This is the “base” rubric that all PDP participants use to develop a more fully-articulated
rubric for assessing learners’ explanations during an inquiry activity. For more details
and references, see §3.3. This document is copyrighted and is reproduced here with the
kind permission of ISEE and CfAO.
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Abstract. Despite high attrition rates in college-level science, technology, engineer-
ing, and math (STEM) courses, with even higher rates for women and underrepresented
minorities, not enough attention has been given to higher education STEM classroom
practices that may limit the retention of students from diverse backgrounds. The Profes-
sional Development Program (PDP) has developed a range of professional development
activities aimed at helping participants learn about diversity and equity issues, integrate
inclusive teaching strategies into their own instructional units, and reflect on their own
teaching practices. In the PDP, all participants develop and teach a STEM laboratory
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activity that enables their students to practice scientific inquiry processes as they gain
an understanding of scientific concepts. In addition, they are asked to consider diversity
and equity issues in their activity design and teaching. The PDP supports participants
in this challenging endeavor by engaging them in activities that are aligned with a PDP-
defined Diversity & Equity Focus Area that includes five emphases: 1) Multiple ways
to learn, communicate and succeed; 2) Learners’ goals, interests, motivation, and val-
ues; 3) Beliefs and perceptions about ability to achieve; 4) Inclusive collaboration and
equitable participation; 5) Social identification within STEM culture. We describe the
PDP Diversity & Equity focus, the five emphases, and the supporting activities that
have been designed and implemented within the PDP, as well as future directions for
our diversity and equity efforts.

1. Introduction

The fact that science, technology, engineering, and mathematics (STEM) fields are
not broadly inclusive of the population of U.S. citizens is well documented (National
Science Board 2010; Hurtado, Eagan, & Chang 2010; Hill, Corbett, & St. Rose 2010;
PKAL 2006). Although the lack of diversity in STEM fields is not necessarily obvious
on a daily basis, and especially not to those in the majority groups, there are reasons for
all to be concerned (see for example Tilghman 2003). One can argue that limiting or
excluding significant proportions of the population is unjust on moral grounds, even if
it is unintentional. The lack of diversity in STEM also means that the talent pool is not
fully utilized, limiting our potential, or of even more concern, influencing the problems
we choose to tackle. Including broader perspectives and concerns in STEM will lead
to not only new avenues of research, but new approaches and new ways to view results.
The exclusion of significant fractions of our population (women and minorities) will be
limiting in some of these very direct ways, but as Tilghman brought up may also make
STEM less desirable to many:

“Science will look increasingly anachronistic if women and minorities are
not participants in the enterprise. As other professions move successfully
toward a goal of inclusiveness, science will appear increasingly backward-
looking, and will be less attractive to talented students of all types.”

While the term “diversity” can apply to a host of differences between people, we
focus here on diversity as it applies to gender, race, and ethnicity, and specifically on
issues in higher education. A recent report from the Higher Education Research Insti-
tute (2010) highlights the problem of retention in STEM at the undergraduate level, a
critical transition point in students’ path from being interested in STEM to actually ad-
vancing into a STEM career. Approximately one third of students from all gender and
racial/ethnic backgrounds in the U.S. enter college interested in pursuing STEM. How-
ever, many of those students do not graduate with STEM degrees, and either switch
to other majors or leave college altogether. For example, of White students who en-
tered college intending to pursue STEM degrees, only 56% ended up with a degree of
any kind after five years. On the other hand, of the White students who intended to
pursue non-STEM majors, 73% completed a degree of any kind. The attrition rates
in STEM are disheartening when compared to other fields of study (and particularly
troubling when considering that many who leave STEM also leave college altogether),
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but the disproportionately higher rates for women, Hispanics, African Americans, and
Native Americans is even more concerning. Of the students who entered college with
the initial interest in pursuing STEM degrees, 33% of White students and 44% of Asian
Americans finished degrees, while only 22% of Latinos and 18% of African Americans
completed degrees.

Bringing parity to completion rates for all groups is a national challenge that has
implications for both how students are prepared before college, and how they experi-
ence STEM in college. Universities play a direct role in the educational outcome of
students intending to major in a STEM field. Although there are challenges related
to the pre-college preparation of incoming students, there is a clear need to improve
the STEM college experience to make it more equitable. Connections between K–12
STEM pedagogy and equitable outcomes are supported with a growing body of ev-
idence (e.g., Thadani et al. 2010; Moje 2007). Inquiry teaching and learning, at all
levels, has been called for (e.g., PKAL 2006; AAAS 1989; NRC 2000, 2005a; NAS,
NAE, & IoM 2006) as effective and equitable pedagogy. When carefully implemented,
inquiry activities employ many inclusive teaching strategies, and evidence for the con-
nections between inquiry and equitable education outcomes is growing (e.g., Wilson
et al. 2010).

2. Diversity and Equity in the Professional Development Program

The Professional Development Program (PDP) prepares early career scientists and en-
gineers to be effective and inclusive educators. Through the PDP, participants attend a
series of workshops, join a team to design a laboratory activity, teach the activity, and
then reflect on their experience. This paper describes the aspects of the PDP related to
diversity and equity, including a description of relevant workshops, our challenges, and
emphases that have emerged from years of work within the PDP community. A full
description of the PDP can be found in other papers (Hunter et al. 2008, and Hunter
et al., this volume), but it is important to note that Diversity & Equity is one of three
major Focus Areas in the program. The other two areas are Inquiry and Assessment,
both of which have significant overlap with diversity and equity, especially in how they
are defined within the PDP.

Most PDP participants work toward designing and facilitating undergraduate lab-
oratory activities, and we are oriented toward diversity issues that affect academic lab-
oratory settings, such as lab courses and research environments. Some examples of
challenges in the college learning environment include the fact that colleges serve stu-
dents beyond the local community, students voluntarily attend classes, contact time
with students is much shorter than in K–12, and college-level STEM content can be
difficult to connect to students’ daily life.

While we recognize that recruitment activities are valuable for bringing more stu-
dents into the STEM “pipeline,” and that preparation in K–12 needs attention, we focus
more strongly on retaining students currently in the pipeline. Our philosophy draws
from a blend of formal research and perspectives from practice, as well as an inten-
tional commitment to focus on a problem that is often neglected. Very generally, we
believe that it is possible, by thoughtfully designing and teaching laboratory activities,
to have a positive impact on students directly in the STEM learning environment, and
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that much of what can be applied to classroom labs is easily transferable to research
environments.

More specifically, we recognize that learners come to the classroom with diverse
educational, social, and cultural backgrounds, and thus they come to the classroom
with different knowledge, ways of knowing, and experience with activities. This affects
not only the content understandings they bring into the classroom, but also the way
that they understand, due to their social and cultural experiences. Their backgrounds
also affect their experience, comfort, and skills with scientific processes; their values,
interests, and attitudes about STEM; their beliefs about their own competency and in-
telligence; and the cultural norms they are used to participating in as they communicate
and interact with others. Students’ backgrounds have an impact on their learning expe-
riences, their academic success, and their entry and retention in STEM. While learners’
backgrounds can become barriers to learning and success, they can also provide oppor-
tunities to bring in new ideas, new ways of working and solving problems, and new
ways of applying solutions. Learning environments — the curriculum, specific activi-
ties, interactions with peers and instructors, and the overall learning community — can
be created to support diverse learners and equity.

3. PDP Diversity & Equity Emphases

The knowledge base on issues related to diversity and equity spans many disciplines and
includes research findings as well as documentation from the practitioner community
(those who design and implement programs, interventions, and innovative curriculum).
Distilling the collective knowledge down from these disparate sources into practical
strategies and educational innovations is challenging, and without a framework, educa-
tors often resort to employing strategies without understanding why or when they might
work, and then have no structured way to reflect on the outcomes. For many years the
PDP staff sought to explicitly include more on diversity and equity within the series of
PDP workshops, and struggled to frame disparate research findings and bring practical
strategies into workshops in a coherent way. Given the lack of a relevant framework
to guide the development of workshops, we formulated a focus based on our teaching
interests and went to the literature seeking well-supported research findings that had
practical implications (§4 includes descriptions of some of the sessions we developed).
Thus the development of diversity and equity content within the PDP was framed by
practice, and informed by research.

Diversity and equity considerations have always been part of the PDP, continu-
ally becoming more explicitly included, but the articulation of a Diversity & Equity
Focus Area emerged from a PDP assessment project. As part of our ongoing work to
evaluate the outcomes of the PDP, we were interested in learning about whether PDP
participants increased their understanding of strategies they could use to teach more in-
clusively. We designed a survey prompt that was given to PDP participants before and
after their participation in the PDP, and developed a rubric to analyze the results. The
rubric consisted of five criteria (or dimensions) that reflected the PDP content related
to diversity and equity, which had grown and evolved over time to include research
findings that PDP staff found to be compelling and relevant to PDP teaching venues.
The analysis of the survey responses, using the rubric, indicated that PDP participants
made significant gains in their responses, and is reported in a companion paper in this
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volume (Metevier et al., this volume). The rubric was immediately useful in structuring
our own thinking, and illuminated our need to be more explicit in our intended learning
goals for PDP participants. The dimensions of the rubric were revised and became the
five emphases of the Diversity & Equity Focus Area.

This evolution of the PDP Diversity & Equity Focus Area makes it clear that it is
not a formal framework, nor should it be considered comprehensive in coverage. It is a
tool to help the PDP community translate the disparate research on diversity and equity
issues into informed practice. The intent of the emphases is to help our community
structure their thinking, reflect on their practice, and build a practical knowledge base
within the PDP community. PDP participants can consider research findings from the
emphases, learn and use teaching strategies informed by the research, develop their own
innovative approaches informed by research, and then can share the outcomes within
the community. PDP staff use the emphases to develop a coherent set of workshops,
identify gaps in PDP offerings, and assess PDP participant progress.

The five emphases of the PDP Diversity & Equity Focus Area are described below.
They overlap in multiple ways — in some cases an area of research may be relevant to
more than one emphasis, in other cases a teaching strategy is supported by more than
one emphasis, and sometimes a learner practice (e.g., communication) is relevant to
more than one emphasis. Each emphasis provides a different way to view a learning
environment or situation. Much of the research that supports the emphases is broadly
applicable, as are the emphases themselves; however, the overall PDP Focus Area made
up by these five emphases is most relevant to STEM laboratory environments in higher
education.

1. Multiple ways to learn, communicate and succeed: Learners should be pro-
vided with multiple ways to engage in, approach, and succeed in their work, and
multiple ways to communicate their understandings.

2. Learners’ goals, interests, and values: Learners’ goals, interests, values, and
sources of motivation should be engaged and leveraged through activities that are
relevant, meaningful, and challenging.

3. Beliefs about learning, achievement, and teaching: Learners and teachers
should develop beliefs about learning, achievement, and intelligence that support
an expectation of success for students from all backgrounds.

4. Inclusive collaboration and equitable participation: Learners should have
equal opportunities to participate and equal access to resources in classroom
and collaborative activities. They should have opportunities to contribute diverse
ideas, identify problems and solutions, and participate as valued team members.

5. Social identification within science and engineering culture: Learners should
gain a sense of belonging in the science/engineering culture that fits with who
they see themselves as, who they want to become, and what they want to become
part of.

3.1. Multiple ways to learn, communicate, and succeed

People have different approaches to learning and participation, and have different reper-
toires of learning practices and preferences. Furthermore, they communicate their prior
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knowledge in different ways. Their backgrounds shape how they communicate and
demonstrate success, so that success can look and sound very different for different stu-
dents, and potentially lead to assessment outcomes that favor some students over others
(NRC 2002, and references therein). Environments that consider learners’ social, cul-
tural, and educational backgrounds, or are “learner-centered” (NRC 1999, 2005b, and
references therein), provide multiple ways to learn, communicate and succeed and are
more likely to engage a broader range of students. Instructors can anticipate, learn
about, and support students’ initial learning approaches, and offer avenues for students
to build new approaches to learning and participation, expanding their repertoire rather
than treating their preferences as static traits (e.g., Gutiérrez & Rogoff 2003). Articu-
lating clear learning goals, and providing multiple avenues for learners to achieve goals
and demonstrate success, supports more learners’ success. Providing multiple ways
for learners to express their knowledge, demonstrate skills, and produce new knowl-
edge helps both instructors and learners assess learners’ understandings throughout the
learning process.

Examples of how this emphasis could be applied in practice:

• Instructor supports a mix of participant structures within an activity, e.g., students
could spend some time working independently, some time in groups, and some
time learning from lecture.

• Instructor encourages students to express their new understandings in several
ways, e.g., by talking about them, drawing figures, referring to graphs, and writ-
ing.

3.2. Learners’ goals, interests, and values

Learners come into science and engineering lab experiences with different goals, in-
terests, and values that are formed from their social, cultural and educational back-
grounds, and are shaped by their future plans (see for example NRC 2007, and refer-
ences within), and affect educational outcomes (for a review see Wigfield & Cambria
2010). They have different views of intelligence that can affect their goals and their
motivation. In other words, their values and motivation are shaped not only by their
own educational and career plans, but by their past experiences and backgrounds (see
for example Osborne, Simon, & Collins 2003). Effective learning environments can be
designed to anticipate and leverage learners’ goals, interests, values, and provide moti-
vation through activities that are relevant, meaningful, and challenging. Instructors play
an important role in making curriculum equitable (e.g., Boaler 2002). They can find out
about their learners’ backgrounds, draw from them as resources, and help learners find
connections and relevance to their own lives.

Examples of how this emphasis could be applied in practice:

• Activity goals connect the scientific content, processes, and attitudes students
will learn or achieve to the learners’ goals, interests, values, and potential moti-
vations.

• Activity is designed so that learners can pursue the questions and/or investigation
paths that interest them most.
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• Instructor creates opportunities for learners to connect questions, problems, or
investigation findings to their everyday lives

3.3. Beliefs about learning, achievement, and teaching

People hold different beliefs about learning, intelligence, achievement, and teaching
that bring both learners and teachers into a lab with assumptions and expectations about
themselves and the others in their learning environment (e.g., Bianchini & Solomon
2002). Negative stereotypes can be triggered by a range of aspects of the learning envi-
ronment, can intensify learners’ assumptions about themselves, and consequently can
negatively impact learners’ performances (see Steele & Aronson 1995; Gonzales, Blan-
ton, & Williams 2002; as well as Stroessner & Good 2010 and references therein). If
instructors do not convey positive and equitable views of learning, they can create en-
vironments that limit access and opportunity, particularly for learners of non-dominant
backgrounds. It is therefore essential that instructors project high expectations along
with support for all their learners’ success. One way to do this is to approach intelli-
gence as a malleable, rather than fixed, trait, expressing all students’ ability to improve
and build on their understandings (see Aronson, Fried, & Good 2002; Dweck 2006).

Examples of how this emphasis could be applied in practice:

• Activity is designed with multiple possible starting points, acknowledging learn-
ers’ different prior knowledge and experiences, and reinforcing an expectation
that they can make meaningful knowledge gains no matter what their starting
point is.

• During student investigations in the lab, instructors give guidance when requested
or needed but ultimately convey the expectation that learners will be able to “fig-
ure it out.”

3.4. Inclusive collaboration and equitable participation

Learners’ backgrounds can limit their access and opportunity to participate in science
and engineering. However, their backgrounds can also be source of new ideas, new ap-
proaches, and new ways of applying results. Instructors can design and facilitate activi-
ties so that learners have equal opportunities to participate and equal access to resources
in the learning environment. Collaborative participant structures are also important, as
sharing and building upon others’ ideas within collaborations is part of productive par-
ticipation in science and engineering. Support and scaffolds for inclusive collaboration
can therefore help all students participate in discourse, bring in their unique ideas, and
solidify new understandings. Research supporting this emphasis reaches back to the
work of Vygotsky (1978), and the fundamental role of social interaction in learning.
Research on “cooperative learning” has looked closer at productive social interactions,
and more specifically at the role in improving interactions between people of different
ethnic backgrounds (e.g., Sharan 1980; Slavin & Cooper 2002).

Examples of how this emphasis could be applied in practice:

• Instructor encourages learners to write down their questions about a topic or phe-
nomenon, then displays all students’ questions anonymously, so that each ques-
tion is given equal weight and equally valued.
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• Activity is designed so that learners spend a significant amount of time working
on a challenging and meaningful problem in small groups of 2–3 students, so that
each student can make a significant contribution to the group’s progress.

3.5. Social identification within science and engineering culture

Learners have social identities, or beliefs about who they see themselves as, who they
want to become, and what they want to become part of (e.g., Brickhouse, Lowery, &
Schultz 2000). They also have beliefs and preferences about how others view them,
and under stereotype threat can “disidentify” with academic performance (Osborne
1995). There is an interplay between learners’ social identities and the existing culture
in STEM, which has its own norms, practices and values, and which can affect stu-
dents’ participation in STEM (e.g., Reveles & Brown 2008; Carlone & Johnson 2007).
The STEM culture is shaped by the backgrounds of those historically dominant in the
field, and may therefore make STEM less attractive to people from non-dominant back-
grounds, and even drive some students out of STEM (e.g., Seymour & Hewitt 1997;
Brickhouse & Potter 2001). On the other hand, social identification with the STEM
classroom, or larger STEM culture, can lead to a sense of belonging. Attention to the
interplay between students’ cultural backgrounds and that of the STEM classroom, or
the STEM culture, can help instructors create a more inclusive environment. Provid-
ing role models that students identify with can help, but effective mentoring can be,
and should be, done by people of all backgrounds. Being explicit about the norms
and practices of STEM while valuing students’ own cultural norms and practices can
help students of diverse backgrounds successfully navigate between STEM and their
everyday lives.

Examples of how this emphasis could be applied in practice:

• Activity goals include learning STEM norms and practices, such as explaining or
even defending one’s results by referring to relevant data and scientific principles.

• Activity can be designed to include segments in which students describe their
work informally, as they might to family and friends, and then describe their
work formally, as they would at a conference.

• Instructor wraps up activity by reviewing learning goals and referencing each
student’s progress to reinforce their sense of accomplishment and belonging in
STEM.

Summary of the Diversity & Equity Focus Area

Like the entire PDP, the Diversity & Equity Focus Area, and the five emphases above
will evolve over time. There is still much to be learned about diversity and equity issues,
and the practices that support learners from diverse backgrounds. However, enough is
known to begin making changes in educational practices now. Many of the strategies
that have emerged from the body of knowledge are simply good teaching practices that
all students will benefit from.
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4. PDP Diversity and Equity Workshops

Originally, the PDP engaged participants in the design and teaching of inquiry labo-
ratory activities, and subsequent reflection on teaching practice. It was believed that
inquiry strategies “automatically” address diversity and equity issues because inquiry
is connected to research-tested frameworks such as How People Learn (NRC 1999,
2005b). However, both the PDP staff and its participants were interested in a much
more explicit discussion of diversity and equity. Since 2007, we have designed and im-
plemented a number of workshops within this PDP focus, and we describe them below.
Not all of these workshops are currently delivered in every cycle of the PDP. Differ-
ent workshops address different (sometimes conflicting) goals, and each has significant
strengths and weaknesses, but each workshop supports or has led us to further refine
our articulation of the emphases within the Diversity & Equity Focus Area.

4.1. Setting the Context for Discussions on Diversity and Equity

Before PDP participants take part in any diversity/equity workshops, we ask them to
read a simple handout that we have created, which summarizes some strategies for
having productive discussions about culture, diversity, and equity. These strategies are
adapted from Gutiérrez & Rogoff (2003) and Weissglass (1990). This handout gets par-
ticipants thinking about constructive, productive listening and discourse practices that
prevent common pitfalls such as over-generalizing or discounting others’ experiences.
This discussion context can then simply be referred to and workshops can immediately
invest time on the issues themselves.

4.2. Intern Panel

The first series of PDP diversity and equity workshops began with a small panel of
undergraduates selected to express exactly the complex sorts of experiences that non-
majority students have. At the time, many PDP participants taught in programs that
attract, educate, and retain diverse students in engineering technology in the state of
Hawai‘i. (These programs have since evolved into the Akamai Workforce Initiative;
see Hunter et al., Montgomery et al., Rice et al., Seagroves & Hunter, all in this vol-
ume). From the pool of past undergraduate Akamai interns, we approached a young
woman and young man, both with Native Hawaiian backgrounds, to see if they would
be interested in sharing their perspectives with future educators (PDP participants). We
gave the panelists broad outlines of the types of issues we were interested in, namely,
the ways in which cultures can both complement and conflict with each other, and the
ways that students navigate the many cultures that they participate in. Within this gen-
eral outline, we then collaborated with the panelists to develop what stories they might
want to tell and what to expect from our PDP audience.

The panelists told stories of how they experienced conflict and tension: for in-
stance, one intern was interested and engaged with the engineering work she was doing
on Haleakalā, but was also aware that her presence there was not considered appropriate
in a strict Native Hawaiian sense. Her story included how to feel that she was “being
Hawaiian” while also “being” the other things she was interested in (e.g., an engineer).

The panelists also told stories of how they experienced resonance: for instance,
one intern worked at what he felt was the modern analogue of an ancient Hawaiian
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lookout near his home. A common thread among all the stories was that culture is not
static; cultures change and adapt, and members who identify with cultures must change
and adapt to navigate them. All cultures and their members — including “cultures”
such as STEM — must be open to such change and adaptation.

The power of this workshop is its simple direct access to the individual, personal
experiences of real undergraduates. No discussion of demographics or of studies and
findings sufficiently reminds participants that our students are individual people not
easily summarized by their demographic data. On the other hand, this workshop has
many shortcomings, both in principle and in practice. It is difficult to draw any general
conclusions or lessons for the PDP participants, given the intrinsically anecdotal nature
of the panelists’ stories. We were tense about the danger that we might be tokenizing
the panelists (or even that it might just appear that way). To address this tension, we
made sure to collaborate significantly with the panelists themselves in the design of the
session; in practice this makes planning the session relatively resource-intensive.

4.3. “Things We’ve Heard About Science and Engineering”

Some participants come into the PDP with strong or relatively rigid ideas about diver-
sity and equity issues and may not appreciate that their peers hold different ideas or are
not yet familiar with the issues. We designed a small-group discussion-based workshop
called “Things We’ve Heard About Science and Engineering” that allows participants
to discuss some of these ideas without (necessarily) personally claiming them.

We gathered a set of “things we’ve heard” which is shown in Table 1. These are
real statements or ideas that we have actually heard (or read) expressed in the science/
engineering communities. We selected them to represent some ideas that we agree with,
some ideas that we disagree with, some that are well-intentioned but misguided, and
some that are deliberately provocative and promote discussion. The workshop begins
by handing out this table and letting participants read each statement and reflect on their
own position with respect to that statement.

In small tables of 6–7 participants (plus a facilitator), what follows is a discussion
of one of the “things we’ve heard.” Each table is assigned a different statement to
discuss, but the facilitator can choose to let the discussion range to the other “things
we’ve heard” as s/he sees fit. Participants are asked to share what they think about the
statement, whether it has or has not been their experience, why someone might have
said it, and what arguments they may have heard for or against the statement. The
purpose of the discussion is not necessarily to come to specific conclusions or draw
“right” and “wrong” answers, but rather for participants to confront and reflect on their
own preconceptions and those of others. For instance, the notion that “science is a
meritocracy” can be assumed and taken for granted by many because it represents an
ideal that science ought to aspire to; this does not mean that “science is a meritocracy”
is currently, universally, unambiguously true.

As the PDP has grown, it has become difficult to adequately staff discussions with
small groups such as this one. (In the current PDP we would need ∼10 facilitators to
implement this workshop.) While in other PDP workshops we draw on experienced,
past participants to assist us with facilitating large numbers of newer participants, in
the case of sensitive discussions around gender, race, and ethnicity we have found that
these “helpers” are tense and feel unprepared to facilitate. This workshop has no lecture
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Table 1. “Things We’ve Heard About Science and Engineering.”

Science is a meritocracy (people advance and have opportunities based on their
ability and work, rather than, for example, wealth, class, or gender).

Things have changed in science & engineering: women and minorities are well
represented among young researchers, so in time they will advance, and be fully
represented on STEM faculties.

Women need to become more like men to make it in STEM.

Underrepresentation of women in STEM is due to differences in innate abilities.

Science is Euro-centric — it emerged from a Western European cultural tradition
so it’s only natural that other constituencies participate less.

The main reason that women and minorities are underrepresented in STEM is be-
cause they don’t have the preparation when they enter college.

Scientific research is often influenced by the experiences, interests, and values of
scientists.

Culture and politics shape (and are shaped by) science.

There is not much a white male scientist can do in terms of mentoring and being
a role model for women and minorities; women and minorities need to be the role
models.

Relative lack of women in physics is because of the far greater number of gifted
males, and the propensity of gifted females to choose other fields.

The way that we teach STEM affects who is in STEM.

or presentation component and is focused entirely on participants’ reflection and small
group discussions. Over the years we have developed several other workshops that are
more passive and lecture-based, sacrificing time for participants to reflect and discuss.
A change in PDP format so that the overall audience at any given time is not so large
(so that they can be divided into these small groups without needing too many staff
facilitators) would allow us to bring back this workshop.

4.4. Demographics, and Why We Care

While reflection, personal experience, and contact with the personal experiences of oth-
ers are undeniably important, we also feel that participants need to see the demograph-
ics of STEM’s diversity issues, and be reminded of broad motivations for addressing
these issues. We developed a lecture-based workshop where we present data on the
demographics of the U.S. college population, the recruitment rates into STEM, and
the differing retention outcomes in STEM. We draw on reports such as Hurtado et al.
(2010); National Science Board (2010); NSF (2006) to present these facts: Roughly
representative proportions of students are interested in STEM degrees upon entering
college, but some groups are significantly underrepresented in the attainment of those
degrees. In addition, this situation varies by discipline, degree level, and specific un-
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derrepresented group under discussion, with some STEM fields achieving gender rep-
resentation but not racial/ethnic representation, or some fields achieving proportional
representation at the undergraduate level but being “stuck” in an underrepresented pat-
tern for advanced degrees.

We interweave these data with arguments from Tilghman (2003) so that partici-
pants see the demographics of the problem and the motivations for addressing these
issues side-by-side. For instance, in an adaptation of one of Tilghman’s points, we
point out that if some disciplines of STEM achieve proportional representation while
others do not, it makes the latter disciplines look increasingly anachronistic and can fur-
ther worsen the situation in the “lagging” fields by making them unattractive to talent
from any and all groups.

This workshop is difficult to design because PDP participants have a broad range
of prior knowledge of these demographic issues. Some PDP participants would be
qualified to give the presentation (indeed one year we used data from the Nelson Di-
versity Surveys (Nelson & Brammer 2007) with one of her past research assistants in
the audience) while other PDP participants are struggling with concepts that are new to
them such as the distinction between a “minority” and an “underrepresented minority.”
We often get varied feedback on this workshop of the forms “I already knew this stuff, I
wanted more on what I could do” along with “great presentation, I had no idea!” Over-
all, however, this workshop has been successful and had a positive enough impact on
participants that we have implemented it for several years.

4.5. Case Studies in STEM Diversity & Equity

In response to participants’ requests for more discussion directly related to their teach-
ing, we designed a workshop where participants in small table groups (∼8 per table,
plus facilitator) read and discuss a “case study” which illustrates an interaction be-
tween undergraduates and their teachers. We borrowed scenarios from Sellers et al.
(2006) and also developed scenarios of our own (see Appendix A); these scenarios
were purposefully designed to have many interpretations. For example, a particular
scenario might convey a teacher’s instruction to a student, and this instruction might
seem both well-intentioned from the teacher’s perspective and discouraging from the
student’s perspective.

These scenarios give participants opportunities to discuss assumptions that might
be made by teachers about students, by students about teachers, by students about them-
selves as learners, and so on. They promote discussion about how learning environ-
ments and curricula are designed, how teachers approach and interact with learners
in the moment, and how these well planned or in-the-moment approaches can convey
assumptions that affect students’ learning. The Case Studies workshop sets up fertile
ground for discussion, but sometimes does not lead participants to widely-applicable
“lessons learned” as it can be difficult to generalize away from the anecdotal particulars
of the scenario.

4.6. Identity, Stereotype Threat, and Growth Mindset

We developed a workshop that dives deeper into research and practices related to em-
phases 3 and 5 of our PDP Diversity & Equity Focus Area: beliefs about learning &
achievement, and social identification within STEM culture. Within those emphases,
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we have chosen to focus specifically on stereotype threat, mindset, the interactions be-
tween these concepts, and effective strategies that educators can employ that come from
this research. These issues directly relate to learners’ beliefs about themselves, their be-
liefs about what others might think of them, educators’ beliefs about learners, and the
effects that society’s stereotypes can have on learners even if no one in the learning
environment holds those stereotypes. This workshop also provides us with an oppor-
tunity to discuss issues that specifically pertain to gender, race, and ethnicity, without
(necessarily) the complicating socio-economic issues of class as well.

In preparation for the workshop, we have participants read some introductory ar-
ticles. Then we begin by presenting an overview of stereotype threat, the “risk of con-
firming, as self-characteristic, a negative stereotype of one’s group” (Steele & Aronson
1995). We present a summary of many of the basic findings of the stereotype threat
literature; this summary is modeled after Stroessner & Good (2010). We broadly cover
the consequences for learners who suffer stereotype threat: decreased performance,
self-handicapping, disengagement, and disidentification. An individual in a stereotype
threat situation (the “stereotypical” example of which is a woman in a mathematics
class) under-performs relative to an un-threatening situation, self-handicaps by study-
ing less or not trying as hard, and ultimately may identify less with the threatening
domain and/or the stereotyped group. Perversely, those who identify most with stereo-
typed domains, for example women intending to pursue STEM graduate studies, are
most susceptible to stereotype threat.

The literature (again, well-summarized at Stroessner & Good 2010) suggests
strategies that PDP participants can employ that combat stereotype threat, including:
cooperative learning structures (inherent to inquiry), high standards with quality in-
struction to help students meet them, and an emphasis on a “growth mindset” or view
that intelligence is growable rather than fixed.

This leads to the next part of the workshop. We present the basic idea of “fixed
mindsets” as opposed to “growth mindsets” and how a growth mindset can lead to more
motivation, more effort, and ultimately increased performance (see seminal “mindset”
research by Dweck). Encouraging learners to think of their intelligence as “growable”
can lead to them welcoming challenges, being resilient in the face of failure, working
hard, and can mitigate the effects of stereotype threat (Aronson et al. 2002).

Next we ask participants to discuss in table-sized groups how they could encour-
age (explicitly or implicitly) a growth mindset within the context of STEM laboratory
activities (rather than through an external intervention like a separate discussion). Par-
ticipants often realize that we may unconsciously promote a fixed mindset with the
language that we use, such as when we reward quick correct answers over productive
effort. Participants often decide to explicitly prepare their learners for difficult, frustrat-
ing, but ultimately rewarding efforts within their laboratory activities.

This workshop has worked well as the PDP audience has grown because it is rel-
atively easy to implement — it is lecture-heavy and the small-group discussions do not
require extensive facilitation. However, by having so much lecture and presentation, we
sacrifice participants’ active engagement in PDP workshops, so we make every effort
to balance this with other, more active components.
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4.7. Links Between Diversity & Equity Emphases and Inquiry Structure

One of the most recent workshops we have designed requires participants to grapple
with the five PDP Diversity & Equity emphases and discern how they are modeled in
an example inquiry activity. The goal is for participants to see strategies for addressing
diversity and equity within the design of innovative, high-quality STEM laboratory
activities, rather than as an extra burden to be placed atop or alongside these activities.

As part of their overall PDP experience, participants spend a great deal of time
as learners in a “model” PDP inquiry activity, “Light and Shadow” (see Hunter et al.,
this volume, for more). In this workshop, we ask participants to highlight examples of
the PDP Diversity & Equity emphases (§3.1–3.5) within the design of the “Light and
Shadow” inquiry activity. Participants start in small groups, with each group assigned
one of the emphases. They first discuss their emphasis to make sure they come to con-
sensus about how they interpret it. Although we assign a description of PDP emphases
as prerequisite reading, this is the first chance that participants have to discuss with their
peers what the Diversity & Equity emphases mean. Once a small group has come to
agreement about their emphasis, they review the design and structure of the “Light and
Shadow” activity and highlight 1–3 strategies from the activity that particularly address
their emphasis.

Next these small groups are “jigsawed” into larger groups. Within each large
group, one or two representatives from each emphasis are present. In this way, the
entire “Light and Shadow” model inquiry activity can be analyzed along the dimensions
of all five Diversity & Equity emphases. Participants see that the design of an inquiry
activity is layered: a component of an activity may serve an important STEM content
goal, while also addressing learner-centered and community-centered needs. While
this layering seems complex and difficult, participants also see that the PDP workshops
have provided them with a rich model from which to work.

As an illustration: During the small-group investigation phase of the “Light and
Shadow” model inquiry activity, small groups (2–3 learners) pursue a question they are
interested in, and they are free to choose their investigation methods. Clearly the learn-
ers’ goals, interests, and values (emphasis #2) are respected here. Furthermore, during
this phase, instructors facilitate and guide learners but explicitly project an expectation
attitude that learners can “figure it out” — thus sending important messages about the
teacher’s beliefs about learning and achievement (emphasis #3).

5. Challenges in Integrating Diversity and Equity into the PDP

The explicit integration of diversity and equity issues into the PDP has been a much-
needed but challenging endeavor. A range of issues has come up, especially since our
workshops are packed with other intellectually demanding, complex material, as well.
There are two particular areas that require continual attention and balancing within this
Focus Area: 1) valuing both personal experience and data; and 2) balancing background
on diversity and equity with practical tools.

PDP staff have strived to develop a set of sessions that values and respects personal
experience, while at the same time ensuring that participants learn about trends from
national data sets and other data that illuminate important issues related to diversity and
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equity. Gender, race, and ethnicity (which form the “diversity” focus of PDP sessions)
are sensitive topics and touch everybody in some way. Personal experiences provide
potent examples for participants to draw on, either by considering their own personal
experiences or those of others. However, limiting sessions to personal experience can
give a very narrow view. One woman’s experience in engineering could be very dif-
ferent than another’s, and very different from the average experience nationally. Also,
discussions of “my experience” versus “your experience” can be highly charged, and to
be productive need to be carried out in a safe space and carefully facilitated discussion,
which takes time and trained facilitators. Data sets (such as demographics of people in
STEM in the U.S.) can highlight trends that might not otherwise be noticed, and give
validity to experiences that might otherwise be discounted. On the other hand, statistics
and large data sets have significant limitations. The details of why or how are missing,
and the richness that is provided in personal accounts is lacking. Within the PDP, we
have sought a balance, making sure that time is allotted to personal experiences (e.g.
the Intern Panel described in §4.2, the “Things We’ve Heard about Science and Engi-
neering” in §4.3, and the Case Studies in §4.5) as well as learning about what national
data reveal (the Demographics and Why We Should Care session described in §4.4).
Through multiple revisions, we have learned that the two perspectives are complemen-
tary, and need to be thoughtfully balanced.

The second major challenge has been finding the balance between providing back-
ground on diversity and equity issues, and providing participants with the opportunity
to gain an understanding of the practical ways that they, as individual educators, can
inclusively teach, and therefore have a positive impact on (or reduce the severity of)
these issues. Participants want the knowledge, tools, and strategies to take action in the
classes they teach, and with the students they mentor. However, using teaching tools
and strategies without understanding why or how the strategies work is of limited use.
Teaching and learning is context-specific, requiring constant adaptation of strategies to
fit the particular needs of each situation, and instructors who are using teaching tools
without understanding them are unlikely to be able to adapt them to their particular
need. It is also unlikely that instructors will be very committed to using tools that they
do not understand. Thus participants need to understand the theory and research sup-
porting the tools. Furthermore, to understand the theory behind the tools, participants
need to understand the issue the tool is addressing to begin with. And finally, they need
to understand and care about the issue. Weaving all of this into a short workshop is
very difficult, and making the tradeoffs almost never feels quite right. We always wish
for more time, and at many points in the workshop development have even questioned
whether it would be more appropriate to elevate this workshop to the level of a separate
series of workshops, taking place over a day or two. At the same time, we believe that
diversity and equity should be integrated into any training on effective teaching, and
should not be considered a topic that is set aside and covered separately. The chal-
lenge of balancing background versus tools is an ongoing point of tension. Participants
demand concrete tools, and we are still making revisions to the PDP Diversity & Eq-
uity workshops to make sure that participants come away with the tools to implement
effective strategies.
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6. Continuing PDP Diversity and Equity Efforts

The integration of workshops explicitly covering issues related to diversity and equity
has been an enormously rewarding endeavor for the PDP community. PDP staff have
debated, struggled, and learned — we have found this work to be some of our most
innovative. PDP participants have embraced this work, also grappling with tough issues
and learning, and they have been willing to engage in piloting new sessions and giving
us honest feedback. Across the community we have simultaneously felt tension and
the gratification of having a place to talk about issues that affect us all, often at a very
personal level. The diversity and equity work of the PDP continues to evolve and new
projects are emerging.

Over the years the PDP staff team has recognized the need for participants to ex-
amine their own beliefs about diversity and equity. This happens to some extent in our
existing workshops, but it is probably insufficient. We have had to cut off discussions
that participants clearly wanted to have (due to time constraints) and we have heard
participant comments indicating that some unexplored beliefs were likely barriers to
engaging in the workshop sessions, and thus barriers to changing practice. Others have
also recognized this need and the potential obstacles that exist in implementing edu-
cational innovations with beliefs and perceptions left unexamined (e.g., Bianchini &
Solomon 2002). Although we have identified this need, we believe that it requires ad-
ditional workshop time, and carefully trained facilitators. Time will need to be spent
creating a safe space, and learning about how to talk about diversity and equity issues
with respect and sensitivity. In the future we hope to secure the resources for further
workshop development and implementation, and a way to carve out additional time
within the PDP.

New work has been initiated to use the Diversity & Equity emphases for work-
shops on mentoring. We have begun developing scenarios that can be analyzed with
the emphases, as a mechanism for training mentors in effective mentoring techniques.
We piloted the first scenarios within the PDP community, which were focused on a sit-
uation in which a student divulges to an instructor, “I think I’ve learned that I am not
supposed to be an engineer.” Variations on this scenario included what the instructor
was able to learn from the student after further discussion. For example, in one vari-
ation the student indicated that s/he wasn’t feeling successful in working on a team;
another indicated s/he wasn’t comfortable “arguing.” Small groups of 2–3 participants
were assigned to view the scenario through one of the five emphases and identify ways
to handle the situation, or ways in which it might have been prevented from happening
to begin with. The piloting was very successful, and in the future, we will build more
scenarios to analyze in terms of how projects are designed, on-the-fly mentor moves,
and the overall learning environment.

The PDP has continued through the Akamai Workforce Initiative (AWI) in
Hawai‘i, which is bringing interesting new opportunities to expand our work. AWI is
part of a partnership to develop a new engineering technology degree program at Uni-
versity of Hawai‘i, Maui College, which will include a strong focus on inquiry learning,
and a curriculum that has cultural and community relevance. In addition, the program
will be designed to retain students from all backgrounds, to produce a workforce that is
more representative of the local population. The needs for the new degree program are
an ideal match for the PDP, although the partnership requires expanding our work from
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the activity level to course- and program-level curriculum development. In our first
phase we used the Diversity & Equity Focus Area emphases to review and then revise
student learner outcomes (SLOs) for three new courses that are now moving through
curriculum review. The emphases proved to be a very useful tool in moving from more
commonplace SLOs to SLOs that explicitly addressed diversity and equity. We are now
moving into the next phase and designing course components, and will provide training
through the PDP to teach the new courses, or at least significant activities within the
courses. This work has scaled up PDP work, and we hope that it will establish a model
and tools for the broader STEM community to use.

Our work on diversity and equity has been an expansive and transformative ex-
perience for the entire PDP community. We hope that through this paper we provide
insights, as well as some more concrete tools, that others can use. There is much work
to be done to make science and engineering education effective and inclusive. We hope
that we have inspired new work, in addition to advancing hundreds of early-career sci-
entists into their careers with an understanding of the issues around diversity and equity,
and research-based teaching strategies to teach more inclusively.
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Appendix A. Case Studies for the ISEE/CfAO PDP Diversity & Equity Workshops

These handouts are original case studies written by the PDP staff (copyrighted and
reproduced here with the kind permission of ISEE/CfAO), for facilitated discussion
workshops. See 4.5 for a brief discussion.

A1. Organic Chemistry (Case Study)

Professor Davis was proud of his efforts to be an excellent teacher, and was happy to see his
students succeed. He worked hard to organize the material as clearly as possible and deliver
excellent lectures. He wrote out detailed solutions to the assigned problem sets that displayed
his thinking process as well as his obvious love for the discipline. And at a time when others
in the Department had let lecture and lab sections grow apart, he made a point of teaching the
lab himself. This semester he was excited to try something new — structuring the labs around
complex, multi-week-long synthesis projects.

On the first day of class, he enjoyed giving an overview. “I know that Organic Chemistry
has a reputation as a ‘weed out’ class. It was so at my University as well. It is true that there
is a lot of material to learn — functional groups, reactions, and so on. But in my class, if you
can think about the mechanisms involved, then you will be able to predict how molecules react.
You will not need to memorize all the reactions.”

He couldn’t help but smile to himself as he got to this part. Although he was usually
careful not to boast, he had recently compiled statistics for his tenure-review file and he knew:
More than his fair share of students had gone on to the most prestigious MD-PhD programs in
the nation. He finished his overview of the course, “Those of you who receive an A in my class
are welcome to ask me for a letter of recommendation. I believe that success in this course is a
good indicator of success in graduate school.”

“Now, without further delay. . . what I am passing around is 10 synthesis projects. I realize
you do not yet know the chemistry behind these projects but I have written a short description
that should give you enough background to interest you. I believe each project will take ap-
proximately 6 weeks to complete, but that depends on how you schedule your time. You will
need to form groups and choose a project by the end of this week. . . ”

. . . at the same time. . .

As he’d entered Prof. Davis’s class, DeMarcus was excited and anxious about being at
the University. If I can do this, he thought, then maybe I’ll go to med school. . . or maybe I
want to do drug research. Anything to help people. A couple of years back he’d enrolled at
the community college with no particular ambitions, but his mother’s illness that year focused
his drive. He’d worked hard in the science and math sequences, catching up on his pre-reqs,
earning a respectable B+ average, and gaining transfer admission to the University. DeMarcus
knew OChem had a reputation, but he figured he was motivated to out-work, out-memorize, and
out-compete any other student there. However, Davis’s emphasis on group work and critical
thinking skills made him nervous; this wasn’t what he’d expected. I’ll have to see how this
goes, he thought, maybe I should check out the policy and politics programs too. . .

. . . two weeks later. . .

By the class-drop deadline — two weeks into the semester — Ashley was still on the
waiting list for subsidized University day care. Paying for her son’s child care was expensive;
she was pulling extra evening shifts at the library beyond her work-study assignment and was
about to take out another student loan. Good thing Drew can look after the baby in the evening
while I work — I don’t know what we’d do if we were both in school, she thought. She knew
she’d taken on too much course load. Something had to give. She logged into the online
registration system. She couldn’t continue as a chemistry major and hope to graduate on time if
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she didn’t do OChem this semester. But her synthesis project group always wanted to meet in
the evenings, and she had to work. I really like chemistry but I can’t fit in all this evening group
work right now. She checked the box beside Organic Chemistry and clicked “drop”.

A2. Jennifer Ka‘akua (Case Study)

Jennifer Ka‘akua smiled to herself as she walked to class. It was an unusually warm January
day. She was starting her last semester of college and had satisfied nearly all of her physics
degree requirements. As a result, her course load would be fairly light this spring.

She was on her way to statistical mechanics, a class she did not need for graduation. Still,
she was considering taking it because she had heard Professor Harper was a good teacher. Her
advisor had also mentioned statistical mechanics would give her good background for some of
the courses she would take in graduate school.

As she entered the Tech building where all the science and engineering classes were held,
she was relieved to find the right classroom quickly. This building was very large and was being
remodeled, so some of the classrooms had been renumbered during the year. As she opened the
door, she nodded to her fellow physics majors: Pete, Jeremy, Brian, John. It would be another
small class.

Professor Harper finished writing some general information on the board and turned
around to greet the class. He looked at the students and hesitated when he saw Jennifer. “Oh,”
he said, “I think you may have the wrong classroom. This is statistical mechanics.” He gestured
to the board where the course title was written.

“Yes,” said Jennifer. “That’s what I’m here for.” She frowned slightly as Professor Harper
turned back to the board to start working a problem. She listened to his lecture and took careful
notes, but was uncomfortable about the way he had singled her out.

The next week, Jennifer ran into Jeremy at the coffee shop on campus. “Why didn’t you
come back to stat mech?” he asked her. “I’m really enjoying the class.”

“I didn’t get a very good impression of Professor Harper,” she said.

Jeremy looked puzzled. “Really? I think he’s an excellent teacher.”

“Well, I don’t really need the course to graduate,” Jennifer said, “so I thought I’d stick
with an easy schedule, too.”

“Oh, that makes sense,” said Jeremy. “Well, I’ll see you in electronics lab.”

“Yeah, see you,” said Jennifer. She turned back to her coffee.
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Abstract. The term “Inquiry Starter” comes from the Institute for Inquiry’s model
for teaching and learning science through inquiry. It refers to the first phase of an in-
quiry activity where learners engage in actions that stimulate their curiosity and gener-
ate questions for further investigation. In the Professional Development Program, staff
and participants have designed a wide variety of inquiry activities with a number of
variations on the inquiry starter. This has provided a laboratory for examining inquiry
starter design. In this paper, I describe and examine in detail the elements of this design
and how the design of those elements is related to achieving learning objectives. There
are a number of important common objectives in all inquiry starters. For example, all
starters must define a domain for investigation and engage the learner’s curiosity in that
domain. There are also critical differences in learning objectives depending on the con-
tent area being studied, the learners’ background knowledge and skills, and many other
factors. In this paper I examine designs for both of these types of objectives.

1. Introduction

The Professional Development Program (PDP) is at the heart of an education program
developed through the Center for Adaptive Optics (CfAO). It has been instrumental in
developing and advancing a growing community of scientist- and engineer-educators.
Participants come to the PDP early in their careers—mostly as graduate students—
and they emerge as leaders who integrate research and education in their professional
practice (Hunter et al. 2008, and Hunter et al., this volume). PDP participants engage
in a cycle in which they experience and reflect on inquiry, design and teach inquiry
activities with the goal of creating innovative, authentic inquiry experiences for diverse
populations. As of 2010, there have been 255 PDP participants, who have worked in
teams to design and teach ∼60 science and engineering inquiry activities.

Inquiry, in which science activities mirror the research practices of scientists, and
engineering activities mirror the design practices of engineers, has always been at the
center of the PDP’s community of practice. This sort of inquiry engages learners in
simultaneously in learning both scientific process and content. Inquiry also connects
broadly to education research, and also more specifically, to strategies that support
diversity and equity.

The model of inquiry used by the PDP derives from the work of the Explorato-
rium’s Institute for Inquiry (IfI 2010). It has a three-phase structure that can be simply
illustrated by the map shown in Figure 1. The inquiry learning experience begins with
an “Inquiry Starter.” The purpose of the inquiry starter is to launch people on their
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Figure 1. Inquiry structure map.

inquiry experience. It provides an opportunity for learners to explore a realm of phe-
nomena before focusing and trying to find answers. The inquiry starter is designed to
engage the learner, elicit questions related to the content goals of the learning experi-
ence, provide experience with a range of phenomena connected to the content goals,
and introduce tools for investigation. In the “Focused Investigation” phase, learners
work in small groups to plan and carry out investigations based on questions that they
have raised. In the final “Sharing Understanding” phase, learners consolidate what they
have learned and share with each other to expand and enhance what was learned. This
phase often includes a “synthesis” where the facilitator (instructor) ties together what
the learners have found and connects these ideas to standard scientific nomenclature
and ways of explaining the phenomena investigated through a presentation.

This model of inquiry can be a powerful means of learning substantive content and
laboratory skills, and of developing critical ways of thinking about science and engi-
neering. In order to make it work, well-designed Inquiry Starters are critical. Design of
this critical element is worthy of further analysis.

2. The Goals of an Inquiry Starter

Some objectives are common to all inquiry starters. These are goals that apply to the
successful initiation of any inquiry. There are additional goals that apply to specific
inquiry designs. These may depend on the particular content goals of the inquiry, the
background content knowledge of the learners, and the learners’ experience with doing
inquiry.

2.1. General Goals

• Engage learner curiosity
• Define an area of study
• Stimulate generation of investigable questions
• Introduce materials and tools for investigation
• Provide multiple entry points
• Provide common reference experiences

The most important general goal of the inquiry is to generate interest and arouse
curiosity; that is, to get the learner engaged. This engagement provides the energy that
drives the remainder of the inquiry process. The starter should also define an area of
study; phenomena or ideas that will lead to achieving the content learning objectives of
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the inquiry. The starter should stimulate generation of investigable questions related to
the content goals. Investigable questions are questions that can be investigated directly
by learners within the constraints of time, materials that are available and level of back-
ground knowledge needed. Although questions that do not fit the content or are not
investigable can be set aside, it is not good practice to have starter designs that produce
a lot of these non-investigable questions. Another role for the starter is to introduce
materials and tools that can be used in the more focused investigation. This serves to
suggest what might be done to investigate questions that arise. Ideally, inquiries pro-
vide multiple entry points, a range of intriguing phenomena and a variety of ways that
people can start to investigate a topic that cover much of the same underlying concep-
tual ground. Finally, the starter provides a set of common reference experiences. Even
though different investigation groups start with different questions and may be investi-
gating different phenomena, they can still communicate about what they are doing by
referring back to experiences in the inquiry starters.

2.2. Specific Goals

A number of the goals for a starter will depend on the goals and constraints of the
inquiry as a whole. For example, if there are a broad set of concepts in the content
goals, the starter design must embrace a larger set of phenomena that span that broad
set of concepts. On the other hand, if there is a more limited, specific, conceptual goal,
then the starter must entail a phenomenon that points learners toward questions that lead
toward that concept. If the learners have uneven background content knowledge, one
of the starter goals may be to provide a range of entry points; from those that are basic
enough for those with weak backgrounds to others that will challenge learners with
strong content backgrounds. If the learners have little experience of doing inquiry, one
of the starter goals could be to help improve their skills at asking investigable questions.

2.3. External Constraints on Inquiry Design

Although not explicitly a goal of the inquiry, there are external constraints that must
be satisfied as part of the considerations in the design. Things like, overall time that
can be devoted to the inquiry, how that time is divided up (e.g., all on one day or over
several days), number of students and facilitators and the space available in which to
work all provide specific design constraints that play a large role in the design of the
inquiry. These then feed back on the starter design. So, for instance, if there is a very
short amount of time for the overall inquiry, the starter would need to be designed to be
efficient and may be limited in the number of phenomena that learners would encounter.

3. Starter Design Elements

There are a number of inquiry starter design elements and a range of choices within
each of these elements that serve as tools for helping to achieve the starter goals.

• Overall structure
• Setting context
• Materials and phenomena
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• Facilitation
• Specific prompts or activity directions for each part of the starter
• Number and type of stations and the length of time for each station
• Ratio of facilitator demonstration to learner exploration
• Amount of direction given versus free exploration
• How learners are grouped (e.g., individually, pairs or larger & how groups are

determined)
• How questions are solicited and collected
• How much (if any) and what kind of background information or conceptual tools

to give and how to give them

One of the major elements of the starter design is the overall structure of the starter.
The starter could have multiple stations of short duration or it could have a single com-
mon experience. It could start with a few materials and slowly trickle-out more or have
everything available from the beginning. It could be primarily free learner exploration
or a highly structured activity. It could be a demonstration by the facilitator. It could be
the viewing of photos or a video. Or it could be some combination of the above.

Within these structures, there are also a variety of elements that can be altered to
help meet the goals. One of these elements is how the starter context is set. Context
is what learners are told, up-front, about what they will be doing, why the instructor
wants them to do it, and what is expected of them. Setting the context well can play a
major role in meeting the goals. Materials and phenomena introduced at the starter are
another element that plays a major role in determining what happens in the inquiry. Use
of familiar materials, for instance, can help learners relate what they are doing to prior
experiences. The element of starter facilitation and the choices about how to facilitate
the starter are critical. Will facilitators do a lot of facilitation or do the facilitators
mainly stand back? What should learners see at the starters and what do facilitators do
if they are not seeing those things on their own? What do facilitators do if learners are
not generating many questions? Answers to these questions are part of the facilitation
design.

4. Determining the Starter Goals

The design process starts with the determination of a first approximation of the starter
goals and works backward to the activity design. Note that in practice, the goals are
refined and modified in a non-linear fashion in the course of the design and testing of
the starter.

In determining what the starter is meant to accomplish, designers start by looking
at the background of the learners and at the overall goals for the inquiry. As far as
possible, they determine the background knowledge and experience of the learners and
the range of differences in the group. This includes knowledge in the content area of
the investigation, the skills needed to do the inquiry starter (such as raising and iden-
tifying investigable questions) and the experience of learners in actually doing inquiry.
Designers think about how what needs be accomplished in the starter will be affected
by accommodations for this background.
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Also, designers look at the specific content, process and attitude goals for the
inquiry as a whole. They think about what should be accomplished in the starters that
will help move learners in the direction of these goals.

5. Matching Activity Design to the Goals

Once the initial determination of what to try to accomplish in the starter is made, de-
signers look for the elements, combination of those elements and detailed design of
each element that will most likely lead to the goals within the constraints of the partic-
ular inquiry.

The first critical step is to imagine the kinds of phenomena and investigations that
would lead to learning the content goals. These must first and foremost be intriguing.
They should be within the grasp of the content knowledge background of the learners
but also be challenging. Designers are looking for things that may be just on the edge of
understanding for learners in the group. The anticipated investigations must be doable
within the time and material constraints of the setting.

Then, they imagine the kinds of questions that could lead to these investigations
and the kinds of starter experiences that could generate these questions. Often, actually
mocking-up the starter, working with the materials, and seeing what questions arise
is the best way to do this. Designers look at the kind of questions that are generated
and think about what might come up for the particular set of learners. Are there a
variety of questions that fit with the topic? Do they cover the range of the topic? Are
they investigable within the constraints of the course? Do they connect to the major
concepts that are part of the learning goals?

The work of coming up with inquiry starters is iterative. As the designer works
with materials and ideas, new ideas about possible investigations arise, content learning
goals are refined, and ideas for new starter elements may arise.

6. The Light and Shadow Inquiry Starter

The Light and Shadow Inquiry is the initial inquiry experience for participants in the
PDP. It serves as an introduction to the process of inquiry learning and teaching as well
as a model for inquiry design. As such, it is an appropriate place to start the analysis of
how the principles of inquiry starter design are applied in practice.

6.1. Background of Learners

The learners in the Light and Shadow inquiry are primarily graduate students and post-
docs in science and engineering. It is likely that they come in with a well-developed set
of lab skills. Initially, most were from astronomy and vision science so a strong back-
ground in optics was expected. More recently, the group has expanded to other science
and engineering areas so many learners enter with less experience in this content area.
This has definite implications for the range of difficulty presented in this starters. In ad-
dition to the very challenging phenomena necessary to handle the learners with strong
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backgrounds, there was a need to expand the number of phenomena that are accessible
to learners with less background experience.

6.2. Overall Goals for Inquiry

The major content goal for this inquiry was to deepen learners’ understanding of light
by their learning to use simple concepts to explain novel phenomena. An additional
goal was to have them see that the inquiry process can allow learners to figure things
out and end-up using similar ideas in their explanations after starting with a wide range
of questions.

The skill goals for this inquiry were to have learners practice and recognize pro-
cesses that they have used in the research lab in an educational setting. These processes
include raising/refining questions, designing simple experiments, being meta-cognitive
about goals of experimental designs, taking qualitative data and using it as evidence,
making predictions, testing a hypothesis, and communicating within a team and to the
larger group.

The attitude goals included ownership of content learning and learning to respect
other ways of learning.

6.3. Matching Activity Design to Goals

In order to accommodate the wide range of backgrounds and interests of the learners
and have them see how the same concepts can explain a wide range of phenomena the
design was expansive in providing initial engaging phenomena in the starters. This in-
cluded having some phenomena dealing with visual effects to connect directly with the
audience of vision scientists. The phenomena selected also all needed to be explainable
using the concept that light travels in straight lines (no refraction or diffraction effects).
The phenomena selected were diverse but could be divided into four areas.

The starter was divided into three stations with one of the stations split into two
parts. There are several reasons for multiple stations. The first reason is to make each
starter experience coherent and generate similar kinds of questions. Second, separate
stations helped to define related areas of interest for later focused investigation. Third,
the time at each station was limited. There needed to be sufficient time for learners
to engage with all of the phenomena but not so much as to suggest that more focused
investigation could be started before seeing all of the starters. There were also logistical
reasons for separate stations. Three stations allowed the use of one-third of the materials
that it would take to have the whole group doing the same thing at the same time. Two
of the types of phenomena devised for these stations took less time to explore so they
were structured into a two-part station. This allowed for introducing more ideas in less
time.

Most of the materials used in the stations are simple and/or everyday in variety.
This choice is made for a number of reasons. Using simple materials suggests that
explanations can be made simply and do not involve complicated idea or observations
that take specialized equipment to study. Also, using everyday materials helps learners
make the connection between these investigations and their explanations of prior expe-
riences. In addition, we decided to de-emphasize measuring materials in these starters.
Most of the explanations that we were looking for as part of the content goals used ge-
ometric optics and explanations in terms of paths of light and diagrams of those paths.
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Measurements, tables of numbers and graphs can become obstacles to other, more fruit-
ful ways of looking at light so we did not want to encourage them. We used the starter
demonstrations as an opportunity to introduce materials available as tools for investi-
gations. For instance, we introduced and provided cardstock with an array of square
holes punched in them as a way of investigating outdoor pinhole phenomena. These
cards became important tools in a number of investigations. In addition, we pointed out
additional materials on nearby supply tables that would be available for their focused
investigation so that learners’ ideas of the types of questions that they could investigate
would be expanded.

In this design, there were several phenomena that were considered and abandoned
because, although they seemed relevant and engaging, these would lead learners out
of the area of the content goals. For instance, working with colored lights might have
worked well to illustrate inversion with pinhole images and to define sources with shad-
ows from multiple sources. But colored lights would also introduce phenomena about
color mixing that would have generated strong interest and drawn learners away from
the content focus. We also decided to avoid phenomena that highlight the reversal and
inversion of pinhole images. Although this topic fits well with our content goals, we
felt that learners with strong backgrounds would find investigations in this area were
solved too quickly. With an expanding range of participant backgrounds, we may re-
consider this decision in order to provide more options for those with less background
knowledge.

6.4. Other Starter Design Elements

In the Light and Shadow inquiry starters there is a relatively large amount of time spent
on demonstration of phenomena versus time for learners to explore those phenomena.
On average, about one-half of the time at each starter is spent on demonstration, one-
quarter of the time on learner exploration of the phenomena and one-quarter on writing
questions. This decision was made because with the materials used, there are a lot of
interesting phenomena that we wanted our learners to encounter. Left on their own,
it would take a considerable amount of time for learners to stumble upon those phe-
nomena and there are many that they might not find at all. We decided that it was
more valuable to demonstrate these phenomena and then give learners some time for
hands-on exploration of these phenomena to get a feel for what was demonstrated and
to see how some of their manipulation of the materials might affect the phenomena. In
addition, by doing the demonstrations we ensure that everyone has at least seen all of
the primary phenomena that lead to investigations. This supports communication about
work between groups that are doing different investigations and particularly aids the
sharing of investigation results in the final phase of the inquiry.

Our facilitation of the starters is light-handed. Given the background of our par-
ticipants, most are very able to be self-directed in their exploration of the materials and
phenomena so they do not need much help. We help provide materials, ask them to
describe what they are seeing to us and help to point out important variables to manip-
ulate if they are not noticing them on their own. We also remind them that their task
during this time is to come up with questions rather than try to answer those questions.

When setting the context for the starters, we tell the learners that the questions that
they produce will be the basis for the investigations on which they will be spending
about four hours in order to highlight the critical nature of these questions. We elicit
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and collect questions in this inquiry by stopping the learner exploration at the end of
each starter station and having learners write their questions on sentence strips (4”x24”
strips of paper) that we will later post. We wait until the end of the station to do this so
that the short period of exploration will not be interrupted by the need to write. We do
this at the end of each station rather than at the end of all of them so the questions are
fresh in their minds and are pointed at the explicit phenomena of the station. Also, we
want a large number of questions both so learners will have a wide array of choices of
how to start their investigations and to illustrate how phenomena of interest will drive
questions. We encourage people to write all of their questions, even if they already
have answered them since their question may become the focus for someone else’s
investigation. We set an expectation that everyone will have questions at each station
and will record those questions.

Setting the context for the inquiry starters makes a significant difference in how
well they go. Context is what learners are told up-front. With learners who have little
experience of inquiry learning it is particularly important to let them know what is
coming and what is expected of them. In the Light and Shadow inquiry, significant
time is spent setting the context for the inquiry as a whole. Learners come to the
starter knowing what the overall inquiry structure looks like, where the starter fits in
that structure and with a general idea that they will have more responsibility than they
are used to for the learning that will happen in this activity. Setting the context for
the starters begins with a reminder of what the starter phase is meant to accomplish
followed by a brief description of the stations, the timing and the rotation through the
station. This helps make the learners partners in carrying out the starter procedures.
We then describe the question writing procedure including setting the expectation that
people will produce a several questions at each station. Finally, we give an admonition
to try not to explain what they are seeing to their peers but to allow them to figure things
out on their own. This both heads off the problem addressed and reinforces the message
that inquiry is about people figuring out things for themselves.

The Light and Shadow inquiry provides a comprehensive illustration of decisions
made by the designers of an inquiry starter so that the choice and design of starter ele-
ments match their goals and constraints. When the goals and constraints differ, different
designs need to be used. The following section gives some examples of some of these
differing designs.

7. Other Inquiries — Other Design Decisions

In order to match the external constraints and particular goals of other inquiry activi-
ties, different choices are made about which elements to include, how to order those
elements and how each of those elements are designed. Examples from some of the
PDP designed inquiry activities are given below.

7.1. Parachute Inquiry

In the PDP workshops, returning participants are given an inquiry experience to com-
pare with their initial experience of Light and Shadow. The topic is parachutes. This is
intended to introduce people to a very different inquiry design done in a much shorter
time period that still follows the basic inquiry principles.
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The goals for the parachute inquiry included increased understanding of ideas
about the drag (resistance to movement through air), terminal velocity, engineering
design and the processes of controlling variables in a complex system. In addition, we
wanted to support the skill of questioning.

In this inquiry starter, the structure was very different than in Light and Shadow.
Here, we handed out a set of directions and had everyone build and test the same
parachute. By having all learners do one directed activity, we could make the starter
very short, maintain control over the breadth of investigation, and create a common
standard to compare with later investigations.

The design for how questions were gathered and handled was also very different.
In order to support the questioning skill, we started by working as a whole group and
asking for interesting observations, recording these on a chart. We then asked for ques-
tions from the group. This structure supported questioning by more explicitly showing
that productive questions come, in large part, from their observations. Also, by working
with the group as a whole, facilitators can help shape or paraphrase questions and dis-
cuss how questions that do not at first look investigable can be turned into questions that
can be investigated. Finally, learners hearing each others’ questions serves to model the
kinds of questions that be asked for those who are having trouble producing productive
questions.

One of the interesting design problems that we grappled with in this inquiry was a
problem with the initial starter design. In that design, we had learners build a parachute,
fold it, and toss it into the air. That led to questions about how parachutes operate
and how some of the variables (e.g., string length, canopy size and material, how the
parachute was folded) effected how the parachute worked. It often did not lead to ideas
about terminal velocity or the effect of drag. In this case, the explicit set of instructions
and prompts were not leading us to our goal. We modified the design by asking learners
to build two parachutes, to hold one open and fold the other tightly, drop them from a
fixed height and compare what happened to the two parachutes. This modification led
to deeper conceptual questions.

7.2. Stellar Populations Inquiry

The Stellar Population Inquiry (Rafelski et al., this volume) was not hands-on. It
worked with photos and spectral data that had already been collected. Its goal was
to have learners deepen their conceptual understanding of recently learned science con-
tent by applying it to a new situation. Learners investigated by looking at photos of star
clusters and spectra of stars in those clusters. They were meant to find that blue stars
are bright and hot, red stars are dim and cool, blue stars have shorter lives than red stars,
stars in clusters have the same age, red clusters are older than blue clusters, and stars
form from gas clouds.

The starter consisted of learners viewing a set of carefully selected photos of star
clusters with some significant differences and asking individual learners to jot down
questions as they viewed. This allowed for individual engagement and gave each
learner the responsibility to develop questions. Facilitators supported them by look-
ing over learners’ shoulders at their written questions and asking learners questions
that would “prod” them in useful directions if they needed help.
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Questions were then solicited from the group and publicly recorded. This gave fa-
cilitators the opportunity to help shape the questions. In addition, questions that could
not be investigated by the learners were placed in a special category as they arose and
the nature of astronomy questions that can be investigated could be discussed. The
public listing of questions also stimulated learners to develop and share additional ques-
tions that they did not come up with when working individually. Finally, after learner
questions are collected, facilitators can add their own questions to the list if there are
important types of questions that are not represented.

7.3. Vision Science Inquiry

The Vision Science Inquiry (Putnam et al., this volume) is a three-hour laboratory for
graduate learners postdocs, and professionals attending the CfAO Summer School on
Adaptive Optics. The majority come from astronomy and engineering fields. Goals for
the inquiry include gaining familiarity with wavefront sensing for vision science and
giving all learners the opportunity to have their own eyes measured. These measure-
ments can be viewed or used in a second investigation.

There are two short investigations in this inquiry. Content goals for first investi-
gation included understanding the effects of pupil size, accommodation, and refractive
error on visual quality. In the second investigation content goals included understand-
ing aberrations in the eye, variations in the left and right eyes, and variations between a
normal population and those with diseases or those having received refractive surgery.
More over-arching goals included awareness of vision science, understanding visual
differences and visual impairment, and openness to inquiry and how it could be imple-
mented in participants’ future teaching. Given these goals, and the short period of time,
the inquiry starter needed to be very efficient.

This inquiry started with a demonstration of a wavefront sensor and introduction of
wavefronts. Questions were solicited from the learners during the demonstration. This
allowed everyone in the group to hear each others’ questions, avoided redundant ques-
tions and allowed for interactivity during the demonstrations. Due to time-constraints
and wanting to get at all the content goals, the instructor supplied a list of questions.
Learners formed groups of two based on the question that they wanted to investigate.
The second investigations started with learners exploring by looking through a number
of lenses and lens combinations. Again, the instructors supplied questions.

In these investigations, the inquiry starters were used to generate interest and give
the learners immediate familiarity with the materials and phenomena under investi-
gation. Because learners came with a high level of background experience, the brief
exposure to the phenomena was enough to raise general interest that could direct the
learner to their choice of question provided by the instructor.

8. Conclusion

Well-designed inquiry starters are critical to a good inquiry activity. Good design for
starters begin with a determination of what is meant to be accomplished by the starter
(or the starter goals) and follows with the determination of how the starter needs to
contribute to achieving the overall goals of the inquiry. Once the starter goals are deter-
mined the designer must choose design elements, how those elements are put together
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and the particular design of those elements that are most likely to meet the starter goals
within the constraints of the activity. Those elements range from the overall structure
of the starter to how questions are collected. This process of design is usually itera-
tive with designers trying out tentative designs and refining as they go. Strong inquiry
starter emerge from thoughtful, intentional design and a lot of testing.
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Abstract. The Professional Development Program (PDP) supports participants as
they design inquiry activities that help learners improve their research process skills.
These skills include the cognitive or reasoning skills that scientists and engineers use
while doing research; for example, making a testable hypothesis, coordinating results
from multiple experiments, or identifying and evaluating tradeoffs. Past work in the
PDP indicated that additional support was needed to help participants design instruc-
tional activities that would teach these important skills. A new workshop was there-
fore developed for the 2009 PDP cycle, entitled “Improving Learners’ Process Skills.”
In this workshop, participants worked in small groups to define specific science and
engineering skills found in four past PDP activity designs. Participants distinguished
between “simple tasks” and “authentic inquiry” activities that learners could perform as
demonstration of the skill. Through this new workshop, participants were able to explic-
itly discuss ways in which individual process skills are unique or inter-related. In ad-
dition, by identifying a “simple task,” participants were able to pinpoint areas in which
their own designs could be improved to better focus on authentic inquiry tasks. In 2010,
the workshop was slightly modified to help participants reconnect the research process
skills with the activity content. In addition, the idea of using generic and context-
specific scaffolds was also introduced. To make the participants feel like they were
contributing to the PDP community, four activity designs actively being worked on in
the 2010 cycle were used. Based on participant feedback, this “Improving Learners’
Process Skills” workshop should be strongly considered for future returning partici-
pants.

1. The Professional Development Program

As a graduate student or postdoctoral fellow in the physical and biological sciences, it
is common, and almost expected, to follow the academic track. As a faculty member at
a university, one is thus expected to teach undergraduate and sometimes graduate stu-
dents. In an effort to support these young scientists and engineers to become educators,
as well as researchers, the Professional Development Program (PDP) was developed in
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2001 (Hunter et al. 2008, and see also Hunter et al., this volume). The PDP is a series
of workshops arranged into “intensives,” aimed to provide graduate students and post-
doctoral fellows with educational research and resources to help inform their teaching
practices. More specifically, the PDP participants were given the tools, support and
opportunity to design, teach and then reflect upon an inquiry learning activity for un-
dergraduates. These inquiry activities would give undergraduates an experience that
was much like doing real research while they obtained a deeper mastery of scientific
principles and processes.

Over the years, PDP instructors observed the difficulty that PDP participants had in
designing activities in which the learners would practice and improve (not just do) their
process skills. A range of sessions and tools have been developed in an attempt to better
support PDP participants by helping them to identify process skills at a developmental
level appropriate for undergraduates, and then design an activity aimed at teaching those
skills. This paper reports on a workshop that was integrated into a PDP intensive, and
was aimed at participants returning for their second or third PDP experience.

2. Required PDP reading

A scientist or engineer should be aware of and competent in the important concepts of
their field. This includes what is written in textbooks, as well as the up-to-date findings
and advances presented at conferences or in the literature. As a successful scientist or
engineer, simply understanding the concepts is not enough. One must also be skilled
in technical and cognitive processes associated with their field. For example, a cellu-
lar biologist knows that a single cell will go through several distinct stages or cycles
of growth before that cell divides. They know that each of these stages is controlled
by specific mechanisms that serve as checkpoints to ensure that a stage is complete
before moving on to the next. Based on the specific cell type, this scientist will also
know how long each of these cycles lasts and the consequences of failed checkpoints.
However, anyone interested in this can acquire these concepts by reading a textbook or
the primary literature. What makes this person a successful cellular biologist is their
ability to take their understanding of these concepts and apply it to pertinent questions
in the field. This application requires mastery of technical and cognitive processes that
scientific researchers engage in every day in the laboratory. These processes can in-
clude the capability of carrying out experimental procedures, as well as asking testable
questions and planning the well-controlled experiment. Within the PDP community, as
within many other science education communities, we often refer to the concepts as the
“content,” and the ability to apply cognitive processes simply as “processes.”

The central design task that PDP participants are all expected to accomplish is to
“design an activity where students simultaneously learn scientific knowledge, reasoning
processes, and attitudes, by practicing science or engineering.” They begin by articulat-
ing their intended learning goals, a step which can be quite challenging and often needs
revisiting. As part of the process of identifying learning goals, we have found it useful
to differentiate process skills that are highly specific technical skills from those that are
more cognitive in nature and transferable across disciplines. We use the name “techni-
cal process skills” to include the use of specific equipment, such as soldering, pipetting,
using a software package, or using a spectrophotometer. For the most part, these skills
can be generalized as those that can usually be taught through or learned by reading
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an instruction manual. Cognitive reasoning skills are more complex, and much more
difficult to teach and learn. Some may relate these types of skills to research processes:
examples include formulating a hypothesis, identifying and controlling variables, de-
signing within constraints, synthesizing data from multiple experiments or generating
an explanation. It should be noted that the PDP values technical process skills, and
the importance of teaching and learning these skills, but has taken up the challenging
task of supporting the teaching and learning of cognitive process skills, which is part of
“scientific inquiry.”

As a primer for discussing cognitive process skills, PDP staff selected an excerpt
from Chinn and Malhotra’s “Epistemologically Authentic Inquiry in Schools: A Theo-
retical Framework for Evaluating Inquiry Tasks” as a reading assignment for workshop
participants (Chinn & Malhotra 2002). In this excerpt, the authors identify and define
twenty different cognitive processes that scientists engage in while doing research. In
addition, the authors present “simple tasks” that are often found in science curricula
and differentiate those from “authentic inquiry” tasks that are more similar to what
scientists actually do. In earlier years of the PDP, this reading was referred to in a ses-
sion where process skills were defined and participants brainstormed an extensive list
of skills. The group was able to identify many skills they do while performing their
own research, but they had difficulties remembering how and when they learned these
skills. Often these types of reasoning skills are acquired over time and perfected with
repeated practice, during their graduate studies. This posed a problem for PDP partici-
pants. They knew they had these skills, and had learned them at some point, but had not
experienced learning them in a classroom activity, such as an undergraduate laboratory
course. They had experienced the ubiquitous laboratory courses where learners follow
a set of instructions, fill in data sheets, and engage in few or no cognitive processes.
Thus they had no personal experience as a learner that they could then translate to their
own teaching. The reading assignment helped them reach an important first step —
the identification of these skills — but it became clear that more than the reading was
needed in order to design an inquiry activity. The need for additional support for PDP
participants was observable in a number of ways. Past activity designs and participant
feedback indicated that more tools and opportunities to practice were needed to help
participants identify and teach their students relevant cognitive processes.

3. Rationale for a new process skills workshop

There is a significant difference between technical and cognitive process skills, with the
latter far more challenging to teach (and learn). Previously, these skills had not been
clearly separated. Participants knew that these skills were different from their content
and involved more of what the students were doing, but tended to lump them together.
Typically the technical skills would become a subcategory within all process skills so
participants would often decide that the process they wanted to teach was the use of a
particular piece of equipment instead of the experimental planning that would require
that equipment or the selection process that would lead to using the equipment. To
better separate these skills for the participants, a new reading was assigned for 2009 in
addition to the excerpt from Chinn & Malhotra (2002). This reading is a technical report
about engineering technology skills that were identified by the technology communities
in Hawai‘i, specifically separating reasoning and technical/hands-on skills (Seagroves
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& Hunter 2009). The intention behind this reading was to help participants more easily
identify cognitive reasoning skills after seeing a clear separation.

After years of observing PDP designed activities, the PDP staff observed that many
activities were designed such that learners would go through the motions of cognitive
processes, but not so that they were improving at these process skills. For example, the
fact that students ask questions in an inquiry activity does not necessarily mean that they
learned anything new about how to ask good, investigable scientific questions. For those
activities that set out to teach or improve these reasoning skills, it was unclear whether
their learners were truly learning these skills or whether they were simply performing
them. Because of this, it was important for the new workshop to get participants to
consider assessment of their learners — what will the learners do or say to demonstrate
competence or mastery of a skill?

Seagroves & Hunter (2009) was assigned in addition to Chinn & Malhotra (2002)
and not as a replacement. This was because the PDP staff saw a need for both. Chinn
and Malhotra provide an extensive description of twenty different cognitive processes.
For each they also give an abstract example of a simple task and an authentic inquiry
task. Although the authors provide a great resource, participants found it hard to relate
to the abstract examples. To address this, the new workshop applied the simple task and
authentic inquiry framework to current PDP activity designs. This was to encourage the
participants to engage and feel a sense of accomplishment by providing suggestions for
active design teams. Applying this framework to concrete examples helped participants
grapple with and better understand the abstract framework.

4. Details of the “Improving Learners’ Process Skills” workshop

This workshop was aimed at PDP participants who were returning to the PDP for their
second or third time. There were four main goals of this new workshop: (1) deepen
returning PDP participants’ understanding of process skills, (2) improve returning par-
ticipants’ skills in designing activities in which their students will improve process
skills, (3) facilitate returning participants sharing and learning about other activity de-
signs and (4) provide returning participant insight and help for new course curriculum.
Briefly, participants had an opportunity to work on a design, redesign or facilitation
(instruction) plan intended to improve upon a particular process skill for learners in a
PDP activity that will be taught in a formal course. For a detailed workshop timeline
see Table 1.

Table 1. Workshop Timeline

Session Component Timing
Introduction 15 min
Define assigned process skill 10 min
Distinguish between “simple task” and “authentic inquiry” 10 min
Discussion: activity component (re)design, use of scaffold(s) 1 h, 5 min
Share to entire group 10 min
Synthesis 10 min
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Within other workshops of the 2009 PDP intensive, participants were introduced
to a new assessment tool. Specifically, they were asked to use a rubric to assess their
learners’ ability to generate an explanation. Since both scientists and engineers are
constantly explaining their research, the PDP staff believed that participants should
be supporting their students’ ability to do this. In line with this, it was noticed that
Chinn & Malhotra (2002) identify five specific skills that fall within the general scope
of “explaining results”: transforming observations, finding flaws, indirect reasoning,
generalizations, and types of reasoning. Based on these skills and the engineering skills
highlighted Seagroves & Hunter (2009), explanation-related process skills were chosen
as focuses for each of the four activity designs.

In 2010, a selection of four PDP inquiry activities was chosen as examples for the
new workshop. These activities involved different content areas (biology, engineering,
chemistry and astronomy) that reflected the participants’ disciplinary backgrounds. In
addition, a focus of the PDP is the incorporation of inquiry activities into formal college
laboratory classes, so the four activities were also selected because they were part of
course curricula to be taught in the near future. It was reasoned that although not all
participants would ultimately work on the example activity in this workshop, making
contributions to work in progress would be worthwhile.

Participants that were involved in the design, past teaching, or new curriculum
development of each activity were asked to write a short description of the activity. This
included the activity name, a brief description of the course and audience, a timeline,
representative course level goals, a brief description of the activity, the process skill to
be focused on and a specific task for workshop participants. These descriptions were
edited by PDP staff and provided as handouts during the workshop.

Table 2. Example cognitive process skills

Course name Activity name Cognitive process skill
Eukaryotic Genetics lab Polymerase Chain

Reaction (PCR) activity
Interpreting results to
generate an explanation

Advanced Instrumentation Adaptive Optics (AO)
workbench

Characterizing an
instrument

Advanced Inorganic
Chemistry lab

Porous Materials Generating explanations
using literature, scientific
principles and
experimental results

Introductory Astronomy
lab

Transiting Planets Interpreting results from a
model in the investigation
of a real physical system

4.1. Introduction

At the beginning of the two-hour workshop, a short introductory lecture was given.
Process skills were presented as a spectrum of technical to cognitive reasoning skills.
The focus for this workshop was to be on the cognitive reasoning skills. Next the sim-
ple task and authentic inquiry framework was reviewed. Simple tasks are those that
have students conducting a straightforward, specific experiment or procedure with only
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single dependent variables. Authentic inquiry mirrors research that scientists and engi-
neers actually carry out that can involve complex or elaborate procedures and multiple
variables.

To ground these definitions in a concrete example, we walked through a specific
example as applied to an activity. For example, students are shown a phenomenon,
such as bacterial growth on a solid agar plate, and asked to record their observations.
The process skill needed in this case is transforming observations. The simple task
definition states that observations are seldom transformed into other data formats except
maybe simple pictures or graphs. Evidence of students performing the simple task
would include drawing a circle to represent the plate and then drawing the growth that
they see within that circle. On the other hand, authentic inquiry involves scientists
incorporating multiple measures of independent, intermediate and dependent variables.
A more authentic inquiry task would ask the students to figure out their own way to
quantitate the growth they observe. In this case, students might develop a numerical
scale for growth or identify different criteria upon which to measure growth, such as
three-dimensional growth, the radius of the colonies, or the colony area.

A new tool introduced to returning participants in the 2010 PDP was the idea of
scaffolds. An excerpt from McNeill and Krajcik’s “Synergy Between Teacher Practices
and Curricular Scaffolds to Support Students in Using Domain-Specific and Domain-
General Knowledge in Writing Arguments to Explain Phenomena” was assigned as pre-
workshop reading (McNeill & Krajcik 2009). In this reading there is a focus on middle
school students’ scientific explanations and how to best support them through curricular
scaffolds, or temporary supports for developing new skills or understandings. Scaffolds
also exist on a spectrum from what the authors call “generic” to “context-specific.”
Generic scaffolds help learners understand the framework of the specific skill regardless
of the content or task. For example, for generating scientific explanations, a generic
scaffold would focus on the components of an explanation — the claim, evidence and
reasoning. On the other hand, context-specific scaffolds help the learners understand
the knowledge or content needed for the task. Again with explanations, a context-
specific scaffold would support the actual content or scientific principles wanted by the
instructor in the explanation.

4.2. Small group discussions: define the process skill; distinguish between
“simple tasks” and “authentic inquiry”

For the remainder of the workshop, participants were asked to focus on cognitive rea-
soning skills, teaching these skills through authentic inquiry tasks, and supporting their
learners’ abilities to perform these tasks with scaffolds.

Participants were pre-assigned to one of the four activities based on their content
background, as well as interests and experiences related to the different activities. A
facilitator was also assigned to each activity. Within the small groups of five to six
participants, they reviewed the activity scenario. When discussing process skills, some
individuals may have a different definition or idea about what the skill is and what
it looks like when demonstrated. For clarity, facilitators prompted their small group
to discuss the definition of their assigned skill and to reach a group consensus before
moving forward.
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Once the group agreed upon a definition of their process skill, they were asked to
think about simple tasks and authentic inquiry. What is the simple way to have your
students demonstrate this skill? How would you approach it through authentic inquiry?
By first identifying a simple task, participants were able to pinpoint areas in which their
own designs could be improved to better focus on authentic inquiry tasks. Participants
also discussed the difficulties associated with their particular skill when trying to move
their activities toward authentic inquiry.

4.3. Designing activity components, including scaffolds, to support learners

The main task for the bulk of the workshop was to develop a short activity or scaffold
to give students practice with their process skill in order to improve their ability to
do that skill. As partners within their small groups, the participants approached this
by thinking about how they could develop and incorporate scaffolds (generic, context-
specific or somewhere in between) to best support their learners.

Some participants discussed how to best support students in generating explana-
tions using literature, scientific principles and experimental results. This skill was a
main goal in the Porous Materials activity during the UCSC Advanced Inorganic Chem-
istry lab course (see also Bresler et al., this volume). The group chose to break this skill
into parts and use a partially generic, partially context-specific scaffold to first address
primary literature. As primary literature is the major form of communicating results
and findings to others, it is imperative that scientists know how to access, understand,
and use it to build new knowledge. This group decided to first have students work their
way through analyzing a publication related to porous materials. Later on, students
would then have results from their own experiments that they would have to analyze
using scientific principles often presented in lecture. By the end of the activity, the
students should be able to generate explanations supporting them with the literature,
scientific content, and their own results.

A different group of participants talked about a Transiting Planets activity taught
in the Introductory Astronomy Lab class at Hartnell College (see also McConnell et al.,
this volume). In this three-hour activity, students simulate a transiting planet using a
light bulb as the star and a clay ball as the planet. After the investigation time, it be-
came apparent that the students were not relating the model back to the physical system.
However for future teaching of this activity, the instructors would like to improve the
students’ ability to interpret results from a model in the investigation of a real physical
system. The group agreed that this is an important problem that researchers have, too.
When working with a model system, results may often reveal something new about the
model and not the real physical system. Further discussion revealed that instructors
tend to present students with the simple model because the more accurate models be-
come too complex and hard for novices to use. To address this, the group developed
two context-specific scaffolds that emphasized relating different parts of the model to
the real physical thing; for example, the clay ball represents the planet. One scaffold
approaches the problem by coaching learners in relating each component’s function in
the model to its counterpart in the real system. The other scaffold instead relates fea-
tures of a simple classroom model to features of a complex, professional, computer
model. Overall, this group decided to go context-specific due to the short activity time
not allowing for a separation from the content and time to relate the scaffold back to the
content.
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4.4. Using controls to interpret experimental results in an undergraduate biology
course

One group was presented with a biology activity about polymerase chain reaction
(PCR). This activity spanned five class periods and was taught in Fall 2009 and will
be taught again in Spring 2010 in the Eukaryotic Genetics lab course at UC Santa Cruz
(see also Dorighi et al., this volume). Near the end of the activity, students collect data
and are asked to interpret their results to generate an explanation. More specifically,
they perform PCR to amplify genes in a given region to try and identify a specific dele-
tion mutation. To visualize their PCR products, they use gel electrophoresis, which
produces an image showing bands corresponding to DNA fragments. The presence of
a band indicates the PCR worked and can be interpreted to mean that the specific gene
was present in their sample. On the other hand, absence of a band indicates a failed
PCR. This could be due to the deletion mutation or a technical problem with the exper-
iment. To help the students interpret the absence of a band correctly, technical controls
were included in the experiment. Initially the group discussed potential reasons why
the students may have struggled with this skill. They decided to focus on three main
reasons: (1) the students could not accurately interpret their data, (2) the students did
not have adequate data to interpret, or (3) the students did not use all of their data,
including controls, to support their explanation. Because this could be broken down
into multiple reasons, the group decided to focus on the importance of controls. They
reasoned that the students might have not understood the importance of and rationale
behind using different controls.

To facilitate the improvement of understanding controls and how they can be used
to interpret results, both halves of the group designed context-specific scaffolds to in-
corporate earlier in the activity. These scaffolds would expose students to the types of
results they would get at the end of the activity and allow them to practice interpret-
ing what they saw. In one example, students would be given results that lack various
controls. They would be asked to use the data to generate a potential explanation. Stu-
dents with different data sets would then be grouped together, giving the group a data
set complete with different controls. They would then re-interpret the data to generate
a new explanation. The intention behind this would be to highlight the importance of
controls and that experiments lacking proper controls could lead to incorrect conclu-
sions. This type of scaffold would give the students practice interpreting results with a
small data set so it would be easier once they collected larger experimental data sets.

This group also decided that it would be more effective to go with context-specific
scaffolds as a generic scaffold might introduce new, unrelated content or feel too dis-
connected from the goals of the main activity.

4.5. Understanding complex systems through characterizing instruments in an
undergraduate engineering course

The fourth group discussed how an existing activity using an adaptive optics system
could be expanded to help students learn the engineering process of characterizing in-
struments (see also Harrington et al., this volume). The existing adaptive optics activity
gave students an opportunity to identify the system components (distortion creation,
distortion sensing, and distortion correction) and draw a block diagram of the system.
This activity will be allotted more time when it is implemented in a formal course on
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advanced instrumentation, allowing students to gain a more in depth experience, but has
yet to be redesigned. The group began their discussion by talking about what character-
izing is, coming up with several working definitions such as a “quantitative description
of performance specifications.” They also discussed the various reasons that one would
characterize a system in the real world, such as when troubleshooting a malfunctioning
system, for optimizing or improving performance, or when a system is going to be used
in a new way. The group spent quite a bit of time talking about what was included in
the process of characterization. They brought up things like performance specification,
the purpose of each component, how the components related to each other, as well as
how the system worked as a whole. This led to a very rich discussion of the more
complex and authentic aspects of characterization, including how the components all
work together to make a system that behaves in a way that is more than the sum of
the parts — that is, “emergent behavior.” Another aspect that the group thought distin-
guished authentic tasks from simple tasks was determining the level of accuracy needed
for various parameters (what is “good enough”) — which further depends upon the par-
ticular goal and context the system will be used in. And finally, the group discussed the
complex task of dealing with multiple variables, deciding which were relevant, and how
they were interrelated.

The group designed two different activities to help students learn about character-
izing. The first one involved giving students four different “telescopes” (simple set-ups
on an optical rail), and asking them to choose the best design given a particular sci-
ence goal that would drive particular requirements, such as field of view or resolution.
Students would also have to state what was relevant about the telescope design they
chose, and why. The second activity involved creating “spec sheets” on existing tele-
scopes, asking students to imagine that they would have to sell the telescope and list
the relevant specifications. The students would have to decide what was relevant to
measure and report, and again would include things like field of view, image quality,
or chromatic aberration. Both of these activities could be considered scaffolds for later
characterizing an adaptive optics system, and although they were in related content,
would probably be considered more on the generic end of the spectrum, rather than
context-specific. The group struggled a great deal to find a way to move their activities
more toward the subtle and complex aspects of characterizing, and came to appreciate
how challenging this is. In particular they were interested in getting at the concept of
emergent behavior, but within the time allotted in this session, and with adaptive op-
tics as the content, it was beyond reach. The group was well positioned to tackle this
challenge after the workshop, now having a much better grasp on the process of char-
acterizing instruments, and an appreciation for what is needed to teach this skill in a
more authentic way.

4.6. Sharing ideas and synthesis

In the last twenty minutes of the workshop, each group facilitator shared the group’s
progress and their ideas for improving their assigned process skill. A short synthe-
sis concluded the workshop, where participants were reminded to focus on cognitive
reasoning skills, how to teach these skills through authentic inquiry tasks, and how to
best support their learners with scaffolds. Participants were reminded that technical
skills also fall under the process skills category and one part of their activity may be
to teach students how to perform these skills, but they must also include cognitive rea-
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soning skills. By recognizing the simple tasks students can perform to demonstrate
these skills, participants could focus on pushing their designs further towards authen-
tic inquiry, away from the simple task. Thirdly, participants were reminded that they
were introduced to scaffolds, a great tool for supporting learners, which can be any mix
of generic and context-specific depending on the situation. In addition, we noted that
these new tools were only presented to the returning participants, but activity design
teams that worked together later in the PDP were comprised both new and returning
participants. So the responsibility to share these ideas with their design teams was also
placed on the returning participants.

5. Outcomes

On the morning following the workshop, returning participants were asked to reflect
upon and rate this workshop along with the other workshops from the previous day.
Participants rated on a scale of 1 (not valuable at all) to 4 (very valuable). Out of
20 morning surveys, the workshop received an average rating of 3.55 (no participants
rated the workshop a 1, two rated it as a 2, five rated it as a 3 and thirteen rated it
as a 4). Participants were also given an opportunity to write comments that reflected
their feelings about the session. We as PDP staff make an effort to take their comments
into consideration when deciding if/how to present this session in the future. Those
involved in the design and teaching of the specific inquiry activities found the workshop
extremely valuable. “We came up with a context-specific scaffold. . . super helpful. I
modified slightly the ideas that the group came up with, but am definitely incorporating
them into my activity.”

In designing the workshop, we grappled with how many activity designs to in-
corporate. As the PDP provides and promotes a community of scientist and engineer
educators, we wanted to draw back in past designs and use this workshop as a venue to
share them with each other. At the same time, including everyone’s previous designs
would decrease the number of participants working on each one. Ideally it works to
have at least four participants per activity, so that the group will develop at least two
ideas. We also had specific skills that we wanted to focus on that may not be amenable
to or included in all past designs. This year we also chose activities that were currently
being worked on for incorporation into formal undergraduate courses. Having two or
three design ideas and different points of view were meant to support the participants
leading these curriculum developments. Other participants also felt valued, as it was
“nice to have an example that is being used currently and might help someone,” instead
of developing ideas for activities that may not be taught again.

The PDP aims to prepare science and engineering graduate students for their
roles as future faculty. In doing this, participants are presented with a lot of education
research and tools to consider and use when planning to teach. A new tool presented in
2010 was the scaffold. Although too many tools can become overwhelming, the idea of
scaffolds was readily accepted. The workshop was “very valuable within our group —
so cool to see how we could come up with good scaffolds so quickly!”
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6. Summary and Lessons Learned

The Improving Process Skills workshop was successful on multiple levels, and with
two years of experience in the PDP, we have learned a number of things about specific
elements of the workshop, as well as aspects and considerations that can be generalized
to other similar workshops:

Authentic design task: It was important for participants to engage in designing
something that was really going to be used — that is, something authentic. A short,
carefully written scenario describing a real design need worked very well. The groups
that had an existing activity that was part of a larger course, and had the latitude to
supplement that activity, seemed to work particularly well. This created a situation
where there were some boundaries to design within, but participants were not overly
constrained (such as by limited time). We were also very careful in 2010 to avoid situ-
ations where the session became a critique, rather than design time. Finding activities
that could be added to, rather than changed, focused participants’ efforts on designing
something new, rather than channeling all their energy into critiquing a participant’s
past work.

Simple versus authentic inquiry cognitive tasks: The comparison of “simple”
versus “authentic” inquiry cognitive tasks was very productive in moving PDP partici-
pants toward designing activities that help learners improve cognitive process, rather
than going through the motions of vaguely defined inquiry processes. Having two
points of reference along the continuum of inquiry processes — simple and authentic —
facilitated rich discussions of cognitive processes, and the more subtle and challenging
aspects of these processes that participants themselves use as practicing scientists and
engineers.

Technical versus cognitive processes: The identification of “technical” process
skills as important skills, which can be differentiated from cognitive processes, was also
a useful strategy. We believe it was important to give those skills a name, validate their
importance, and set them aside in order to focus participants’ attention on cognitive
processes.

Context-specific versus generic scaffolds: The concept of a “scaffold” was ex-
tremely well received by the PDP community. In addition, the idea of thinking about
scaffolds along a continuum of being more context-specific or more generic, and the
value of each end of this spectrum, was a useful tool. Participants were able to see that
a generic scaffold would need to be explicitly connected back to the learning context
in order for their learners to use it in practice. They were also able to see the value of
a generic scaffold in particular situations, such as a when the learning context is very
complex, like in the case of an adaptive optics system.

Facilitation during the workshop: Like in all PDP workshops, the facilitation of
this workshop is critical. Participants need prompts and nudges to keep them moving
toward the goals of the workshop. The tendency is toward the simple task end of the
cognitive task spectrum, because this is what most participants have experienced as
learners for their entire education up until this point. Shifting participants to think
about their experience as scientists or engineers, and the subtle and challenging aspects
of what they do helps to push them toward authentic inquiry. Reminders of what they
had identified as authentic, and then asking them if their scaffold would help learners
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improve that skill (not just go through the motions) is helpful and often necessary to
come back to at multiple points in the workshop.
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Abstract. We have designed an inquiry-based laboratory activity on transiting ex-
trasolar planets for an introductory college-level astronomy class. The activity was
designed with the intent of simultaneously teaching science process skills and factual
content about transits and light curves. In the activity, groups of two to four students
each formulate a specific science question and design and carry out an investigation
using a table-top model of a star and orbiting planet. Each group then presents their
findings to other students in their class. In a final presentation, the instructors integrate
students’ findings with a summary of how measured light curves indicate properties of
planetary systems. The activity debuted at Hartnell College in November 2009 and has
also been adapted for a lecture-based astronomy course at U.C. Santa Cruz. We present
the results of student surveys before and after the astronomy course at Hartnell and
discuss how well our activity promotes students’ confidence and identity as scientists,
relative to traditional lab activities.

1. Introduction

We have designed an inquiry-based laboratory activity on transiting extrasolar plan-
ets for an introductory college-level astronomy class. In our work, “inquiry” means
“teaching science as science is done”: students learn about scientific concepts by fig-
uring them out (as scientists do) instead of being given answers from a textbook or
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lecture. Inquiry activities can model different parts of the scientific method: for ex-
ample, students can design and carry out an entire investigation from designing the
question to presenting results to others, or they can simply draw conclusions from a
supplied dataset. These sorts of activities enable students to learn content intertwined
with research skills, like interpreting evidence, reasoning, thinking critically, conveying
ideas, asking questions and figuring out how to answer them. These skills are useful in
later science classes, and also are important life skills.

Like real science, this technique can involve some winding pathways. A student
embarking on a self-designed investigation will likely hit dead ends or be confused
by side issues, but with support he should eventually arrive at the desired conclusions.
Inquiry activities are not completely open-ended; teachers carefully monitor students’
progress and help guide students toward desired conclusions through a process we call
“facilitation.” Investigation with facilitator support allows the students to internalize
the content they are studying; instead of words on a page, the results are activities they
did and conclusions they figured out. This process tends to be more engaging than
following detailed step-by-step instructions or listening to a lecture, and studies have
shown that the content learned lasts longer and is learned more thoroughly, as students
have built up their own understanding instead of having it given to them (e.g. NRC
2005a,b, and references therein).

This activity was developed through the Professional Development Program (PDP)
run by the Institute for Scientist & Engineer Educators (ISEE) at the University of
California, Santa Cruz. Each team of PDP participants designs an activity and facilitates
its teaching for a specific venue. These activities are “backward-designed”: each team
carefully takes into consideration the goals for the particular activity and the needs of
the students first, and prioritizes elements of the activity based on these. (For a more
detailed discussion of the PDP, see Hunter et al., this volume; Hunter et al. 2008.) This
activity was designed to fit in as one week of the semester-long introductory astronomy
laboratory course (Astro 1L) at Hartnell Community College in Salinas, California.
Nicholas McConnell, Linda Strubbe, and Anne Medling were the primary designers
and facilitators. Pimol Moth is the instructor of Astro 1L. Ryan Montgomery, Lynne
Raschke, Lisa Hunter, and Barbara Goza provided additional support for the activity.

2. The Venue and Activity

Hartnell College is an accredited California Community College and Hispanic Serving
Institution located in Salinas, Monterey County, California, 120 miles south of San
Francisco. Of the College’s 10,000+ students, 72% are ethnic minority. More than 40%
of the College’s students are non-native English speakers, and 64% are first-generation
college students. The majority of students enrolled in Astro 1L are from Hispanic
backgrounds (∼75-80%), historically underrepresented in the sciences. Astro 1L is
predominantly taken by students majoring in non-science subjects, who use the course
to fulfill their physical sciences general education requirement.

Astro 1L is a semester-long course that consists of 3-hour weekly lab sessions.
Fall 2009 was the first time that Hartnell College implemented inquiry in Astro 1L.
Two inquiry-based activities were included in the Fall 2009 course: one on properties
of lenses (Putnam et al., this volume), and our activity, in which students investigate
transiting extrasolar planets. Transiting planets are those that cause a periodic dimming



Transiting Planets Inquiry 99

in the light from their host star as they pass between the star and us on Earth. The
students learn to generate light curves (plots of the star’s brightness over time) and
learn about the properties of the extrasolar planets by interpreting the trends in the light
curves. Some important goals in Astro 1L are for students to gain an understanding of
scientific processes, to view themselves as scientists, and to learn to interpret trends in
data. The hands-on knowledge gained in the transiting planets activity complements the
information about extrasolar planets that is presented in the Introduction to Astronomy
companion lecture class.

3. Activity Goals

Here we describe our goals for the activity and rationales for choosing them. We mostly
focused on goals that would have broad applicability to students’ everyday lives: help-
ing them to be curious, analytical, lifelong learners and helping them to communicate
effectively with others. In particular, we aimed to have students:

1. devise their own questions about planetary systems and revise initial questions to form
investigable ones;

2. construct a light curve (plot of brightness versus time) from their own measurements;

3. deduce relative properties of planetary systems from transit light curves (e.g., the planet’s
radius and orbital inclination);

4. present their work clearly and coherently; and

5. connect the content of the activity to current transit searches (e.g., the Kepler mission)
and see that scientific discoveries are ongoing.

We chose to emphasize the process of asking questions because of how broadly
valuable this skill is in life. We wanted to help students feel comfortable asking ques-
tions out loud in front of their peers. In the classroom and beyond, asking questions
helps students take charge of their own learning: it pushes them to identify specific
aspects they do not understand, thereby giving them an avenue toward finding out the
answer. Questioning can motivate students to pursue their curiosity, encouraging their
ongoing learning about the world around them. Furthermore, questions are the founda-
tion of scientific inquiry and a crucial component of an authentic scientific experience.
We hoped that having students devise their own questions to investigate later would
help give them ownership of the scientific content.

Our second and third goals above combined scientific content and processes. We
wanted students to get the scientific experience of taking their own data based on their
own experimental set-up. We then wanted the students to plot the results for several
reasons: to help them start to understand the connection between their model and their
measurements, to understand why scientists make plots, and to see that their plots are
essentially the same type that astronomers make to study actual transiting planet data.
The third goal represents the heart of the scientific content: students have to reason
the same way astronomers do to understand the physical mechanism producing the
different light curve shapes. These two goals push students to make, interpret, and
compare observations, and to connect their results to physical objects and processes in
outer space.
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Our fourth goal of developing students’ presentation skills was chosen to help stu-
dents deepen their understanding of the science, and for its broad value in life outside
the classroom. Students reinforce their comprehension by organizing their results men-
tally and visually on a poster, planning how to explain the results, vocalizing those
explanations, and responding to questions about their explanations. Learning to com-
municate ideas effectively can help students engage in and get what they need from
their communities, including the one they create in the classroom.

Our final goal was to show students that scientific understanding is not static: that
our knowledge is constantly being tested and revised. By connecting the activity to the
current Kepler mission (Borucki et al. 2010), we hoped to encourage students to follow
real scientific discoveries in the news, and to feel empowered to understand them. Shar-
ing with family and friends would keep reinforcing their understanding about transiting
planets.

4. Activity Timeline

Introduction (25 minutes) We began by introducing ourselves and verbally remind-
ing students about what it means to participate in an inquiry-based lab, which can be
difficult and frustrating but also rewarding. We followed with a short slideshow presen-
tation in which we described why astronomers study other planetary systems, defined
a planetary transit and a light curve, showed examples of light curves, and stated that
a light curve provides information about a planetary system. We also mentioned the
Kepler mission.

Questioning (30 minutes) We began by introducing table-top model planetary systems
(built by NM, LS, and AM; see Figure 1 and Appendix A) and asked the students to
spend ten minutes playing with the models and additional materials. This was to fa-
miliarize the students with the available materials, and to establish a safe atmosphere
for free experimentation and brainstorming. When a few minutes remained, we inter-
jected with suggestions if students seemed to be overlooking particular variables (e.g.
orbital inclination). Additionally, we provided a handout containing words like “tran-
sit,” “brighter,” and “twice as big” for inspiration if the students felt stuck with devising
their own questions.

The next steps followed: students individually brainstormed on paper their first im-
pressions and ideas about transiting planets; facilitators described the idea of refining
impressions into specific investigable questions, and went through one example; stu-
dents individually refined their first impressions; small groups continued refining, and
selected their favorite questions; groups shared their favorite questions with the class;
and instructors classified the questions as “Investigable Today” and “Not Equipped”
(respectively, questions which could and could not reasonably be addressed with the
model planetary systems).

With these steps, we aimed to build up students’ abilities to devise specific, inves-
tigable questions, and to help students feel ownership of the questions they would ulti-
mately investigate. It was crucial to demonstrate to students that all proposed questions
were valuable, regardless of whether they were ultimately eligible for investigation. As
students shared their questions with the class, we had an opportunity to assess how well
we were achieving Goal #1.
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Figure 1. Left: Side view of the model orbital system built for the transiting plan-
ets activity. All components except for the socket are held together with glue. Mid-
dle: Photograph of one of the models used at Hartnell. Right: Cut-away view of the
model orbital system. The light bulb socket is fed through a hole cut into a foam
core mount. Before the light bulb is attached, rubber bands are added on either side
of the hole to hold the socket in place.

Investigations (60 minutes) We asked each student group (2-4 students) to select a
question from the “Investigable Today” category. Next, we demonstrated how to use a
digital light meter to measure brightness during a model transit, and demonstrated plot-
ting those data as a light curve. We then instructed students to use the model planetary
system, light meter, and additional materials to investigate the answer to their question.

By eavesdropping on and occasionally questioning students’ investigations, we
were able to assess their understanding of the relationship between their experimental
set-ups and the resultant light curves they plotted (Goals #2 and #3). In particular, we
wanted students to use the light curves as a tool to gain insight about transit phenom-
ena, instead of regarding the light curves as the final product of their investigation. We
looked for students to recognize the connection between unresolved, quantitative out-
puts of the light meter and a resolved image of the star’s surface partially blocked by
a planet. One common facilitation technique was to ask a student to replace the light
meter with her eye and describe what she saw.

Presentations (45 minutes) Still in their groups, students prepared and gave oral poster
presentations on the results of their investigations (Goal #4). Each group had three
minutes to present their poster and findings, and three minutes for questions from the
audience. We required each audience group to ask at least one or two questions per pre-
sentation (Goal #1), and offered a list of suggested questions if they needed inspiration.
The presentations gave us another opportunity to assess students’ understanding of how
light curves can be used to deduce properties of planetary systems (Goals #2 and #3).

Synthesis (10 minutes) We concluded with a slideshow presentation to recap the ac-
tivity. We described the “Thinking Skills” students had worked on: asking questions
(Goal #1), explaining their ideas to each other (Goal #4), and designing and carrying
out an experiment. We also described how different physical properties of planetary
systems lead to different observed light curves, in order to reinforce students’ under-
standing of the data and the physics (Goals #2 and #3). We finished by reminding them
about current transit searches like the Kepler mission, and pointed them to two recent
popular-level science articles on transits (Goal #5).



102 McConnell et al.

5. Instructor Reflection and Student Feedback

The activity at Hartnell was overall very successful. Many students met many of our
goals, and 90% of students wrote positive responses on their anonymous post-activity
surveys.

The students built their own investigable questions (Goal #1) quite successfully.
We did not ask to see their impressions or first attempts at questions, so unfortunately
we could not watch the questions develop, but ultimately each group was able to share
at least one relevant, coherent question with the class. Some examples of students’
investigable questions included the following and varieties thereof:

• “How can the size of the planet be determined?”

• “How does the brightness of the star affect how well we can detect the planet?”

• “In what ways does the inclination of a planet affect the transit?” and

• “Can you tell if a planet has a ring?”

Students also asked questions for which we were not equipped to support an investiga-
tion, like:

• “Does the size of a planet affect its orbital period around the star?” and

• “Does the size of our telescope affect our ability to view the planet?”

A majority of groups selected questions related to planet size or orbital inclination,
but a sizeable fraction selected other questions related to planetary rings, atmospheres,
or reflected light from planets.

The student groups generally worked well together on their investigations. Of-
ten, each student had a role in the measurement-taking process (e.g., one moved the
model planet, one used the light meter, one recorded the brightness). Most students
successfully plotted at least one light curve based on their group’s measurements (Goal
#2). Brightness measurements were easy for most, but many had difficulty in using the
equipment to measure the phase angle, or in keeping a steady orbital rate to measure
even time increments. This could be improved for future labs.

Some students were able to deduce relative planetary properties from light curves
(Goal #3). The most successful tended to be those who studied planetary size. They
could generally explain that a larger planet blocks more light and therefore produces
a larger dip in the light curve; only rarely, though, did a student turn this around and
articulate that astronomers can measure planet sizes from light curves. Groups who
studied orbital inclination usually realized that some planetary systems will not show
transits to a given observer, and often realized that this fraction of systems is large.
The groups studying rings, atmospheres, and reflected light did not tend to demonstrate
strongly meaningful results. (The model planetary systems’ limited ability to accurately
depict these phenomena likely contributed to the students’ difficulties in these studies.)

Students’ presentations to their classmates showed room for improvement. Most
posters did show a few light curves and diagrams of the experimental set-up or face of
the star during transit. Yet most students described the various steps and wrong turns
that they took, with little aim at providing final results and explanations. Due to time
constraints, we did not offer much support for presentation preparation: only a quick
skeleton of guidelines and 10-15 minutes to prepare. We successfully elicited questions
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from each group to ask the presenters, although the audience was often reluctant and
relied upon the list of suggested questions we provided. When students asked their
own questions, they were usually related to the asker’s own experiment (e.g., “Did you
try putting in different sized planets?”), which indicates the asker’s ownership of their
subtopic.

As mentioned above, 90% of students wrote something positive on their feedback
forms. A large majority used the words “interesting” and/or “fun” to describe the ac-
tivity. Students said that they liked working with the model and the light meter, they
liked asking their own questions and designing their own experiments, and they liked
working in groups. The most common negative comment was that students felt that
they did not have enough time during the activity. Students also said that the lab was
difficult or frustrating, some wished for more help and guidance from us, and some felt
uncomfortable by our “hovering” as they worked.

A few sample student comments are:

• “I really liked that we had to think about how were going to answer the question that we
chose; even though it is frustrating it feels good to think like that.”

• “It was a little difficult to concentrate for me personally because we kept getting checked
on and asked what our solution was when we ourselves didn’t know at the time.”

• “It made us think like real astronomers, build our own question; hypothesis and make
our own data.”

• “Because it was our own experiment, I felt like I was a scientist.”

6. Comparison of Pre- and Post-Semester Surveys Before and After Inquiry

In order to assess the effectiveness of introducing inquiry into the laboratory, we con-
ducted a survey of students enrolled in Astro 1L during the Spring 2009 semester (with-
out inquiry) and during the Fall 2009 semester (with inquiry). Adapted from earlier re-
search (Chemers 2006), the survey assessed students’ levels of self-efficacy for science,
identity as a scientist, and commitment to a science career. In both semesters, students
anonymously completed the survey during the first week of classes (pre-semester) and
again at the end of the semester (post-semester). We expected students involved in the
inquiry-based activities to report greater gains in confidence in their science skills and
their interest in pursuing a career in science.

In the self-efficacy for science construct, students responded to 13 declarative state-
ments such as “I am confident I can generate a research question to answer” on a scale
from 1 (“not confident at all”) to 5 (“absolutely confident”). For identity as a scientist
(5 items) and commitment to a science career (7 items), students responded on a scale
from 1 (“strongly disagree”) to 5 (“strongly agree”). Initial analyses determined that
the constructs had good psychometric properties, with a single factor and high internal
consistency. The descriptive statistics are found in Table 1. Independent t-tests con-
ducted to compare means show that there was a statistically significant increase in all
of the post-semester constructs (t > 2.60) except for Fall commitment to a science ca-
reer. This implies that students in general were more confident in their science abilities,
identified more as scientists, and were more committed to a science career at the end of
both semesters. There is, however, not a statistically significant difference in the means
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between the two semesters. Given that during the period of this assessment, only two
inquiry activities were introduced out of 18 total labs, we cannot reliably deduce the
level of effectiveness of adding inquiry to the laboratory curriculum. Furthermore, be-
cause these were anonymous surveys, we cannot track changes for individual students.
In the future, we will be better able to assess this when more inquiry activities are
introduced, the data are analyzed over several semesters, and we track individual stu-
dents’ responses across the semester. We expect to find a subset of students for whom
the inquiry laboratories inspire greater interest in science and greater confidence about
participating in science.

Table 1. Results of surveys to analyze the effect on students of adding inquiry
activities to the course. The ‘**’ indicates a statistically significant difference be-
tween pre- and post-semester means. ‘SD’ refers to the standard deviation of student
responses, where ‘n’ is the number of student responses included in the statistics.

Pre-semester Post-semester
Spring 2009 (pre-inquiry) Mean SD n Mean SD n Indep t

Self-Efficacy for Science 3.01 0.73 62 3.51 0.72 47 -3.55**
Identity as a Scientist 2.07 0.82 69 2.98 0.92 63 -5.98**

Commitment to a Science Career 2.11 0.99 69 2.60 1.17 63 -2.66**

Fall 2009 (post-inquiry) Mean SD n Mean SD n Indep t

Self-Efficacy for Science 2.73 0.87 65 3.40 0.85 56 -4.26**
Identity as a Scientist 2.12 0.92 68 2.72 0.94 61 -3.68**

Commitment to a Science Career 2.14 1.05 68 2.36 1.10 59 -1.12

7. Suggestions for Future Implementation

We designed our activity to meet our goals within the time constraints. Here, we suggest
modifications to the activity for different time constraints or to achieve different goals.

Teachers may choose to focus the activity more on understanding the differences
between models and the physical systems they represent. Because it is impossible on a
tabletop to accurately represent the astronomical distances in a solar system, students
may be misled by the scale of the models and, in particular, not realize that transit
searches are necessary because we cannot resolve the planet separately from the star.
To address these concerns, students should explicitly consider the fact that they are
using a model, and could discuss other possible models. These may include scaling for
distances: e.g., a light bulb in the classroom (Sun), a marble in the parking lot (Jupiter),
and a second light bulb a few thousand miles away (the nearest star). To address relative
brightnesses, students can discuss a model in which a bright lightbulb (Sun) is next to a
peppercorn (exoplanet). To further emphasize that astronomers cannot observationally
resolve planets, one might add wax paper to one end of the model “telescopes” (toilet
paper rolls). Students then cannot see the planet but should notice that the light gets
dim periodically, and can then begin a discussion of light curves. A computer model
could also be discussed.
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Teachers may choose to focus further on the process of questioning. The facilita-
tors could spend more time discussing what makes a question “investigable”, and the
students could even categorize proposed investigation questions rather than the facil-
itators. To help students generalize the questioning process to other aspects of their
lives, students could read a short article from a Voter Information Packet, then discuss
questions that they had and how they might find the answers.

Building presentation skills is another direction to focus. One of the simplest ways
is to give students more time to prepare their presentations. Another idea is to discuss
explicitly what constitutes a good explanation, giving students a framework to rely on or
a template to follow. Facilitators could also lead a class discussion about what goes into
an effective presentation. It would be helpful to give students an opportunity to practice
their presentations before getting up in front of the class. If presentation skills were
a focus for an entire semester-long course, students could likely improve significantly
by giving presentations every week. Whether students give presentations frequently or
only once, it is worth giving each student or group detailed feedback when possible.

A final suggestion is to focus more on awareness of current scientific research.
Reading a popular science article, discussing it with classmates or as a class, and pre-
senting a summary of it are all good ways to get students more confident and familiar
with talking about current scientific research.

8. Implementation in a Lecture Course

Here we describe specific modifications to the transiting planet inquiry for a differ-
ent teaching environment (performed in Spring 2010): U.C. Santa Cruz’s introductory
astronomy course for non-majors (Astronomy 2), a large (250 student), lecture-based
survey course. In order to give students practice with scientific process skills, instructor
Ryan Montgomery adapted the activity to be completed during one of the 70-minute
(required) discussion sections. Two Teaching Assistants (TAs) assisted the students in
each discussion section of ∼40 students.

The aim was to have students work outside of discussion section to complete seg-
ments of the inquiry activity that required little or no facilitation, maximizing the utility
of the TAs during section. A website gave a brief introduction to the scientific content
(the transit detection method) and showed a series of demonstration videos to famil-
iarize the students with the model planetary systems. The website then asked student
groups to complete a pre-lab assignment of generating questions based on the video
demonstrations. The pre-lab group activity was to be completed and turned in by each
group to their TA at least 24 hours prior to their discussion section, providing time to
sort and electronically post the questions. Before arriving at section, groups were to de-
cide on a question that they wanted to investigate. The discussion was then used solely
for investigation, with a brief (∼10 minute) sharing/synthesis segment at the end of the
period. Formal student presentations were cut from this implementation; the goal of
having students present their work was met later in the course, when they gave formal
presentations as part of a different activity.

Overall this version of the inquiry activity was well received, and met the course
content and process goals. Students were asked to rate the amount of content they
learned, opportunities to practice the processes of science, their enjoyment, and the
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activity overall. On a scale from 1 to 5, students consistently rated the activity at 3.6,
between “Fair” (3) and “Good” (4). By later comparing students’ ratings of the inquiry
activity with their post-course ratings of their TAs, we conclude that TA support is
likely responsible for some of the overall effectiveness of the transiting planet inquiry.
We believe that the modified activity successfully retained the self-direction, ownership,
and engagement that make inquiry activities valuable. We strongly encourage other lab
and lecture-based courses to consider using an implementation of this transiting planet
inquiry activity.
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Appendix A. Building a Turn-Table Model of a Planetary System

Below we list the required materials for one model, with part numbers where ap-
plicable. Figure 1 depicts how the parts are assembled to make a model. The costs
enumerated below add to about $35. Some supplies (foam core, styrofoam balls, glue,
spray paint) can be used to assemble multiple models; with these supplies already
purchased, a second model would cost about $22. For further instructions to assemble
the model, we encourage readers to contact NM, AM, or LS.

• 2 wooden picture frames (Michael’s Crafts, SKU 400100118634, $1.00 each)

• lazy susan bearing (The Home Depot, SKU 039003095485, $4.49)

• globe light bulb (The Home Depot, SKU 043168908320, $4.27)
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• light bulb socket with male 2-prong end (The Home Depot, SKU 078477077375, $2.09)

• 3 cubic wooden blocks (2 inches) (Michael’s Crafts, SKU 754246103147, $1.29 each)

• plastic circular protractor (Michael’s Crafts, SKU 79252360026, $2.99)

• long rectangular wooden craft stick (Michael’s Crafts, $1.59)

• foam core board (Michael’s Crafts, SKU 79946129960, $2.99)

• styrofoam or clay ball (Michael’s Crafts, various sizes, ∼$4 for 6-12 styrofoam balls)

• super glue or wood glue (super glue: Michael’s Crafts, SKU 70158009255, $3.29)

• black spray paint, flat finish (The Home Depot, SKU 020066187811, $3.44)

• wire

• thick rubber bands (2 to 4)

Digital light meter prices range from $30 to $300 each (an example in the $100 range
is the DLM 1337 from General Tools). Although we used one light meter per group
at Hartnell, we believe that students could investigate transits successfully with one
light meter per two groups. Medium-sized styrofoam balls block approximately 10%
of the light bulb’s surface; we recommend using light meters that are sensitive enough
to reliably detect 10% contrast from a few meters away.
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Abstract. We describe a new inquiry design aimed at teaching advanced high-school
to senior college students the basics of stellar populations. The inquiry is designed
to have students come up with their own version of the Hertzsprung-Russell diagram
as a tool to understand how stars evolve based on their color, mass, and luminosity.
The inquiry makes use of pictures and spectra of stars, which the students analyze and
interpret to answer the questions they come up with at the beginning. The students
undergo a similar experience to real astronomers, using the same tools and methods to
figure out the phenomena they are trying to understand. Specifically, they use images
and spectra of stars, and organize the data via tables and plots to find trends that will
then enable them to answer their questions. The inquiry also includes a “thinking tool”
to help connect the trends students observe to the larger picture of stellar evolution. We
include a description of the goals of the inquiry, the activity description, the motivations
and thoughts that went into the design of the inquiry, and reflections on how the inquiry
activity worked in practice.

1. Introduction

Observational astronomy is different from many sciences because astronomers lack the
ability to run laboratory experiments to learn how the universe works. There are two
main impediments astronomers have to deal with: first, the objects of study are too
massive to create or fit in a laboratory, and second, the objects of study often change
over time-scales of millions of years. For instance, astronomers cannot learn how mass
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affects the evolution of stars by creating two stars of different masses in the lab and
watching them evolve. Nor can they learn about galaxy interactions by throwing dif-
ferent types of galaxies at each other. Instead, astronomers generally have to rely on
observations of objects in their present form, and link objects with similar characteris-
tics at different stages of their evolution together to learn how they change over time.

Astronomers generally have three types of tools at their disposal: they can take
pictures, spectra, and repeat observations over time. The last tool only works for objects
that change on short time scales, which is a limited but important subset of objects in
astronomy, such as variable stars, supernovae, and pulsars. The other two tools are the
largest workhorses in astronomy, and can be combined in different ways. For instance,
images taken covering different wavelengths can be combined to create color images
that we show the public.

In general, inquiry activities create learner-centered environments that can in-
crease student interest while they learn content and scientific process skills. They also
increase students’ confidence in their ability to do science and give them an appreciation
of what it means to do science (Chinn & Malhotra 2002; NRC 2005). In this inquiry,
we set out to not only provide students this learning environment and increased sci-
ence appreciation, but also specifically provide them an insight into how astronomers
do science. We simulate the experience of an astronomer by giving the students the
same materials that astronomers use, namely pictures and spectra. We also give them
some quantitative properties that would normally be derived from these materials. They
use these tools to learn about stellar populations and a large number of attitudinal and
process goals outlined in §3. Those readers interested in merely a description of the
inquiry activity may skip to §4.

The stellar populations inquiry was designed as part of the Professional Devel-
opment Program (Hunter et al. 2008), and has been taught twice at the time of this
proceeding, once at a “short course” taught at the University of California, Santa Cruz,
in 2007, and once as part of the Po‘okela program in Maui, Hawaii in 2008. The
materials used in this inquiry were all printed out on paper, and therefore this in-
quiry could easily be modified to work in large introductory astronomy classes. The
materials and color figures can be found on a webpage for this inquiry at: http:
//stellarpopulations.pbworks.com/

2. Audience and Expectations

This inquiry is designed to work with a large variety of students, ranging from ad-
vanced high school students to senior college students. It is meant for students who
are not pursuing degrees in science, or are at an early stage in their careers. The in-
quiry was initially designed for entering college students, and later modified to work
with high school students. While the inquiry activity works for different audiences, the
expectations of the students should correspond to their grade level. For instance, when
teaching college students we would expect them to make graphs, while a more experi-
enced college group might make logarithmic plots. On the other hand, when teaching
high school students we would accept tables of data, with the more experienced students
making plots.
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This inquiry was designed to follow the inquiry called Color, Light, and Spectra
(CLS) designed by Matthew Barczys, Seth Hornstein, and Lynne Raschke. If the stellar
populations inquiry is not taught in conjunction with the CLS inquiry, the teacher will
need to cover the content from CLS beforehand. Specifically, knowledge that color
filters transmit different wavelengths of light, and an understanding of blackbody ra-
diation sources, along with the relationship between blackbody peak wavelength and
temperature, are needed. Additionally, CLS helps the students get familiar with what
a spectrum is and the difference between continuous light and discrete lines. We also
do not recommend this being the students’ first inquiry activity, as it is more difficult
than in other inquiry activities for students to ask good questions from the intriguing
phenomena presented (called starters) that match the content goals, and the materials
somewhat limit the range of questions the students can investigate. Both times the
stellar populations inquiry was taught, the students undertook the CLS inquiry first.

Lastly, the students’ prior knowledge can vary drastically coming into this inquiry,
with some students being comfortable with logarithms and graphing, while others are
not. Also, some students are quite familiar with astronomical terms and ideas, while
others have no knowledge at all on the subject. Depending on your audience, more or
less prior knowledge needs to be conveyed to the students. It is also important to note
that while much of the prior knowledge is useful, sometimes the students’ preconcep-
tions are wrong and can hinder the students’ advances (McDermott 1991; Redish 1994;
NRC 2005). It is up to the facilitators of the inquiry to identify these misconceptions
and address them.

3. Goals for Learners

We approached the design of this inquiry using backward design (Wiggins & McTighe
2005) in which scientific process, attitudinal, and content goals are defined first. The in-
quiry activity is then designed to convey these goals. In that spirit, we outline the goals
here before describing the inquiry. Given the venues this inquiry was designed for, the
inquiry process and attitudinal goals were more important than the content goals. More
content could easily be incorporated with the materials given. Additionally, the mate-
rials could be used more than once to cover different content goals in an introductory
astronomy course. For instance, changing the starters to pictures of galaxies would
yield very different questions to investigate, and images and spectra of stars would help
answer such questions. Since the students would already be familiar with the materials,
secondary inquiries might take substantially less time. While our goals were specific for
the venues the inquiry would be taught in, we found that our skills and attitudinal goals
are especially quite well aligned with goals for Astronomy 101 classes determined by a
set of national NSF workshops (Partridge & Greenstein 2003). The goals are all related
to each other, but we separate them to facilitate the discussion.

3.1. Inquiry Process Goals

• Interpreting data (recognizing patterns and trends)
• Selecting relevant data from too much data
• Understanding goals of the scientific process
• Evidence based critical thinking



An Inquiry Activity on Stellar Populations 111

• Interpreting and applying new data with recently acquired content

The process goals are the most important part of this inquiry. We want the students
to learn to interpret data the way scientists do. We accomplish this by requiring the
students to recognize patterns and trends from a body of data that is much larger than
what they need. Scientists often have a lot of data, and make many plots to see if they
can find trends that make sense, and then apply those trends to the scientific questions
they are trying to answer. The students doing this inquiry are meant to go through
a similar process. By experiencing the scientific process, we hope that they gain an
understanding of what the process is beyond just some words in a textbook. Moreover,
we want the students to spend time thinking critically to answer questions based on
the evidence they have. It is useful to remind the students of what you want them to
learn, including this problem solving skill. The students’ metacognition will help them
improve and retain these important skills learned throughout the inquiry (Bransford
et al. 1986; Flavell 1979; Gourgey 1998). Lastly, we want the students to take what
they have just learned, and apply it to learn something new. This is a large part of the
reason that the CLS inquiry was made an integral component of teaching this inquiry
in the past.

3.2. Attitudinal Goals

• Open mindedness and willingness to change theory in light of evidence
• Appreciation for astronomy
• Connect inquiry with daily lives
• Excitement about STEM (Science, Technology, Engineering, and Mathematics)
• Community building
• Being confident in participating in scientific discourse

Similar to the process goals discussed above, we want the students to have an open
mind and form theories that they are willing to change in light of the evidence from
their investigations. We also want the students to come out appreciating astronomy
and being excited about science. Furthermore, we want the students to realize how
astronomy is part of their daily lives, and build a community in the group of students.
Lastly, in one of our venues the students moved on to do internships afterwards, and
we wanted the students to be confident in participating in scientific discourse at those
internships.

3.3. Content Goals

• Blue stars are bright and hot, red stars are dim and cool
• Blue stars have shorter lives than red stars
• Stars in clusters have the same age
• Red clusters are older than blue clusters
• Stars form from gas clouds

The content goals are straightforward, constituting the basics of stellar populations.
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4. Activity Description

The activity has many components, which we outline in Table 1 below. We split the
inquiry activity into two days because the first couple of experiences a student has with
the inquiry process can be frustrating due to the open-ended and self-directed nature
of the activity. Splitting up the activity gives the students a break, while giving them
time for self reflection. Each of the major components is outlined in its own subsection
below.

Table 1. Stellar Populations Inquiry Activity Outline
Activity Description Day 1 Time Activity Description Day 2 Time

Introduction 10 min Personal investigations 30 min
Starters 10 min Thinking tool 20 min
Group question session 20 min Personal investigations 50 min
Selection of questions 10 min Make posters 20 min
Personal investigations 60 min Present posters 20 min

Synthesis and conclusion 20 min

Total time 110 min Total time 160 min

4.1. Introduction

While in general the introductions to inquiries may be straightforward, in this inquiry
it is very important to discuss a few topics with the students. First, it is essential to
explain that in astronomy we cannot touch our science, and so we are left with tools
like spectra and images to gain new knowledge. Second, this is an important time
to mention that they will be using problem solving skills that are important not only in
astronomy, but in other fields of study. It is good to make them conscious of their use of
critical thinking skills. This metacognition of their learning and use of problem solving
will not only help them perform better at the task, but it will also help retention of those
skills (Bransford et al. 1986; Flavell 1979; Gourgey 1998; Lin & Lehman 1999; Lin
2001). Third, this is a great time to remind them of the content they learned in CLS
(such as colors of blackbodies, and spectra), and again, make them aware that they will
be using this new knowledge to gain more knowledge. Lastly, depending on the level
of the students, it might help to suggest that they figure out ways to organize the data,
and perhaps mention that scientists make many plots. Explain why graphs and tables
are important and how they help to organize thinking, and make it easier to look for
physical relationships in the data. If an educator implementing this inquiry has other
goals than those we described above, this would be a good place to address them.

4.2. Starters

The starters are pictures of stars in different astronomical situations which are meant
to get the students to ask lots of questions, of which they will later choose one to
investigate. The students should look at one of these pictures at a time, and write down
their questions on large sentence strips (large strips of posterboard paper that can be
posted on the wall and seen from a distance). If it is the students’ first time coming up
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with questions, the facilitators will probably have to model what a good question looks
like. Students have a hard time coming up with questions, so we generally encourage
them to write as many as possible. The more times the students get to practice asking
questions, the better they get at it.

The starter pictures are carefully chosen to show a few different phenomena. First,
they show stars of a myriad of colors and brightnesses. Second, they show star clus-
ters with different colors. Lastly, they show blue young clusters with nebulosity (gas
and dust) around them. These characteristics are specifically chosen as they lead to
questions that address our content goals, while being investigable with the given mate-
rials. We minimized the number of diffraction spikes and rings caused by the CCDs,
and other distractions in the images. Also, we avoided pictures where it was difficult to
discern boundaries of the stars and star clusters. The starters are given in Table 2, while
alternative possible starters are on the stellar populations website.

Table 2. Images for Starters

Name URL Description

M35 & NGC 2158 1 CFHT image with a red and a blue star cluster
M67 2 CFHT image of a blue and white star cluster
NGC 6093 3 Hubble image of a red star cluster
Omega Cen 4 Red star cluster
M16 5 Star forming region with gas and dust
NGC 3606 6 Star forming region with gas and dust
[1] http://www.cfht.hawaii.edu/HawaiianStarlight/AIOM/English/2003/Images/Dec-Image2002-CFHT-Coelum.jpg

[2] http://www.cfht.hawaii.edu/HawaiianStarlight/AIOM/English/2005/Images/Dec-Image2004-CFHT-Coelum.jpg

[3] http://heritage.stsci.edu/1999/26/images/9926a.jpg

[4] http://antwrp.gsfc.nasa.gov/apod/image/0704/OMC-Ver1.jpg

[5] http://astrim.free.fr/gallery/M16C66.jpg

[6] http://www.nasa.gov/images/content/191853main\_image\_feature\_929\_full.jpg

4.3. Group Question Session

We find that the question session is fastest if done as a group, although other methods
are also effective if more time is available (see other inquiry activities in this volume).
If doing a group question session, show each of the pictures on a projector, and
have everyone work on writing questions of the same picture at the same time. While
students are coming up with questions for the current picture, the facilitators can get the
completed question strips from the previous picture and start sorting them by categories
to facilitate the students selecting questions (see §4.4). For our content goals, the
following categories did a good job: colors of stars, colors of clusters, brightness,
origins, Gas/Nebula, and QWWNDWATT. Here are some example questions:

•Why are stars different colors?
•Why are some stars brighter than other stars?
•Why are some clusters red, and others blue?
•Why do some of the clusters have more red stars than blue stars?
•Why do some clusters have gas around them while others do not?
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Given the nature of the starter pictures, there are many questions asked that do
not coincide with our content goals, or are difficult to answer with the materials at
hand. We call these questions QWWNDWATTs (questions we will not deal with at this
time), and make it clear to the students before they start writing questions that a lot of
their questions will fall into this category. In addition, some of the questions are easy
to answer quickly, and fall outside of the content goals. Many of these could almost
be answered with yes and no answers. We find it useful to just quickly answer these
questions with the students at the beginning of the next phase (selection of questions).
However, it is important here to make sure not to give away information for the students’
own investigations.

4.4. Selection of Questions (Gallery Walk)

Once the questions are all sorted and put up on the wall by category, the students walk
around reading the questions. They get to pick one question, which they will answer in
groups of two. We find that pairs work better than groups of three in this inquiry, since
it is easy for one person to get disconnected from the investigation in groups larger than
2. The facilitators help the students get into these groups, and if needed, help rephrase
the questions to be well worded. Specifically, a facilitator can help shift a question
answerable by a ‘yes’ or a ‘no’ into a question that might use ‘why’, making it a more
suitable question. For example, the question ‘Are some stars brighter than other stars?’
could be rephrased to ‘Why are some stars brighter than others?’.

4.5. Personal Investigations

The investigations start with an explanation of the materials. The materials are some-
what complicated, so it is useful to go over them together. The students are given copies
of all the starter pictures, so they can look at them as often as they want. The students
are also given spectra of 10 stars not ordered in any way. Each spectrum has the mass,
radius, luminosity, and temperature written on it for that star. The students will need
to be told that for this inquiry they can treat luminosity and brightness as basically the
same (although they are different!). In addition, the spectra have the visible spectrum
color coded by the wavelength it represents. This could be left out for more advanced
students. Figure 1 shows an example spectrum. It is important to go over what a spec-
trum represents, and what the axes mean.

If it is a more experienced group, then less information can be given to the students,
so that they have to figure it out. For instance, the spectra have a line marking the peak
wavelength of the blackbody. From this, they could calculate the temperature from
Wien’s law. When we taught the inquiry, we found that the students were not at this
level, and therefore we gave them all the information they needed.

Along with these spectra, the students also get a picture of the Sagittarius star
cloud. We do not tell them this is a cluster, but use it because it has a nice sample of
stars of different colors. For each spectrum the students receive, one of the stars in this
picture is labeled with the number also labeled on the spectrum. The star identifications
are based on color alone. Technically, the images should also correspond with lumi-
nosity, but this was not possible. Therefore, we found it easiest to tell the students that
the stars could be at different distances from us, so the brightness in the image may not
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Figure 1. Example of a spectrum given to the students. The students get 10 of
these, with the number in parentheses corresponding to one of the stars labeled in
the Sgr. star cloud.

reflect their true brightness, even though in this case this is not true since it is a star
cloud.

In addition to the ten stars already mentioned, there is an 11th star that is not
given to them. This star is a red giant, and can be used in a myriad of situations. The
most common situation is if the students think they are done, and have answered their
question early. At this point the facilitator can pull out the the 11th spectrum, and ask
the students to make sure their explanation also works with this star. Another possibility
is that students have come up with an incorrect answer to their question. In this case,
sometimes the red giant can be helpful as well as evidence that it may not fit with their
theory. We caution against the use of the 11th star if the students are very confused,
as it may just confuse them more. It is a great tool for the facilitators to have if used
properly. If students still feel done after the 11th star, facilitators should encourage the
students to apply what they learned to answer the other questions, especially the ones
relating to the gas around stars (if they did not start with one of those questions).

During the investigation, we are looking for students to organize the data in some
way, such as a table or a plot. For more experienced students, we require plots at some
point, and many times the students will make these on their own, unprompted by the
facilitator. However, if they do not organize the data by the second day, the facilitator
needs to encourage them to do this. Once the students have plots similar to Figure 2,
then these trends will help them answer their question.

There is one stumbling block the students will encounter, which is how to move
from trends of mass, luminosity, radius, temperature, and color to the evolution of stars,
and the questions relating to gas. For this to occur, the students need some prompting
to think about stellar lifetimes, and the conversion of mass into energy. The first time
we taught it, we had the facilitators go over this with the students when they reached
the appropriate point. However, we wanted the inquiry to be less facilitator driven, and
therefore came up with the thinking tool explained below. The thinking tool should
be enough to get the students thinking about stellar evolution, but in some cases the
facilitators may still need to help guide the students. It is important to be careful at
this step. We want the students to figure out their question on their own in order for
them to keep ownership of the material, to help with student motivation and retention
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Figure 2. Examples of plots students may make, although less experienced stu-
dents (or high school students) will not make log plots like these. The outlier is the
11th star mentioned above, the red giant.

of the learned information (NRC 2005). All the materials are available at the stellar
populations website1.

4.6. Thinking tool

The purpose of the thinking tool is to give students a way to think about stellar lifetimes,
characteristics of stars, and the idea of converting mass into energy. The thinking tool
does this by making an analogy between stars and fuel burning in two containers of
different sizes. In our setup, two metal dishes of drastically different diameters were
filled with liquid fuel and ignited. We used a one foot diameter dog dish and a half
inch diameter stainless steel cap, and small amount of tiki torch fuel. Students were
instructed to compare the brightness of the fires and the time it takes for the fires to
burn out. The test was performed two times. The first time, the same amount of fuel
was used in both dishes. The second time, double or triple the amount of fuel was put
into the larger dish. The students observed that the fire in the larger dish burns brighter
and for less time than the fire in the smaller dish. Even when the large dish had more
fuel than the small dish, the fire in the larger dish burnt out faster. Students then made
the connection that, like the fires in the dishes, larger stars burn brighter and for less
time than smaller stars.

The analogy of burning dishes and stars is not perfect, as stars convert matter into
energy via nuclear fusion reactions, while burning fuel is a chemical reaction. We found
that the students did not have a problem with this difference, and appreciated just being
directly told about the difference. A picture of the setup and a video of the thinking tool
in action are available on the website.

4.7. Sample Student Experience

Students who select different questions will have varying experiences in the inquiry.
While we would like to show multiple student experiences here, the space consideration
limits us to one example. More examples are available on the website. We caution

1http://stellarpopulations.pbworks.com/
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that these examples are merely intended to represent a wide variety of possible student
experiences, and do not necessarily represent the best way to facilitate students through
the inquiry. It is important to remember not to over facilitate – it is easy to do this,
and it should be avoided as much as possible. For instance, it might be okay to suggest
students look at the data given, but hopefully they would come up with the idea to
organize the data, and which data to organize. It is often better to ask them questions
rather than telling them to do something.

Suppose the students pick the question: Why are some stars brighter than other
stars? The example below goes through what the students may be thinking at different
parts of the inquiry.

I have lots of data, but I’m not sure what it means. I start comparing each of
the spectra to the information written on them and the corresponding star in the field
of stars. I start making a table as there is too much to see. Once I have a table, I’m
struggling a bit to understand it. The facilitator reminds me there is graph paper, and I
decide to make a graph of the different data. From the plots, I can see that brighter stars
are bluer in color, and dimmer stars are redder in color. I know from the previous CLS
inquiry that hot stars are blue and cool stars are red, and this is again reinforced by the
plots of the data. I also see that there is a relation of the luminosity and mass variables.
The brighter bluer stars are also more massive. In fact, slight increases in mass result
in large increases in the brightnesses of the stars.

I see that stars that are bluer, hotter and more massive are brighter. Where does the
extra brightness come from? While trying to understand this, we are called together to
go through a thinking tool. After the thinking tool, I think about the source of energy
for the stars. I realize that the energy of a star depends on the mass. Specifically that
mass goes as the energy, and therefore the brightness. A facilitator asked why there
aren’t even brighter stars seen in the field if there are stars up to 100 solar masses that
exist. I estimate the lifetime of stars of different brightnesses, and see that bright stars
have the shortest lives.

I finally come to the conclusion that the brighter stars are stars which are the most
massive, and therefore hotter stars (and also blue). The brightest stars are the most
massive stars that still exist, while the fainter stars will live the longest.

5. Assessment

The main evidence that the students learn what we want them to learn comes from both
the facilitator and a poster presentation. The first evidence of success would be that
the students could correctly answer their question, as this usually covers a lot of the
content goals. In addition, we were looking for all the students to organize the data
given into something that shows trends between different variables. Ideally, this would
be in plots of Luminosity vs. Temperature, Luminosity vs. Mass, and Radius vs. Mass.
If the students are experienced enough, we would see these on log-log plots. We also
expect to see an understanding of how the mass of the star basically determines the
evolution of a star. Ideally we would hear the students talk about how the high mass
stars live less long than the low mass ones, and how the high mass, bright, and high
temperature stars are blue in color. For those studying the stars with gas around them,
we would want to hear them talk about the stars being young having just formed out of
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the gas. For groups studying red clusters, we would want to hear about how the young
stars have all died, and we only see the longer living low mass red stars, which live
longer.

In addition, since the most important goals were not content goals, but rather in-
quiry process goals and attitudinal goals, we expect the students to exhibit positive at-
titudes during the end of the inquiry and the presentations. Are the students motivated
and asking lots of new questions about astronomy? Are they engaged while listening
to their peers’ presentations? Are the questions they ask their peers showing evidence
based thinking? We expect everyone to have interpreted the data and recognized pat-
terns. It would be an added bonus for them to be metacognitive about this, and present
it as something they learned. Comments during the poster presentations like, ‘Once we
organized the data via graphs things just started to make sense’ would be an indication
that things worked. Lastly, it would be nice see students mention failed hypotheses, and
how the data led them to discard them and come up with new hypotheses.

During the investigations, the facilitators should also ask students questions to
gauge their learning. For instance, once they think they have an answer to their ques-
tions, the facilitator should ask them to use their reasoning to predict answers to other
questions.

6. Considerations for the Future

This inquiry could be easily modified to work in a large Astronomy 101 class, especially
in a classroom that uses active teaching methods. Studies in introductory astronomy
classes show an increased gain in concept inventories with active teaching methods
(Prather et al. 2009). It would be great to modify this inquiry to work in one of these
large classroom settings, and then test the students with and without the inquiry to see
how well they learned the information. It would be important to test the long term
retention of the information, as inquiry has been shown to help long term retention of
information (NRC 2005). However as the main goal of this activity is for the students
to gain process skills, the instructor should test for the development and retention of
these skills as well.
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Abstract. Here we describe the design and elements of implementation of the
Galaxy Component Inquiry (GCI). The GCI consists of four stations spread over two
investigation periods, each of which allows students to learn about four fundamental
components of a spiral galaxy: the Stars, the Gas and Dust, the Central Black Hole,
and the Dark Matter. We discuss the elements of each of these stations, as well as the
whole of the inquiry activity. Finally, we discuss the future changes that could be pro-
ductively implemented as well as a redesigned version utilized within a typical large
lecture course.

1. Venue/Audience

The Galaxy Component Inquiry (GCI) was designed through the Professional Devel-
opment Program (Hunter et al. 2008), which is sponsored by the Center for Adaptive
Optics and the Institute for Scientist & Engineer Educators. This inquiry activity was
designed for and implemented in an introductory astronomy course for non-major un-
dergraduate students at the University of California, Santa Cruz (UCSC). It has been
taught three times to date as part of an introductory astronomy course, first during
UCSC’s Summer session in 2008 with 15 students, then redesigned and taught in Sum-
mer session 2009 with 17 students, and significantly redesigned and then implemented
in Winter session 2010 with 248 students. In each case, the GCI was taught near the
end of the course and so the students had grown comfortable working in groups to-
gether. This also means that there are a few elements of prior knowledge assumed. For
instance, the first day of our inquiry benefits by having the students previously exposed
to the relationship between blackbody color and temperature and the concept of spec-
tral decomposition. Similarly, the second day of our inquiry requires that the students
be familiar with Kepler’s third law – allowing them to determine the mass of either the
central black hole or of the dark matter halo, depending on which station they choose.

2. Goals for Learners

• The student will know the physical components that compose a galaxy.
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• The student will be able to break something down that seems complicated into
smaller, more manageable parts and then be able to put the pieces back together.

• The student will be introduced to interpreting observations and data.

• The student will be practiced in communicating their results clearly through writ-
ten and spoken word to their peers.

Our content goal was for our students to learn about the different parts that make
up a typical spiral galaxy and then be able to see how each of these components come
together to make a whole galaxy. The activity was split into four inquiry stations; stars,
gas and dust, supermassive black holes, and dark matter. The next section will go into
greater detail about each individual inquiry station.

No matter the station, though, we planned for our students to all come away with
some new, or more developed scientific process skills. As mentioned above one of these
new skills was to be able to break something down that seemed very complicated into
smaller, manageable parts. After each part was investigated separately and conclusions
were drawn they could put all of the parts back together to see the whole picture again,
but now with deeper understanding.

Every group was given a worksheet at the start of the inquiry. These were meant to
start their thought process down the right path. The worksheets were designed so that
the students would need to use their prior knowledge from the class to make progress.
For example, on the black hole worksheet, the students were asked for an analogous
situation to the stars rotating around the center of our galaxy to something else they
had already studied in the class. This would lead them to the Earth-Sun system, which
would eventually lead them to Kepler’s Laws. A key point, though, to using these
worksheets was that this inquiry was taught near the end of the class. This way the
students had already been introduced to many other topics.

Though a lot of our students were non-science majors, our goal was to introduce
them to the process of analyzing and interpreting real data. Each group had their own
dataset that they worked through. They had to first figure out what they wanted to
learn about their inquiry station. This was guided somewhat by the aforementioned
worksheets. Next they received their datasets and worked together to extract what in-
formation they could. Here they were able to see that data are not “perfect” and that
there are errors involved.

The last part of the inquiry was for students to communicate their results clearly
and concisely to their peers and the facilitators (instructors). This was accomplished
through a poster session. Each group made a poster that included what they investi-
gated, their data, conclusions, and anything else they felt was necessary to convey their
results. We made a sample poster for them to look at in advance so that they could get
an idea of what we expected from them. After they completed their posters each group
went in front of the class to explain their results. Everyone in the group was required
to speak, so they had to plan out who would say what before hand. Since a significant
portion of their grade was based on how well they could communicate their results, it
forced them to really think about what they did and how to articulate it to the class.
Additionally, the presentations were limited to roughly three minutes so the students
had to be succinct in reporting their results.
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3. Activity Description

Table 1 contains the Overall Activity Timeline.

Table 1. Activity Timeline

Activity (Day 1) Time Allotted
Pre-Knowledge Survey 10 minutes
Introduction to Inquiry 10 minutes
Station Demonstrations 20 minutes
Group Formation 10 minutes
Brainstorm with Worksheet 15 minutes
Data Analysis (incl. optional 5min break) 60 minutes
Demo: What makes a good poster? 10 minutes
Poster Preparation 15 minutes
Poster Presentations 15 minutes

Activity (Day 2) Time Allotted
Recap of Yesterday 10 minutes
Station Demonstrations 20 minutes
Group Formation 5 minutes
Brainstorm with Worksheet 15 minutes
Data Analysis (incl. optional 5min break) 60 minutes
Poster Preparation 15 minutes
Poster Presentations 15 minutes
Synthesis Lecture 15 minutes
Post-Knowledge Survey 10 minutes

Each activity station is composed of three phases. In the first phase, students
are presented with demonstrations that introduce the effects to be studied via model
systems. This phase is done in large groups – half of the class, in our case. The second
phase is where group formation of students occurs based on which station they were
most interested in. They are then given a worksheet, which helps to guide them through
the transition from model system to the components of a galaxy. The goal of this
worksheet is to have the students thinking about what data they would require to apply
the lesson learned in the model system to a real galaxy. At the beginning of the third
phase, the students are given these data and they then proceed to analyze them, learning
about the specific properties of the galaxy component they are examining. Below we
describe the four stations presented over the two days. The first two stations (Stars and
Gas and Dust) are presented on the first day, and the last two stations (Central Black
Hole and Dark Matter) are presented on the second day. The Gas and Dust station is a
composite of two sub-stations.

3.1. Stars

3.1.1. Demonstration

The stars demo consists of two demonstrations, with an optional third one if you have
time and can take your students outside. The first demo is an animated evolving
Hertzsprung-Russell (H-R) diagram, which is projected onto a screen. It is color coded
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so that the students can see that the blue stars die off first. The next demo is a box with
red and blue filtered windows and an incandescent light source inside whose intensity
can be controlled by a variac. Turn the light on low and ask the students which color
looks dominant – they should say red. Next turn the light up and ask the same question
– this time they should say blue. This is to help them understand that red stars on the
main sequence are cooler compared to blue stars. The third possible demo that can be
done is to fill both a pie tin and a bottle cap with equal volumes of tiki torch fluid and
then set them on fire. The pie tin will burn out much more quickly than the bottle cap.
This demonstrates again how the hotter, brighter stars will die out more quickly than
the cooler, slow burning ones.

3.1.2. Starter Worksheet

The stars worksheet asked the following questions:

1. Write down what you know about stars.

2. On the H-R Diagram which color stars live the longest?

3. Looking at a cluster of stars how could you tell the age of the cluster? What
information would you need to figure this out?

4. Looking at a galaxy how could you tell where stars are made? What could you
use to figure this out?

3.1.3. Data/Investigation

The students are given an Excel spreadsheet with the B-V and V colors of different
globular clusters. They are also given different isochrones and color images of all of
the globular clusters. The students make a color-magnitude diagram out of the data on
the spreadsheets and then print it out. They then match up the best isochrone to be able
to tell the age of the cluster. Comparing the age they got to the picture of the cluster
will emphasize the fact the younger clusters will have a lot of blue stars, while older
clusters will be dominated by red stars.

After they have made the connection of color with age they will then be given
images of galaxies taken in the UV and the IR. From these images the students can
deduce that where the UV picture is most prominent is where the blue stars are and this
must be where stars are formed in a galaxy.

3.2. Gas and Dust

The Gas and Dust stations are short enough to run one after the other parallel to the
Stars station. After the demos, teams choose to either start at the gas or the dust station
and then when they finish investigating they switch to the other station.

3.2.1. Demonstrations

The gas and dust demonstrations were presented one after the other. The dust demon-
stration shows the students an incandescent bulb (stated to represent a “light source”)
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through two aquariums of equal size. When viewing the light source through the first
aquarium there is little change in the color. Then we add powdered milk (stated to rep-
resent “cosmic dust”) to the second aquarium and ask the students to note any changes
they see. In order to quantify this difference, we use a fiber-optic spectrograph that
plugs into a laptop and displays a real-time spectrum. We explain that this spectrum
is a graph of how much light there is of each color (wavelength) reaching the fiber,
and that this is one way in which astronomers view galaxies. During this demo it is
important to remind the students to think of this in terms of an analog for a galaxy.

The gas demonstration begins with three gas-tube lamps (Hydrogen necessar-
ily, Helium and Oxygen usually) plus an incandescent bulb that the students observe
through hand-held spectroscopes. Once they can see the spectral lines for each of these
gasses and the smoother thermal profile of the incandescent blub, we ask them to look
at a “mystery box” which is a covered box containing an incandescent bulb and a Hy-
drogen gas-tube lined up so that a mounted spectroscope sees both and displays a su-
perposition spectrum with thermal continuum plus Hydrogen emission lines.

3.2.2. Starter Worksheets

The dust worksheet asks the following questions:

1. Draw the visible spectrum of a normal stellar blackbody and the same blackbody
with dust obscuring it.

2. Looking at the attached image of a galaxy (NGC4414), brainstorm where dust
could be located in the galaxy.

3. What would a high concentration of dust in a galaxy look like?

4. If you were looking at a pair of galaxies and wanted to determine which one had
more dust in it, what data would you want to have?

The gas worksheet asks the following questions:

1. In what ways does the mystery source look like a blackbody spectrum?

2. In what ways is it different?

3. Using the lab equipment, determine what (specifically) is causing these differ-
ences.

4. How could you use this method to figure out what elements are present in a
galaxy?

5. If you were presented with the attached galaxy (NGC4414), what data would you
want to see in order to determine the gas composition of the galaxy?

In addition we provided groups at both stations with a one-page refresher sheet about
spectra and spectral energy distributions that contained basic information about spectral
analysis and blackbody emission.
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3.2.3. Data/Investigations

The dust dataset consists of several images of a synthetic spiral galaxy from four dif-
ferent angles (from face-on to edge-on) both with and without dust (a total of eight
images) and the associated optical spectra. The optical images (and spectra) of the
galaxies which are face-on look similar with and without dust, whereas the dusty im-
ages (and spectra) become much more red (less blue light) as the angle changes towards
the edge-on view. The students are then asked to organize the spectra and comment on
the amount of dust present in each galaxy/image. The synthetic galaxy images and
spectra were obtained from Patrik Jonsson’s Sunrise code.

The gas dataset is a single galaxy’s optical spectrum (and image, for motivational
purposes). There are several gas emission lines present over the thermal emission, the
most noticeable of which are the Hydrogen Balmer lines: H-alpha (λ=656nm) and
H-beta (λ=486nm). Thus students are able to interpret the plotted spectra as a superpo-
sition of thermal continuum emission and Hydrogen gas emission.

3.3. Dark Matter

3.3.1. Demonstration

Students are shown a pair of synchronized animations showing a satellite galaxy orbit-
ing around an image of a spiral galaxy (similar to the Milky Way). One animation is
labeled, “What we see”; the other is labeled, “What we expected”. The “What we see”
satellite orbits noticeably faster than the “What we expected” satellite animation. The
group then discusses any possible causes of such a discrepancy.

3.3.2. Starter Worksheet

The dark matter worksheet presents a graph of the Solar system’s planets’ orbital ve-
locities; it then asks the following questions:

1. Why does the circular velocity get slower for the planets that are farther from the
Sun (have larger semi-major axes)?

2. How and why might the rotation curve for satellite galaxies orbiting around our
galaxy be similar or different due to dark matter?

3. What data would you want to see in order to test these hypotheses? (in order to
discover the amount and distribution of dark matter)

3.3.3. Data/Investigation

The dark matter dataset is another set of animations, which have been “zoomed out” to
show more satellite galaxies in larger orbits. These animations were constructed from
distance estimates for the Milky Way’s satellite galaxies. The satellite galaxies follow
circular orbits around the central galaxy at speeds that are based on a uniform density
halo model out to 100 kpc. The students are then able to measure the “true” mass inside
each satellite’s orbit and notice that it increases as you go farther out (so that the dark
matter is widely distributed) until you reach a certain distance (implying a total galaxy
and dark-matter mass and halo size). They also compare their mass estimates to the
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apparent (luminosity based) mass estimate of ∼100 billion solar masses, showing the
dominance of the dark matter over luminous matter on these scales.

3.4. Central Black Hole

3.4.1. Demonstration

The black hole demonstration is an animation that is projected onto a wall for the stu-
dents to observe. This animation is of the stars that orbit at the galactic center, which
was graciously provided by Andrea Ghez and her group at UC Los Angeles. The stu-
dents will see that the stars do not move through the galactic center unperturbed. This
demo is meant to get them started on thinking what could possibly be at the galactic
center to cause these stars to move in elliptical orbits and what aspects they can learn
about it.

3.4.2. Starter Worksheet

The central black hole worksheet asks the following questions:

1. What are the stars at the center of our galaxy doing? What may be some expla-
nations for this?

2. Thinking back about what you have learned in class, is there an analogous situa-
tion to these stars at the galactic center?

3. How can you use this knowledge to learn about what is at the galactic center and
what type of things could you possibly learn about it?

3.4.3. Data/Investigation

The data sheets are representations of the orbits of stars at the galactic center. Again
these data are courtesy of Andrea Ghez. The stars’ movements are shown by dots that
represent a year’s movement. From this they can measure the period and semi-major
axis for each star. Using Kepler’s Law the students can then obtain the mass of the
object that is causing the stars’ orbits.

They can also trace out the simulation that is being displayed on the wall. From
this the students can constrain the size of the object. With an upper limit in the size, as
well as the mass, the students can figure out a lower limit in the density of the object.
The only known object with a density as large as they will measure is a supermassive
black hole.

4. Assessment

Learning how to assess your students during an inquiry is a critical issue. There are
two types of assessment that were used: 1) Formative Assessment and 2) Summative
Assessment. Both are important in evaluating your student’s progress toward and com-
pletion of the goals set forth at the beginning.
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Formative assessment occurs while the students are doing the activity. While the
students are working in their groups they will talk out loud to each other or draw di-
agrams. Observing and listening to their conversations will let you gauge how well
they are understanding the content. Similarly, if a group is going off track you will be
able to see that they need more guidance. For example, if you hear students say the
mass they obtain for the central object in the galaxy is a couple solar masses it is likely
that either they have made a unit conversion or math mistake and you can give them
more guidance on these elements of their investigation. If you notice students using
B-magnitude values for a star’s “color” on an H-R diagram, then you can guess that
they are confused about that aspect of organizing their data effectively and you could
engage them in a conversation about what combination of values would be best suited
to describe a star’s color/temperature. If someone in the group is not engaged in the
conversation with their peers, then you could ask them questions about what they are
working on.

Formative assessment is important because it allows the facilitator (instructor) to
see and target misunderstandings held by the students. More generally formative as-
sessment allows the facilitator to make informed decisions about how to guide the stu-
dents’ progress toward the learning goals. Another benefit of the informality of forma-
tive assessment is that it gives students who are not practiced at giving presentations or
taking tests a chance to demonstrate their understanding of the content.

Another important piece of assessment, used both formatively and summatively,
was the pre- and post-knowledge surveys given before and after the inquiry experience.
In both cases the students were given a blank sheet of paper and asked to draw and write
anything they knew about galaxies. The pre-knowledge survey was quickly glanced at
during the early stages of the inquiry in order to help identify any students with strong
misconceptions or prior knowledge on the subject. This allowed the facilitators to act
more intelligently to address or further challenge these students throughout the inquiry
activity. For example, students with a great deal of prior knowledge could be paired
together for investigations so that they will not be tempted to teach to their team. At the
end of the inquiry, the post-knowledge surveys allowed us to assess the overall learning
gains of the students.

The other piece of summative assessment we incorporated into our activity was a
group poster presentation at the end of the inquiry, where we required that every person
talk during the presentation. Before the students made their posters we showed them
an example poster containing the elements that we wanted to see. On their posters
we expected them to state directly what they were investigating, the data that they
used to investigate their questions, as well as the conclusion(s) they drew from their
investigation. These three main components were essential to their posters and they
needed to be stated clearly.

To score their success during the presentations we constructed rubrics that were
made before hand. For an example, on the stars rubric the line of reasoning that we
wanted them to use to justify their claims was: “Since there are only red stars left on
the HR diagram for older clusters they look much redder in color than a young cluster
that has a lot of blue stars still.” If they mentioned something along these lines then we
knew they had reached the content goals. Another example of summative assessment of
the presentations would be if a group who had been working on the dark matter station
said that “the dark matter is the majority of the mass in the galaxy,” but failed to mention
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that it was extended beyond the luminous matter, then we knew they had reached our
first station-level content goal, but may not have solidified an understanding of the
content-goal about the dark matter’s distribution.

After the student presentations we presented a synthesis lecture to the whole class
in order to reconnect the content from the different stations over the two-day investiga-
tion into a complete picture of a spiral galaxy. In this synthesis lecture we highlight and
re-emphasize the qualities of each of the galaxy components and how they interact, for
instance the overall spectral energy distribution (SED) of the galaxy being composed of
the individual blackbody spectra of the population of stars. This SED is then modified
by the absorption and emission lines from the gas elements present and some blue light
is scattered by intervening dust. This synthesis lecture helps to re-explain the content
from the stations that the students did not experience first-hand, in the context of the
content from their own stations. Similarly, we are able to highlight the similarities of
the processes that led to the mass determinations for the central black hole as well as
the dark matter halo.

5. Social and Cultural Aspects of the Design in Practice

There were several social and cultural elements that arose during the design of the
inquiry as well as during the inquiry itself. For example, the students were largely
from California and thus we were able to connect the observed reddening from the
dust station to the familiar images of fire-reddened skies and to sunsets. In an effort to
engage everyone we had the students work in groups as much as possible. There were
a few people who were English language learners and so were very hesitant to speak up
in class. We made sure to engage them during investigations by speaking directly with
them rather than letting the other group members dominate the discussion. Another
method used was to notify quiet group members that we would expect them to explain
something to us when we came back to their group. Finally, we gave the students plenty
of notice regarding the group presentations, and the fact that no individual had to deliver
the entire presentation by themselves eased some of the pressure.

6. Considerations for the Future

One element from the GCI design that could use future revisions is the final poster pre-
sentations. We incorporated poster presentations in order to easily assess the students’
understanding of the material as well as their communication skills. While developing
communication skills was one of our scientific process goals we feel that without more
scaffolding and help, this assessment is not being supported adequately. Thus we could
either introduce more support for how to give an effective presentation or we could
focus on the ability to communicate in less formal modes. Because of the time con-
straints, we imagine the second of these options is more viable. We envision a future
implementation of this design would replace the poster preparation and presentation
time-slots with a period of preparation followed by pairing of students across the day’s
two stations. The students would then explain one-on-one what their station entailed
and what they learned. Following this the students would all take a post-knowledge
survey to allow them to restate both their group’s findings as well as the findings of
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the parallel group. This second element is very important for several reasons – one
is to provide accountability for the pair-teaching experience, and it would also ask the
students to verbalize in their own words what they just learned, helping cement their
understanding while their partner’s presentation is still fresh in their minds.

Our inquiry benefited greatly from the introduction of the aforementioned work-
sheet component during the initial investigation stage following group formation and
station choice. The worksheets led the students through a series of questions, which
culminated in asking them what data they would need to apply the covered analysis to
a galaxy. While the introduction of the worksheets limits the control and so the owner-
ship that the students feel over the process, the worksheets definitely filled the need we
had of accelerating and focusing their initial investigations. The worksheets allowed
them to begin work more quickly and ensured that they would pursue the content in-
vestigation avenues we had prepared for them.

7. Modification for Another Venue

This inquiry design has been adapted to be taught within the Astronomy 2 course at
UCSC during the regular school year. Teaching during the regular school year was
significantly different than Summer due to the larger class size (250 students) and the
different course structure. During the Summer the students attend three three-hour lec-
tures every week, with the inquiry activity taking the place of two of these lectures.
During the regular school year the students attend three one-hour lectures per week
plus a one-hour discussion session with approximately 40 people every week. The
adapted inquiry was taught during two consecutive weeks’ discussion sessions. Given
the shorter time in each of these discussion sessions, the main task in adapting our
design to these new constraints was determining which segment of the inquiry activ-
ity absolutely required facilitation/guidance (and would be done during the discussion
session) and then finding ways to do the rest in a non-interactive format. The adapted
inquiry utilized online videos to introduce the activity and show the station demon-
strations. The students were asked to watch the online demonstrations, pick a station
and then complete the worksheet portion of the investigation in groups before com-
ing to their discussion section. The students then analyzed the data during discussion
sessions. Here we were better able to support their progress by having two teaching
assistants per session, improving the teacher-to-student ratio to 2:40. Following their
investigation, a post-lab synthesis handout helped to solidify the knowledge obtained
in the week’s investigations. The second week’s format followed the first week’s struc-
ture, again employing pre-lab online videos, in-discussion investigations, and post-lab
synthesis handouts. We were willing to cut the final presentations because later in the
course another activity involved formal presentations. Thus, within the context of the
entire course the students were still able to gain experience in formal presentations.

Afterward the students were asked to rate the inquiry activity (in terms of infor-
mation learned, in terms of practicing the processes of science, in terms of their enjoy-
ment, and an overall rating) from 1 to 5 (Horrible, Poor, Fair, Good, Great). Scores
were tightly grouped across these categories for each week, but the two weeks received
significantly different ratings. Week 1 received a 3.67 (± 0.06) overall rating (between
Fair and Good) comparable to another “successful” inquiry activity led during the same
class, which received a 3.62 (± 0.06) rating. However, Week 2 of the galaxy compo-
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nent inquiry received only a 3.33 (± 0.07) overall. Error bars were generated through
Monte-Carlo resampling of the student response data. Looking at narrative feedback
this difference was largely due to vagueness and ambiguities in the pre-lab assignment
for Week 2 which failed to give the necessary guidance to move the students into a
productive path before arriving at section. Thus the TAs/facilitators were heavily taxed
during section to move students onto a productive path, and overall investigation time
was negatively impacted. Future large class implementations could modify the work-
sheets or provide more prior practice with applying a mathematical framework to a
new phenomenon so as to provide the necessary tools for students to productively en-
gage with the investigation. Another possible solution could involve more significant
focus/development on the students’ ability to apply mathematical frameworks to new
situations on their own. This issue was not present in the small class (Summer) venue
in which facilitators assisted students through the worksheet stage of the investigation
and were thus able to supply the necessary guidance for a productive investigation.
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Abstract. The Akamai Observatory Short Course (AOSC) is a prelude to an eight-
week long summer internship program on the island of Hawaii, during which stu-
dents take part in research projects relating to the Mauna Kea Observatories. The
short course consists of several inquiry-based laboratory activities. In 2009, sixteen
undergraduate students who were raised in Hawaii and had developed an interest in
science-, technology-, engineering-, and math-related careers were selected to partici-
pate. Guided by feedback from previous mentors in the internship program, this year’s
instructing team chose to design a completely new laboratory experience for the stu-
dents called “Design and Build a Telescope”. Unlike most other inquiry activities in this
conference volume, this activity was designed to foster a huge set of engineering-based
skills, of immediate practical use to students in their subsequent internship projects.
In all, the activity was remarkably successful with minor shortcomings. This paper
discusses the implementation of our activity and reflects upon its strengths.

1. Introduction

The Akamai Observatory short course (AOSC) is a five-day long introductory course
in optics and is held in Hilo, on the Big island of Hawaii. Because the short course is a
prelude to an eight-week long internship in which participants are involved in science-,
technology-, engineering-, and math-related (STEM) projects, it is important that it of-
fers a good foundation for developing skills pertinent to the internships1, most of which
are with Mauna Kea Observatories on engineering-related projects. Past interns have
completed such diverse projects as installing an all-sky WebCam on a telescope for
remote observers, optimizing the calculation of telescope separation for the Keck inter-
ferometer, and even helping to design and fabricate part of an instrument to be placed
on Cerro Armazones in Chile. The structure of the AOSC is modified from year to year,
based on student evaluations from previous years and feedback from their mentors: this
year, it contained three inquiry-based laboratory-like experiences interspersed with ad-
ditional lectures and exercises. In 2009, there were 16 participants in total, all of whom

1Website: http://cfao.ucolick.org/EO/internships/akamai/akamaibigisland.php
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were selected from a pool of either Hawaii-based or kama‘aina community college and
university undergraduates, with an interest in pursuing STEM disciplines as a career
path.

In Spring 2009, in response to feedback from program mentors, the authors of this
paper and a fifth member of the short course design and instruction team, all partic-
ipants in the Center for Adaptive Optics Professional Development Program (Hunter
et al. 2008), took on the task of designing a completely new inquiry activity for AOSC
students. As mentor evaluations from the previous year overwhelmingly stressed the
need to improve student documentation skills, the goal of this inquiry was to foster
growth and improvement in this critical skill, in the context of performing an engineer-
ing task. To address this goal, we developed a two-day, multi-part activity that involved
both designing and building telescopes. As this was to be the final inquiry activity of
the AOSC, we also designed this activity to draw upon content and materials from the
two previous inquiries, mainly concerning familiarity with optical components and ray
diagrams. Below, we describe the detailed implementation of the activity and comment
on its strengths.

2. Inquiry Activity Goals

Using the framework of Backward Design (Wiggins & McTighe 2005) to guide the pro-
cess of designing the activity, the first action our team took was to establish the content,
scientific process, and attitudinal goals of the inquiry. Being that this activity uniquely
honed in on developing engineering skills, most of our design was necessarily focused
on scientific process goals. Based on the feedback from mentors, our primary process
goal was that of practicing proper documentation of ideas, design details, schematics,
and calculations. Additional goals focused on bolstering the science background, com-
munication, and professional skills of the students for the similar purpose of achieving
success in their internship. A final list of all goals is provided in Table 1.

3. Schedule of Events

In order to provide students with examples of the wide variety of challenges they
might encounter in their internship, and to accomplish our myriad goals, we chose to
break the inquiry activity up into several phases, which were grouped into three main
stages: Stage 1 (Phases 1-2): introductory “starters,” Stage 2 (Phases 3-6): creation of
group telescope design and schematic, and Stage 3 (Phases 7-9): building from another
group’s schematic. At the end of these stages, the groups concluded the activity with
presentations on their experience. A timetable of the activity is presented in Table 2,
and details of each phase in these three stages follows.

Phase 1 — “Starter” Activity: Each student was given a telescope kit, with pre-
determined instructions and materials given, i.e., no room for creativity. The activity
was conducted silently by individuals; no group interaction was allowed. The purpose
of this segment was to provide the students with a nice segue from lectures into this
particular, more engineering-based inquiry as well as a practical sense of basic tele-
scope components. Students had already gone through an optics inquiry focused on the
properties of lenses and mirrors, but we wanted to emphasize their function specifically
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Table 1. Major content, process, attitudinal/diversity, and communication goals
established for the 2009 AOSC “Build-a-telescope” activity

Content Goals:
- to understand ray diagrams
- to manipulate lenses and mirrors in order to maximize certain telescope properties
- to create a feasible telescope design
- to apply vocabulary learned in the early lenses and mirrors inquiry activity

Process Goals:
- to manifest thoughts/ideas through schematics, and schematics through prototypes
- to achieve creativity despite material, budget, or time constraints
- to recognize tradeoffs
- to work productively in groups
- to record detailed documentation of all components of a system

Attitudinal/Diversity Goals:
- to achieve a sense of ownership over the knowledge and training at hand
- to face superiors with professionalism
- to value input from all group members while using positive language
- to handle constructive criticism (from group members, peers, facilitators, and field

experts) productively

Communication Goals:
- to communicate successfully and professionally with supervisors/overseers
- to communicate findings to peers
- to communicate ideas to group members verbally or graphically

in telescopes. During this phase there were flyers posted around the room that adver-
tises different fictional telescope companies, which were meant to pique curiosity and
interest in the next phase.

Phase 2 — Gallery walk & Design task recruitment: Students were made aware of
the meaning behind the flyers as they went through a gallery of fictional “companies”,
each recruiting “engineers” (i.e., the students) to design telescopes that optimized dif-
ferent parameters. “Ninjas, Ltd.” sought a group to build a telescope good for spotting
threats from as many directions as possible while still achieving high enough resolution
to spot a weapon trained on them, so they required a large field of view and good magni-
fication. “Pirates arrrrre us” was interested in a flexible, lightweight design much like a
spyglass, and “Zombies, Inc.” was recruiting for a group willing to build a telescope to
look at faint objects behind someone since zombies hate sunlight and sometimes have
their heads on backwards. The names of the “companies” and the task descriptions
were silly in nature despite the professionalism we were trying to maintain in order
to help lighten the mood, avoid stress, boost the community aspect, and increase the
fun factor. Each “company” required that there be two groups, each group having 2-3
“engineers”, and each cluster of 2-3 was referred to as a design group.

Phase 3—Design: Students were shown a pool of materials, which were available
to all students. This enabled them to make decisions and evaluate tradeoffs regarding
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Table 2. Planned timeline for the “Build-a-telescope” activity as part of the 2009
AOSC

Phase Brief description Duration
1 Starter Activity 45 min
2 Gallery walk and recruitment from telescope “companies” 15 min
3 Design 2 hrs

*** 15 min break ***
4 Documentation 30 min
5 Review before expert panel 45 min
6 Design revision 30 min

*** END OF FIRST DAY ***
7 Transition 20 min
8 Construction 1 hr 10 min
9 Team conferences 15 min

*** 15 min break ***
10 Presentation preparation 30 min
11 Presentations 30 min

which materials they selected for their design. Students were made aware of the tasks
they must accomplish, including designing, prototyping, documenting, and presenting
their telescope. Before handling the materials, each design group was asked to take
five minutes and construct a rough timeline for their design in order to practice time
management and promote documentation. At this time, students were also told that
their design documents would be given to another group to build – the building group
– so they must make sure their documentation was complete and detailed.

Phase 4 — Documentation: This was time specifically set aside for recording all
the details of the design on a schematic (in the form of a poster) so that it could be
rebuilt by the building group. The purpose was to emphasize the importance of clear
and detailed note-taking to maximize the ability to reproduce the design. Design groups
were also aware that they must first present their design to a panel of experts for review.

Phase 5 — Expert panel review: Taking turns, each design group was given an
opportunity to present their design before a panel of professional engineers and design
groups from other “companies”. Afterward, the panel and any motivated students from
other design groups offered comments and constructive criticism to the presenting team.
In this phase, communication and attitudinal goals were stressed.

Phase 6 — Design revision: Using the comments from Phase 5, the design groups
were given time to revise their schematic, to make it more clear for the building group.
This marked the end of the first day of this activity.

Phase 7 — Transition: Students were reminded of the previous day’s activities,
what they accomplished, and their remaining duties and were asked to dismantle their
prototypes and return the reusable components (e.g., lenses, wooden parts, etc.) to the
large pool of materials.

Phase 8 — Construction: Each student group gave their schematic to a building
group that had worked on a different task. The building group was then to interpret
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the schematic as best they could and rebuild the prototype, identifying the materials
needed by the description in the design group’s schematic. These building groups were
allowed a controlled amount of additional communication with the design group in
order to highlight for both groups where the documentation could be improved (Phases
4 and 6).

Phase 9 — Team conferences: The final, built telescope was returned to the design
group, then they assessed the differences (if any) between the schematic and the prod-
uct, noting where and why those differences might have occurred (e.g., shortcomings
in the documentation, lack of materials, etc.).

Phase 10 — Preparation for Presentation: This time was used to prepare how
each building group would present the design team’s schematic with their own final
product. They were asked to emphasize what tradeoffs they made.

Phase 11 — Presentation: This session was very closely modeled after poster ses-
sions in professional meetings so as to get the students comfortable with that format.
The presentations were given by the building group for two reasons: (a) the building
group was better informed about the tradeoffs that were made, especially where materi-
als were concerned, and (b) we were told by some engineers in our facilitation team that
this was more common in the real world. A gallery of all posters was on display, and
half of each building group walked around investigating other groups’ work while the
other half stayed by their poster to offer explanations. After 15 minutes, the individual
group members walking around traded places with those at the poster.

4. Strengths of the Inquiry Activity from the Assessment

While pursuing the authentic inquiry outlined above, we believe that there was ample
opportunity for students to gain or improve skills that we, the instructors, wanted to
address. Additionally, the activity was constructed to allow for applying these skills in
order to achieve content goals while offering ownership of the learning process. Offer-
ing ownership over their learning allows students to better internalize the content and
processes developed while doing so on their own time and using their own methods. In
this way, students develop deeper, more lasting understandings and skill sets.

Our assessment of students’ success came at many phases in both formative and
summative formats. Formative assessment was practiced during Phases 3-4 via facili-
tators (instructors) observing and noting students’ interactions within their groups. The
first opportunity for summative assessment came toward the end of Day 1, during Phase
5. Here, the engineers gave feedback that students could evaluate and act upon as they
saw fit. Phase 6 offered another opportunity for facilitators to practice formative assess-
ment by noting how the students internalized and processed the feedback from Phase
5. Formative assessment was again practiced in Phases 8-10 similarly to how it was
practiced during Phases 3-4, and Phase 11 provided our last opportunity for summative
assessment, when the facilitators were able to judge a finished product and presentation.
We developed a rubric to evaluate the students’ explanations during the presentations.

From our assessment, we were able to note many strengths of the “Design and
Build a Telescope” activity. One skill that we wanted students to learn was identifying
tradeoffs. Phases 8-11 facilitated this effort. During Phase 8 in particular, the design
team received limited questions from the team building from their schematic, which in
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many cases informed them about lack of materials and the need to substitute a specified
component with another. This made the design team aware of tradeoffs in a realistic
way from the perspective of the drafters. On the other hand, while building from an-
other team’s schematic, students encountered these tradeoffs on their own and had to
quantify that tradeoff by seeking out a substitute that would be slightly less than ideal
but still allow the telescope to function the way it was intended, again allowing for
ownership over the development/improvement of that skill. We believe that this very
closely mimics a real-world experience, where instructors are not available to point at
something and say, for example, “you do not have the right materials; what tradeoffwill
you make and how will that affect overall performance?”.

While the students made strides in improving upon this process skill, we were
able to facilitate as “floaters”, sometimes inquisitively interjecting in order to assess
how much each student was learning. The skill of identifying tradeoffs rarely, if at all,
had to be prompted from students, a further testament to the ability of this design to
naturally allow the students to build this skill.

In turn, the development of such process skills better assisted the realization of
content goals. The process skill of identifying tradeoffs during Phase 8 discussed above
allows for the students to gain a functional understanding of each component of a tele-
scope, be it from their own schematic or someone else’s; this understanding was one of
our content goals. In fact, we further cemented this content goal in the framework of
the design by allowing the students to work with two different telescopes.

Furthermore, when the building group was required to identify the materials that
the design group referred to in their schematic, they were sometimes incorrect in doing
so, but only to a minimal degree. For example, sometimes a the schematic called for
a lens with a 10.4 meter focal length, but the building group would find a lens of a
10.2 meter focal length – usually because one of the groups erroneously or haphazardly
measured the focal length. That 10.2-m focal length lens would then become unavail-
able to other building groups, who would then have to improvise, and the margin of
error increased. In other another instances, sometimes the schematic would call for a
non-reusable material that was completely used up in the design phase. Either way,
each building group had to assess the purpose of unattainable components in order to
come up with a suitable alternative, which helped them become even more familiar with
how a telescope works. The realization of this goal was very apparent to the instructors
when we were lightly facilitating the inquiry, and especially during Phase 11.

The design of our inquiry helped us to define what success in improving these
process skills was for our students – when the professional engineers participated in
Phase 5, they gave examples of how this telescope design activity connected to the real
engineering world, and our process skill of identifying tradeoffs was one thing focused
on (in a subtle way) by everyone on the panel. We instructors did have to brief the panel
beforehand and explain that this was one of our desired focal points, so this emphasis
was built into the inquiry. Also built into the inquiry was time allocated for students
to reflect on the realization of our process and content goals – Phase 7 was included
specifically for that purpose. Very active inter-team discussion that was witnessed by
floating instructors proved to fulfill the need for this reflection.

Another important aspect of this inquiry was promoting diversity and the impor-
tance of engaging all learners’ knowledge of the content. Early on in the short course,
we found that we did not have to heavily facilitate group formation (groups consisting
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of 2-3 members) in order to achieve a good diversity amongst them – it was enough to
tell students, “Work with someone you haven’t worked with before.” We may not have
the same luck in future situations, so those may need to be addressed via pre-assigned
groups. This inquiry allowed the students to create something of their own, thereby in-
stilling a sense of ownership in the product, which in turn seemed to engage them even
more. They knew they were going to be presenting their design to peers and a panel of
experts, so for the purposes of impressing the panel (or maybe just being able to defend
their understanding), they were naturally engaged.

We also found that with the relatively monumental nature of the tasks given, the
design groups naturally divided labor into portions that could not stand alone, thereby
allowing each student the chance to actively participate in implementing their ideas
and show or improve upon their understanding. We facilitated having mutually inter-
dependent groups by anticipating and promoting the group size necessary to achieve
this. The existence of these mutually interdependent groups allowed for participation
from all students on nearly all levels and in doing so, fostered a more equitable learning
environment.

Overall, we believe that we have developed an effective, creative engineering-
based inquiry which is incredibly dense in its skill set. In future years, we are excited
to witness further improvements to the telescope design inquiry.
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Abstract. Within the California State Summer School for Mathematics and Sci-
ence (COSMOS) program at UC Santa Cruz, an inquiry activity on geometric optics
was designed and taught in a course led by Professional Development Program (PDP)
participants. This inquiry was taught in five different years with class sizes from 15–18
students, ranging in age from recent 9th graders to graduated seniors. The optics inquiry
was designed to teach specific content about geometric optics and image formation, as
well as a number of inquiry process skills. Additionally, the inquiry was designed to ac-
complish larger programmatic goals related to developing community and intellectual
curiosity among the students. Because the students spanned a broad range in grade lev-
els, the diversity of prior knowledge and experience among the learners was one unique
challenge we faced and addressed through the use of a tiered goal structure. This paper
presents our goals, the basic activity design, and the assessments used to measure the
student learning gains.

Audience and Venue

The Center for Adaptive Optics (CfAO) operated a course cluster within the California
State Summer School for Mathematics and Science (COSMOS;1 Andreasen et al. 2005,
and see Cooksey et al., this volume). The COSMOS program brings talented and mo-
tivated high school students to UC Santa Cruz for a four-week immersion experience
in science and/or mathematics. As participants in CfAO’s Professional Development

1http://epc.ucsc.edu/cosmos/
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Program (PDP; Hunter et al. 2008, and see also Hunter et al., this volume), we applied
inquiry teaching and learning strategies in a range of educational venues including this
COSMOS course. This inquiry on basic optics was developed early in the PDP com-
munity’s history.

This inquiry was taught in five different years with class sizes from 15–18 stu-
dents, ranging in age from recent 9th graders to graduated seniors. We knew that some
of our students may not have had any exposure to basic topics in optics, while other
students may have completed an AP Physics class which included a section on optics.
As a result, we needed to design the inquiry activity with multiple entry points and
investigation paths so that all students could be engaged in authentic inquiry.

The CfAO course cluster at this time consisted of two main courses in vision sci-
ence and astronomy, with both focused around the use of adaptive optics in each field.
We chose to place the optics inquiry during the first week of COSMOS for three im-
portant reasons: First, in order for our students to better understand the content in the
astronomy and vision science courses, we decided it was important to expose them to
and have them work with basic concepts in optics early. Additionally, we wanted our
students to begin developing their scientific inquiry skills at the beginning of the sum-
mer, which they could then continue to practice and improve. Finally, we placed the
optics inquiry early in the program so that it could also serve as a community-building
activity for our students who were from several different high schools across California.

Goals for Learners

Content Goals:

As discussed above, the prior knowledge of our students varied widely depending on
their grade-level and coursework. For this reason, we created tiered content goals. It
was our expectation that all students should achieve the content goals in tier one and
most students should achieve the tier two content goals. The tier three content goals
were only expected to be achieved by those students who had prior experience with
optics.

Tier One:

1. Light travels in straight lines and can be represented as rays.

2. Lenses and mirrors change the path of light.

3. Light can be converging, diverging, or parallel (collimated).

4. Convex lenses converge light rays while concave lenses diverge rays. Convex
and concave mirrors do the opposite.

Tier Two:

1. A single convex lens forms an inverted image. A single concave lens does not.

2. The size of this image is related to the distance between the image and the lens
and the distance between the object and the lens.
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3. The focal length of a convex lens is the distance where parallel light rays (such
as those coming from infinity) are brought to a focus and an image is formed.

4. Images are formed behind the plane of the flat mirror.

Tier Three:

1. The greater the curvature of a convex lens, the smaller the focal length, and the
converse.

2. Angle of incidence equals angle of reflection.

3. A convex mirror forms upright images behind the mirror, while a concave mirror
can form both an upright image behind the mirror or an inverted image in front
of the mirror, depending on the object distance.

4. Placing multiple flat mirrors adjacent to one another can cause multiple reflec-
tions and can lead to strange optical phenomena.

Process Goals:

Below are the inquiry process skills we wanted our students to use and/or improve upon
during the inquiry. Again, because of the diversity of our learners, some students were
using some of these skills for the first time, while with other students, we were able
to push them to think more carefully about how they used these skills and to improve
upon them.

1. Generating investigatible questions

2. Planning and carrying out investigations, including simplifying experiments and
controlling variables

3. Using drawings and models to represent physical phenomena

4. Recording data in a meaningful way and interpreting that data to construct expla-
nations

5. Explaining reasoning and results to peers informally

6. Presenting reasoning and results to instructors and peers via an oral presentation
with visual aids

Attitudinal Goals:

We also had goals related to the students’ attitudes about science and themselves as
scientists. As a result, we made sure our facilitation of their learning helped to achieve
these goals. We wanted our students to have:

1. A positive, rewarding inquiry experience

2. Ownership over their investigation
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3. A sense of accomplishment at the end of the investigation

4. A growing understanding of the process of scientific investigation

5. An emerging view of themselves as scientists

6. A collaborative experience by working with other group members

7. The opportunity to develop a scientific community among themselves and their
peers by going through the inquiry activity as a class

Activity Description

Timeline

This inquiry takes about five hours and was usually spread across two days.

Table 1. Optics Inquiry Timeline

Day 1
15 minutes Introduction to Activity and Inquiry Process

5 minutes Intro to Starters
50 minutes Starters: 10–12 minutes per starter, 4 starters, plus extra time
25 minutes Break for students / Question sorting and posting
5 minutes Intro to Gallery Walk

20 minutes Gallery Walk: Choose questions and form investigation groups
45 minutes Begin Investigations

Day 2
45 minutes Finish Investigations
10 minutes Prepare for Sharing/Presentations
35 minutes Sharing: 3–4 minutes per group, 6–8 groups, plus extra time
30 minutes Synthesis

Starters

We have four starting stations for the inquiry activity. Students explore the phenomena
and generate questions in 10–15 minutes per station.

Station 1 — Convex Lenses on a Rail: Using the optics rail with a stationary
light source and stationary screen, students are shown how a single convex lens forms
an image on the screen when placed in two distinct locations on the rail. Finally, stu-
dents are asked to explore this phenomenon, and then think of and write down as many
questions as they can. Other convex lenses are available for further exploration, as well
as multiple lens holders if students want to explore multiple convex lenses on the rail at
the same time.
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Station 2 — Convex and Concave Lenses on a Rail: Using the optics rail with
a stationary light source and stationary screen, students are shown that a single convex
lens forms an image on the screen. Then, a single concave lens is placed on the rail
and students are shown that no matter where on the rail it is moved to, no image is
formed. Finally, students are asked to explore these phenomena, and then think of and
write down as many questions as they can. Other convex and concave lenses as well as
multiple lens holders are available for further exploration.

Station 3 — Flat and Curved Mirrors: Students are shown a single flat mirror
and asked to think about how a flat mirror works. What does the image look like?
Where does it appear to be located? Then students are shown two flat mirrors taped
together at a 90-degree angle and are asked what they notice (e.g., the image is no
longer left-to-right reversed). Finally, students are shown a large concave mirror and
asked to predict what kind of image they will see in it. First the mirror is held very
close to a person and the students can see the upright, magnified image, and then it is
held very far away from the person and students see the inverted, de-magnified image.
Students are then given time to explore with other flat mirrors, corner reflectors, and
several types of curved mirrors, both concave and convex, and asked to think of and
write down as many questions and they can.

Station 4 — Ray Boxes: Students are shown how a ray box works and shown
several different elements that can be used to explore with a ray box, including a convex
lens, a concave lens, a flat mirror, and a curved mirror (which can be used either in
convex or concave orientation). Students are asked to predict what will happen to the
rays when a single convex lens is placed in the path of the light. After demonstrating
that effect, students are then asked to predict what will happen if a second convex lens
is placed next to the first. At this point, the facilitator may choose to let the students
explore on their own, or if the facilitator thinks the group needs more guidance, they
can show the result of placing two convex lenses next to each other and continue to ask
for further predictions (such as what will happen when a concave lens is placed next to
the convex lens). Eventually, all students should be given some time to explore on their
own, and then asked to think of and write down as many questions as they can.

Facilitation during the starters: Depending on the learners’ comfort with and
experience in the inquiry process, facilitators (instructors) may need to demonstrate
more or less phenomena at each station to engage all learners. For similar reasons,
facilitators at each station may need to model asking questions in order for students to
feel comfortable doing so themselves (e.g., “When I see this image, I wonder how I
could make it bigger?”, “I wonder what would happen if I moved this lens to a different
place?”). Often learners are not sure what constitutes a “good question” or how to
phrase their observations into a question. Facilitators may need to prompt learners and
then explicitly encourage them to write down any questions they have (e.g., “What do
you notice when you look at that?”, “What happened when you moved that? Do you
wonder why that happened?”, “What kind of question does this raise in your mind?”,
“Hey, that sounds like a great question. Would you write it down?”).

Investigations

Over the years, students investigated a number of phenomena within our content goals,
including:
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• How a convex lens forms an image and why it is inverted.

• How to make an upright image with lenses.

• The relationship between magnification and the position of the lens.

• The relationship between magnification and the amount of curvature in the lens.

• How an image can be formed with a combination of concave and a convex lenses.

• Derivation of the law of reflection using flat mirrors.

• How curved mirrors form images.

• How multiple flat mirrors cause interesting optical illusions. (Multiple reflec-
tions.)

In addition to the materials available during the starters, other materials were also
made available to the students during investigations including: convex and concave
lenses with different diameters, additional convex and concave lenses with a wide va-
riety of focal lengths, additional convex and concave mirrors with a variety of focal
lengths, the “floating pig” optical illusion, and multiple mirror systems such as bike
reflectors and additional corner reflectors.

Thinking Tool

One “thinking tool” is usually used during this activity: showing students the ray box
to help them understand how rays can represent the path of light and how to draw ray
diagrams. However, we do not present this tool in a formal way to all students at the
same time. Rather, facilitators work with their learners and decide when and if it is
necessary to use a ray box to help their thinking and their investigations. Occasionally,
students will use the ray box and ray diagrams without prompting from their facilitator.

The use of the ray boxes to help students learn how to create ray diagrams is espe-
cially crucial for groups investigating image formation. Facilitators will need to assess
their groups and decide when it is the appropriate time to introduce this tool: If it is
introduced too soon, the students may not really understand how the ray model con-
nects to the physical reality, but it should be introduced with enough time that students
can fully explore with this model and hopefully use it to test predictions of what will
happen under different circumstances.

Sharing / Presentations

Toward the end of investigation time, groups are asked to begin thinking about how
they would share their results and reasoning with the rest of the class. Then, students
are given 10 minutes to prepare visual aids (hand-drawn posters) and a very brief (3–4
minutes) presentation for the group. Every member of a group is asked to talk during
their presentation. Facilitators work closely with groups, often suggesting they “re-
hearse” their explanation for their facilitator or another facilitator. This is done to try to
catch any lingering misconceptions or incomplete explanations, as well as incorrect or
unclear use of terminology.
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Each group is given 3–4 minutes to share their results and reasoning and then the
floor is opened for a couple of questions. If something is unclear in the presentation, a
facilitator might ask a question for clarification. However, we tend to avoid exposing
any major errors or misconceptions at this point. The hope is to catch those ideas earlier
during the investigations or preparation to share. If they were not caught at those points,
then we delicately deal with them during “synthesis.”

Synthesis

A large portion of the synthesis lecture is prepared ahead of time in the form of a slide
presentation with an accompanying hand-out for the students. The synthesis covers
and brings together all the tier one and tier two content goals of the inquiry activity.
However, this presentation is added to and amended over the course of the inquiry
activity to give acknowledgement to groups studying concepts related to the content
goals. Also, the synthesis may be changed if several groups cover particular content
very well and that content does not need as much of a presentation in the synthesis. Tier
three content goals are included only if a group or groups have investigations related to
them.

As stated above, the synthesis is also used to carefully address any content mis-
conceptions or errors that were presented in the sharing time. This needs to be done
carefully, hopefully validating the hard work a group did while challenging the results
of they claimed to find.

The final part of this synthesis briefly talks about how these concepts will be ap-
plied in the rest of the astronomy and vision science courses so students see where they
will be applying this knowledge in the future.

Assessment

Content knowledge was assessed both informally and formally through both forma-
tive and summative assessments. Informal, formative assessment was performed by
the facilitators throughout the inquiry activity. Beginning with starters, we paid close
attention to the learners to get an idea of their prior experience and knowledge. In the
investigations, facilitators closely monitored their groups’ progress and talked individ-
ually with learners to assess their understanding. Finally, during the preparation for
sharing and sharing time itself, facilitators also were able to assess the content goals
each group and individual member of the group had achieved.

In addition to the informal assessment of content knowledge, a pre/post test was
developed in 2004 by authors JP, SS, and SS. This simple assessment consists of four
questions which ask students to apply ideas of the tier one and tier two content goals
to realistic situations. For instance, one question is: “Which piece of glass would you
use to start a fire with bright sunlight?” Students must choose from images of concave,
convex, flat, or “irregular” lenses. As much as possible, the questions do not depend
on knowing any jargon or terminlogy (such as “lens”, “focus”, “concave”, etc). The
assessment is very easy to score with only one point assigned per question. Students
take the assessment before experiencing any content in the course, then again after the
optics inquiry.
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Figure 1. A histogram of pre- and post-activity test scores for 18 students in 2004.
The average pre-inquiry score is 1.8 but with a large standard deviation of 1; the av-
erage post-inquiry score is 3.4 but again with a standard deviation of 1. The average
improvement is 1.6; a repeated-measures t-test shows improvement at 99.997% con-
fidence (probability of the null hypothesis [no improvement] p ∼ 3 × 10−5).

As an example of results, Figure 1 shows pre- and post-test scores from COS-
MOS students in 2004. Figure 2 presents the change in score between the two exams
for each student. These 18 students showed a broad range of prior experience on their
pre-activity assessments. On the post-activity assessment, fifteen students showed im-
provement. Of the three students who did not, one student scored perfectly on the pre-
and post-tests2 and the other two showed no loss between pre- and post-tests with an
average gain of 1.6 out of 4 points, and 12 students “maxed out” the assessment with a
perfect score.

Considerations for the Future

This was one of the first inquiry activities designed by the PDP community. The original
activity design was closely modeled after the Light and Shadow inquiry activity all PDP
participants experience. Since its initial inception, pieces of it have been redesigned

2Note that the Tier 3 content goals are still available for students with significant prior experience to
explore and challenge themselves — but these goals were not the focus of the pre/post assessment.
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Figure 2. A histogram showing the change in test scores between the pre- and
post-activity tests for 18 students in 2004. Fifteen of the 18 students showed im-
provement. Of the three who did not, one had achieved a perfect score on both pre-
and post-tests. The average improvement is 1.6.

and repurposed in other inquiry activities and venues. As our community’s experience
with inquiry has grown, so too has the creativity of PDP participants to design inquiry
activities that do not adhere so closely to the “standard model” of Light and Shadow.

Geometric optics provides a rich area in which students can explore hands-on phe-
nomena. This activity will continue to serve as a foundation for the design and imple-
mentation of new optics inquiry activities in venues that serve different audiences, have
different time requirements, and/or that may have different sets of goals or areas of
focus within geometric optics.
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Abstract. We describe a three hour inquiry activity involving converging lenses and
telescopes as part of a semester-long astronomy lab course for non-science majors at
Hartnell Community College in Salinas, CA. Students were shown several short demon-
strations and given the chance to experiment with the materials, after which there was a
class discussion about the phenomena they observed. Students worked in groups of 2-4
to design their own experiments to address a particular question of interest to them and
then presented their findings to the class. An instructor-led presentation highlighted the
students’ discoveries and the lab’s content goals, followed by a short worksheet-based
activity that guided them in applying their new knowledge to build a simple telescope
using two converging lenses. The activity was successful in emphasizing communi-
cation skills and giving students opportunities to engage in the process of science in
different ways. One of the biggest challenges in designing this activity was covering all
of the content given the short amount of time available. Future implementations may
have more success by splitting the lab into two sessions, one focusing on converging
lenses and the other focusing on telescopes.

1. Background

This activity was developed as part of our participation in the Center for Adaptive Op-
tics Professional Development Program (Hunter et al. 2008 and Hunter et al., this vol-
ume), which trains early career scientists to teach science through inquiry. Briefly,
the idea behind inquiry is to teach science as real research is done: students identify
their own questions, design their own experiments to answer those questions, and then
share their findings with peers. We designed an inquiry-based activity for an astron-
omy course at Hartnell Community College to replace an existing lab about converging
lenses and their application to astronomical telescopes.

148
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2. Venue/Audience

Our activity was designed for non-science majors enrolled in a semester-long astron-
omy laboratory course. The lab was 2 hours and 50 minutes in length and was taught
to five different sections over the course of a week with an average class size of 25
students. We assumed that the students had no content knowledge prior to the lab, and
that this was predominantly their first exposure to an inquiry-based activity.

Hartnell Community College is a Hispanic Serving Institution located in Salinas,
California. Founded in 1920, Hartnell is the only public institution of higher education
exclusively serving the Salinas Valley, a vast 1,000+ square mile agricultural region.
The district Hartnell serves is characterized by high rates of poverty, large numbers
of migrant workers, chronically high unemployment, and low educational attainment.
Latinos comprise 59% of the total enrollment at Hartnell. Of the student population,
64% are the first in their family to attend college. One of the major challenges facing
Hartnell is to improve the enrollment, retention, persistence, graduation, and transfer
rates of its students. This is of particular concern in science, technology, engineering,
and mathematics (STEM) majors where the success of underrepresented students has
generally been below that of the rest of the student body. Hartnell is working toward
meeting these goals through activities like the one presented here.

Figure 1 shows the demographics of the students who enrolled in the Introduction
to Astronomy laboratory course (Astro-1L) in 2009. About 75-80% of the students
taking Astro-1L are from Hispanic backgrounds, which is significantly higher than
the percentage of Hispanics enrolled at the college (∼60%). These students are his-
torically underrepresented in the sciences and are predominantly non-science majors
taking Astro-1L course to fulfill their physical sciences general education requirement.

Figure 1. Demographics of students enrolled in Astro-1L in 2009.

3. Goals for Learners

The Lens Inquiry was an introduction to inquiry for students without strong science
backgrounds, so an emphasis was placed on merging scientific process goals with con-
tent at each step of the activity. We also worked to include multiple approaches to
address our content goals in order to cater to multiple learning styles and engage all
students in at least one aspect of the activity. This was the first of two new inquiry-
based labs that were introduced in the course, so an additional goal was to introduce the
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students to inquiry methods so that they could apply them again later in the semester.
The second inquiry activity is described in another paper in this volume (McConnell
et al.). Our goals in three different areas – content, process, and attitudinal – are listed
below.

3.1. Content

The main scientific content goals were to understand how lenses work and how their
properties are used by astronomers to study distant objects. In order to limit the scope
of the activity, we restricted the content to converging lenses only. We designed the
activity to emphasize the following:

• How lenses are used in astronomical systems to form images of distant objects

• Different lenses have different properties intrinsic to the lens shape/material

• Using the same lens in different ways can affect the resulting image properties

• How a Keplerian telescope is constructed using two lenses and how it works

We divided possible converging lens investigations into five different topics: (1)
lens size – image brightness; (2) object-image distance; (3) radius of curvature; (4)
image inversion; (5) lens material.

3.2. Inquiry Processes

In addition to the content goals, we designed the activity to give students experience in
the following science process skills (adapted from Padilla 1990):

• Planning an investigation – Most of the other labs in this course were worksheet-
based, so this was a rare opportunity for students to design their own experiments.

• Controlling variables – We emphasized that changing one variable at a time was
a valuable tool for simplifying the problem. This was done primarily through
facilitation with individual groups.

• Communication – We wanted to give students experience speaking in front of the
class and interacting with their classmates to build their confidence and a sense
of community. We also wanted them to practice conveying their results in a way
that would make sense to their peers.

3.3. Attitudinal

We wanted students to recognize that lenses and telescopes can be found or constructed
with commonplace objects, and that specialized equipment is not necessary to appre-
ciate the properties of lenses, although it can be beneficial to achieving consistent and
accurate results in a scientific investigation. This goal was largely motivated by the re-
sults of a National Research Council report, “How People Learn,” (NRC 1999) which
discussed how students’ preconceptions about how the world works affects their ability
to challenge long-held beliefs and absorb new concepts. Our goal was for students to
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see the relevant phenomena with objects that they might come across after they left the
lab so that what they learned could be continually reinforced outside of the classroom.
Finally, we wanted students to have a more positive view of science and be more open
to the idea of possibly pursuing science in the future.

4. Activity Description

The timeline for the Lens Inquiry is outlined in Table 1, and detailed accounts of the
activities and our goals for each section are discussed below.1

Table 1. Outline of Lens Inquiry Activity

Converging Lens Inquiry 2 hr 50 min

Introduction 10 min
Demos/Starters 15 min
Vocabulary and Question Generation 15 min
Choose Question 5 min
Focused Investigation/Record observations in Lab Manual 55 min
Poster Making 15 min
Sharing Out 20 min
Converging Lenses Synthesis/Introduction to Telescopes 10 min
Telescope Worksheet 20 min
Telescope Synthesis 5 min

4.1. Introduction

Before the activity, everyone was given nametags to encourage an informal atmosphere
where we could build personal relationships and a sense of community in a safe envi-
ronment. The class began with the course instructor introducing the two inquiry facil-
itators to the students. We (the facilitators) took over from there, set up ground rules,
described the process of inquiry, and discussed the timeline (Table 1) in detail so the
students knew what to expect for the duration of the activity. Finally, we introduced
telescopes as motivation: (1) Telescopes are essential to astronomy research; (2) They
are made of lenses; (3) We can simplify the problem by studying single converging
lenses.

4.2. Demos/Starters

In this part of the activity, we split the class in half to see demonstrations of different
aspects of the use of single lenses, which reflect the content goals we laid out when de-
signing the activity: (1) Different lenses have different properties; (2) One lens can be
used to make different images. They had approximately five minutes at each station to

1Many more details of our lab design, including final documents such as the lab manual, telescope
worksheet, and powerpoint presentations are available on our website: http://converginglenses.
pbworks.com.
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play with the materials themselves while recording vocabulary (any words to describe
what they saw) and questions in their laboratory notebooks. Students were also encour-
aged to discuss their observations with each other. After finishing at one station, the
groups were switched and the demonstrations were repeated.

The main goal of the demonstrations was to show the students phenomena that
would generate interest. One method we used to do this was to ask students to predict
what would happen at different stations, so that when something unexpected happened
their interest would be piqued. For example, we illustrated image brightness by block-
ing light at the lens using an index card. Before introducing the index card, the students
generally predicted that part of the image would disappear, and were surprised when
instead, the entire image dimmed. The demonstrations were also designed to utilize
everyday objects, such as magnifying glasses and drinking glasses filled with water, to
show that the lens phenomena were also present in their day-to-day lives.

4.3. Vocabulary and Question Generation, Question Selection

In this section of the activity, students shared the vocabulary they generated during the
starters with the rest of the class. One facilitator called on volunteers while the other
recorded the students’ responses on the board. This was useful since for many of the
students in the classroom, English was not their first language. It was also helpful in
general because most students were non-science majors and were less familiar with
scientific terminology.

After the vocabulary discussion, they were asked to share questions (for example,
why is the image inverted?). Discussing this as a class enabled them to think of other
aspects that they may not have noticed or did not know how to describe themselves.
They were instructed to add to the vocabulary and questions they recorded on their
own. The primary goal was to enable a feeling of ownership over the questions that they
generated, rather than requiring the students to engage in a pre-determined experiment.
The questions were recorded by a facilitator on paper strips so groups would be able
to select one and take it back to their station with them. Having the questions on strips
that were physically removed when chosen limited the number of groups working on
the same problem, although there were still some instances of overlap.

In each session, we aimed to cover the five main topics outlined in the content goals
(§3.1). We used the vocabulary on the board as a prompt for more questions if they did
not have any questions relating to a particular topic or were not speaking up. Although
we wanted to encourage all of the questions that students shared, it was necessary to
restrict the class to questions that were investigable with the available materials and to
re-word some questions slightly to clarify meaning.

The students were instructed to come to the front of the class where the question
strips were located and to form groups based on the question they were most interested
in investigating. They were required to work in groups of 2-4, and they were allowed
to work with their usual lab partners if they chose to do so.

4.4. Focused Investigation/Record Observations in Lab Manual

The students worked with their groups to answer their selected question. Approxi-
mately 3-4 groups were assigned to each of the facilitators for the remainder of the in-
vestigation period and the course instructor was also available as a “floater” to answer
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questions and provide additional materials as necessary. The role of the facilitators was
to allow students to have ownership of their investigation (by allowing them to design
and implement their own experiment) but also to confine the activity to the content
goals we wanted them to focus on. This often required getting the students to focus
on one particular experimental variable at a time. Logistically, we needed to allow stu-
dents to work in somewhat larger groups (up to four students) to deal with the large
class size. The lab manual provided a record for the instructor to go back and see what
the students worked on.

4.5. Poster Making, Sharing Out

Each group was required to make a poster as part of their presentation in front of the rest
of the class. We suggested ways for groups to improve their posters (for example, by
using diagrams), and encouraged students to think about their results using the claim-
evidence-reasoning formulation (Michaels, Shouse, & Schweingruber 2007) which we
described in the lab manual. The goal was to give students practice in communicating
ideas in an understandable way. Two examples are shown in Figure 2.

Figure 2. Examples of group posters. Left: Image inversion. Right: Image-object
distance and magnification.

Every group had two minutes to present their findings to the class in the style of a
scientific presentation. Each group member was encouraged (but not required) to speak
during the presentation and stand with their group. The purpose was to build student
confidence and communication skills. This was also meant to give them an idea of how
scientists conduct research; each group had an area of expertise and they shared their
results with their peers who worked on other topics.
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4.6. Converging Lenses Synthesis/Introduction to Telescopes

The main science concepts relating to converging lenses were presented to the class
by a facilitator and the groups’ findings were referenced in the process when possible.
The goal was to make sure the class had a baseline understanding of the core concepts
involving single lenses: (1) Light travels in straight lines, but it can change direction
when passing through different mediums. Higher curvature/index of refraction = more
bending. (2) Lenses bend light to a focal point intrinsic to that particular lens. (3)
The larger the lens, the brighter the image. (4) Parallel rays get flipped beyond the
focal point (images get inverted). (5) As object distance increases, image distance
decreases and the image gets smaller. An introduction to the use of converging lenses
in a telescope was given after the converging lens synthesis. Students were shown
how to put together a simple Keplerian telescope and instructed to get the materials
to construct their own. The information they learned about single converging lenses
would inform their design choices when deciding which objective lens to use for their
telescope.

4.7. Telescope Worksheet, Telescope Synthesis

The students obtained materials to construct a simple Keplerian telescope and were
stepped through the process of building and using the telescope with a worksheet.
Telescopes were constructed from cardboard mailing tubes and inexpensive, education-
grade lenses purchased from a discount supplier. The lenses were mounted inside the
mailing tubes with weather-stripping foam tape. We intentionally designed the tele-
scopes to be constructed from everyday materials to further impress upon them the
simplicity in the Keplerian telescope design.

Students were allowed to work in their Focused Investigation groups or choose
new groups, but were still encouraged to work with at least one other person. We
would have liked to give them another inquiry experience to explore how lenses are
used in astronomical telescopes, but we were limited by the time constraints. We pro-
vided identical eyepiece lenses to all groups, but allowed them to choose from a variety
of objective lenses. The goal was in part to give them more ownership of the activity,
but mostly to show them that different lenses result in different telescope properties. For
example, a large lens results in a brighter image, but the telescope will be larger and
harder to mount. The main idea was to get them thinking about the different consider-
ations that go into designing state-of-the-art telescopes. As a part of this section, each
group consulted with another group to compare and contrast their telescope design and
use. The discussions allowed students to interact with their classmates, some of whom
they had not spoken to before, and it also gave them an additional telescope to examine.

We concluded with a brief synthesis to summarize the activity and explain how
this would relate to their upcoming visit to Fremont Peak Observatory. In the synthesis
we compared two large refracting telescopes to mirror the part of their activity where
they compared their telescope with another group.
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5. Assessment

5.1. Formative Assessment

One facilitator was assigned to each group of 2-4 students, with an average of 2-4
groups per facilitator. We attempted to limit the number of facilitators in order to make
the activity sustainable in the future, for a course with only the instructor and one teach-
ing assistant. However, as it was our first time implementing the activity, we had two
facilitators working with the course instructor at each class. In its current form, this is
the minimum number we would recommend in order to give students enough guidance
to reach the content goals in the time allotted.

The role of the facilitators was to answer questions as they arose, but also to assess
whether the groups were on track. One way to test the students’ understanding was to
see if they could explain a new piece of information. For example, many groups that
had questions involving the shape of the lens believed that the thickness of the lens was
important, but could not explain what they saw when they used a thick lens with no
curvature. They were considered successful if they could make an accurate prediction
or explain why their inaccurate predictions were wrong.

5.2. Summative Assessment

The main summative assessment of the activity was the written record from each stu-
dent. This included the lab manual where students recorded their questions and obser-
vations, the telescope worksheet, and the group posters (see Figure 2).

In addition to this written summative assessment, we developed rubrics prior to
the activity to determine what we considered basic information that the students should
be able to explain; an example for image brightness is shown in Figure 3. We conferred
about what kind of understanding would qualify as “Emerging,” “Accomplishing,” and
“Mastering.” These rubrics were useful in the design of our activity and during facilita-
tion to remind us of the content goals for each topic of investigation.

We scored groups during their presentations using the rubrics, but this was difficult
for a number of reasons. Because the presentations were very short, it was difficult to fill
out the rubric in the time allotted and record notes to include in the synthesis. We also
concluded that overall our content goals were perhaps too high given the knowledge
level of the students and the short time that was available for the investigation.

Lastly, the students were asked a question on their final exam that tested their
knowledge of converging lenses, “When you block the left half of the object, what
image should you see on the other side of a converging lens?” This was one of the
harder, more conceptual questions on the exam. Even so, 58% of the students got the
correct answer, which was close to the average of the lab final.

6. Social and/or Cultural Aspects of the Design in Practice

In designing our activity, the non-science background of the students was a driving
consideration, especially since this would likely be their first exposure to inquiry. We
wanted the students to feel engaged in the activity, but we worried that the content was
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Figure 3. Example rubric used for assessment.
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not particularly exciting to the general public. Though we did not expect that we could
try to change their minds about pursuing science careers, we did not want them to feel
alienated by specialized lab equipment. Therefore, we made a concerted effort to use
materials that related to daily life – normal light bulbs, magnifying glasses, drinking
glasses filled with water and sugar water – in both the starter demonstrations and the
investigations. We could then make the link to more sophisticated laboratory equipment
if they were attempting to make a quantitative measurement that would be aided by its
use, but this was not always necessary.

One of the main issues we encountered was emphasizing the content while keeping
them engaged. It seemed that the groups that were more interactive did not necessarily
get all of the content goals and the opposite was also happening. Our design inten-
tionally offered opportunities for the learners to engage and learn in different ways. In
general, we felt that the structure of the activity, in which we put students in many dif-
ferent situations where they could observe, experiment, and interact with each other,
allowed most students to feel engaged during at least one part of the activity, and this
was reflected in many of the students’ positive post-activity feedback.

Given the time constraints and the variety of stations and activities, however, we
had to move them quickly from section to section, which prevented some students from
getting the science content from different parts of the activity. Furthermore, perhaps
because of their non-science backgrounds, many of the groups settled early on the “an-
swers” to their questions, and ignored any evidence that their explanations might not be
correct. For example, some groups who investigated the effect of lens shape determined
that the thickness of a lens changed the kind of image that was observed (when in fact
it was the curvature), but ignored the thick flat lens that did not form an image.

7. Considerations for the Future

We believe the Lens Inquiry was a good introduction to inquiry for community col-
lege students in an astronomy course. It builds off a basic scientific concept and offers
opportunities to engage a variety of student learning styles. Time constraints and our
desire to incorporate an application to astronomy with the addition of a telescope work-
sheet led to aspects of the activity feeling rushed. It also created a demand for more
facilitators than may be available in many community college settings. This is an im-
portant consideration for instructors planning adaptations of the activity for their own
classrooms. We now highlight a few aspects of the activity that could be revised and a
few aspects that we feel are particularly strong and should not be overlooked.

The following is a list of revisions that may improve future implementations:

1. Time Constraints: The biggest challenge by far was including all of the content
into a three hour period. Many students complained that the activity was rushed
and there was too much to do. We would suggest dividing this activity into two
inquiries – (1) Converging Lenses and (2) Telescopes. One of the original goals
was for the instructor to be able to do this with one other person. It does not seem
feasible considering the class sizes. Dividing the activity into two sessions and
limiting some of the available materials and possible investigations may help.
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2. Poster Making: Many groups needed more time to accomplish this task than
anticipated and a more focused approach/guide may have been useful. Many
groups wanted to explain everything that they tried in the investigation period
rather than the key content concepts they discovered. We may want to empha-
size what makes a good poster, the claim-evidence-reasoning formulation, and
how to distill the most important facts. This could be done with a focused class
discussion or poster/presentation templates that the students could refer to.

3. Materials: We may want to further limit the amount of materials and questions
that students can investigate in the future. The effect of changing the lens material
was the most challenging topic to investigate, perhaps because the only available
materials (glasses filled with sugar water) were not carefully crafted lenses.

4. Ray boxes: We often found that the groups working with image inversion, who
were provided with ray boxes that allowed them to trace light rays through the
lens, got a better understanding of what caused the phenomenon they were study-
ing. Initially, we worried that the ray boxes would give too much information
away, but seeing how it benefited some of the groups made us reconsider. Ray
boxes would need to be incorporated into the starters at the beginning.

5. Rubrics: In retrospect, some of the expectations, especially for the “Mastering”
category, were quite high.

Despite these difficulties, our activity was very successful in getting students to
build their communication skills. The class discussions were active and generally pro-
duced a range of questions for groups to investigate. Most of the students seemed
relaxed during their presentations. In addition, students were able to interact with each
other more informally through discussions about their observations during the starters
and talking to their classmates about how their telescopes compared. One student com-
mented that the activity helped them to get to know their classmates. Finally, the stu-
dents seemed comfortable with the facilitators, even though they had never met before,
and were open about asking questions during the focused investigations.

In addition, since this was the first inquiry activity, the students’ experience here
made the second inquiry (McConnell et al., this volume) run more smoothly, as some
of the difficulties with this activity were taken into account. In particular, students
were allowed more time to work on their investigations and poster presentations. The
students also were familiar with inquiry and knew more about what to expect, so they
were more prepared and likely managed their time better during the second activity.

Overall, the Lens Inquiry was an improvement over the existing lab because it
got students thinking for themselves and gave them more of a hands-on experience
compared to their typical guided labs. The activity would need to be revised to make it
feasible for just an instructor and one facilitator, by splitting it into two sessions and by
further limiting the materials and investigations.
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Abstract. The Fourier optics activity is designed to enable students to observe and
experiment with the diffraction of light. The goal of this activity is for the students to be
able to use the principles of Fourier transforms in explanations of diffraction phenom-
ena. We developed a series of tiered goals to accommodate participants with a large
range of optics experience in the Adaptive Optics Summer School at UC Santa Cruz.
This activity is conducted in two stages. In the first stage, students investigate a series
of basic wave optics phenomena with the laboratory setup; in the later stage students
have the additional options of constructing a Shack-Hartmann wavefront sensor or a
high contrast imaging system. The tabletop optical setup for the activity consists of
a computer-controlled detector illuminated by a laser source, and a set of lenses and
apertures. Students work in small groups to investigate the relationships between the
shape of the limiting aperture and the resulting far-field diffraction pattern. In addition,
students examine how phase errors in the pupil affect the point spread function, and how
they alter the signal received by a Shack-Hartmann sensor. Software tools are provided
for comparing experimental results with simulations.

1. Introduction

1.1. Venue/Audience

This Fourier optics activity1 was designed through the Professional Development Pro-
gram (Hunter et al. 2008) and is taught as part of the series of lab activities at the
Center for Adaptive Optics (CfAO) Adaptive Optics Summer School (see Ammons et
al., this volume). The audience consists primarily of graduate students, post-doctoral
fellows, and industry members; their expertise ranges from having basic undergraduate

1Please contact the authors at tdo@astro.ucla.edu for more details about implementing this lab or to obtain
the software used in the activity.
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optics knowledge to professional optics engineers. All students will have had lectures
on wave optics during the summer school prior to the lab, but some are still unfamiliar
with Fourier transforms.

1.2. Goals for Learners

This goal of this activity is to enable students to use the principles of Fourier transforms
to interpret the effects of diffraction on an optical system. Students should come to
understand that a wide variety of phenomena can be represented by using such a math-
ematical model, and afterwards use this model to make various predictions throughout
the lab. We designed a series of tiered goals for this activity to adapt to students of vary-
ing backgrounds. At a minimum, students should come to understand the relationship
between the pupil plane and the focal plane and predict the effects of altering the shape
and sizes of the pupil of the system.

If the students choose to build a wavefront sensor during the second half of the
activity, our goal is for them to be able to prototype and test a design. This incorporates
the process goal of developing their ability to plan and use simple formulas to assist in
the construction of their optical design.

In addition to content goals, we have placed several points in the activity where
students are able to present their findings to others with the aim of developing skills in
communicating complex physical phenomena in a concise and clear manner.

2. Activity Description

The Fourier optics lab has had three iterations since its inception in 2006, when the AO
Summer School Labs were first taught. Each iteration was based on feedback from the
previous year as well as from our assessment of the effectiveness of the lab in advancing
student progress toward the activity goals. We will discuss only the iterations of the lab
from 2008 and 2009 as they are the most recent and refined. The lab consists of three
main parts:

1. Investigations into the basic nature of diffraction phenomena

2. A more open ended period where students can choose their own goal of either
investigating a high-contrast imaging system or building a wavefront sensor

3. Student presentations of their results

The major differences in the design of the lab in 2008 and 2009 stem from the change
in 2009 to incorporate more inquiry-based elements into the activity. This resulted in
a change of Part 1 from being worksheet-based to a more inquiry-based approach. Be-
low, we first describe the materials required for the activity (Section 2.1), the different
approaches to Part 1 (Sections 2.2 and 2.3), a description of the activities in Part 2
(Section 2.4), and our approach to student presentations in Part 3 (Section 2.5).

2.1. Materials and Laboratory Setup

Our choice of laboratory setup and materials attempts to balance the ease of replicat-
ing multiple setups with providing students with enough tools to investigate multiple
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Figure 1. Schematic of the optical bench setup

Figure 2. Photograph of the activity setup. The components are labelled as: (A)
laser source, (B) lens, (C) iris, (D) lens, (E) detector, and (F) computer for viewing
detector output.

complex diffraction phenomena. Each optical setup consists of a meter long rail with
a laser mounted at the end, two convex lenses, an iris, and a detector connected to a
computer. A pinhole is drilled into a plate and placed in front of the initially collimated
laser source in order to approximate a point source. One of the lenses is used to colli-
mate the point source and the iris is placed into this collimated beam. Another lens is
then placed behind the iris to focus the light onto the detector, which is then displayed
on the attached laptop. A schematic diagram of this setup is shown in Figure 1 with the
actual setup in Figure 2. A lenslet array (with 1 mm pitch and a 24 mm focal length) is
provided to students if they choose to build a wavefront sensor (see Section 2.4).

In order to encourage student interaction and participation in the activity, we set
a limit of three students per lab setup. A setup with two students is ideal because
it allows both students to alternate in performing different roles in the investigation
such as optical alignment, creation of aperture shapes, recording observations on the
computer, etc. When the number of students increases, they are more likely to adopt a
single, specific role, as not everyone can work with the optical setup at the same time.

A computer program is also provided to aid in investigations of diffractive phe-
nomena. The primary purpose of this program is to simulate the far field diffraction
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pattern of several simple apertures with and without phase aberrations. Two different
methods of introducing phase aberrations are available: (1) a simulated phase screen
with a Kolmogorov model of turbulence or (2) aberrations decomposed into Zernike
polynomials. For example, the program can be used to compare the observed effect
of introducing an aberration like astigmatism to the optical system with the predicted
effect from theoretical calculations.

A particularly challenging component of the laboratory setup is the selection of
group members. While we would like to provide students the freedom to choose their
own groups, a group with vastly different levels of optics experience may leave individ-
uals unsatisfied with their progress. For the worksheet-based version of this activity, we
allowed students to work with any other student, subject to the three person limit per
station. We used facilitation to accommodate varying levels of background knowledge.
For the inquiry-based version of this activity, we asked students to form groups to in-
vestigate questions of common interest. The number of stations also must be balanced
by the number of facilitators available. We find that one facilitator can accommodate at
most three stations, with two stations being the optimal number for effective facilitation.

2.2. Part 1, Version 1: Worksheet-based activities

The rationale for having a worksheet-based activity was to provide a way to guide
students through investigating diffraction phenomena of increasing complexity. Split-
ting the activity into specific questions sets natural intervals for facilitators (instructors)
to intervene between different questions to assess students’ progress in understanding
the basic principles of wave optics before moving onward. This part of the activity
was allotted 15 minutes for the “starter”, 50 minutes for investigation time, and con-
cluded with a 10 minute student-led discussion of their findings with another group.
The discussion phase allows the students an opportunity to articulate their explanations
to someone other than the facilitators. The timing is summarized in Table 1.

Table 1. Time allotted for worksheet-based activity

Activity Time Allotted

Intro/Safety 5 min
Starter/Explain Setup 15 min
Investigation 1 hr
Sharing between 2 Groups 10 min

The purpose of the starter phase is to spark student interest in the activities by
showing them interesting, and sometimes unintuitive, diffraction phenomena. In addi-
tion, it serves as an introduction to the equipment. Examples of phenomena presented
to the students include: the effect of aperture size on the point spread function (PSF);
the effect of different shapes on the PSF using apertures cut from index cards (the
shapes were chosen to show varying numbers of diffraction spikes, e.g., square, trian-
gle, hexagon); the effect on the PSF from introducing phase aberrations into the system
with a plastic bag at the location of the pupil. During the starter, the facilitators ask the
students to predict the effect of introducing different pupil shapes, aberrators, etc., into
the optical system. A particularly important exercise is to use a rectangular aperture
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and ask how many spikes the students expect to see in the image. During this time, the
students are also taught the use of the detector and the computer. We also encourage
the students to formulate questions they have about the phenomena being observed.

2.2.1. Investigation

After the starter phase, the students are presented with a worksheet containing some
information about the lab setup as well as a list of questions to guide them through their
investigations. The questions on the worksheet represent a progression in our goals
for the students in terms of content knowledge, which begin with basic principles of
wave optics and lead to more complicated effects such as phase aberrations. While the
students work on addressing the questions, the facilitators rotate between each station
to observe and occasionally provide some guidance to the students.

The questions on the worksheet are as follows:

1. Trace the propagation of light through the system using a white piece of paper.
Can you identify any diffraction effects? What is the purpose of the final lens?

2. Try using the iris to expand and contract the pupil. What is the relationship be-
tween the overall size of the aperture and the corresponding scale of the resulting
far-field diffraction pattern?

3. Introduce an edge, such as a razor, into the iris. How does the presence of an edge
in the aperture affect the point spread function (PSF)? How about the orientation
of the edge? What PSF structure do you expect with a triangular aperture?

4. What is the relationship between the shape of an aperture and the far-field diffrac-
tion pattern?

5. Phase errors, such as those caused by atmosphere, can degrade the imaging per-
formance of an optical system. Phase errors can be introduced in to the optical
setup by inserting a piece of plastic at the pupil. How do various phase errors af-
fect the PSF? What is the relationship between the phase errors and the resolution
achievable by the system? To introduce a specific aberration such as astigmatism,
ask for a trial lens.

6. Optional: Alter the optical setup to image the pupil of the system on the detector.
You can use this configuration to compare the wavefront in the pupil with the
resulting far-field pattern. What happens when aberrations are not introduced in
a pupil, but in a separate plane?

2.3. Part 1, Version 2: Inquiry-based activities

The inquiry version of Part 1 of the activity removes the use of the worksheet, instead
having students investigate a single question that they generate. One of the goals of this
method is to provide students with an increased sense of ownership in their investiga-
tions (for more details on inquiry, see Hunter et al. 2008). The timing of the different
phases of this part of the activity is summarized in Table 2.
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Table 2. Time allotted for inquiry-based activity

Activity Time Allotted

Introduction to the activity 7 min
Starter activities 18 min
Group formation and question generation 10 min
Investigations 50 min
Share with another group 5 min

2.3.1. Starters

Because students formulate their own questions, the starter activities becomes very
important as they introduce the students to a variety of optical phenomena available
for investigation. As such, we developed three starter stations showing three different
aspects of diffraction effects: (1) aperture shapes and the resulting PSF, (2) aperture size
and resolution, and (3) the effect of phase errors. Students are split into three groups and
each group spends 6 minutes at each station before rotating to the next. The facilitators
at each starter station spend a few minutes showing examples of the types of phenomena
that the students can investigate (similar to the display of phenomena in the worksheet-
based version). The students spend the rest of the time at each station interacting with
the setup and explicitly writing down questions that arise. The questions are important
as they will be the source of topics for students to investigate in the next phase.

2.3.2. Group Formation

The groups of 2-3 students are formed from common interest in investigating questions
that arose during the starter activities. One of the facilitators gathers together the stu-
dents and solicits questions to be placed on the board (see Figure 3). Example questions
from the students during question generation include:

1. What is a PSF?

2. What are phase errors/aberrations?

3. What sets the scale of the size of the PSF?

4. With two pinholes, would we get an interference pattern?

5. Why does energy in the PSF spread out?

6. How does aperture shape affect the PSF?

7. How do apodized pupils work?

8. What determines the number of PSF ’spikes’?

Some questions are too basic, too complex, or not easily investigable with the materials
and time available, thus heavy handed facilitation is sometimes necessary during group
formation. We also prepared a set of questions to include should difficulties arise from
having too few questions or if the questions are all oriented toward one topic.
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Figure 3. Photograph of facilitator soliciting potential questions for further inves-
tigation from students after the starter activities.

2.3.3. Investigation

In the main investigation, each group picks a question they want to answer and works
toward that goal. We find that it is important for facilitators to continuously monitor
the groups, especially in the beginning, in order to guide them toward understanding
basic optics principles before moving onward to more challenging goals. Because each
group picks their own goals, facilitation of each group will necessarily be different.
In addition, the facilitators also must be able to adapt their assessment of the group’s
progress toward their goals.

There are some content areas that we would like students to understand no matter
what specific question their group decides to investigate. Through facilitation, we en-
courage students to discuss and explore our main content goals (see Section 1.2) such
as the relationship between the pupil plane and the image plane.

Because the overall number of topics for investigation is reduced compared to
the worksheet-based version of the activity, we allotted greater amounts of time for
discussions. This is reflected both in the discussion between groups as well as in the
presentation at the end of the activity.

2.4. Part 2: Further investigations and building a wavefront sensor

The second half of the activity is nearly identical between the worksheet-based and
inquiry-based versions: students have the option of either investigating some diffrac-
tion phenomena further, constructing a high-contrast imaging system, or building a
wavefront sensor. The list of choices given to the students is reproduced below:

1. A critical need for some astronomical observations is the ability to detect faint
sources of light next to a bright one (e.g., a planet orbiting a distant star). Can
you quantify what contrast levels are achievable by the system? What can you
do to improve contrast limits?

2. Investigate how a Shack-Hartmann wavefront sensor (WFS) works: construct a
WFS by adding the lenslet array to the optical setup. What are the spots and
how do they give information about the wavefront? What would happen with
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a different number of lenslets? Predict what a simple aberration like defocus
or astigmatism will do to the spots, and try to introduce such an error into the
system. How would you use the information from the lenslets to remove the
aberrations?

3. You are free to design an investigation of Fourier optical phenomena of your
choosing. Define a problem and design a series of experiments to enhance your
understanding. Feel free to consult an instructor for guidance.

Of these choices, most groups chose to build a wavefront sensor, likely because it
is more closely linked with adaptive optics. We therefore provide more details for this
portion of the lab below.

2.4.1. Wavefront Sensor

With the addition of a lenslet array, the students are able build a prototype of a wavefront
sensing system using the same optical setup as in Part 1 of the activity. This allows the
students to better understand phase errors and how they can be measured.

If a group chooses the wavefront sensor activity, we provide them with a lenslet
array to build a Shack-Hartmann wavefront sensor. The lenslet array allows the system
to produce a grid of images of the point source on the detector. The relative positions of
these points measure the local tilt of the wavefront at the pupil; when phase aberrations
are introduced, these points will become displaced relative to an aberration-free system.
Because the lenset array focal length (24 mm) is shorter than the minimum distance that
students can place objects next to the detector, they need an additional lens to reimage
the focus of the lenset array onto the detector. The placement of this reimaging lens is
crucial to be able to build a wavefront sensor using this lab setup. The students discover
the necessity of a reimaging lens as well as the best method for setting it up. Most
groups start out with trial and error in the placement of the various lenses, but find that
it is time consuming to explore all possibilities. Through facilitation, we encourage
students to draw ray diagrams and use the lens equation (1/focal length = 1/object
distance + 1/image distance) to determine the placement of the optical elements.

2.5. Part 3: Student presentations

At the end of the activities, the students are asked to create a poster to concisely summa-
rize some of what they learned in the activity. Students are given 8 minutes to prepare
a poster for a 3 minute presentation. The goal is to have students articulate their under-
standing to a larger audience in an organized way (see an example poster in Figure 4).
These presentations also allow the facilitators to probe the portions of the activity that
the students find most engaging, as they tend to base their posters on those topics.

3. Assessment

3.1. Formative Assessment

The majority of assessment done for this lab is through formative assessment during the
activity by facilitators. This has the advantage of allowing greater feedback with stu-
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Figure 4. Photograph of posters used by one group of students for their presenta-
tion at the end of the activity.

dents in terms of guiding their investigations. Formative assessment was done through
observations of student work, examination of their ray tracing diagrams, and student
predictions of physical phenomena based on their model of diffraction. We find that
these techniques were largely successful in determining the level of student understand-
ing for individual groups, as corroborated by their explanations to other groups as well
as in the summative assessment phase at the end of the activity.

3.2. Summative Assessment

Summative assessment consists of the poster and final class presentation. We evaluated
student understanding through their use of diagrams and oral presentation. For exam-
ple, many students were able to either draw or print the resulting PSFs from different
pupil shapes, as well as articulate their predictions for changes in the aperture shapes.
Students were able to show their understanding of the measurement of phase aberra-
tions by explaining how different phase aberrations change the resulting displacement
of their Shack-Hartmann spots as compared to the case without aberrations.

An auxiliary outcome of the lab was that the students without optics experience
were able to physically interact with an optical system, sometimes for the first time. In
discussions with students afterwards, they felt that this experience was valuable, and it
was helpful to have a physical system to explore even basic geometric optics concepts
such as the lens equation.

4. Considerations for the Future

4.1. Activity improvements

The transition between the first half of the activity and the second half is somewhat
abrupt, especially if the students choose to build a wavefront sensor. In the future,
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we can strengthen the relationship between the wavefront sensor portion and the in-
vestigations of the far-field diffraction pattern. One suggestion would be to observe
how specific phase aberrations affect the PSF, then when the wavefront sensor is built,
examine how the same aberrations affect the Shack-Hartmann spots.

One aspect of Fourier optics not investigated is incoherent imaging (convolution
of PSF with a scene). In the future, an additional activity where students set up an
imaging system (potentially with shaped aperture and aberrations) and replace the laser
with a scene (e.g., a photograph or perhaps a film slide) to investigate effects of different
PSFs on image formation. This is currently only addressed in the computer code and is
currently under-investigated by students.

In 2008-2009, the high-contrast aspect of this activity was not widely investigated.
One potential improvement would be to make the goal of constructing a high-contrast
imaging system more attainable. The necessary tools include a microscope slide (for
creating a second, dim point source) and a slide holder. Students could (1) investi-
gate pupil apodizations that reduce Airy ring intensity, (2) understand the difficulty of
achieving good contrast nearby the central core of the PSF, and (3) visually ascertain
the effect of atmospheric noise on the high-contrast imaging system.

The class presentations at the end of the activity require a large fraction of the
time available for the lab because every group gives a ∼ 3minute presentation. This
time can be reduced if the class is split into two groups and for two concurrent sets of
presentations. Given the same amount of time, this will enable students to speak longer
and allow for questions from the audience.

4.2. Improvements in Assessment and Establishing a Rubric

While formative assessment of individual groups during the activity was successful, we
find that there is substantial difficulty in establishing and using a rubric to quantitatively
record the overall progress of all the students. In addition, the summative assessment
does not necessarily probe the progress of individual students or primary activity goals
because it largely depends on the topic the students choose to report. Much of the dif-
ficulty in obtaining an overall class assessment lies in the lack of time for facilitators
to perform a uniform assessment based on a rubric. A few rubrics have been written
in the various versions of this activity, but they have not been applied consistently due
to lack of time. The establishment of such a rubric is also subject to much uncertainty
at this time, as the same activity has not been taught frequently enough to statistically
determine the effectiveness of the criteria in our rubrics. Introducing explicit portions
of time into the activity for facilitators to record their assessment of each group will
help greatly in establishing a baseline for comparisons between groups. In time, if the
activity is repeated the same way, some consensus can be reached about the effective-
ness of our assessments and, in turn, better determine the effectiveness of the activity
itself.
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Abstract. In this paper we describe a new resonant pendulum inquiry intended for
upper-level physical science majors. This activity was originally taught as a part of
the Workshop for Engineering and Science Transfer Students in the Physical Sciences
(PhysWEST) in 2008. This activity is designed to help students learn process skills
necessary for successful scientific research while simultaneously learning about natural
frequencies and resonance. One main goal of this activity is to demonstrate how funda-
mental physical concepts can be used to explain a wide range of phenomena relevant to
students from diverse backgrounds and interested in a broad range of degree programs.
This paper presents a description of our goals and the key features of the activity design.

1. Introduction

The Workshops for Engineering and Science Transfers (WEST) programs at the Uni-
versity of California, Santa Cruz (UCSC), are designed in response to concerns about
retention in science majors. Many students, particularly under-represented minorities,
who initially expressed interest in majoring in STEM (Science, Technology, Engineer-
ing, and Mathematics) fields drop out or switch to other degree programs throughout
their undergraduate careers (NAS, NAE, & IoM 2006). While there may be many fac-
tors involved in these students’ decisions to change fields, we believe that it is important
to help students develop the tools and community necessary to be successful. As com-
munity colleges often serve under-represented populations, we have particular interest
in supporting transfer students and encouraging them to complete science and engineer-
ing degrees. The PhysWEST program is designed as a two day workshop before the
start of term for transfer students majoring in the physical sciences to help the students
meet each other and learn a little about research.

The resonant pendulums activity was designed by the authors as participants in
the Professional Development Program (PDP, Hunter et al. 2008). In this program
graduate students, post-doctoral fellows, and faculty learn modern educational theory
with particular emphasis on teaching sciences through inquiry. We define inquiry as an
activity in which students can learn the content and process of science simultaneously.

171



172 Kretke, Kim, and Bresler

This is one of the first activities designed through the Institute for Scientist & Engineer
Educators (ISEE). The resonant pendulum inquiry is designed to be accessible to rising
college juniors pursuing degrees in the physical sciences such as physics, chemistry, and
earth science. It assumes that the students have some familiarity with simple pendulum
and spring systems at the level taught in introductory physics courses.

In this paper we describe this inquiry activity and the process by which we de-
signed it. In §2 we list our goals for this activity. In §3 we discuss the key elements
in our activity and how they address our goals. In §4 we describe how we assess the
students’ progress and the activity as a whole. Finally, in §5 we discuss the successful
and less successful aspects of this inquiry and how it might be modified for different
circumstances.

2. Goals

We have designed this activity using backward design (Wiggins & McTighe 2005).
The programmatic goals for the WESTs are to encourage students to complete their
intended degree program by: (1) helping the students develop a sense of community,
(2) expanding students’ knowledge of the range of skills important in research, and (3)
encouraging early participation in research. With these programmatic goals in mind we
defined goals for this inquiry, which can roughly be broken up into attitudinal, process,
and content goals.

Attitudinal Goals: Our primary attitudinal goal is to develop a sense of community
with the other transfer students. Additionally we want to encourage self-confidence
by having the students explain a new phenomenon. As science is most often done
in groups, we also have the goal of helping the students learn to think independently
within a group. Finally, we want to promote excitement about science.

Process Goals: The scientific process goals are to help the students learn about
designing a scientific experiment. In particular, we want the students to refine questions
by defining parameters that can be investigated with pendulums. Students design an
experiment to study their chosen aspect of pendulum resonance. Students organize
data/thoughts (using data tables and graphs) and present their finding to the group and
to a broader audience. We encourage the students to use general scientific concepts
(including conservation of energy and natural frequencies) to explain the behavior of
resonant pendulums.

Content Goals: This activity is designed with tiered content goals. All students
should reach the tier 1 goals, understanding conservation of energy and the concepts of
natural frequencies, and relate these concepts to the specific phenomenon that they are
investigating. In addition, students may reach tier 2 goals depending on their questions.
These goals include understanding the importance of friction and damping in resonant
systems and the ideas of degrees of freedom and normal modes.

3. Activity Description

We divide the activity into three sections. We present the starters in §3.1, discuss some
sample student investigations in §3.2 and discuss the concluding activities for the day
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in §3.3. In Table 1 we present the approximate timeline we used to present this activity.
As discussed in §5 we believe that the activity could easily be condensed into a shorter
time frame.

Activity Timeline

Introduction 15 min
Starters 45 min
Gallery Walk 15 min
Inquiry 3 hr
Design Presentation 30 min
Presentation 30 min
Synthesis 15 min
Finishers 30 min

Total 6 hr

Table 1. Approximate time line for the resonant pendulum inquiry.

3.1. Starters

After a short introduction to inquiry in which we discuss our motivation for choosing
inquiry and some of our goals, we begin the activity with three “starters”. These starter
stations are intended to expose the students to a range of interesting phenomena that
will prompt them to ask questions. While observing and playing with the material
at each station, the students are instructed to write down questions. The three starter
stations are the coupled pendulum, the rubber band pendulum, and the resonant dowel
set-up.

3.1.1. Coupled Pendulum

Figure 1. The coupled pendulum starter. The panel on the left shows a photograph
of the set-up while the panel on the right shows a schematic.

The coupled pendulum starter has been heavily influenced by activities developed
by the Exploratorium1. A photograph and diagram of this set-up are shown in Figure 1.

1http://www.exploratorium.edu/snacks/coupled_resonant_pendlm/index.html
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Figure 2. A student with the resonant dowel starter.

This starter consists of a cord tied between two tables, with two cords of equal length
attached with weights on the end to create two coupled pendulums. For the starter the
facilitator (instructor) initially starts one of the pendulums swinging. If the two pen-
dulums are of the same length then, the second pendulum will begin swinging. The
amplitude of the first pendulum’s swing decreases while the second increases. Eventu-
ally the first one comes to a stop momentarily, but it soon starts swinging again as the
two trade off swinging. The facilitator then alters the length of one of the pendulums
so the two pendulums are of unequal length. Now, when the first pendulum is started
swinging it will continue swinging, without causing the second to start swinging. We
also allow students to try adding weight and changing the length of the pendulums and
the tension of the string.

3.1.2. Resonant Dowels

A photograph of the resonant dowel starter is shown in Figure 2. It consists of a base-
board with holes drilled in it for dowels of different lengths and thicknesses, with clay
balls as weights on the top. With dowels of different lengths, the facilitator demon-
strates that when s/he moves the platform back and forth at a given frequency, one of
the dowels will move back and forth while the other is still. Then, by moving the plat-
form at a different frequency the other will move. The students then have the option
of playing with it themselves. They can try using dowels of different thicknesses and
lengths as well as different clay masses.

3.1.3. Rubber-band Pendulum

For the rubber-band pendulum we use two starter set-ups. Initially a rubber-band pen-
dulum (a pendulum which can both swing and bounce) is placed on a stand so it can
be pumped vertically. A facilitator vertically pumps the pendulum to make the weight
bob up and down, and students are asked to do the same. The students should be able
to make the pendulum bounce without getting any swinging movement. Then more
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Figure 3. A student with the spring pendulum starter.

weight is added to the pendulum; now when students pump the pendulum vertically
they will not be able to make it bounce without swinging as well.

For the second set-up the rubber-band pendulum is put on a nail so it can be pushed
like a swing. It is against a white board so that its path can be traced. With the small
amount of weight on the pendulum, a student is asked to push the top of the pendulum so
it will start swinging. Another student traces the path of the pendulum bob; it traces out
a upward curve or “smile.” Then more weight is added. Now when the student makes
the pendulum swing path of the bob will be a downward curve or “frown.” Again,
students have the opportunity to play with both set-ups, varying the weights.

3.2. Investigations

The facilitators then organize students’ questions and place them on the walls for the
students to peruse and then select their own groups and questions. By allowing the
students to select their own questions, the students can self-select based on their own
level of experience. In the following sections we give example questions that students
may choose for each station and discuss how a group may go about addressing it. In
particular we highlight some facilitation strategies to help the students achieve our goals
and what type of evidence we are looking for that they have done so.

3.2.1. Coupled Pendulum:
Why do the two pendulums take turns swinging?

Many questions about this set-up are similar to this question. As is common in science,
while this is the real question that the students want to answer, it ends up being difficult
to investigate as written. After students have familiarized themselves with the materials,
we encourage the students to investigate the conditions that cause the pendulums to take
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turns swinging vs. not swinging. A possible way students may intially organize their
observations is shown in Table 2.

Example Table

Set-up Outcome

Same lengths, same masses Pendulums take turns swinging

Same length, different masses (heavy
swung first)

The second pendulum starts and stops
swinging, but the first never stops
swinging

Different lengths, same masses First one keeps swinging and the sec-
ond never starts swinging

Different lengths, different masses First one keeps swinging and the sec-
ond never starts swinging

Table 2. One possible way in which students might organize data.

The students need to notice or remember that pendulums swing at a given fre-
quency, and that this frequency only depends upon the length. The students may need
some prompting to think more about energy, such as asking them, “What happens if
you pump the first pendulum so that it doesn’t stop moving?”

If students finish this exploration early, they can dig deeper and try to figure out
what determines the period of the whole cycle. Here students need to see that there are
ways to swing the pendulums so that they do not trade off energy, the normal modes
(the two pendulums swinging in phase and swinging 180◦ out of phase). The frequency
is then the beat frequency, or the difference between the frequency of these two modes
of oscillation,

fbeat =
1

2π

√
g
H
−

1
2π

√
g
L
. (1)

A mathematical description of the problem can be found in many places (e.g., Priest &
Poth 1982).

In the end we are looking for the students to describe what is going on by referring
to the period or frequency of the pendulum. In particular we are looking for students
stating that one pendulum is “pumping” the other if they have the same natural frequen-
cies, and that energy is being conserved as it is transferred from one pendulum to the
other.

3.2.2. Resonant Dowels:
How do you get pendulums to oscillate with the same period?

Implicit in this question is the understanding that, when driving an oscillation, there are
specific frequencies at which a given set-up will oscillate. The students can try plucking
the rods, but frictional damping is significant so that an accurate measurement of the
oscillation frequency is difficult.

The students can see that the natural frequency depends upon the mass, length, and
thickness of the rod. The frequency is proportional to the thickness of the rod, inversely



Resonant Pendulum Inquiry 177

Figure 4. The natural frequencies of the spring and swing modes of the rubber
band pendulum as a function of mass

proportional to the length, and proportional to the mass on the weight on top. Students
may remember that the natural frequency of a spring oscillator is

fspring =
1

2π

√
k
m
, (2)

and here, the spring constant k is related to the length and thickness of the dowel.

Students can make a graph of natural frequency vs. length, thickness, and/or mass.
They can solve their initial question by finding two different parameters that lead to the
same natural frequency. A metronome can be brought in as a tool to help the students
control the rate at which they are shaking the board, or to quantify the rate at which
they are moving it.

If students reach this understanding quickly then this is a good set-up for also
looking at higher natural frequencies. In particular, with the longer dowels it is possible
to excite higher order oscillations.

3.2.3. Spring Pendulum:
Why does the pendulum change from tracing out a “smile” to a “frown”?

This is another one of those difficult “why” questions. In order to investigate this ques-
tion, the students first need to simplify the situation. Early in investigations, the students
need to either discover through experimentation or remember that the natural frequency
for oscillators is
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fswing =
1

2π

√
g
l

(3)

and

fspring =
1

2π

√
k
m
. (4)

A thinking tool that may be of use is a string on the ball at the end of a stick.
Twitching the stick along with the metronome, we could show that when the stick is
pumped at slow frequencies, the ball will simply move up and down with the pumping.
At very fast frequencies the ball will bounce up and down rapidly and chaotically, but it
does not move more than the energy put into it. However, at very specific frequencies,
even when the stick is only oscillated very slowly the ball will start rocking back and
forth with increasing amplitude. This demonstration helps the students connect the idea
of pumping resonances, that small perturbations can start exciting different modes of
oscillations.

Two things to notice: (1) For really light objects (m → 0) the spring oscillation
frequency will be large. (2) For a pendulum of a given length the period does not
depend on the mass. This might lead the students to hypothesize that there is one
particular mass for which the natural frequency of both the “spring”-like mode and
the “swing”-like mode would be the same. Under this condition one may expect the
two to resonate; by exciting one mode of oscillation the other mode is excited as well.
However if students try to measure the frequency of different modes of oscillations, they
will end up with a graph similar to Figure 4. As they try to understand this relationship,
students will notice that as weight is added to a pendulum its length changes

l = l0 + Δl. (5)

From Newton’s law (and easily measurable by the students), this change of length of
the pendulum is

Δl = mg/k. (6)

As the mass gets larger, the length of the pendulum increases and the frequencies of
both modes will decrease (m � l0k/g). In contrast, as the mass of the pendulum bob
increases, then the natural frequency of the “swinging” mode and the “springing” mode
become closer to each other (m 	 l0k/g). Ultimately, in the large weight limit, pumping
one of the modes results in exciting the other mode as well.

By the end of the investigation we would like to hear students talk about how
the “frown” is the super-position of swinging and springing modes. This phenomenon
occurs because the natural frequencies of the two modes are similar, and therefore both
are excited together.

3.3. Concluding Activities

We conclude the activity with presentations, a short synthesis lecture, and then finishers.
During the synthesis we present an overview of the general principles that students have
been investigating. We go over the general concepts of energy, and particularly the
conservation of energy and the role of frictional damping. We discuss natural oscillation
frequencies as an inherent property of all systems. Therefore, while the students have
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been studying simple oscillators, pendulums and springs, there are many other more
complicated systems where similar resonances can occur. By understanding the simpler
systems they can more easily explain more complicated phenomena. Some example of
other systems are: lasers, nuclear magnetic resonance (NMR), and planetary orbits.

In order to evaluate how the students are able to use their understanding of
resonance to explain other systems we had three small group discussions.

Tacoma Narrows Bridge: For one finisher the students are shown a movie of
the suspension bridge across the Tacoma Narrow in Washington State in 1940s (Elliott
1940). The bridge began to rock after it was completed and collapsed soon after. In
the small group we discuss what the students notice in the movie. In particular, some
of the questions we bring up are: Where did the energy come from? What modes of
oscillation were there? How does this relate to your experiments?

Tuning Forks: For another finisher we demonstrate a set-up involving resonant
tuning forks. Initially with two identical tuning forks, hitting one of the tuning forks
causes the other to sound. However, when a small clamp is placed onto one of the
tuning forks to change its pitch then the other tuning fork will not sound. Some of the
discussion questions are: What is going on? How did their own investigations relate to
what they are seeing? Is there any way to place the clamp on the first tuning fork so
that the second does sound, but at a different pitch? (This will lead to a discussion of
overtones).

Seismograph: The final set-up is a single oscillator from an old seismograph.
The students can hit the table that it is on to try to make it oscillate. Some of the
discussion questions are: If earthquakes occur at multiple frequencies what would you
have to do to detect them? How does this relate to your own investigations?

4. Assessment

This activity had a number of different opportunities for both summative and formative
assessment. As communicating scientific results is an important skill, we give the stu-
dents different venues in which they would present their work. The students first create
posters and give a short oral presentation of their findings to other students who par-
ticipated in the same inquiry. Then, after the synthesis, the students are put into small
group discussions with the finishers. In these discussions, the instructor has another
opportunity to see if students can connect their investigations to other related problems.
The students can express their own thoughts and listen to each other make different
observations. Finally, the students have a “poster session” in which they join with the
other WEST strand (BioWEST) to tell the other students about what they found. The
repetition also allows the students to hear each others’ descriptions and perhaps modify
their explanations. This also allows instructors to have multiple opportunities to test
the depth of the students’ understanding. Additionally, we use a pre/post questionnaire
to test content knowledge and attitudes about research before and after the investiga-
tion. Finally, approximately six months after the activity, we invite the students back to
discuss the activity.



180 Kretke, Kim, and Bresler

5. Discussion

The biggest success of this activity was that we successfully built a strong community.
Perhaps because the students had so much time to spend with each other, many were
still still friends and study partners when we met with the students six months later.
Additionally, many students are involved in research or planning to get involved in
research soon. While this anecdotal evidence is not a quantitative measurement of the
effectiveness of this program, we take it as a positive sign.

We believe that this activity could be improved by limiting the time for investiga-
tion and developing some more thinking tools to push the students toward the content
goal more quickly. During the activity design process, we chose to allow the students
a significant amount of time to follow their own paths. However, this led to students
spending too much time feeling stuck or confused, or feeling “done-stuck” although
they had not yet reached all of our goals. The advantage of a shorter approach is that
this activity could probably be incorporated into a lab class without significant modifi-
cation other than the additional thinking tools.
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Abstract. An inquiry based learning exercise was designed for an upper division
advanced inorganic laboratory course that meets one of the requirements for the Bach-
elor of Science degree in Chemistry and Biochemistry at the University of California,
Santa Cruz. The content goals of this exercise were evaluation of whether a given solid
state structure was previously known by using powder X-ray diffraction data, and un-
derstanding how the diffraction pattern relates to the crystal structure of the compound
in question. The scientific process goals included searching a database to match the
patterns and preparing data for oral presentations. The goals of the exercise were ad-
dressed via an activity allowing students to utilize real X-ray powder diffraction data
to search and match with known structures in a database (International Crystal Struc-
ture Database) and to give an oral presentation. After students found their structures in
the database, they prepared oral presentations justifying their choice for the match and
their reasoning through structural analysis of the X-ray data. Students learned about
X-ray diffraction theory in an inquiry type environment and gained valuable experience
and confidence in presenting their findings using strong reasoning and communication
skills. Assessment was implemented during active facilitation throughout the activity
and during the final oral presentations.

1. Venue/Audience

This activity was designed for an undergraduate upper division advanced inorganic
chemistry laboratory course at University of California, Santa Cruz (UCSC). Eleven
chemistry majors with minimal introductory knowledge of X-ray diffraction theory and
techniques participated in the activity. Nearly all of the students in the class were on
track to start graduate school the following year. This activity was designed through
the Professional Development Program (PDP, Hunter et al. 2008), which is sponsored
by the Center for Adaptive Optics and the Institute for Scientist & Engineer Educators
at UCSC.

2. Goals for Learners

Content Goals: The content goals that the students were expected to achieve were: 1)
understanding how to characterize a solid synthetic product or mineral using Powder
X-ray Diffraction (PXRD), 2) the knowledge of how the powder pattern relates physi-
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cally to the crystal structure of the material, and 3) the phenomena that give rise to the
diffraction pattern. Essentially, the students should have gained a basic understanding
of how the PXRD technique works and what information can be obtained from it.

Process Goals: The scientific process skills that the students were meant to gain
from this activity were: 1) database searching, i.e., the ability to use search terms and
narrow down the possibilities to find their structure match in the database, and the
understanding that an X-ray powder diffraction pattern is unique for any given crys-
talline material, and 2) preparing and assimilating data into a format suitable for an
oral presentation. Students also learned how to use the crystal structure visualization
software Mercury (Macrae et al. 2008, 2006; Bruno et al. 2002; CCDC 2010), where
the fractional atomic coordinates are input into the program, which generates a three-
dimensional picture of the atoms in the crystal structure.

Attitudinal Goals: Experience with the preparation and delivery of an oral presen-
tation was an important intended goal of this activity. Building the confidence to deliver
an effective oral presentation happens only through experience and practice. This ex-
perience was likely one of the first oral presentations that these particular students had
practice with. Valuable experience was gained learning to deal with uncertainty in data
obtained in an experiment where there is no instructor telling the students exactly what
to do and how to reach the correct answer. It was intended that the activity closely
resembled situations the students would encounter in the research setting of graduate
school. The patience required to perform adequately in research roles where one must
communicate one’s results is a very important attribute for a graduate student to possess
and this activity was meant to give the students a primer for what may be in their near
futures.

3. Activity Description

At the beginning of the activity, we introduced the inquiry process and the idea that the
facilitators (instructors) would not just provide answers but would try to guide students
in the right direction. As facilitators, we explained what our roles would be in the
activity, that the students would be actively learning themselves, and that this would
lead to better retention of the concepts learned and build their confidence in their own
abilities to solve problems and evaluate experimental data. This served to prime the
students for the kind of atmosphere that we had intended to facilitate. We also let them
know that each group would be giving a short presentation of what they found at the
end of the activity. This short introduction to the style of the activity lasted about five
minutes.

The Inorganic Crystal Structure Database (ICSD, Karlsruhe 2009, Belsky et al.
2002) was used as the database for this activity. This database does require a site
license with the affiliated university or college. If this is not available at the home insti-
tution, the American Mineralogist Crystal Structure Database (AMCSD, Downs 2003,
Downs & Hall-Wallace 2003) can be used as a free alternative. We gave each group of
two students a different real experimental powder pattern obtained from our research
lab using a Rigaku Americas MiniFlex II Plus powder diffractometer. Alternatively, if
a diffractometer is not available, one could look up the powder diffraction pattern of
interest in the database first and print it out directly; or to render the data into a different
format than the patterns obtained directly from the database, the crystallographic infor-
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mation file (.cif) can be downloaded and a theoretical powder pattern can be generated
from the structural information contained in the .cif using any crystal structure viewing
program, such as the freeware Mercury (CCDC 2010).

We used simple binary compounds such as lead fluoride (α-PbF2), tin fluoride
(SnF2), lead oxide (PbO) and erbium oxide (Er2O3) to generate the unknown powder
diffraction patterns. We gave the students a mock experimental protocol containing the
starting materials used to synthesize the “mystery” compounds. For example, for the
lead fluoride product, the experimental protocol would be something simple such as:
lead oxide and hydrofluoric acid were combined in a hydrothermal reaction to yield a
white solid powder. In each case, we only gave the students the starting materials and
withheld the identity of the product of the reaction. With these data, the students were
introduced to the format for searching the database using the elements possibly in the
final product. Also, if the students have had a little more familiarity with X-ray diffrac-
tion theory, they can calculate the d-spacings of a few peaks in the diffraction pattern
and use these as possible unit cell parameters for structure searching. We demonstrated
how to view the diffraction pattern of a possible structural match and how to download
the .cif file and view the crystal structure using the Mercury software (Figure 1a). We
gave a short demonstration illustrating some of the uses of the software such as drawing
different Miller planes through the unit cell (Figure 1b). This was intended to inspire
students to include similar images in their presentations, although they might not have
made the connection between the Miller planes and powder diffraction peaks just yet.
We did not explicitly state what was expected of them to include in their presentations;
however, we thought that they may try to mirror the demonstration in some ways. Our
introduction to the Mercury software and the distribution of the powder diffraction pat-
terns used about a half hour of activity time.

Toward the middle of the time allotted for the actual searching part of the activity,
we gave a short mini-lecture intended to facilitate students to make the connection be-
tween the peaks in the diffraction pattern and the crystal structure of the compound in
question. We asked the following question directly: “what is the relationship between
the peaks in the diffraction pattern and the crystal structure?” We performed an interac-
tive derivation of Bragg’s Law where many questions were asked of the students, so as
not to let the interaction devolve into a traditional lecture. Next, with some probing for
suggestions from the students, we drew a diagram of the unit cell and a few different
Miller planes such as (111), (100), etc., on the board. We did not explicitly state that
the powder diffraction pattern peaks each correspond to diffraction from sets of these
planes. One of the students did make the connection but the claim was neither con-
firmed nor denied. We left it as an open question for the students to contemplate. This
part of the activity lasted for about a half hour.

When about an hour and a half was left in the allotted time, we made an announce-
ment that it was time to begin preparing the presentations, which would be given during
the last half hour and would last about five minutes each with a few minutes for ques-
tions. With this prompt, the students began confirming their structural matches and
preparing their presentations. If any of the groups did not yet have a structural match,
we initiated heavy facilitation, including many guiding questions to try to lead them in
the right direction without getting too close to giving the answer away. Eventually, all
of the students found the correct structural match based on their experimental patterns.
When about a half hour was left, the presentations began. Many questions were asked
of each group to try to gauge their understanding of the main concepts and see if they
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Figure 1. (a) Crystallographic image of the unit cell of PbF2 in the a − c plane,
and (b) unit cell with the (111) Miller plane included. Images were created using the
Mercury software.

had met the intended goals of the exercise. Four hours were allotted to complete the
entire exercise.

4. Facilitation

While the students were searching the database for their structural matches, we made
our way around the room talking to the students and asking them probing questions to
see what they had found so far and how they were searching the database. In general,
the level of understanding of each student could be gauged by observing the answers
to these questions. In each case, relevant questions were generated on the spot with
the goal of pushing their comprehension to the next step. It was very important, and
sometimes difficult, not to give away too much information; otherwise the students
would not feel the excitement and ownership over a concept that they had figured out on
their own through reasoning and struggle. Making sure that the students took ownership
of the concepts that they learned on their own was one of the main areas of focus in our
facilitation for the entire activity.

5. Assessment

We conducted formative assessment by making sure that we as facilitators were avail-
able for more or less equal amounts of time to all of the different groups. Nearly the
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entire activity consisted of interacting with the students and trying to find out what level
the students were at with their comprehension of the material. As each group answered
our questions it became apparent where they were with the material. As necessary and
appropriate, we asked further questions of the students to support their understanding
and guide them toward reaching the next level of comprehension.

The summative assessments were performed after the final presentations at the end
of the activity. Although no formal grade or figure of merit was assigned to the students
for this activity, it was apparent by the end which groups had done a better than average
job of putting together all of the concepts and material into a final communicable form.
By the questions that were asked by us and our perceived level of satisfaction with the
answers and discussion, it was most likely clear to the students whether or not they had
excelled at the task at hand.

6. Social and/or Cultural Aspects of the Design in Practice

Generally the students seemed to enjoy the activity and gave feedback expressing that
it was a positive experience for them. The fact that the activity was not much like a
standard lecture or lab activity seemed to provide a safe and open environment for the
students where they felt more like intellectual equals with the facilitators. All of the
learning was taking place with the students’ involvement and not simply via a lecture
at the chalkboard. There was one group that became frustrated when they could not
find their match in the database and seemed to want to give up. It was interesting to us
that this group was formed by the two top students in the class and they were generally
recognized as very good students in the Chemistry Department. When things did not
work out to be a clear cut answer, they became very frustrated and expressed this by
saying things like “we can’t find it” and “it’s not in there”. Heavy facilitation and a few
strong hints helped resolve the problem when time began running out.

The oral presentations were a very constructive aspect of the activity that generated
much interaction among the students during the question and answer sessions at the end
of each presentation. We generally saved our questions until the students were finished
asking each other their own questions. Our questions were aimed at motivating the
students to think on their feet and possibly attain the next level of understanding. The
presentations were good practice for the students, who at the end of the course had to
give longer and more in depth presentations on a larger project, for which this activity
was a primer in materials characterization (see Bresler et al., this volume).

7. Considerations for the Future

In the next iteration of this activity students could be given powder patterns of structures
containing organic groups and the Cambridge Structural Database (CSD, CCDC 2004)
could be used to identify the materials. This would make the searching more complex
and more variables could be added to the search software. The powder patterns could
be indexed and the measured d-spacings input into the software. Students could also
be introduced to other crystal structure databases such as the American Mineralogical
Crystal Structure Database (AMCSD, Downs 2003).
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Abstract. In this paper, we describe the design and implementation of an inquiry-
based laboratory unit on the Polymerase Chain Reaction (PCR). This unit was designed
and taught for the undergraduate Eukaryotic Genetics Laboratory class (Bio105L) at
the University of California, Santa Cruz. Our activity utilizes an authentic molecular
biology research question to teach the underlying molecular mechanisms and experi-
mental technique of PCR, as well as fundamental scientific process skills such as plan-
ning experiments, making predictions and interpreting data. In particular, the activity
prompts students to use PCR to determine which gene has been deleted in a region of
the Drosophila genome. During this activity, students also gained technical experience
in common molecular biology techniques, learned about additional applications of PCR
and used a hands-on approach to model each step of PCR.

1. Introduction

The Professional Development Program was established through the National Science
Foundation Science and Technology Center funding of the Center for Adaptive Optics
to teach graduate students, post-docs and faculty new ways of teaching science. The
program includes workshops on teaching and learning, as well as experience designing
and teaching activities or courses (Hunter et al. 2008, and Hunter et al., this volume).
In 2008, the Center for Adaptive Optics (CfAO) was awarded the Transforming Under-
graduate Laboratory Experiences (TULES) grant by the National Science Foundation,
which is aimed at improving how undergraduate laboratory classes are taught. Through
our participation in CfAO’s Professional Development Program and with the support of
the TULES grant our team designed and taught a unit on the Polymerase Chain Reac-
tion (PCR), a frequently used molecular biology technique, in a laboratory class at the
University of California, Santa Cruz (UCSC).
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2. Venue / Audience

This five-day laboratory unit on PCR was taught within the UCSC Biology undergradu-
ate course Eukaryotic Genetics Lab: Bio105L. Students in this course consist of junior
and senior level UCSC Molecular, Cell and Developmental Biology or Biochemistry
and Molecular Biology majors, with variable degrees of prior content knowledge, sci-
entific research and technical experience. We taught this unit to approximately 40 stu-
dents split into two sections, each with one teaching assistant.

3. Goals for Learners

Our primary goal for the unit was to teach students about PCR, a technique that en-
ables enrichment of a particular DNA sequence by generating millions of copies of that
sequence. We wanted the students to know each component in the reaction and how
these components function at the molecular level during each step of PCR to produce
the final product. Specifically, we wanted students to know that PCR utilizes a DNA
copying enzyme called Polymerase, which is stable at high temperatures, and that short
single-stranded DNA molecules called primers bind to the template DNA and specify
the sequence that is enriched during the reaction. We wanted them to know that de-
oxynucleotide triphosphates (dNTPs), the monomers or building blocks of DNA, are
stitched together by Polymerase to form a complementary strand and that base-pairing
occurs via hydrogen bonding between Adenosine (A) and Thymine (T) and Guanine
(G) and Cytosine (C). Finally, we wanted them to understand that it is the repeated
heating and cooling of the reaction mixture that allows the DNA strands to separate,
the primers to bind and Polymerase to function. We believe that an understanding of
PCR is very important for undergraduate Biology majors, as PCR is one of the most
fundamental techniques in molecular biology and is used in a variety of applications
from scientific research to clinical and forensic analysis.

In addition to learning about PCR, we also had a number of secondary learning
goals. We wanted students to gain important research and technical skills required to
develop and carry out an experimental plan to answer a scientific question. Specifically,
we wanted them to be able to identify and choose between multiple experimental ap-
proaches, design PCR primers to amplify genes of interest, select appropriate positive
and negative controls and make solutions from stock reagents using a micropipettor. We
also wanted to provide students with technical experience in commonly used molecular
biology techniques, such as PCR, genomic DNA preparation and gel electrophoresis, in
a way that mirrors an authentic research environment. We wanted students to be able to
anticipate possible outcomes of their PCR experiment, interpret their data and use them
to come to a conclusion about the result of their experiment. We also felt it was impor-
tant that students be able to justify their conclusions and communicate their reasoning
both orally and in writing. We wanted students to be able to work together collab-
oratively to accomplish tasks, including performing experiments, brainstorming ideas,
designing primers and modeling PCR. Finally, we wanted students to be informed about
other commercial, clinical, forensic and research applications for PCR, including DNA
fingerprinting and diagnosis of disease, and to understand that PCR can be combined
with other techniques and can be used to answer many different types of questions.
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4. Activity Description

Table 1. Activity Timeline

Day 1
Introduction
Dry Lab PCR Activity
Applications of PCR Discussion

15 min.
1 hr. 20 min.
1 hr.

Day 2 Research Scenario
Primer Design

1 hr. 15 min
1 hr. 25 min

Day 3 Genomic DNA Preparation 2 hr. 45 min.

Day 4 PCR set up 15 min.

Day 5
Gel Electrophoresis
Data Analysis
Synthesis

2 hr.
45 min.
15 min.

The unit we designed spanned five three-hour class meetings and incorporated a
variety of activities, each of which are outlined in Table 1 and described in more detail
in the following sections.

4.1. Introduction

We felt it was important to give the students a context for who we were, the program
we were involved in and what the unit was going to entail. To do this, we described
the educational philosophy that was used to design the unit and contrasted the inquiry
method of learning with more traditional teaching techniques. We then conveyed what
was expected of the students. This included attendance at each class meeting, partici-
pation in discussions and completion of homework assignments. Finally we outlined in
general terms what would happen during the next few class meetings.

4.2. Dry Lab PCR Activity

To ensure that all students had a basic understanding of PCR, we used the following
activity to model each step in the Polymerase Chain Reaction. In this activity, we
gave students a brief (10 minute) presentation demonstrating the properties of the ba-
sic components needed to perform PCR (dNTPs, Polymerase, double stranded DNA,
primers). We then asked students to break into groups of 4-6 and design an efficient
way to replicate a target region of DNA using the materials that were just described.
To facilitate this process, each group was given materials that represented each of the
components described earlier. Specifically, students were given a strip of paper with a
double stranded sequence of DNA written on it to represent the template DNA. They
were given scissors to represent what happens when you heat double stranded DNA,
short single stranded DNA sequences to represent primers, and finally pens and more
blank pieces of paper on which they could write out the product of the reaction.

As the groups made progress on designing their protocol, we ensured all students
were contributing, reminded students of the constraints in play and provided advice for
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groups that were having difficulty. The primary goal was for each group to indepen-
dently derive a method for replicating a specific piece of DNA and to recognize that
PCR is essentially the same process.

After 20 minutes of group work, the lead instructor highlighted the different meth-
ods that the students produced and showed them how similar they were to the actual
steps of PCR. To reinforce the students’ understanding of the molecular mechanisms
of PCR, we played a short video, which used an animation to illustrate the process
of PCR. We then asked students to rejoin their groups and use the materials provided
to simulate five cycles of a PCR reaction and answer questions about the number of
products produced after each cycle. Finally, students determined how large their PCR
product would be and in a mock gel electrophoresis experiment, drew a band on the
board where they would expect the product to be relative to a DNA ladder.

4.3. Applications of PCR Discussion

Now that the students had a basic understanding of the mechanism of PCR, we wanted
them to think of ways that this technique could be useful in solving real world problems.
We asked students to spend 20 minutes in small groups brainstorming and discussing
several possible applications for PCR. We observed these discussions and questioned
students about whether their proposed applications were plausible. After this period,
representatives from each group shared the ideas they came up with and an instructor
listed them on the board in the following categories: research, clinical, and forensic
applications. Once this list had been generated, students were asked to choose one of
the possible applications of PCR and create a fictional scenario in which that application
is used to solve a problem. This assignment, which was collected the following class
meeting, and the discussion that preceded it, reinforced the idea that PCR is a tool that
can be used in multiple applications and for a variety of purposes.

4.4. Research Scenario

During the second class meeting, we wanted to engage students in an authentic research
question and guide them toward choosing PCR as the best technique to answer it. We
presented students with the following fictional research scenario: “You are a scientist
and you are studying Alzheimer’s disease using fruit flies as a model system. You’ve
just conducted a genetic screen looking for genes that may play a role in the devel-
opment of Alzheimer’s disease. You used a chemical mutagen that typically generates
gene deletions. You isolated two different homozygous fly mutants. Each has a deletion
in a distinct region of the fly genome. To identify the mutated gene, you used recombi-
nation mapping to narrow the deletion down to three potential genes. You now need to
figure out which of the three genes is affected in each mutant.” We asked the students:
“What is a simple and inexpensive method to determine which gene is deleted in each
mutant? In groups of three, come up with at least two ideas and think about the pros
and cons of each method.”

As the students brainstormed different techniques for identifying the deleted genes,
the instructors observed these discussions, clarified the research scenario and answered
questions as needed. After 15 minutes of discussion in groups of three, we asked each
team member to split up and join one of three large groups. In these large groups, the
students shared their ideas, discussed the pros and cons of each idea and decided on
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the two best methods to share with the whole class. These ideas were then written on
the board and voted on by the entire class. The class unanimously decided to use a
PCR-based technique to determine which gene is deleted largely due to considerations
of cost and time. Instructors played a key role in guiding students to this decision by
asking questions about the merits of each technique and suggesting additional relevant
pros and cons during the discussions. Though allowing students to determine the most
appropriate experiment takes additional time, it gives students ownership of the exper-
iment and teaches them the valuable skill of evaluating experimental approaches.

4.5. Primer Design

Once students decided to use a PCR-based strategy to identify the deleted genes, the
instructors informed the students that they would be carrying out the experiment in the
lab over the course of the next three class meetings. We then asked the class what
reagents and materials they would need to carry out the PCR experiment. In addition
to making genomic DNA and obtaining PCR reagents, such as polymerase and dNTPs,
the students listed designing primers. We then transitioned into an activity that gave the
students practice designing primers. For this activity, the class was split in half, with
one half designing the primers for one mutant fly stock and the other half for the other
mutant fly stock. Students worked in pairs and were given the appropriate annotated
DNA sequence of each gene in the region.

After this, we gave students a brief presentation highlighting several important pa-
rameters to consider when designing primers, including product length, primer length,
% GC content, 3’ end stability and primer melting temperature. Students then worked in
pairs to design primers using these parameters while instructors observed and assisted
groups as necessary. After approximately 15 minutes, we presented students with addi-
tional information to aid them in designing primers, including avoiding nucleotide runs
or repeats, hairpins, and primers that bind to each other. We also introduced them to
the online program BLAST, which they used to ensure their primers would bind unique
sequences. Groups continued working on designing their primers and were given a
handout that summarized the key points and prompted them to write down the proper-
ties of the primers they designed.

Lastly, we gave students a homework assignment, asking them to predict the out-
come of their PCR experiment, based on the research scenario and the primers they
designed.

4.6. Genomic DNA Preparation

Using standard protocols, students worked in pairs to isolate genomic DNA from whole
adult fruit flies. Each pair isolated DNA from the wild-type stock (Oregon R) and one
of two mutant stocks, p3520C (homozygous mutant) or pp1α96A2/TM6B (balanced
mutant). In the case of the pp1α96A2 mutant, students isolated DNA from homozygous
non-tubby larvae and pupae.

4.7. PCR Setup

Students again worked in pairs to set up the PCR reaction. They were given stock
solutions of each reagent and asked to calculate how much of each PCR reagent to
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add to each tube, to pipette in the correct reagents and to place their tubes in the PCR
machine. Each pair of students was given a set of primers to amplify each of three
genes in the region containing either p35 or pp1α96A, and the genes upstream and
downstream of those genes. To facilitate preparation and cost, all students used the
same set of primers for each gene. Discussions of experimental controls and selecting
the most appropriate positive and negative controls for PCR were also included in this
class meeting.

4.8. Gel Electrophoresis

To visualize their PCR results, students were instructed on how to prepare DNA agarose
gels. They then loaded their PCR products, let the gel run and photographed their gel
under UV illumination.

4.9. Data Analysis

As students obtained the data from the gel, they talked with their lab partner and ana-
lyzed the results. This step required students to connect the presence or absence of a
band on the gel to the presence or absence of the DNA sequence in the fly genome. In
this way, students were able to come to conclusions about which gene is deleted in each
mutant fly stock. If the students obtained data that were difficult to interpret, due to the
failure of certain reactions, students had to consider how an error in each part of the
multi-step procedure could have caused the reaction to fail. The value of negative and
positive controls was discussed and reinforced with respect to interpreting their data.
In these cases, students benefited from discussing what they could conclude from their
data and what their next steps might be to troubleshoot the experiment. To aid the stu-
dents in interpreting their data, we asked them to write down their conclusions, the data
that supported those conclusions, and the reasoning they used to link the data to their
conclusions.

4.10. Synthesis

To conclude the five-day experiment, we gave a short talk at the end of the final day
in order to reemphasize important concepts and leave the students will a feeling of
accomplishment. We reminded them of the original research scenario they had been
working toward solving, reiterated the goals we had for them and described how each
activity was designed to meet a particular goal. Finally we thanked them for their
participation and asked them to provide us feedback on the activity by filling out a
survey.

5. Assessment

Throughout the five-day unit, we utilized multiple techniques to assess student learning.
Our unit was taught at the beginning of the quarter and was the first major experiment
that the students encountered in the course. To determine the students’ level of prior
knowledge coming into the activity, we administered a pre-course survey that asked
about students’ familiarity with molecular biology techniques, gene structure, and types
of mutations, which are concepts central to the design of our activity. We found that
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the majority of students understood these concepts, enabling us to proceed with our ac-
tivity instead of including this information as review. Informally, we observed students
working during each activity to determine whether they were meeting our goals. For
example, to assess our main goal for the students of understanding PCR at the molecu-
lar level, we observed students during the Dry Lab PCR activity drawing out each step
of PCR and explaining to each other why each step occurs and is necessary to generate
a product. We also assessed this goal formally by including a question on the survey at
the end of the course asking the students to write down what occurs during each step of
PCR and why.

Though each team of students did plan and carry out the investigation using PCR,
it was difficult to assess their proficiency at this task in a formal way, as they were
given quite a bit of guidance and not all students contributed equally to the planning.
However, informally, through discussions with each group and observations of their
work, we were able to assess how well each individual student was meeting this goal.

To assess their ability to predict outcomes of an experiment, we turned to formal
assessment and collected the homework assignment in which they diagrammed the re-
sults they expected to get when they ran their PCR products on a gel. We assessed the
students’ ability to make and justify conclusions about which gene was deleted by both
observing students as they analyzed their gel electrophoresis data and scoring what they
wrote down for conclusions, data and reasoning.

The secondary goal of familiarizing students with alternate applications of PCR
was assessed informally during the discussion on ways that PCR could be used in com-
mercial, clinical, forensic and research applications, and formally in the homework
assignment where students created a fictional scenario using one PCR application to
solve a problem. Finally, we administered a survey at the end of the five-day unit to
assess the students’ ability to interpret gel electrophoresis data and determine the PCR
products that would form given certain primers and a DNA template. All the formal as-
sessment was done using rubrics to rate student progress toward achieving the learning
goals.

6. Social and Cultural Aspects of the Design in Practice

In designing this unit on PCR, we paid particular attention to the background of our
students, and provided multiple ways for them to learn, participate and communicate
at each level of the activity. We knew that there would be high degree of variability
in students’ prior content knowledge and laboratory experience at the start of this unit.
To address this, we had the students answer questions on a pre-unit survey, to gauge
their prior knowledge and seed key concepts the students would need to know later
on. We also started the entire five-day unit with a hands-on Dry Lab PCR activity, to
provide all the students with the same knowledge base of PCR. This activity served as
a community building activity, as students worked in groups and had to rely on each
other to complete the task, making them feel more comfortable sharing their ideas with
each other. During the small group discussion on the applications of PCR, students
were encouraged to draw from their social and cultural experiences and come up with
ways PCR could be used to solve real world problems. Their diversity of experience
was evident in the variety of ideas that the students came up with. By having students
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work primarily in pairs throughout each activity, they became more confident in sharing
their ideas with bigger groups or the entire class.

We made sure that all students were engaged and participating throughout each
activity by listening to group discussions and prompting students with questions. If
students were asking us questions, we tried to ask them questions in a way that would
often make the answer clear to them. Finally, from feedback we obtained in the post-
unit survey we learned that students enjoyed the activity and felt a sense of ownership
and accomplishment from using a scientific technique to address a real-life research
problem.

7. Considerations for the Future

There are a number of ways in which this lab activity could be improved or modified
to suit different venues or learners. In particular, the chronological order of activities
could be rearranged or certain activities could be omitted due to time constraints. For
example, to provide additional ownership over the choice of PCR or for students with
significant prior knowledge, the Dry Lab PCR Activity could be done after the students
have discussed and decided to use PCR to solve the research scenario. Alternatively, to
save time or for less advanced students the discussion on the applications of PCR or the
primer design activity could be omitted. Additionally, in this activity we chose to use
two different fly mutants, however for smaller class sizes or to minimize complexity, a
single fly mutant stock harboring a deletion could be used during the investigation. To
help students improve at using controls and interpreting data, an activity which visually
demonstrates how controls enable unambiguous interpretations of PCR data could be
useful. Finally, to help students better communicate and justify their reasoning, one
could build in extra time to scaffold students’ ability to create an explanation, possibly
by modeling or discussing the components of an explanation.
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Abstract. The Minority Access to Research Careers (MARC) and Minority Biomed-
ical Research Support (MBRS) are programs at the University of California at Santa
Cruz designed to support minority undergraduate students majoring in the sciences.
Each summer MARC/MBRS sponsors a Summer Institute that involves week long “ro-
tations” with different faculty mentors. In 2008, the Center for Adaptive Optics (CfAO)
Professional Development Program (PDP) was responsible for overseeing one week
of the Summer Institute, and designed it to be a Biomedical Short Course. As part
of this short course, we designed a four-hour activity in which students collected their
own data and explored relationships between the basic biomolecules DNA, RNA, and
protein. The goal was to have the students use experimental data to support their expla-
nation of the “Central Dogma” of molecular biology. Here we describe details of our
activity and provide a post-teaching reflection on its success.

1. Venue and Audience

MARC/MBRS is a National Institutes of Health-funded program at UC Santa Cruz that
focuses on increasing the number and capabilities of minority scientists, specifically
those interested in careers in biomedical research.1 Each year the program accepts a
new cohort of undergraduate students majoring in molecular, cell, and developmental
(MCD) biology, biochemistry and bioinformatics. During the summer, these students
attend a 10-week Summer Institute that involves week-long “rotations” with different
faculty mentors from the departments that support their majors. The intent of this In-
stitute is to provide students with an introductory research lab experience, as well as
to introduce students to different labs on campus where they may pursue future under-
graduate thesis research. In 2008, a team of seven CfAO Professional Development

1For more details see: http://marcmbrs.ucsc.edu/
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Program (Hunter et al. 2008) participants designed and led a Biomedical Short Course
as one week of the program. The cohort that year consisted of 21 undergraduates (13
MCD biology, 4 biochemistry, 2 bioinformatics, 1 biology, and 1 neuroscience), most
of whom were entering their junior or senior year. Although their majors differed, they
had all taken the introductory biology series and organic chemistry. Some had taken
additional upper-division science courses. The Central Dogma activity we designed
was taught to the entire cohort in about four hours in a single day.

2. Goals for Learners

A major constraint on the design of our activity was time. Given only 4 hours of con-
tact time with students for the activity, our team decided to focus on a fairly basic,
but fundamentally important, science content goal supported by several scientific pro-
cess skills. We chose to emphasize scientific process skills because the Biomedical
Short Course took place early in the 10-week program, thus an introduction to multi-
ple techniques and approaches would provide students with a background sufficient to
allow them to more readily engage with their subsequent rotation projects. We decided
that our students should: (1) develop an accurate understanding of the Central Dogma
of molecular biology by using evidence and experimental results, (2) be able to use
experimental evidence to explain interpretations and hypotheses when communicating
orally, in presentations, and in writing, (3) be able to synthesize results from multiple
experiments to formulate a “big picture”, (4) be able to develop a testable hypothesis
based upon empirical evidence and use it to make predictions, and (5) gain exposure to
experimental results obtained from actual techniques used by scientists to bridge their
textbook and lecture knowledge to a more practical/applied lab setting.

Considering the limited experimental time for our activity, we decided that the
Central Dogma was an appropriate content goal. This concept is introduced in every
introductory biology course, starting in high school, and states that our genetic informa-
tion is encoded in deoxyribonucleic acid (DNA), copied into ribonucleic acid (RNA),
and finally translated into protein: DNA→ RNA→ protein. While most undergradu-
ate students can recite the mantra “DNA goes to RNA goes to protein”, we felt that this
simply becomes another fact that students memorize out of the textbook, but they often
do not have a clear understanding of the implications of this principle as it relates to
other topics in biochemistry and cellular biology. The goals of our activity, therefore,
were to have students generate and then use experimental evidence to understand and
generate a hypothesis about the flow of genetic information in cells, test their hypoth-
esis using experimental evidence, and then use that information to make and support
predictions as a way to apply that information to new situations.

3. Activity Description

3.1. Activity introduction

Our activity took place on the afternoon of Day 3 of the Biomedical Short Course,
which meant that the students had previously been exposed to the inquiry process, hav-
ing already participated in the “Color, Light and Spectrum” inquiry. However, it was
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Table 1. Activity Description

Activity Component Timing
Introduction 15 min
Experimental starter stations 1 h, 30 min
Discussion: Relationship between DNA, RNA, and protein 20 min
Informal poster share-outs 15 min
Compare group models 10 min
Discussion: Causes of disease, can cell components cause disease 25 min
Group discussions 10 min
Jigsaw discussions 15 min
Interactive game 10 min
Synthesis 10 min

the first time that week they were specifically engaged in a biology-related activity. We
gave a brief outline of the activity schedule and reminded them that they were about to
participate in an activity that was not a “typical” classroom lab activity; there were spe-
cific things we wanted them to experience and learn but they would do so by engaging
with the materials and they could expect to struggle at times during their learning.

To get the students thinking about DNA, RNA, and protein, we started with an
informal discussion about cellular components. In addition to our three specific biomol-
ecules, the students generated a list of other cellular components. We then prompted
the students to think of techniques or tools to study those components: how does a
scientist in a laboratory study these cellular components? The students came up with
many different techniques, including gel electrophoresis and spectrophotometry, the
main techniques in our starter stations.

3.2. Starter stations and data collection

With limited time to set up an experiment and carry it through to interpreting results
to make conclusions, we decided to set up the experiments for the students and have
them collect the data at each of three “starter” stations. During the transition from the
discussion to the data collection students were put into pairs (and one group of three),
with half of the groups assigned to be “Akita” and the other half “Basenji”, which
are two cute breeds of dogs. Students were told that they would be collecting data
using different techniques for five sample sets, with each set representing a different
individual dog of their assigned breed. Students rotated through stations devoted to
measuring the amount, concentration, or activity of DNA, RNA and protein.

At the DNA station, students determined DNA concentration in a sample by mea-
suring the absorbance at 260nm in a spectrophotometer. This measurement is quantita-
tive, with greater absorbance indicating more DNA present in the sample. In addition,
the five DNA samples were separated by agarose gel electrophoresis. We had run the
gel earlier in the day for the students and allowed the students to visualize the DNA
using an ultraviolet light box. The absorbance data provide a quantitative measure of
total DNA concentration, whereas the agarose gel is more qualitative and can provide
information about the approximate size of the DNA fragments.
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At the RNA station, a short discussion was used to ensure students knew the dif-
ference between DNA and RNA. Students then measured overall RNA concentration
by absorbance at 260nm. We also introduced them to microarray technology. We ex-
plained to students how a microarray works and showed them the machine that prints
the array slides. A pseudo-colored image was also given to them depicting the raw data
from a microarray.

Students used two different protein analysis techniques at the third station. Protein
samples had already been separated via SDS-polyacrylamide gel electrophoresis and
stained with Coomassie blue. The students destained these gels to reveal bands of vary-
ing intensity, with the intensity of the bands being proportional to protein abundance.
Because these gels separate proteins based on size or molecular weight, the relative size
of the protein could also be determined. To analyze protein function, we used catalase,
an enzyme whose reaction can be followed by spectrophotometer readings at 240nm.
The substrate absorbs strongly at 240nm, and as the substrate is acted upon by catalase
and consumed its absorbance at 240nm decreases. Overall protein abundance was also
determined quantitatively by Bradford analysis using absorbance at 280nm.

Table 2. Akita sample data. Symbols refer to the concentration or arbitrary
amount of DNA, RNA or protein present in each sample that can be detected or
measured, with ++ corresponding to an amount that saturates the signal detected, +
corresponding to an amount just adequate enough to be detected, and – indicating
the absence of biomolecule.

Sample DNA RNA Protein
1 ++ ++ ++ / active
2 ++ ++ – / inactive
3 ++ ++ ++ / active
4 + ++ ++ / active
5 – – – / inactive

Table 3. Basenji sample data. Symbols are same as in Table 2.

Sample DNA RNA Protein
1 + + + / active
2 ++ ++ ++ / active
3 ++ + + / active
4 – – – / inactive
5 ++ – – / inactive

3.3. Discussion - Relationship between DNA, RNA and protein

Now that the students had collected DNA, RNA and protein data for five different sam-
ples, we asked them to look at their data and discuss potential trends between the three
components with their partner. They started with a few photos and a list of numbers
that they had recorded from spectrophotometers. In the span of 15 minutes, all of the
students came to the conclusion that samples had to have DNA present in order to have
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any RNA or protein; samples also had to have RNA present if they were to have protein;
and that the presence of protein did not necessarily correlate with a functional protein.

3.4. Informal poster share-outs

As a way to have students summarize the conclusions made in their short discussions,
we had the small groups prepare an informal poster including the relationship or model
they developed, as well as their supporting evidence. All of the groups had some form
of the Central Dogma (DNA→ RNA→ protein) drawn on their posters. Although we
asked them to use the actual data they collected to support their model, we found that
students still struggled with using the data to explicitly support their model.

3.5. Comparison of Akita and Basenji group models

Because we set up two different sample sets within each dog breed, we had the “Akita”
group and the “Basenji” group share out with other groups assigned their same dog
breed. After they shared out in their small groups, we brought everyone together and
compared the two models. Although the actual data were different, both groups arrived
at the same conclusions related to the Central Dogma.

3.6. Discussion - What causes disease? Can cellular components cause disease
and how?

Now that the students had arrived at the Central Dogma, we wanted them to apply their
data and new understanding to a new situation or problem. We now told each group that
a particular sample or samples within their data set were indicative of a canine patient
with progressive retinal atrophy. Based on their collected data and the relationships
between DNA, RNA and protein, we asked them to come up with a hypothesis for what
was causing the disease with respect to the three biomolecules. In order to do this, we
focused our facilitation (instruction) prompts on getting the students to think about how
each biomolecule could lead to disease and how this would be manifested or could be
detected in their data.

3.7. Group discussions

With students now grouped with everyone else assigned to either the “Akita” or “Ba-
senji” groups, partners shared out their ideas or hypotheses for what was causing the
disease.

3.8. Jigsaw discussions

We then formed mixed groups of four students, each containing two students from
“Akita” and two students from “Basenji”. We had specifically set up two different
sample sets so that each of the two dog breed groups would form a different hypothesis
for the cause of the disease based on their data. While the two hypotheses formulated
by the different groups were consistent with their own data, only one of them could
be reconciled with the data the other group had collected. We told these new groups
that both kinds of dogs shared this disease and it was caused by the same defect in
both species. The new “jigsawed” groups had to evaluate the data from the other group
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to determine which of their two hypotheses was consistent with the larger data set
they now had, or they had to determine if they needed to formulate a completely new
hypothesis for what was causing the disease.

3.9. Interactive game

Because all of the small groups should have reached the same hypothesis at this point,
we chose to forgo sharing out with the entire group, as this would have been redundant.
Instead, we kept the students in their small groups and played an interactive game. We
told them that they now had two new canine patients, one with and one without pro-
gressive retinal atrophy. Based on the different techniques they learned about and the
interpretation of their data, we asked them to decide upon which technique or mea-
surement they would utilize first to diagnose their dogs, and decide upon the smallest
number of measurements required to unambiguously determine if their patients had the
disease. Small groups wrote their responses on sentence strips and held them up for
everyone to see. Although most groups arrived at the same conclusion, this provided a
good assessment of the groups’ new hypotheses and also provided segues into discus-
sion if groups differed.

3.10. Synthesis

The end of the activity was synthesized in a short Powerpoint presentation. The Central
Dogma was explained and we highlighted how all of the students collected data and
interpreted data to arrive at the same basic molecular belief. We then went through
different causes of various diseases due to mutations in DNA, RNA or protein and how
the students could identify these aberrations in the data they collected.

4. Assessment

Throughout the activity, facilitators (instructors) assessed student learning by formative
and summative means. At the start of the activity, we asked students to brainstorm a
list of cellular components and different techniques used to study these biomolecules.
Based on the responses, we were able to assess the background knowledge of our learn-
ers. In the event that the students were having difficulty identifying cellular compo-
nents, we planned to ask more guided prompts. During small group discussions, facil-
itators migrated between groups to assess the interpretation of the data collected in the
starter stations. Although we were not able to determine if everyone understood, we
gained a sense for the group as a whole.

At the end of the first half of the activity, partners had to produce and present infor-
mal posters. The information presented on the poster, as well as the verbal presentation,
allowed us to summatively assess the students’ understanding through this half of the
activity. In addition, the small group answers during the interactive game permitted us
to assess several things at the end of the activity. These included whether the students
could synthesize their own data from multiple groups to make a model and then use this
model to make predictions.
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5. Social and cultural aspects of the design in practice

A main goal of the MARC/MBRS program is to increase the number and capabilities
of minority scientists, specifically those interested in careers in biomedical research.
Because all of our students were from backgrounds underrepresented in science at the
university level, we hoped to increase their self-confidence and identification as scien-
tists in order to retain these students in the sciences.

As scientists we often find ourselves working in groups and constantly required to
communicate our ideas and findings in multiple ways. To introduce our students to this
aspect of the scientific culture, we had them working in pairs and small groups where
they were encouraged to communicate verbally and in writing. We also hoped that this
format would help encourage and develop a sense of community among the students.

The majority of our students were majoring in a biological science and had ex-
pressed interest in research so we wanted them to apply what they had already learned
from lectures and textbooks to an experimental laboratory setting. We hoped students
would become more comfortable while working with real laboratory equipment and
gain a sense of trust by using the instruments. By having the students collect the data
themselves using the same laboratory equipment used by professional researchers, we
hoped the students would grow more comfortable and trusted and feel more like re-
searchers themselves instead of someone just reading about it in a textbook.

6. Considerations for the Future

If this activity were to be taught and/or re-designed for future teaching, there are a
few things that the instructors should consider. A major goal we had for students was
their developing and practicing the skill of synthesizing data from multiple experiments
to support and refine a hypothesis or model. This cognitive process requires substan-
tial concentration and focus, even for an experienced scientist. In our situation in the
Biomedical Short Course, the students were extremely tired by the afternoon of Day 3.
They were simply worn out and did not appear to be as willing to engage intellectually
as we had hoped. If this were to be taught in a short course format again, we would
suggest breaking up the involved inquiries by interspersing them with other activities
that may not be as mentally intensive.

In addition, we were perhaps slightly over ambitious in the number of content and
skills based goals that we were trying to have students achieve during a short amount
of time. Although we felt that our activity was quite successful, and students rated it
highly in post-activity surveys, we did not strictly teach according to our designed plan.
While our on-the-fly adjustments largely improved the overall quality of the learning
activity, it also meant that students did not spend as much time practicing some of
the skills as we had intended, or that the nature of the way in which students interacted
with the material and each other was different than we had envisaged. Some of the small
discussions were cut out and replaced with short lectures by the facilitators, which made
parts seem more guided than we originally planned.

We would recommend keeping the exposure to multiple techniques as a part of the
activity, as this appeared to be the first time some of the students had ever seen many of
the actual instruments, as opposed to merely seeing pictures in textbooks. The students
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also valued being able to perform some aspect of the technique. It gave them a sense of
trust, allowing them to physically touch and handle the equipment, increasing their con-
fidence in a research lab setting. This hands-on experience increased their familiarity
with the techniques, made them more comfortable working with the instruments, and
increased their technical skills; all of which would prove useful in their future rotations
with other faculty.
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Abstract. In this paper, we describe our design and implementation of inquiry-based
biology units for the Summer Undergraduate Math and Science (SUMS) program at
Hartnell College. The SUMS bridge program is designed to encourage local minor-
ity students with unrealized potential to enter and excel in Math and Science college
curricula. The inquiry activities we designed prompted students to investigate where
bacteria live in the students’ environment and how effective different cleaning products
are at killing these bacteria. These investigations required students to create their own
testable questions and design and carry out experiments to test them. By the end of the
program the students demonstrated a command of the scientific method and reported
feeling like real scientists. While this unit was taught in four consecutive days, it could
easily be translated to a more traditional weekly college lab schedule.

1. Introduction

Inquiry-based teaching methods have the benefit of engaging students in the process
of scientific research and giving them ownership of their learning experience while
teaching them important scientific concepts. However, employing these methods in the
biological sciences can be challenging, as biological processes are difficult to observe,
being either microscopic or contained within a living organism. Additionally, biolog-
ical experiments often require the use of specialized tools and can take days to weeks
to complete. To circumvent these problems we chose to use bacteria for our activities,
as their growth is rapid and easy to see. Within the context of the Professional De-
velopment Program (Hunter et al. 2008, and Hunter et al., this volume), we designed

203



204 Dorighi et al.

a four-day short course in Microbiology that incorporated many inquiry-based activi-
ties with the goals of improving students’ understanding of bacteria, developing their
science reasoning and process skills, and improving their attitudes about science and
their ability to do science. We refer to our short course as “Biology Week” within the
five-week SUMS program.

2. Venue / Audience

The Summer Undergraduate Math and Science Program at Hartnell College in Salinas,
CA, aims to increase the enrollment and participation of minority students in Science,
Technology, Engineering and Math (STEM) disciplines. This program enrolls approxi-
mately 30 students and runs for five weeks every summer, each week covering a differ-
ent STEM topic. A STEP (STEM Talent Expansion Program) grant from the National
Science Foundation funds the program and allows it to offer participants a monetary
stipend, to encourage enrollment in the program over taking a summer job. Student
participants are generally minority students who are recruited from local Salinas high
schools, and Hartnell College is itself a federally designated Hispanic-Serving commu-
nity college. Preference for participation in SUMS is given to graduating high school
seniors who do not plan to attend a four-year institution the following year, but who
have an interest and potential to excel in STEM disciplines.

3. Goals for Learners

The SUMS program is designed to help retain students with potential in the STEM
fields. It covers many topics in an intensive five-week span. Therefore, our goals for
the students in the Biology Week of the SUMS program focused on scientific process
skills and attitudinal outcomes, as well as specific content about bacteria. At the end of
the week and program, students should have gained the skills and confidence to succeed
in a beginning college-level biology class.

The following goals were laid out at the beginning of the course:

1. Students should be able to identify and quantify the extent to which bacteria live
in different environments.

2. Students should be able to formulate and test hypotheses regarding how various
reagents affect microbial growth.

3. Students should be able to work together, share their ideas and provide feedback
and critique in a way that is respectful to all members of the community.

4. Students should be able to present their final conclusions about the efficacy of
their chosen reagents based on quantitative, pictorial or graphic data and verbal
arguments that reflect their data accurately.

5. Students should be able to demonstrate an increased sense of self-efficacy in
biological inquiry and increased sense of awareness of the role of science in their
lives.
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4. Activity Design

This section describes in detail the components of the SUMS Biology Week short
course, which spanned four days and ran for six hours each day.

4.1. Morning and Afternoon Reflections (Daily, 10 minutes)

Each morning and afternoon, students were asked to reflect on a different question
or topic and write about it for approximately 10 minutes in their notebooks. These
reflections encouraged students to examine their preconceptions and attitudes about
science and reflect on their own thinking and how they viewed themselves in the STEM
community. They also prompted students to take notes, write down questions and make
predictions about the results of their experiments.

4.2. Classification Activity (Day 1, 1 hour)

We decided to begin the Biology Week with an activity that would challenge students’
notions about what defines life and how the different varieties of life are organized. For
this classification activity, students received 24 different pictures, each of a different
living or non-living thing. We then asked the students to arrange all the photos and
group them according to whatever classification scheme they chose. The only stipu-
lation was that they would have to present their groupings to the class and explain or
justify the categories they came up with. Due to the open nature of this activity, stu-
dents experienced the ambiguity that can be faced in real scientific discovery. Students
categorized the pictures in a number of creative and unique ways. For example, some
students placed pictures of a carrot and an eye in the same category because carrots are
supposed to be good for your eyes. Others put the orca, blowfish, salt, sponge, shell,
clam, and ocean pictures together because they are all found in the ocean. This activity
also revealed misconceptions, such as that mushrooms are a type of plant or that viruses
are considered alive. As a follow-up to this activity, we explained that one way to clas-
sify these photos is to group them into alive (i.e., dog), never alive (i.e., rock) and used
to be alive (i.e., skeleton). We also discussed what defines something as living and why
some of the objects pictured did not meet all the criteria and so are not considered to be
alive. In addition to learning about how biologists viewed life, this activity established
a classroom culture of discussing and questioning in a respectful way.

4.3. Introduction to Bacteria Lecture and Discussion (Day 1, 30 minutes)

We next gave a short whole-class lecture and discussion introducing the field of Biology
and careers that follow from a Biology degree. The lecture also focused on the field of
Microbiology and why it is important to study microorganisms. In order to challenge
the students’ preconceptions about microorganisms, we asked them a series of yes/no
questions, which revealed some surprising facts about microorganisms. For example,
we asked students whether the average human harbors more bacterial cells than human
cells and whether they thought that microorganisms inhabit the widest range of habitats
of any organism. This discussion led nicely into the first inquiry activity, where students
tested their preconceptions about bacterial growth.
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4.4. Bacteria in Your Environment Inquiry (Day 1-2, 4 hours)

The goal of this inquiry was to teach students techniques for plating bacteria, give them
practice at making and testing predictions, and give them a sense for where bacteria
may be found. We engaged students at the beginning of the activity by showing them
bacterial growth on twelve different plates. We explained that we had sampled 12
different areas or objects to determine the amount of bacteria on each. Bacterial growth
samples came from fruit flies, hair, yogurt, a 30-year-old man’s mouth, a 7-year-old
boy’s mouth, a puppy’s mouth, a climbing wall hand hold, a dish cleaning sponge,
piano keys, the mouth of a water bottle, a bathroom sink, and unwashed fruit. We then
asked them to predict which plate matched with each location. When the identity of the
sample on each plate was revealed, the students were surprised to see that their notions
about which locations were the “dirtiest”, such as a dog’s mouth, did not necessarily
have the most bacteria. Likewise, items we generally think of as “clean”, such as the
dish cleaning sponge, actually harbored lots of bacteria.

Students then had the opportunity to take samples of bacteria from five locations
of their choosing. Students created a list of locations to sample and ranked them in
terms of which they expected to have the most and least bacteria. Before leaving to
take samples, students learned the proper technique for sampling and streaking bacteria
onto plates without contamination, and they practiced these techniques in the lab. The
students mainly chose to sample familiar items and places such as cell phones, shoes,
tables, and bathrooms. Students plated their samples and let them grow overnight.
The following day, they looked at the growth on their plates and recorded where their
predictions had been accurate or inaccurate. Students then discussed their results in
small groups with other teams.

4.5. Reading and Discussion of Microbiology-themed Popular Science Articles
(Day 2, 30 minutes)

One of the major ways scientists learn about their field is through reading journal arti-
cles. In order to increase the students’ knowledge of microorganisms and give them
practice in learning through reading we had students read one of six short popular
science articles about bacteria. These articles covered topics that included both the
dangers and benefits of microorganisms to people. After reading a particular article
students then shared the major points of the article with other students who had read a
different article.

4.6. Bacteria Wars Inquiry (Day 2-3, 4 hours)

The Bacteria Wars Inquiry was the major scientific inquiry activity of the week. We
started the inquiry by creating a number of different stations with cleaning products
grouped according to their use. The goal of the arrangements was to stimulate students’
critical thinking and to get them to ask questions about how well different cleaning
products work, either on their own or relative to each other. For example, we had
a station of kitchen cleaners and another that was all products used on the hands. We
purposefully mixed brand name, generic and environmentally friendly cleaners in order
to help stimulate questions of differential efficacy. Students were asked to visit each
table, inspect labels and write down whatever questions came to their minds. One
difficulty with this inquiry is that no questions of “How” or “Why” could be answered.
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Therefore, when we later sorted the questions into categories these had to be set aside.
After sorting, questions were put up on the wall, listed in categories, so that the students
could see all of the questions that were asked. Students could choose any question that
they wanted to investigate and were partnered with someone who wanted to investigate
a similar question. Examples of questions the students came up with are the following:
“Does hand sanitizer really kill 99.9% of bacteria?” or “Does leaving the cleaner on the
surface a longer time make it more effective?” Because students generated and chose
their own questions they were already interested in finding the outcome at the beginning
of the experiment.

Students were then asked to generate an experimental plan and were given a hand-
out outlining the important aspects of an experiment (e.g., hypothesis, predictions,
methods). This was the most difficult part of the inquiry and required the instructors
to talk individually with each group. While the students planned out how they would
do their experiments, the instructors walked around from group to group, asking about
how they would use controls in their experiment, if they would include multiple repli-
cates and how they could avoid introducing errors into the experiment. Emphasis was
placed on having a clear and detailed plan before starting the experiment. Once each
group had written up a detailed experimental protocol and had gotten it approved by
an instructor, they began conducting the experiment. We provided them with bacte-
rial plates, cleaning products, swabs and other materials they would need to carry out
their experiment. When they were done making samples, they let their plates incubate
overnight.

The following day, the students looked at the growth on their plates and started
drawing conclusions with regard to their initial question. At this point, we introduced
methods to quantify the amount of growth on the plates by using grids to calculate the
area of growth or by calculating the area of individual bacterial colonies. Students then
took photos of their plates and began calculating the amount of bacterial growth on
their plates.

4.7. Student Poster Presentations (Day 4, 2 hours)

On the final day of instruction, we had the students present the results of their investi-
gations by making posters describing their question, methodology and results and then
sharing it orally in front of the class. Students were given about an hour to prepare their
posters and five minutes per group to present their work. Students were also encouraged
to ask each other questions following the presentations.

4.8. Synthesis (Day 4, 30 min)

To conclude the Biology Week, just following the student presentations, we presented a
short synthesis lecture. To encourage students to monitor their own learning, we asked
the students to talk about what they felt they learned this week. We also asked them to
share ideas about what they would have done differently in their investigations if they
could do them over again, and what kinds of follow-up experiments they would want
to do if they had the time. We next reiterated the key points we wanted the students to
learn from the Biology Week, such as not all bacteria are bad and that regular cleaning
products often are just as effective as antibacterial products. We also included additional
information about many of the cleaning products they were using during the Bacteria
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Wars Inquiry and how they work to kill or remove bacteria. Finally, we reminded the
students of what they had accomplished during the week and described how they had
achieved the goals we set out for them. Importantly, we gave examples of how the stu-
dents had demonstrated proficiency in these goals by including pictures of the students
conducting their experiments, presenting their results, working together in teams and
giving feedback to each other.

4.9. Final Reflection / Survey

To get feedback on our activities from the students and to evaluate what the students
got out of the course, we administered a final survey. This survey contained questions
asking the students to rate each activity, how it improved their scientific skills and how
it influenced them compared to before the course. For the results of this survey, see
section 7 of this paper.

5. Equity and Diversity Considerations

We paid particular attention to equity and diversity while designing this course. Many
of our students struggled with writing and speaking in English, so we gave students
the opportunity to communicate to their classmates in visual ways, using diagrams and
pictures in addition to the more traditional written and oral methods of communication.
We also had the students work often in groups, where they could speak to each other in
Spanish and work together on problems. We took the students on a field trip to UCSC
so that they could see a four-year college as a real option and envision themselves there.
In this trip they were able to see actual research labs and talk with a student who was
from Salinas and is now in graduate school after attending Hartnell College. During
the Biology Week, we also invited two faculty members at Hartnell College to speak
to the students about their own backgrounds and what kinds of research projects they
are involved in. Dr. Pimol Moth, an Astronomy professor, shared her story of coming
from a low-income immigrant family and Dr. Jeffery Hughey, a Biology professor who
attended community college, described and demonstrated how technology is used to
identify sources of DNA and use it to solve crimes. These talks were aimed at inspiring
the students and showing them that a career in science is possible for them. Finally, the
inquiry-based activities the students took part in were designed to promote a feeling of
ownership and competence in the students, and make them feel like they can succeed
at science.

6. Assessment

Throughout the SUMS Biology Week, students were formatively assessed through in-
teraction with instructors and each other. At a number of different points, students were
asked to discuss results or attitudes in groups. At these times, instructors were looking
for both increased understanding of content and attitudes that would reflect the goals of
the course. For example, when discussing the results of the Bacteria in Your Environ-
ment Inquiry students were asked not only if their predictions on where bacteria would
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grow were accurate but also what knowledge they used to make those predictions. At
all times we were looking for respectful and yet critical discussion.

One major form of summative assessment was used at the end of the SUMS Biol-
ogy Week. Students were asked to create a poster of their Bacterial Wars experiment
and present it to the class as a whole. During poster-making and presentation we looked
for the ability to both describe and explain results with reference to a hypothesis. Stu-
dents showed a marked ability to describe both what happened and why they thought
their results reflected or differed from their hypothesis, and the student audience partic-
ipated in asking critical but respectful questions of each other.

7. Evaluation of the Activity

At the end of the Biology Week, students participated in a survey evaluating the differ-
ent activities, skills they had learned, and changes in their attitudes. Even though this
survey was only given at the end of the week, students indicated that their own attitudes
and abilities had been changed. For example, while only 28.2% of students gave the
highest rating (1 of 4) to the prompt “Comfort with making scientific presentations to
peers” in the prior week of the SUMS program, 70.4% of the students gave this high
rating after Biology Week. Additionally, only 3 of 29 students indicated that they were
not confident asking questions and engaging in biological research in the future. On the
whole, students’ responses to the survey indicated that our goal of increasing students
feeling of self-efficacy in scientific inquiry were met.

8. Considerations for the Future

The course described here was carried out in the first year of the Hartnell College SUMS
program in the summer of 2008. The SUMS program continues to be taught at Hartnell
College with the Biology Week evolving to meet the needs of the students. We found
that this course worked exceptionally well in engaging students and making them feel
like “real” scientists. However, the students had difficulty applying math to biological
problems, such as quantifying bacterial growth. More specific math integration in this
area, such as reviewing percentages and how to calculate the area of a circle, would
greatly improve the students’ ability to understand their own data. Finally, because the
SUMS program enrolls a diverse array of students, the backgrounds of the students in
the program can vary greatly from year to year. Continued acknowledgment of different
cultural backgrounds and how they affect one’s view of the world will be necessary
to meet the goal of retaining students in the STEM fields. This activity was in fact
redesigned and taught the following year, with increased consideration in the design of
the activity for cultural backgrounds (Yuh et al., in this volume).
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Abstract. The Hartnell College Summer Undergraduate Math and Science (SUMS)
program is a five-week course for incoming college students. The SUMS program ex-
poses students to a broad array of math and science disciplines by engaging them in
a variety of inquiry-based activities designed to increase their knowledge of these dis-
ciplines, and more importantly, to approach these areas of study in a way that more
accurately reflects how scientific research is done. Four participants from the Center
for Adaptive Optics (CfAO) Professional Development Program (PDP) designed and
instructed Biology Week for the 2009 SUMS program. We designed an activity that
allowed our students to use and develop problem-solving skills used by all scientists,
in the context of learning about bacteria and antimicrobial compounds. Moreover, we
sought to make biology accessible to our students, and to increase their sense of be-
longing in the scientific community. In this paper we describe details of our activity
and provide a post-teaching reflection on its success.

1. Introduction

The Hartnell SUMS program is designed for incoming college students, most of whom
will begin attending Hartnell College the following fall. It is a five-week summer pro-
gram consisting of different weekly topics: Orientation; Mathematics; Biology; Ecol-
ogy; and Computer Science. SUMS is funded through a grant from the National Sci-
ence Foundation STEM Talent Expansion Program (NSF STEP), and the program aims
to increase women and Latino enrollment and success in science, technology, engineer-
ing, and mathematics (STEM) disciplines. Thirty students were selected from nearby
high schools based on their demonstrated interest and potential for success in STEM.

We developed and implemented an inquiry-based design for Biology Week (6–9
July 2009). The CfAO PDP had previously worked with Shannon McCann, the princi-
pal investigator of the STEP grant, during Biology Week for the 2008 SUMS program
(Dorighi et al., this volume). Because the authors had different goals for Biology Week,
we revamped the main biology activity for SUMS 2009 and named it Antimicrobial
Adventures.
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2. Course and Activity Goals

A key component of designing teaching activities through the PDP is “backward de-
sign”, the idea that one’s teaching goals are established first and provide the rationale
for all parts of the activity (Wiggins & McTighe 2005, and see Hunter et al. 2008 for
more on the PDP). The SUMS program had four goals for the overall five-week pro-
gram:

1. Pose scientific questions and collect and evaluate evidence to answer questions.

2. Generate scientific explanations using appropriate evidence and reasoning.

3. Demonstrate an increased sense of self-efficacy in scientific and mathematical
inquiry.

4. Prepare and discuss a plan to achieve college and career goals.

We came up with many of these same goals during the initial planning for Biology
Week. Due to our audience and the relatively large amount of time allotted for our
design, we decided to focus more on process skills that are shared among all scientists.
In order to learn scientific content through inquiry, students must be able to carry out
an investigation that at least partly mirrors actual research. Biological experimentation
presents many logistical challenges, including training, equipment, and time required.
Therefore, we chose to have our students work with bacteria, which are easy to work
with and grow quickly. Our specific content goals were described as the following:

1. Students will learn that antibiotics exist in nature and are found in foods and
plants.

2. Students will learn what antibiotics are and how they work, by developing an
experimental system in which antimicrobial activity can be observed.

3. Students will be able to evaluate the effectiveness of antimicrobial substances
derived from edible sources.

We decided to have content goals involving one key theme in biology, and build
a set of scientific process goals around the content. Our process goals included the
following:

1. Students will develop and use a science toolbox for problem solving (observing,
questioning, hypothesizing, predicting, planning an investigation, interpreting,
communicating).

i. Students will learn what comprises a good hypothesis, and be able to for-
mulate hypotheses to begin an investigation.

ii. Students will design an experiment/investigation in which they will clearly
identify one variable they will test, and control for other variables they will
not test.
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iii. Students will articulate a clear objective for their investigation that can be
accomplished with reliable measurements using the materials available.

2. Students will be able to work together, share their ideas, and provide feedback
and critique in a way that is respectful to all members of the community.

Furthermore, we strongly believe that fostering a sense of belonging in the scien-
tific community is crucial to encouraging students from underrepresented minorities in
STEM to pursue and succeed in these fields of study. To that end, we devised a set of
attitudinal/community goals:

1. Students will see that they can contribute to science in a meaningful and produc-
tive way.

2. Students will increase their sense of belonging in the scientific community, and
see science as relevant to their daily lives.

Taken together, our teaching activity aims to give students the chance to develop
important scientific process skills while learning about bacteria and antibiotics, and
ultimately to show them that they can, in fact, do science.

3. Activity Description

The major components of our activity are summarized in Table 1. The inquiry process is
central to all teaching done through the PDP, and can be thought of as learning science
by doing science. As this way of learning can be unfamiliar to many students, during
the introduction for the week we highlighted the fact that learning science is a process,
and that the students will be provided supplies in which to design and perform their
own investigation to answer a question they have chosen to pursue, using bacteria as a
learning tool.

3.1. Inquiry starters

“Starter” demonstrations can be an effective way to engage learners’ interests. Since our
students had taken high school biology and chemistry, we decided to use starter stations
for this purpose and also to convey some important biology content regarding bacteria
that would help them with their investigations. There were three starter stations, each
with two short demos that had specific content goals. We divided students into three
groups of ten. As each group rotated through the stations, we asked them to write
down questions in their lab notebook. One facilitator (instructor) was present at each
station to guide them through the starter. Each station also contained prompts for the
students to consider; some prompts were specific to one station, while the following
were common to all stations:

• What makes people sick?

• How do we make them better?

• Where do we find these things?
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Table 1. Overview of SUMS 2009 Biology Week

Day 1 Day 2

AM (9:00–12:00) AM (9:00–12:00)
Icebreaker Ground rules for class discussion
Introduction to activity Look at 1st plate
Inquiry Starters part 1 Inquiry Starters part 2

Question strips
PM (1:00–3:00) PM (1:00–3:00)
Discussion on home remedies Gallery walk
Working with bacteria Discussion on hypotheses and rubrics
Set up 1st plate Design protocol for and set up 2nd plate
Homework: bring in foods/plants from home

Day 3 Day 4

AM (9:00–12:00) AM (9:00–11:30)
Field trip - USDA Sample poster and presentation

Audience roles
Presentation prep

PM (1:00–3:00) PM (12:30–3:30)
Look at 2nd plate Poster presentations
Processing time with thinking tool Synthesis
Set up 3rd plate if desired Closing activity – “Science Everyday”

3.1.1. Station A

Goals:

1. Gain exposure to bacteria as a tool for learning about biology

2. Bacteria are everywhere

3. Bacteria grow rapidly

Demo 1: Plates with bacteria from different sources (open air, door handle, wall)

Demo 2: Time-lapse video of bacteria growing

Prompt: Where do bacteria grow? Is it important to control their growth? Are all
bacteria bad?

3.1.2. Station B

Goals:

1. The type of sugar used affects growth rate

2. Many variables affect growth rate

Demo 1: Plates of bacteria grown with different sugars in the growth media (glucose,
fructose, lactose, starch, artificial sweetener)
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Demo 2: Plates of bacteria grown with same sugar, but different pH levels

Prompt: How do you think you can change the pH of a system (what are different acids
and bases)?

3.1.3. Station C

Goals:

1. Connect natural medicine and home remedies

2. Science uses natural medicines for testing

Demo 1: Video on discovery, use of naturally occurring antibiotics

Demo 2: Highlighted sections of papers on antibiotic studies

Prompt: Where do antibiotics come from? Are all bacteria bad?

3.2. Afternoon of Day 1

The remainder of the first day was devoted to establishing the context for the students’
investigations and familiarizing them with the technical skills required to work with
bacteria in the lab. The afternoon began with a short discussion about what people
do when they become sick: do they take medicine or use a home remedy? Are home
remedies a type of medicine? We intentionally designed the inquiry to involve the use
of home remedies because many of our students come from Hispanic backgrounds that
often employ such measures in response to sickness. By using home remedies as the
context for the inquiry, we hoped to connect their learning in school and lab with their
broader experiences in their home communities.

After this discussion, we gave a demonstration on how to work with bacteria and
general lab safety. Bacteria are streaked out and grown on solid agar-based nutrient
media in Petri dishes. This was followed by the students setting up their first set of bac-
terial plates. These first plates served several purposes. First, we wanted our students
to get as much technical experience as possible, as early in the week as possible. Sec-
ond, we asked them to consider testing one or more variables that may affect bacterial
growth. Third, this experiment would give them a chance to think about the necessary
controls to include in order to validate their results. Fourth, we also gave them the op-
tion of swabbing a source of their choice onto a plate and seeing if there were bacteria
on the source. Along with letting them choose a variable to test, we hoped this would
give our students a sense of ownership in even this first experiment.

We ended the first day by giving our students a short homework assignment: “Talk
to your family and/or do research online, and bring in one or two foods or plants that
you think have antimicrobial properties.” We wanted them to take their learning outside
the classroom and see it as relevant to their daily lives.

3.3. Setting ground rules for discussion

Before our students began discussing their first results with each other, we wanted to en-
sure that the students respected everyone involved in any discussion, whether in groups
or during presentations. Ground rules for group discussion had been addressed earlier
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in the SUMS program (e.g., everyone gets a chance to talk, time is shared equitably,
respect each other’s opinions, etc.), so we reviewed them quickly during Biology Week
and focused more on rules for scientific discourse. Some of these ground rules over-
lapped with those for group discussion (e.g., respect each other, participate equitably),
and others were new (e.g., learn from each other, be clear in both answers and ques-
tions, clean up your work areas so that there is space for discussion). We invested a total
of one hour going over various scenarios and brainstorming potential ground rules. We
thought this was valuable in setting the stage for productive scientific discussion as our
students prepared to examine their first set of plates, and throughout the rest of the
week.

3.4. First set of plates

Our students then examined their plates while we facilitated discussion among groups
of four. We asked them to describe the effect of the variable(s) they tested on bacterial
growth, and then had them share their results with the rest of the class. We generated a
list of variables that affected their results and kept it posted in the lab as a reference.

3.5. Inquiry starters, part 2

We split the class into four groups of 7–8 students and each facilitator met with one
group to discuss what each of them had brought from home and why. We reminded
everyone of the ground rules for group discussion, and asked one person from each
group to summarize the discussion and share out with the rest of the class afterward.

After the group discussions, we pooled all the items the students had brought into
a fourth starter station and asked each group to revisit the starter stations. We wanted
to give them some time to go back to the questions they had come up with before
and/or find new questions, in light of the first plates they had now set up. This time
we gave the students a guiding prompt to help them generate questions they wanted to
investigate: “You’ve now seen how bacteria grow, that they are found everywhere, and
how naturally occurring compounds can inhibit their growth. How can you incorporate
one (or more) of the items to come up with questions to investigate their potential
antibiotic properties?” Students wrote down questions on sentence strips, which we
sorted into categories.

3.6. Gallery walk

An important element of giving learners a sense of ownership in their investigation is
letting them choose which question(s) to pursue. Several PDP teaching activities use
starter stations as a means of generating questions from the students, which is followed
by a gallery walk where they see all the questions grouped into general categories and
decide which one to investigate. We asked our students to pair up with someone else
interested in the same question, or work in groups of three or four on related questions.

3.7. Discussion on hypotheses and rubrics

Immediately following the gallery walk and formation of groups for the investigation,
we facilitated a discussion on what makes a good hypothesis. The term hypothesis is
widely used in science but students often do not understand what a “good” hypothesis
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is. In order for them to design and carry out an experiment to address their question,
they need to know that a good hypothesis is specific and testable.

A new component of PDP teaching designs in 2009 was the use of rubrics to as-
sess learner explanations. These assessment rubrics are intended to help facilitators
determine whether the claim, evidence, and reasoning put forth by the student met,
exceeded, or fell short of the goals of the activity. We used the rubrics to assess our
students’ explanations during their poster presentations, and wanted to make this trans-
parent to them in advance. To familiarize them with the idea of rubrics, we created
a sample rubric which we distributed at this point, and discussed how we would be
looking for appropriate claim, evidence, and reasoning in their explanations.

3.8. Set up 2nd set of plates

The last hour of Day 2 was when the focused investigations began. Students had prac-
ticed working with bacteria, seen how variables affect their growth, chosen a question
to pursue, and learned what comprises a good hypothesis. We asked our students to for-
mulate a hypothesis from their question, i.e., turn their question into a good hypothesis.
We then prompted them to design an experiment to test their hypothesis, and to write
down an experimental procedure in their notebooks. We checked in with each group to
make sure they had planned a sufficiently detailed protocol before proceeding to set up
their plates.

3.9. Field trip to USDA

The morning of Day 3 was spent on a tour of a local U.S. Department of Agriculture
(USDA) research facility. We wanted to give our students a glimpse of possible career
paths in an area of biology that many of them are already familiar with due to the
abundance of agriculture in the Salinas, CA, area where Hartnell College is located. The
USDA visit consisted of a presentation and a lab tour that included a look at research
lab space and greenhouses.

3.10. Afternoon of Day 3

The remainder of the third day was less structured than other parts of the week. We
wanted to give students ample time to think about, discuss, and analyze their second
set of plates. The afternoon began with a smaller discussion within each pair or small
group, followed by a discussion and comparison of results with another pair or small
group. Each facilitator kept track of 2–3 larger groups and prompted them with ques-
tions such as “How do your plates look?” and “What do you think is going on here?”

The rest of the afternoon was used for “processing” time to allow students enough
time to process and interpret their results. We saw this as a crucial time in terms of
honing their scientific process skills, and our facilitation techniques reflected our desire
for the students to make sense of their data and take ownership of their results. Each
facilitator checked in with various pairs, but did not provide anyone with the “right
answer”. In general, it is the intent of a facilitator to help learners discover the answers
for themselves.

Anticipating the need for more concrete guidance in analyzing their plates, we
scheduled a “thinking tool” in the middle of processing time. Our thinking tool con-
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sisted of two facilitators modeling an analysis of sample plates we had prepared, and
coming up with further questions to follow up on those results. Two of the questions
we suggested our students think about were “What are all the possibilities that could
have produced this result?” and “What you expect may not happen—why?”

As the students continued their data analysis, we reminded them to use their note-
books to record their observations and results, and that they could take pictures of their
plates for use in their poster presentations the next day. We also gave them the options
of incubating their plates another day to see whether that would change their result, as
well as preparing a third set of plates if they wished to repeat or revise their experiment.

3.11. Sample poster presentation and audience roles

Throughout Biology Week, we attempted to be transparent in our expectations and
goals for our students. In order for them to excel at the tasks they performed, we of-
ten used examples to show them what success looks like. Before they began preparing
posters for their presentations, we demonstrated a sample poster and presentation for
them. An important part of this process is to intentionally exemplify both good and
bad aspects so students can see elements that worked well, and elements that needed
improvement. Our sample poster presentation included easily identifiable elements of
both types. Furthermore, our sample poster was about an everyday topic: baking cook-
ies (Figure 1). We turned the problem of baking burnt cookies into an investigation.
This served the additional goal of extending the use of scientific process skills to every-
day life.

The facilitators who did not present played the role of the audience, and asked
questions about the presentation at the end. To help our students gain experience with
scientific discourse, we assigned each of them one of three audience roles during their
presentations that mirrored the claim, evidence, and reasoning areas of explanation in
which we would be assessing them. We modeled this approach on a classroom activity
where the instructor wanted his students to gain similar kinds of experience: “Stu-
dents would listen to their peers present and ask questions in order to check predictions
and theories, check summaries of results, and assess the relation between predictions,
theories, and results” (Michaels et al. 2007). We used this effective, albeit scripted,
technique to improve our students’ ability to participate in scientific discourse.

3.12. Poster presentations

After an hour to prepare their posters, the students presented their findings to the rest
of the class. We limited each presentation to a total of five minutes – three minutes to
present and two minutes for questions. The facilitators assessed each group’s expla-
nation using a rubric and also asked occasional questions. We included a short break
halfway through the presentations.

3.13. Synthesis

The inquiry “synthesis” consisted of a brief lecture-based review of the major scientific
content and process goals we had for our students that week. While there were sev-
eral pieces of biology content in our design, it was clear that the main purpose of this
content was to provide the context in which to practice and develop many important
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Figure 1. The sample poster used on Day 4.

scientific process skills. Through the course of the week, we had incorporated activity
components to help our students develop the process skills of observing, questioning,
hypothesizing, controlling variables, predicting, planning an investigation, interpreting
data, and communicating. We used the synthesis to remind them of these skills and to
point out that they are part of a science toolbox that can be used in any future science
class they take.

3.14. Closing activity – Science Everyday

Our final activity was designed to show our students that while these process skills are
essential for effectively practicing science, most students already use these skills every
day. We asked them to think about the question, “In your daily life, are there situations
where you apply these skills?” After a brief discussion in groups, they shared out to the
class. Our goal was to help them realize that these skills are relevant and useful in all
aspects of their lives, and to finish the week by “zooming out” to a broader scale.

4. Assessment

During the week there were several activities where we were able to conduct some
type of formative assessment. Because our goals focused more on process skills, we
looked for our students to demonstrate proficiency in using these skills. We had various
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demos and prompts at the starter stations to motivate their thinking and generation of
questions. We also had our students revisit the starter stations in order to give them a
chance to come up with new questions and/or refine the ones they had earlier. The use
of lab notebooks and sentence strips was an easy way to gauge the types of questions
they generated.

Recording in lab notebooks is both a process skill for students and a means of
formative assessment for instructors; one can quickly glance at a student’s notebook
to see where they are. When checking in with individuals and groups, notebooks can
serve as a useful tool for instructors to monitor their students’ progress. We made good
use of facilitation time and student notebooks during the processing time on Day 3,
which we viewed as the most important time for our students to interpret their data
and come up with explanations. During this time, we would ask the pairs or groups
a specific set of questions to draw out answers from them: How do your plates look?
Did your plant/food have any effect on bacterial growth? What do you think is going
on here? What do other groups see? A successful explanation largely mirrored the
areas emphasized by our assessment rubric. Students would use the results to support
or refute the hypothesis being tested, and say why their results count as valid evidence.

One other area of formative assessment involved attitude and community cohe-
siveness. During discussions we assessed whether students were following the ground
rules for discussion, and whether each of them was participating in a productive man-
ner. For the most part, this simply required the occasional check-in to make sure each
group was on track. During the poster presentations, we told our students that we ex-
pected everyone to ask at least one question related to their audience role, and kept
track of how many questions each student had asked.

The poster presentations on the last day served as our summative assessment for
the week. As each group presented, we used a rubric to assess their explanations (Table
2). We looked and listened for a clearly articulated claim, sound evidence, and reason-
ing to connect the evidence with the claim. Our assessment results are shown in Table
3.

5. Social and Cultural Aspects of the Design in Practice

Our learners’ backgrounds provided a key opportunity for us to connect the content
of Biology Week to their communities outside the classroom. Logistically, we were
constrained by time in choosing a model organism for our students to conduct their
investigations and decided on bacteria, specifically Escherichia coli (see Petrella et
al., this volume). However, this choice allowed us to develop a way to incorporate our
content goals with many of our students’ cultural backgrounds by introducing the idea
of home remedies. The use of home remedies is prevalent in many cultures, including
people from Hispanic and Latino cultures underrepresented in STEM which the SUMS
program aims to recruit. This became an integral part of our design to the extent that
one of our community/attitudinal goals for Biology Week was having our students “see
science as relevant to their daily lives.”
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Table 2. SUMS 2009 Biology Week Assessment Rubric

CLAIM – What did learners “figure out”?

Off-track (1) Findings are inconsistently or not stated. E.g., I ate the sub-
stance I brought, and bacteria still live in my GI tract.

Emerging (2) Simple findings that summarize observations are stated. E.g.,
Adding a substance to the plate changed their growth.

Accomplishing (3) Findings that generalize from observations are stated. E.g.,
The substance inhibited bacterial growth compared with a
control plate without added substance.

Mastering (4) Findings are stated that generalize from observations and con-
nect to other understandings. E.g., The substance inhibited
bacterial growth compared with a control plate. The extent of
inhibition was dependent on the amount of substance added.

EVIDENCE – What data and other evidence support learners’ claims?

Off-track (1) Evidence is not provided or not related to the claim. E.g., I
can still feel the bacteria swimming in my GI tract.

Emerging (2) Insufficient evidence related to the claim is provided. E.g.,
When I added the substance to the plate I saw a change in the
growth pattern.

Accomplishing (3) Sufficient, relevant evidence is provided. E.g., The substance
plate had fewer colonies than the control plate.

Mastering (4) Sufficient, relevant evidence plus further evidence is brought
in to enhance or further test the claim. E.g., The substance
plate had fewer colonies than the control plate. The effect was
only seen where the substance was added.

REASONING – How do learners link the evidence to justify their claim(s)?

Off-track (1) Reasoning is not provided or does not link the evidence to the
claim. E.g., Since I can still feel the bacteria, the substance I
ate didn’t work.

Emerging (2) While the evidence may support the claim, the argument is in-
sufficiently laid out. Data are discussed in purely qualitative
manner. E.g., The bacteria look sicker when I add the sub-
stance. Adding it must have changed how they grew.

Accomplishing (3) The reasoning that justifies the claim from the evidence is pro-
vided and sufficient. E.g., Since the bacteria grew more slowly
on the substance plate versus the control plate, the substance
was responsible for slowing growth.

Mastering (4) Multiple sufficient arguments are provided that link claim and
evidence. Controls and possible errors are discussed. E.g.,
Same as #3, plus: the substance was tested using different
amounts of bacteria; mixing substance with bacteria before
plating had less effect; etc.
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This theme coursed through many components of our Biology Week design, and
we continually sought to bridge our students’ classroom learning with a broader con-
text. On Day 1, starter station C was a short video describing the connections between
natural medicine, home remedies, and how science uses them for research. Their home-
work assignment at the end of that day was designed to get them to involve their family
and friends in the learning process. During the gallery walk, several students chose to
investigate the antimicrobial effect of a certain food or plant because a family member
claimed it could help cure sickness.

When it came time for our students to analyze their results, we realized it would
be very important for our students to understand that a negative result (i.e., the sub-
stance they tested did not inhibit bacterial growth) did not necessarily debunk the home
remedy. There are many reasons to explain a negative result: the home remedy might
deal with a symptom and not the cause of the illness; the home remedy may be used
for a non-bacterial illness; its antimicrobial properties may be specific to one type of
bacteria, etc. Our goal was certainly not to show that home remedies were ineffective,
and we reiterated this during the processing time, when going through the thinking tool,
and during the synthesis.

Approximately one-fifth of our students were English language learners, so lan-
guage was a potential obstacle. Our goals did not include becoming well versed in
biology terminology; nonetheless, there were words and phrases that they would need
to understand and use in order to participate productively. We created and distributed
a vocabulary sheet containing important terms for the week and their definitions, in
both English and Spanish. Additionally, though we asked the students to communicate
with us in English, they were free to converse with each other in Spanish. At one point
during the poster presentations, one student was attempting to explain something to an-
other student who was struggling to understand in English. The presenter switched to
Spanish and the information was easily conveyed. We hoped that our linguistic flexi-
bility not only allowed our students to succeed in the face of a potential obstacle, but
made the science more accessible by helping them to process the content in their home
language.

6. Future Considerations

Overall, the authors thought Biology Week for SUMS 2009 was successful. Because
we had much more time with our students than most PDP teaching venues, we had
an ambitious set of scientific process goals for our design. We gave our students a
chance to practice and develop a wide range of science process skills – observing,
questioning, hypothesizing, predicting, planning and investigating, interpreting, and
communicating. Our content goals were designed to both contextualize our process
goals and reinforce our attitudinal/community goals. Aside from our own perception of
success, the students responded positively to our Biology Week design (Table 4).

There are areas that could be revised and done differently. During part 2 of the
inquiry starters, it seemed unnecessary to have a fourth station consisting of items the
students had brought from home. Since each of the four groups had just shared with the
rest of the class about these items, the fourth station became redundant and not useful
in generating questions. To a lesser extent, this was also the case for the other stations.
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Table 4. Student responses to the question “To what extent are you satisfied with
Biology Week for the SUMS program?”

Extremely satisfied 14 48%
Very satisfied 8 28%
Fairly satisfied 5 17%
A little bit satisfied 2 7%
Not at all satisfied 0 0%

If this activity were to be taught in the future, we would design some new content to be
incorporated into the starter stations when the students revisit them on Day 2.

Another future consideration is in the logisitics of using lab notebooks. As we dis-
covered during Biology Week, one lab notebook per student is sufficient for the entire
SUMS program. During the week we asked our students to use a separate notebook,
which became logistically complicated. If this activity is adapted to a larger curricu-
lum, the use of a single lab notebook for the entire course would be more cost effective
and less confusing.

One of our primary goals was to bridge classroom learning with the students’
daily lives. We thought the sample poster presentation accomplished this goal, while
simultaneously showing our students what a good poster and presentation should (and
should not) include. Moreover, the sample poster demonstrated that process skills such
as predicting and interpreting are used in all aspects of everyday life.

We were also pleased with the use of audience roles during the presentations. As
the groups presented, some students began to ask interesting and insightful questions of
the presenters. The presenters responded to the questions well, and there were several
moments of genuine scientific discourse that afternoon.

We believe that our design worked well, and it can be easily integrated into any
high school or college microbiology lab course. Shannon McCann has expressed an in-
terest in reprising our Biology Week design for SUMS 2010. The authors look forward
to seeing this activity taught in multiple venues.
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Abstract. The vision science activity was originally designed for the 2007 Cen-
ter for Adaptive Optics (CfAO) Summer School. Participants were graduate students,
postdoctoral researchers, and professionals studying the basics of adaptive optics. The
majority were working in fields outside vision science, mainly astronomy and engineer-
ing. The primary goal of the activity was to give participants first-hand experience with
the use of a wavefront sensor designed for clinical measurement of the aberrations of the
human eye and to demonstrate how the resulting wavefront data generated from these
measurements can be used to assess optical quality. A secondary goal was to examine
the role wavefront measurements play in the investigation of vision-related scientific
questions. In 2008, the activity was expanded to include a new section emphasizing
defocus and astigmatism and vision testing/correction in a broad sense. As many of
the participants were future post-secondary educators, a final goal of the activity was
to highlight the inquiry-based approach as a distinct and effective alternative to tradi-
tional laboratory exercises. Participants worked in groups throughout the activity and
formative assessment by a facilitator (instructor) was used to ensure that participants
made progress toward the content goals. At the close of the activity, participants gave
short presentations about their work to the whole group, the major points of which were
referenced in a facilitator-led synthesis lecture. We discuss highlights and limitations
of the vision science activity in its current format (2008 and 2009 summer schools) and
make recommendations for its improvement and adaptation to different audiences.

1. Venue and Audience

The vision science activity is one of three hands-on laboratory activities at the CfAO
Summer School on Adaptive Optics, held annually at UC Santa Cruz (Ammons et al.,
this volume). The summer school attendees are predominantly graduate students, post-
doctoral researchers, and professionals from a wide variety of fields which use adaptive
optics; most participants do not have any experience with vision science specifically.
The activity is taught three times every year to sections of approximately twenty par-
ticipants each.

226
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2. A Brief History of the Activity

From 2000−2006, the CfAO summer school lectures on wavefront sensing of the eye
were supplemented by a short demonstration. In 2007, along with the other adaptive
optics summer school labs, the 1.5 hour long vision science activity was designed and
implemented. The design team for the labs included Jennifer Hunter, Ethan Rossi,
Holly Maness, Mark Ammons, Mike Fitzgerald, Tuan Do, and Scott Severson. In
2008, Jennifer Hunter and Nicole Putnam redesigned the activity with consultations
from Ethan Rossi, doubling it in length to two blocks of 1.5 hours. The design in its
latest format (from the summer school in 2009) will be the focus for the remainder of
this paper. The original design in 2007 and the redesign in 2008 were conducted as the
activity design and implementation component of the CfAO Professional Development
Program (PDP; Hunter et al. 2008).

3. Goals for Learners

The overarching goal for the activity is for participants to use their experience as scien-
tists to work within time and material constraints and discover and validate vision sci-
ence concepts relating to the optical limits to visual performance. Additional goals fell
in three categories: attitudinal, scientific process, and content. The primary attitudinal
goal was to give participants a feeling of personal relevance by measuring participants’
own optical aberration data and granting them the opportunity to investigate the way
in which these measured aberrations affect their own vision quality. Additional attitu-
dinal goals included increased awareness of vision science as a field, appreciation of
visual differences and visual impairment, and openness to inquiry as a teaching tool.
Scientific process goals built upon participants’ strong scientific backgrounds; these
included working with dependent and independent variables, communicating with col-
leagues, and presenting work in a formal setting. Specific content areas addressed by
the different groups during the investigation periods are summarized in the table below.

Specific Content Goals for Focused Investigations
Low Order Aberrations/Vision Quality

− Pupil size
− Accommodation
− Refractive error
− Depth of focus
− Contrast sensitivity
− Visual quality quantification
− Sources of aberrations

High Order Aberrations/Extensions
− Zernike pyramid
− Relationship between visual quality and location on the Zernike pyramid
− RMS wavefront error and radial order (population data)
− Interactions of aberrations
− Symmetry between high order aberrations in the left and right eyes
− Effects of LASIK/PRK, keratoconus, age/development, and accommodation

on aberrations and visual quality
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4. Activity Description

The timeline for the three-hour laboratory exercise is listed in the following table. The
activity began with an introduction to identify the facilitators (instructors), give a brief
history of the activity, introduce the lab timeline, and present a short introduction to
the concept of inquiry. Here, we adopt the CfAO PDP definition of inquiry, in which
students learn content through an investigation process that mimics authentic scien-
tific research (Hunter et al. 2008). This introduction was followed by a demonstration
of the wavefront sensor and two “starter” activities. The participants then selected a
question for investigation from a pre-defined list and formed working groups. During
the investigation, groups were taken one at a time to have their wavefront aberrations
measured. The first investigation ended with each participant sharing his or her results
with an individual in a different group; facilitators then conducted a short “synthesis”
explanation. The first investigation was followed by an introduction to the Zernike
slider software used in the second investigation. Participants then chose a second ques-
tion before taking a short break. Upon returning from the break, participants reunited
with their groups for the second investigation focusing on high order aberrations. This
investigation culminated in brief (3-minute) poster presentations. The full activity con-
cluded with a facilitator-led synthesis lecture that brought together the participants’
findings with literature on ocular wavefront sensing and adaptive optics. Details for
each section of the activity are described below.

Vision Science Activity Timeline (2009)
Introduction 5 min
Wavefront Sensor Demo 10 min
Starter: Good vs. Bad vision 10 min
First Question Selection 5 min
Focused Investigation and Wavefront Measurements 30 min
Pair Share 10 min
Introduction to Zernike Slider Software 15 min
Second Question Selection 5 min
Break −

Focused Investigation 50 min
Poster Making 10 min
Share Out 20 min
Synthesis 10 min
Total Activity 3 hours

4.1. Wavefront Sensor (WFS) Demo

The wavefront sensor demonstration was added in 2008 as an interactive introduction
to the activity that started using a description of ocular wavefronts and their measure-
ment with a wavefront sensor. Selecting a volunteer as a test subject, one facilitator led
the entire group through acquiring and processing wavefront sensor data. The facilita-
tor also illustrated selected effects, such as the introduction of astigmatism/coma when
the subject is looking off-axis. Several minutes were allocated for general questions to
avoid redundant questions during individual wavefront measurements and to allow par-
ticipants to learn from each other’s questions. Additional time for specialized questions
was provided later in the activity as participants had their wavefronts measured (§4.3).
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4.2. Starter: Good vs. Bad vision

The theme of the subsequent starter activities was “things to look through,” and the pri-
mary goal was to generate enthusiasm and ideas for the remainder of the activity. The
first demonstration aimed at simulating individuals’ point spread functions (PSFs), or
the appearance of a point source on the retina, distorted as the result of ocular imper-
fections. This demo involved dimming the lights and projecting a small, bright light in
the front of the room. Participants additionally experimented with changes to the ob-
served PSF when viewing the point source through positive, negative, and cylindrical
lenses. Participants with glasses were encouraged to repeat the activity with and with-
out their glasses. This demo was referenced as a “thinking tool” later in the activity
when computer software was introduced to compute PSFs.

The second demo was aimed at simulating the effects of pupil size. Each
participant looked at a cross on a piece of paper, first very close to the eye, and then
moved away from the eye until it became blurry. At this stage, participants were asked
to squint to assess which lines became clearer. Participants were also encouraged
to rotate the paper and add lenses to see if they could change the effect. This demo
illustrated how reducing pupil size in one direction by squinting reduces blurriness in
one direction.

An Example of the First Focused Investigation:
Does Pupil Size Affect Vision?
For a typical eye, the best vision occurs over a 2 − 3 mm pupil; the diffrac-
tion limit through the circular pupil impedes visual performance at smaller
sizes, and ocular imperfections limit visual performance at larger pupil
sizes. Many past astronomy and engineer CfAO participants were aware of
the former constraint, as it applies to telescopes and optics more generally;
few were aware of the latter constraint. Many participants also knew that
pupil size decreases in bright light and that vision is typically better during
the day with a smaller pupil. Finally, many participants recalled from the
starter activity (§4.2) that squinting improves vision quality.
Within the first 5 − 10 minutes of investigation, facilitators attempted to
draw out participants’ prior knowledge and use this as the basis for a hy-
pothesis regarding the question. Participants then designed and conducted
an experiment to test their hypothesis, often using rulers with different
sized circular apertures and acuity charts. Facilitators also encouraged par-
ticipants to use additional blurring lenses to mimic the effect of residual
blur and amplify the effects of changing pupil size. Using this facilitation
strategy, most groups were able to confirm that smaller pupil size does in
general improve visual performance.

4.3. First Focused Investigation

Owing to time constraints, participants were provided with a full list of potential inves-
tigation questions developed by the activity design team. The focus for this first set of
questions was on low order aberrations and quality of vision. Each investigation ques-
tion was printed on a separate piece of paper and displayed somewhere in the room.
Participants selected an investigation question based on interest and formed 2 − 3 per-
son groups. Facilitators encouraged participants to form groups with other participants
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with similar background knowledge to prevent participants from spoiling the inquiry
aspect of the activity for their fellow group members. Facilitators limited selection to
one group per question so that all the content would be introduced to the participants.
In the event that someone really wanted to join an investigation team that was already
full, participants were asked to talk to a facilitator. For these cases, facilitators either
expanded group sizes or found a similar, alternative investigation question to preserve
participant ownership of the process.

Throughout the first focused investigation, groups were sent one at a time into the
room with the wavefront sensor to have their eyes measured and get firsthand experi-
ence with the instrument. Participants not actively having their wavefronts measured
worked on their investigations. The investigation questions focused on low order aber-
rations and vision quality using trial lenses, pinholes of various sizes, eye charts, and
other simple materials (see box above for an example question). At the conclusion of
the first investigation, each participant shared their findings with an individual from a
different group (“pair share”) in order to learn additional content and gain experience
explaining his or her group’s process and results.

4.4. Second Focused Investigation

Following the “pair share” at the end of the first investigation, facilitators provided a
brief synthesis of the first investigation and then transitioned into an introduction of
the software participants would use in the second focused investigation. For continuity,
this software was also used in one of the other parallel hands-on activities at the CfAO
Summer School. During this demonstration, emphasis was placed on the individual
Zernike terms and how the effect of high order aberrations on vision quality can be
isolated by zeroing low order terms.

After the software introduction, participants were again provided with a list of
questions for the second investigation. The activity design team again chose to con-
trol the questions due to time constraints and a desire to have different groups address
different content goals. The question selection process was implemented in an identi-
cal fashion to that used for the first investigation. Question selection was immediately
followed by a break, which gave participants extra time to think about their questions.

After the break, participants were given access to their own wavefront data, data
from past participants, and clinical data (including keratoconus and LASIK patient
data). The data were provided in formats that could be read into the Zernike slider and
spreadsheet software. The second investigation allowed participants to build on their
knowledge from the first investigation, as the first investigation focused on low order
aberrations only, while the second investigation involved exploration of both low and
high order aberrations. The second investigation was also of particular relevance for
the summer school participants, as adaptive optics techniques are the primary mode of
assessing the effect of high order aberrations on vision quality. Furthermore, the second
investigation was very different from the first in its use of materials and resulting inves-
tigation strategies. This contrast helped illustrate the versatility of inquiry as a teaching
technique. Finally, the use of participants’ own personal wavefront data helped make
the activity compelling and relevant, thereby helping us to achieve our attitudinal goals.
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An Example of the Second Focused Investigation:
What makes my vision unique?
All participants explored this question to some extent in the course of their
second investigation. The figure below illustrates the GUI and its default out-
puts for one set of high order aberrations. The program outputs a wavefront or
phase map (lower left), a PSF (lower right), and a modulation transfer func-
tion (upper right). Participants often compared their output with other group
members; they also frequently added arbitrary amounts to various terms to see
the effect on the output. An additional variable that could be manipulated was
pupil size; data was provided in integer steps up to the maximum pupil size.

In addition, participants could take the software output and perform a convo-
lution with different objects, including a Snellen E or a scene, to gauge the
effect of the combination of aberrations on extended objects. The example
below shows the convolution of an object (upper left) with (a) the PSF of a
diffraction-limited 5 mm pupil (upper middle) and (b) the PSF for one sub-
ject’s high order aberrations over a 5 mm pupil (lower middle). The resulting
convolved images are shown in the upper right and lower right panels, respec-
tively. The diffraction-limited image looks more similar to the original image
than the test-subject image. In addition to use of the Zernike slider software,
participants were able to view all wavefront data in spreadsheet format; this
option allowed comparisons with a population of past participants and pro-
vided a different visual representation of the aberration coefficients.
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The most basic goal of the second focused investigation was for participants to
investigate their own aberrations and determine what makes their vision unique. For
this section, participants were able to load their aberrations as measured previously,
and look at their PSFs, modulation transfer functions, and wavefront maps for all aber-
rations, or just selected aberrations (see example for more information).

At the end of the second investigation, each group prepared a poster to explain
their process and results. The focus was primarily on the second investigation, although
some groups included findings from their first investigation as a means of motivating
their later work.

Each group was then given three minutes to share their results with the entire ses-
sion, giving facilitators the opportunity to assess learning and incorporate participant
results into the final synthesis. The presentations also gave groups the chance to learn
from the process and results of participants investigating other questions. A final goal
of the presentations was to increase participants’ ownership over their process and con-
clusions.

4.5. Synthesis

Following group presentations, a facilitator gave a synthesis of the content covered in
the second investigation, incorporating participant results when possible. The synthe-
sis took the form of a Powerpoint presentation, including citations to current literature
in the field. The primary goals for the synthesis were (1) illustrating the big picture of
wavefront sensing and its place in current research, (2) addressing common misconcep-
tions that persisted through the activity, (3) connecting the activity content to adaptive
optics terms and concepts introduced in the summer school lectures, and (4) reiterating
the utility of inquiry as a teaching tool (Hunter et al. 2008).

5. Assessment

To date, the vision science activity has focused primarily on design and curriculum de-
velopment over assessment. Nevertheless, formative assessment as a means of assisting
student learning has been central to the activity. In all years, following the starter ac-
tivity, each group of 2 − 3 participants was assigned a facilitator, and each facilitator
oversaw two groups such that roughly half of each group’s process was actively fa-
cilitated. Common misconceptions and sticking points were recorded each year by
facilitators and passed on to the next generation of facilitators both to aid in revision of
the activity and in future facilitation. As an example, a number of groups investigated
the relationship between left and right eye aberrations with the goal of discovering
that the aberrations in a given subject’s eyes tend to mirror each other. Groups often
initially address this problem by loading individual eye measurements in the Zernike
software and examining the resulting PSFs and wavefront maps. A common sticking
point, however, is that most eyes are dominated by (azimuthally-symmetric) defocus
such that any correlation between other Zernike terms is often obscured. Groups who
encountered this problem were facilitated to consider the relationship between individ-
ual Zernike terms in the left and right eyes, which led most groups to zero low order
modes and discover the mirror symmetry of the high order aberrations. Groups that
made it to this stage were further encouraged to consider the statistical significance
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of their result, which prompted many groups to examine the aggregate aberration data
provided in spreadsheet format. A compilation of common misconceptions, sticking
points, and facilitation strategies for all exploration questions in this activity is avail-
able upon request.

Summative assessment aimed at measuring individual student achievement was
performed using the poster presentations. Groups were given three minutes to outline
their question, approach, and solution. To date, a rudimentary rubric has been devel-
oped and piloted, and plans are underway to refine this coding scheme in 2010, with
the addition of a facilitation plan and a formal rubric. All presentations from the ∼ 60
groups who have completed the vision science activity to date reflected an understand-
ing of the base content goals; in particular, all groups demonstrated knowledge that
aberrations are what makes each person’s vision unique and that while the principle
aberration in determining vision quality is defocus, higher order aberrations also im-
pact vision quality.

Attitudinal goals were assessed through end-of-course evaluations, developed to
evaluate the CfAO summer school as a whole (see Ammons et al., this volume). The
mean score for the 2009 vision science lab was 4.0 out of 5 with a standard deviation
of 0.8. Participant comments were positive and constructive; frequent comments are
being incorporated into our revision of the activity for 2010 (see §6).

Due to the intrinsic difficulty in writing good surveys and interpreting survey data,
we have long-term plans to more rigorously evaluate this activity by augmenting our
survey data with complementary methodologies. In particular, interviews of current
participants would allow us to capture data that cannot be directly observed and would
allow us to better probe participant responses. Alumni interviews would also be help-
ful in evaluating the longitudinal impact of the summer school labs on participants’
research interests and long-term career plans. Finally, a pre/post-test design would help
us to better assess the extent to which content objectives are being met, though such a
design may not be possible within the current CfAO summer school format.

6. Social and Cultural Aspects of the Design in Practice

The participants in the vision science activity were predominantly graduate-level and
above scientists and engineers interested in adaptive optics. This level of homogene-
ity in background allowed us to minimize our focus on scientific process skills, as the
majority of participants were able to efficiently design and implement a simple investi-
gation and communicate their results to the group. Nevertheless, the diversity of partic-
ipant experience with vision science influenced our design, as research on small groups
emphasizes the importance of minimizing status effects for tasks involving open-ended
investigation (e.g., Cohen 1994). Thus, to mediate status effects associated with prior
knowledge, we encouraged participants to choose investigation questions well-suited
to their level of experience (e.g., §4.3). As a result, vision science participants tended
to self-group, working on advanced questions, while non-vision science participants
also tended to work together, concentrating on more introductory concepts. One area
for future improvement is that the first investigation included few challenging ques-
tions needed to effectively engage the vision scientists; the redesign team for the 2010
activity is currently working to address this issue.
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The two-investigation design of this activity was also chosen in part to cater to
a variety of learning styles. In terms of the learning style model developed by Felder
& Silverman (1988), the first investigation, involving hands-on work with lenses and
Snellen Charts, engaged active and inductive learners. The second investigation, in-
volving computer manipulation of wavefront sensor data, engaged reflective and de-
ductive learners. Also, while the content knowledge was largely conceptual, engaging
the intuitive learner, the archive of wavefront data offered participants the opportunity
to empirically probe current findings in vision science research, thereby engaging the
sensing learner. Finally, the activity questions were narrowly focused, catering to the
sequential learner; however, the facilitators made frequent reference to material con-
tained in previous and upcoming lectures in the summer school in an effort to cater to
global learners as well. As noted in §3, an additional motivation to include a variety of
activities and address a variety of learning styles was to demonstrate different teaching
tools and approaches, as one of the key attitudinal goals was to make the participants
aware of the versatility of inquiry.

7. Conclusions and Considerations for the Future

The mystery of what it is like to see through others’ eyes is one of the great philosoph-
ical questions of all time. The strength of this activity is that it allows participants to
scientifically investigate this question, while also teaching them the basics of wavefront
sensing and vision science. The form of the vision science activity presented in this
paper was designed with the graduate students, postdoctoral researchers, and industry
participants with strong scientific process skills in mind. The focus was on participants
designing and conducting investigations rather than constructing questions. In addition,
the design team wanted to expose participants to two different forms that inquiry-based
investigations could take, one being computer-based and the other being more hands-
on. The universal nature of this investigation and the accessibility of some of the easier
investigation questions make this activity easily adaptable to other settings and we high-
light plans to revise the activity for the next CfAO summer school and an optics class
at the UC Berkeley School of Optometry.

7.1. The CfAO Summer School

In addition to our future assessment and evaluation plans (§5), several improvements
to this activity are currently being considered. One of the major criticisms in partici-
pant evaluations was that participants did not feel they had sufficient time to complete
the two investigations in the allocated time. Plans are currently underway to acquire
participant wavefront data outside of the lab, which will likely significantly amelio-
rate this issue. In addition, despite our desire to expose participants to two forms of
inquiry-based investigations, we are considering a stronger emphasis on the high order
aberration investigation due to its stronger connection to adaptive optics (§4.5). In or-
der to do this, we plan to expand the starter section to include more specific content
relating to the investigation of high order aberrations, add a section for participants to
specifically investigate their own aberrations, and allow time for participants to explore
the software before focusing on specific investigation questions. This revised structure
will allow the full fifty-minute investigation period to be spent looking at a scientific
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question, without participants being confused by the new software or being distracted
with the wavefront sensor measurements.

A second common criticism was that the activity was not well tied to adaptive
optics. While wavefront sensing and measurement is a critical component to the use
of adaptive optics in vision science, the link between the two is not emphasized in
the activity in its current form. In addition to allowing participants to ask their own
questions governed by their own interests, we will help address this question in 2010 by
assembling an extensive facilitation plan that will include reaching questions that bridge
the gap between wavefront sensing and adaptive optics for all investigation paths.

7.2. UC Berkeley Optometry

The CfAO Summer School activity is currently being revised and piloted by N. Putnam
in a first-year optometry optics lab course at the UC Berkeley School of Optometry.
The students in this course are in the beginning of their optometry education, have
some background in optics, and have a strong interest in optometry and the clinical
applications they will encounter in the future. As a result, an emphasis is placed on
the link between wavefront measurements and clinical applications such as refractive
surgery, multifocal contact lenses, Ortho-K correction, the effects of accommodation on
aberrations and refraction, and diseases such as keratoconus. The two-hour lab includes
a section to investigate the effects of students’ own wavefront measurements, but the
form of the investigation section has been changed such that groups of students look
at one of the clinical cases that intentionally or unintentionally manipulate high order
aberrations. The goal is for students to understand high order aberrations and their
deleterious effect on vision as well as their potential benefits, such as increasing the
depth of focus. Students share their findings at the end of the investigation with a short
3 − 4 slide Powerpoint presentation, which is an easy and effective way for students
to compile their results, given the computer-based nature of the activity. A synthesis
concludes the activity during a lecture the following morning.

7.3. Other Contexts

With a wavefront sensor, basic optics, and appropriate computer software, this activ-
ity could also easily be adapted to a general public audience. Educators interested in
adapting this activity to their particular setting are encouraged to contact this paper’s
authors for further guidance. The website for our Zernike slider software is available to
the public at: http://astro.ucla.edu/˜tdo/fgui/index.shtml.
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Abstract. The Tipping Point inquiry activity was designed for physical sciences
transfer students to the University of California, Santa Cruz, participating in Work-
shops for Engineering and Science Transfers (WEST). Our challenge was to design an
activity that would be relevant and interesting to students across a broad range of dis-
ciplines, i.e., chemistry, earth sciences, computer sciences, engineering, physics, etc.
We decided to frame our inquiry activity in the context of Earth systems. The scope of
our activity includes the interconnection between disciplines and the growing concern
for future climate change. We had three “starter” activities that were simple models of
ocean acidification, thermohaline interactions, and surface temperatures. After visiting
each station, groups of 3-4 students developed and investigated questions pertaining
to their initial starter. After free-form investigations, the instructors gave the groups
figures that contained scientific data to help incorporate their small-scale models into
a global system. We also provided a climate model demonstration and Cretaceous-
Tertiary extinction presentation. The purpose of these “thinking tools” was to help stu-
dents critically evaluate the thresholds between Earth’s physical systems. Overall, our
goal to provide a cross-disciplinary activity and help build community between transfer
students was successful.

1. Venue

This inquiry activity was taught at the University of California, Santa Cruz (UCSC),
during WEST (Workshops for Engineering and Science Transfers), a two-day orienta-
tion designed to build community and motivate laboratory experience among incoming
transfer students (see also Kretke et al. in this volume). This particular inquiry activity,
was designed through the Institute for Scientist & Engineer Educators Professional De-
velopment Program (Hunter et al. 2008, and Hunter et al., this volume) and facilitated
for 21 students who were pursuing majors in physical science disciplines (i.e., bio-
informatics, chemistry, computer science, earth sciences, engineering, environmental
studies, math, and physics). We assumed students had a working knowledge of intro-
ductory chemistry and physics.
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2. Goals for Learners

The WEST program during 2009 consisted of two inquiry-based tracks, PhysWEST for
students majoring in the physical sciences and BioWEST for students majoring in the
biological sciences. The inquiry activity we describe here was the main PhysWEST ac-
tivity. Both tracks of WEST, BioWEST and PhysWEST, shared the following common
goals for all participants:

• Build community among the learners (community). Since these students were
transfer students, they would likely take classes where they might not know any-
one. Having a familiar face or a “study buddy” might greatly bolster their op-
portunity to succeed in their classes. We wanted WEST to reduce the students’
anxiety about entering a university academic community.

• Promote students to pursue laboratory research opportunities (scientific process
skills). WEST was one of the first impressions these students received about
UCSC. By introducing them early to laboratories, graduate students, and re-
search, we hoped to provide students with the resources and confidence to pursue
research and laboratory experience beyond the classroom.

• Recognize the interface(s) between biological and physical sciences and foster
a sense of collaborative and interdisciplinary science (scientific content) As al-
ready noted, our activity was taught with a parallel strand for transfer students
interested in biological science majors. The inquiry activity was relevant to ei-
ther physical or biological sciences, and we strived to cultivate interaction and
community between all WEST participants.

2.1. Specific to “Phys”-WEST

In addition to the common WEST goals, each track, BioWEST and PhysWEST, had
goals specific to the particular inquiry. The goals for PhysWEST are listed below.

• Critically interpret scientific figures (scientific process skill).

• Recognize that physical systems have thresholds and beyond these points, sus-
tainability is not feasible (scientific content).

• Show the inter-dependence between physical systems; perturbations will elicit
multiple responses from different systems (scientific content).

• Use models to investigate questions regarding physical systems (scientific process
skill).

• Effectively communicate results and apply these to a global setting (scientific
process skill).

3. Activity Description

The PhysWEST component of WEST consisted of an eight-hour inquiry-based activity,
spanning two days (Table 1). The “starter” demonstrations for the Tipping Point activity
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Component Description Time

Day 1
Introduction Overview and timeline of activities 10 min
Starters and questioning 3 starters, 10 min each 35 min
Sort questions Students take lab tour, facilitators sort ques-

tions
30 min

Planning investigations Students choose groups and further develop
questions

20 min

Investigation, part I Help student groups develop models; give
challenge question or scientific figures when
a group advances quickly

90 min

Thinking tool I Global Climate computer model 45 min
Investigation, part II Continue inquiry – probe students about re-

lating their model to climate modeling results
or scientific figures introduced in part I

100 min

Day 2
Thinking tool II Cretaceous-Tertiary extinction presentation 15 min
Investigation, part III Wrap up investigation and explore the “tip-

ping point”
30 min

Prepare presentations Outline expectations and allow students to
prepare posters and presentations

45 min

Presentations 5 min per group with 2 min for questions 45 min
Synthesis and conclusion Incorporate three systems together with past

and future climate scenarios
15 min

Total Time 8 hours

Table 1. The major components involved in the Tipping Point activity.

modeled physical systems that affect Earth’s climate. Starter 1 was a demonstration of
ocean acidification. We added drops of pH indicator (bromothymol blue) to seawater
and tap water, and simultaneously bubbled gas from an inflated balloon with straws into
each solution (see Figure 1). The CO2 from our breath (stored in the balloon) caused the
tap water to turn acidic very quickly, whereas the seawater had a buffering mechanism
and its pH dropped after a delay of time. The second starter illustrated the density
differences between warm freshwater and cold seawater. We placed two cups within
a clear plastic box filled with room temperature water. The cups both had plugged
pinholes below the level of the water in the box and were weighted down to prevent
floating. One cup held cold seawater with blue food coloring; the other held warm
deionized water with red food coloring. Once the pushpins were removed, the warm
freshwater formed a red layer above the blue seawater at the bottom of the box (Figure
2). The third starter explored the properties of different materials which affect their
surface temperatures. During the initial demonstration, we set sand, duff, flour, and
pebbles into a Petri dish under a lamp (Figure 3). The temperature of each material was
measured in 1-minute intervals for 5 minutes and results were recorded on a blackboard.
During the starters, we encouraged students to formulate questions or write interesting
observations from the demonstrations. Participants could try the demonstration and had
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20 ml seawater + 8 drops 
bromythyl blue (pH indicator)

20 ml freshwater + 8 drops 
bromythyl blue (pH indicator)

AFTER

BEFORE
Ocean Acidification

balloon filled with breath

Figure 1. We used a simple model to demonstrate ocean acidification. This car-
toon illustrates the before and after set-up.

limited materials to pursue a question at the second and third starter activities. After the
participants rotated through all the starter stations, we compiled and sorted questions
into categories for investigation, also creating a category for questions not relevant to
our topic, and these groups of questions were all displayed in the hallway adjacent to
the lab where the inquiry activity took place.

Participants chose a relevant question/topic to pursue from those displayed in the
hallway and began their investigations in groups of 2-3. We encouraged the participants
to explore the various materials we provided (see Supplemental Material A) and design
experiments. The focus of this initial investigation was the importance of isolating a
variable. For the ocean acidification starter, some participants chose to investigate the
buffering properties of seawater while another group of participants was interested in
the role of the gas added to the solution. The facilitator (instructor) for these investiga-
tions noted that the participants’ knowledge of buffers was vague and it was important to
talk to them about their prior knowledge, tease out weak points in their understanding,
and encourage experiments to fill these knowledge gaps. The pin cup starter prompted
some participants to investigate the effects of combining warm seawater and cold fresh
water, while other participants serially diluted the seawater to determine how water den-
sity affected flow rate. There were also two groups of participants who chose to pursue
two very different questions pertaining to the surface temperature starter: one group
considered the nature and quality of the light reaching the surface to affect temperature,
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AFTER

BEFORE
Thermohaline Interaction

clear box filled with room temperature freshwater

plastic cup filled 
with cold seawater

plastic cup filled with
warm fresh water

pushpins

plume of 
cold seawater

plume of warm 
fresh water

remove pins and observe...

Figure 2. We modeled ocean stratification with warm freshwater and cold seawa-
ter flowing from two cups set in a tub of water, as shown.

and the other group examined specific properties of the materials through a series of
five experiments.

During the initial 90-minute investigation, many participants reached a point of
“done stuck”, when they felt they had completed their assignment. We tried to prevent
this situation by having scientific figures and data available to contextualize these mod-
els within Earth’s physical systems, and we had follow-up challenge questions on hand.
Since understanding figures and data is an important skill necessary in the practice of
science, we conducted scientific literature searches to find 8-9 pertinent peer-reviewed
journal articles for each starter. We attempted to collect scientific figures from these
journal articles that spanned various knowledge levels in an attempt to develop a com-
prehensive “library” (all the references from the literature search are listed at the end of
this paper). Before the activity, we anticipated questions the participants could pursue
and then, during the activity we guided investigations to fall within the scope of these
scientific topics. Given their different learning styles, we also expected that participants
would enjoy challenge questions, so we developed at least 3-4 for each starter activity.

We encouraged students to reflect on the larger scientific implications of their
small-scale model with two “thinking tools”. These presentations were designed to



242 Kim et al.

Surface Temperatures

flour

pebbles beach sand

forest duff

Time
(sec)

0
60
120
180
240
300

TEMPERATURE (   C)
flour      pebbles       sand       duff

record radiating temperatures from 
infrared thermometer

Figure 3. A schematic drawing of the surface temperature starter and results table
presented to the students.

broaden the perspective and application of the small-scale models’ results. We briefly
demonstrated a climate model and presented the Cretaceous-Tertiary extinction to the
groups. The climate model was The Java Climate Model (JCM), a free interactive java-
based model, available for use online or as a download1. With the JCM, the user can
adjust parameters such as greenhouse gas emissions levels based on the Intergovern-
mental Panel on Climate Change emissions scenarios. The model output is in the form
of graphs showing the effects of adjusted emissions levels, such as global average tem-
perature and sea level change. Ideally, participants have access to the JCM to adjust
parameters investigated in their small-scale models. Our other thinking tool was de-
signed to push the “tipping point” theme as we presented the biological and physical
scenarios from the impact event. Most participants are familiar with the bolide impact
that triggered the Cretaceous-Tertiary event, but they may not understand the physical
mechanisms that contributed to the mass extinction. Ultimately, this extinction event
was caused by the perturbation and disequilibrium of chemical processes that underlie
Earth’s physical system.

The final stage of investigation required students to present their model results and
contextualize the results with scientific figure(s), climate modeling, and the Cretaceous-
Tertiary extinction event. Each group gave a five-minute poster presentation outlining
each of these points and answered questions from other participants and facilitators.
To prepare groups, the facilitators probed the participants’ knowledge and encouraged
them to postulate the climate implications from their results. After all the participants
within Phys-WEST presented their posters, we gave a final “synthesis” lecture that
united the independent models investigated by each group. This was a good opportunity
for the groups to reflect on their experience and acknowledge the accomplishments from
the full two days. Participants within Phys-WEST also shared their investigations with
Bio-WEST, PDP staff, and previous transfer students during a later poster session.

1http://www.astr.ucl.ac.be/users/matthews/jcm/index.html
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4. Assessment

4.1. Formative Assessment

We attempted to provide a “scaffold” to guide students through the process of this
inquiry-based activity. There was a goal to each investigation segment: (I) design exper-
iments that isolated one variable, (II) contextualize the model and preliminary findings
within a physical Earth system, (III) explore how the physical system maintains equi-
librium. During the initial investigation, facilitators asked questions about experimental
design to test the students’ assumptions and had participants explain their conclusions
as presentation precursors. We devised some content-based milestones for each starter
station to ensure that each group was making progress toward the common learning and
station-specific content goals. For example, for the surface temperature starter station,
the main content goal was to make the claim that material properties influence surface
temperature, and ultimately, climate. In order to assess the students’ understanding, we
would ask them to relate their experiment to the “big picture”, in this case the Earth’s
climate system.

4.2. Summative Assessment

Before participants made their posters, we emphasized our expectations for them to
present results from their experiment, context their results within an Earth system, and
describe the implications of an impact similar to the Cretaceous-Tertiary event. Because
these expectations were clearly established, most of the participants gave excellent pre-
sentations. Although four groups did not present quantitative data, their qualitative
conclusions were strong and well communicated with diagrams. We used a rubric for
assessing the final presentations; in developing this rubric we had determined our ex-
pectations for students’ presentations. Our goals for groups that mastered the activity
were: (1) presenting quantitative and qualitative results and possible sources of er-
ror, (2) using scientific figures to provide the context for their experiments, and (3)
discussing how equilibrium is maintained through the interdependence between Earth
systems. Half of our groups accomplished this level and impressed us with their pre-
sentations.

5. Social and Cultural Aspects of the Design in Practice

Because these participants were transfer students to UCSC from a broad range of dis-
ciplines, there were many social and cultural aspects we tried to take into consideration
during the activity design. First, participants did not know one another and had to be
comfortable before engaging in their investigations. We were also concerned about a
male-dominated environment, but this situation was not a problem during our imple-
mentation. Next, some participants did not have an earth science background but these
students were also less inhibited in designing interesting fundamental experiments. In
our post-activity questionnaire, one participant who was a computer science major ex-
pressed his enthusiasm for the activity because it was accessible to a wide range of
students. Ultimately, the students who participated in Phys-WEST initiated a learning
community at UCSC and discovered the interdependence between Earth systems.
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6. Reflections on the Teaching Experience

In retrospect, some aspects of the inquiry and the facilitation could be better designed
to run more smoothly. In the initial phase of the group explorations, some students
had a difficult time focusing due to interpersonal dynamics and one group became
“done stuck”, but without quantifying their results. The group dynamic issues can
be addressed through more involved facilitation. We used the scientific figures and
the challenge questions fairly effectively to motivate those groups who felt that they
had answered their questions, but had not actually reached the content goals for the
station. The two surface temperature groups, although pursuing interesting questions,
would have benefited from the guidance of a full-time facilitator who was absent for
some of the inquiry while presenting a climate modeling thinking tool. Overall, the
participants were successful in comprehending these scientific figures. Some figures,
however, could have been more relevant to specific group experiments and almost all
groups could have used them sooner in their investigation.

The climate model thinking tool was problematic in that the timing appeared to
interrupt some groups’ experimental process. This climate model was presented as a
demonstration, but giving students direct access to the climate model might have made
it more successful. The Cretaceous-Tertiary extinction presentation was less disruptive
to the inquiry process, but participants did not have enough time to implement these
ideas into re-designing their experimental investigations. Although these thinking tools
were weak, more time would greatly improve their learning effectiveness. If executing
the climate model in a computer lab is not possible, then the Cretaceous-Tertiary ex-
tinction presentation is an excellent thinking tool. Potentially, additional time after this
thinking tool would allow participants to formulate new hypotheses and require them
to apply the knowledge gained from their initial investigation.

During their presentations to the PhysWEST group, we also hoped students would
quantify their results, but only the surface temperature groups produced graphs with
data. This result may be a function of how we presented the starters: the ocean acidifi-
cation and pin cup demonstrations were qualitative, whereas we collected data during
the surface temperature starter. For one group, their challenge question, “How can you
model the down-welling in the North Atlantic where the global deepwater conveyor
initiates?” provided a spark to revitalize the enthusiasm among participants. Careful
monitoring and assessment of the groups by facilitators was necessary to keep investi-
gations focused and on track.
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Appendix A. Materials List

Materials supplied to students for their investigations:
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CaCO3 powder Disposable transfer pipettes (500pack)
pH paper (range 2-9, 4 packs) clear plastic cups
disposeable Tupperware thermometers
food coloring push pins
paper clips flour, sand, duff, soil
IR temperature gun other materials with different properties
petri dishes Construction paper
Hairdryer Diverse collection of light bulbs
Color gels for lights salt

Suggested materials we did not have:

pre-chilled seawater hot plate

Appendix B. Supporting Documents for Students’ Investigations

We used figures from textbooks (not shown here) and sources that include the following
peer-reviewed journal articles, scientific outreach materials, etc.

• Austin, J. A., & Colman, S. M. 2007, Geophysical Research Letters, 34, L06604

• Chapin, F. S., et al. 2005, Science, 310, 657

• Clark, P. U., et al. 2001, Science, 293, 283

• Cooper, A., & Penny, D. 1997, Science, 275, 1109

• D’Hondt, S., Donaghay, P., Zachos, J. C., Luttenberg, D., & Lindinger, M. 1998,
Science, 282, 276

• Doney, S. C., Fabry, V. J., Feely, R. A., & Kleypas, J. A. 2009, Annual Review
of Marine Science, 1, 169



246 Kim et al.

• Folley, J. A. 2005, Science, 310, 627

• Hall, A. 2004, Journal of Climate, 17, 1550

• Hall, K., Lindgren, B. S., & Jackson, P. 2005, Earth Surface Processes and Land-
forms, 30, 801.

• Kolb, J., “Marine Science Project: For Sea”

• McConnell, J. R., Aristarain, A. J., Banta, J. R., Edwards, P. R., & Simoes, J. C.
2007, Proceedings of the National Academy of Sciences of the United States of
America, 104, 5743

• MODIS Terrestrial Planet Albedo,
http://earthobservatory.nasa.gov/IOTD/view.php?id=2599

• Orr, J. C., et al. 2005, Nature, 437, 681

• Peterson, B. J., et al. 2002, Science, 298, 2171

• Robertson, D. S., McKenna, M. C., Toon, O. B., Hope, S., & Lillegraven, J. A.
2004, Geological Society of America Bulletin, 116, 760

• Sagan, C., Toon, O. B., & Pollack, J. B. 1979, Science, 206, 1363

• Smith, J. 1999, Annual Review of Earth and Planetary Sciences, 27, 75

• Stocker, T. F., & Schmittner, A. 1997, Nature, 388, 862

• Tollefson, J. 2009, Nature, 460, 29

• Broeker, W. S. 1995, Scientific American, 273, 62



Learning from Inquiry in Practice
ASP Conference Series, Vol. 436
Lisa Hunter and Anne J. Metevier, eds.
c©2010 Astronomical Society of the Pacific

Science on Sunday: The Prospective Graduate Student Workshop
in Ocean Sciences

Michael G. Jacox and Meghan L. Powers

Department of Ocean Sciences, University of California Santa Cruz,
1156 High St., Santa Cruz, CA 95064

Abstract. Here, we present the design and implementation of the Prospective Grad-
uate Student Workshop (PGSW) in Ocean Sciences, a new teaching venue developed
within the University of California’s Center for Adaptive Optics (CfAO). The one-day
workshop introduced undergraduate and community college students interested in pur-
suing graduate school to the field of ocean sciences through a series of inquiry-based
activities. Throughout the activity design process, two important themes were empha-
sized; 1) physical, chemical, and biological properties are tightly coupled in the ocean;
2) ocean sciences is a highly inter-disciplinary field that includes scientists from di-
verse backgrounds. With these ideas in mind the workshop was split into two activities,
morning and afternoon, each of which concentrated on teaching certain process skills
thought to be useful for prospective graduate students. The morning covered density
and mixing in the ocean and the afternoon was focused on phytoplankton and how
they experience the ocean as a low Reynolds number environment. Attendees were in-
structed to complete pre- and post-activity questionnaires, which enabled assessment of
individual components and the workshop as a whole. Response was very positive, stu-
dents gained knowledge about ocean sciences, scientific inquiry, and graduate school in
general, and most importantly had fun voluntarily participating in science on a Sunday.

1. Venue and Audience

The Prospective Graduate Student Workshop (PGSW) was an inquiry activity taught as
a venue for CfAO’s Professional Development Program (PDP), described in detail in
Hunter et al. (2008) and Hunter et al. (this volume). Further, the PGSW was appended
to another event at UC Santa Cruz, the California Forum for Diversity in Graduate
Education. Participants for the PGSW were pulled from the larger Diversity Forum
audience, enabling it to serve as a venue for both learning and recruitment. All stu-
dents participating in this workshop were from the STEM fields (Science, Technology,
Engineering, and Mathematics) and therefore had some prior science knowledge. Half
of the students recruited to the PGSW attended the ocean sciences activity described
here, the other half participated in an inquiry activity on fluid dynamics, described in
Traxler et al. (this issue). There was a wide spectrum of students in terms of their posi-
tion in higher education, split almost evenly between community college students and
those from four-year universities. Backgrounds and experience ranged from young vet-
erans starting college careers to older students returning after a number of years in the
workforce. Those attending universities had a variety of majors including mathematics,
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biology, physics, and chemistry. Knowing this diversity ahead of time, the activity was
designed in such a way that specific background knowledge in ocean sciences was not
required. Since the PGSW was not a mandatory part of the Diversity Forum and did
not qualify for any course requirements, students attended solely of their own interest.
The self-selecting of the audience allowed us to assume this group of students was mo-
tivated to learn and participate in activities aimed at better understanding the scientific
process.

2. Goals

Having a venue where students are present due to their individual interest is a unique
opportunity both for the students and the activity design team. This setting allowed
us the freedom to concentrate on inquiry process skills without the pressure to cover
specific content that can constrain typical class work. While certain content goals were
established for our learners, our primary focus in designing these inquiry activities was
to introduce students to skills necessary to be a successful graduate student.

From discussions within our activity design group, which consisted entirely of
graduate students, we were able to settle on four main inquiry process skills that we
wished had been taught to us and were rarely if ever stressed in typical science classes.

1. Form questions about observed phenomena

2. Form a hypothesis from observations

3. Control and manipulate variables

4. Present findings to peers

Researchers generally become interested in a project due to some impressive phe-
nomenon they see or read about, and are unable to fully explain. Learning how to
ask important and investigable questions based on an observation was the first process
skill we wanted our students to practice. Anyone can ask, “How did that happen?”, but
as a scientist you need to include language that allows you to follow a plan to answer
that question. This also ties in closely with the second process skill of learning to for-
mulate a hypothesis. Once the student has been able to narrow down which questions
are important to understanding some phenomenon, the next step is to propose a hypoth-
esis to explain the observation. While researchers frequently employ these concepts,
often without realizing it, students rarely have the opportunity to put these skills into
practice. By presenting the students with phenomena they were not familiar with (our
audience generally had no ocean sciences background) we hoped to provide a forum
for students to formulate a research question and develop a probable hypothesis.

In a typical high school or undergraduate science lab setting, students are given a
set of instructions in order to conduct an “experiment” and then asked to answer ques-
tions based on what they were supposed to find had they followed those instructions. In
this model, students are not given the chance to freely explore the observed phenomena
and therefore feel very little ownership over the experiment. Allowing students to de-
velop their own path from the questions and formulate hypotheses can give them more
ownership over a project and encourage them to invest more energy into learning the



Inquiry in Ocean Sciences 249

important concepts necessary to solve their problem. In our design, we wanted stu-
dents to learn how to control and manipulate variables so they could create their own
experiments to better enable the feeling of ownership over their own ideas. We pre-
sented the tools necessary for students to explore any avenue of the phenomena they
were interested in, but there were no directions or lab protocols, just their own ideas as
a guide.

The last process skill of presenting findings to your peers was included because
as a scientist, communication of your work to the broader scientific community is vital
for the advancement of any field. The act of orally defending your results in front
an audience becomes less terrifying with practice. By requiring students to stand up
and briefly explain their results, they had a chance to practice this skill so it might be
slightly easier in the future. Also, since students chose to answer different questions
using a variety of tools, we wanted each student to be able to explain their experimental
process and results to demonstrate there are multiple ways of approaching the same
issue.

The content goals for our workshop were centered around the idea that ocean
sciences is multi-disciplinary, with multiple properties in the ocean that are all tightly
linked. With this in mind, several specific content goals were set out for the learners to
ultimately understand:

1. There are distinct layers in the ocean that are difficult to mix

2. Density is affected by temperature and salinity; cold water is denser than warm,
salty water is denser than fresh

3. Small organisms experience the ocean as a low Reynolds number environment

4. Size, shape, and orientation influence plankton sinking rates

5. Physical, biological, and chemical properties in the ocean are tightly coupled

The first two are physical properties that govern certain processes in the ocean.
Throughout the ocean there are layers of water with different densities, and without
substantial physical forcing, these layers are rarely mixed. It is important to understand
these basic points as physical properties determine the chemical and biological structure
of the ocean. Though our students all had some science background and probably
understood density, we assumed they had not learned about density in the context of
oceanic processes.

The next two content goals are focused on understanding how biology in the ocean
experiences the physical environment. Very small plankton in the surface layer of the
ocean experience sea water as a low Reynolds number environment, which means to
them it feels extremely viscous. Once students understand this concept, they can start
to see how different morphologies and orientations of plankton influence their ability
to stay entrained in the surface layer. Learning how the biology is affected by physical
properties helps to move toward the big picture that was our final content goal: How
do different areas of study (physics, biology, and chemistry) influence each other in the
ocean?
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3. Activity Description

Throughout the activity design process, two important themes were emphasized: 1)
physical, chemical, and biological properties in the ocean are tightly coupled; 2) ocean
sciences is a highly inter-disciplinary field including scientists with very diverse back-
grounds. The activities described here were developed specifically to target these
themes as well as the specific process and content goals outlined previously. Below
is the schedule for the entire ocean sciences side of the PGSW.

Table 1. Activity Timeline

Activity Time

Introduction to Workshop 30 min
Introduction to Ocean Sciences 30 min
Density Inquiry 90 min
Ice Cube Experiment 30 min
Designing Plankton 15 min
Lunch 45 min
Reynolds Number Inquiry 90 min
Mixing Demo 30 min
Department Talk 30 min
Reception Open

While certain components of the workshop were aimed at discussing graduate
school and the discipline of ocean sciences in general, below are descriptions of the
actual inquiry activities. Designs for some of these activities were informed by Karp-
Boss et al. (2009).

3.1. Density Inquiry

To start the first inquiry activity, students in groups of two to three were given two
foam cups, one with warm fresh water (colored red) and another with cold salty water
(colored blue). They were told each cup contained water, but were not told anything
about the temperature or salinity of the water. They then poked each cup with a pushpin
and allowed them to drain slowly into clear tap water in a clear dish, forming two
distinct layers (Figure 1).

This was first quickly demonstrated by one facilitator for students to watch, then
each group was able to do it on their own. After initial observations, students were
given about 10 minutes to formulate questions about why layers formed and brainstorm
ideas about what was causing this phenomenon. Facilitators assigned to specific groups
asked each student about their questions and how they might go about answering them.
Since time was limited, facilitators only spent enough time with each group to discern
whether or not they had developed a question that was investigable in the time allotted.
Once students had a question in mind, they were provided with a variety of instruments
to test their ideas. Rather than giving each group specific tools that may shape their
investigation, materials were made available at the front of the room to be used as
desired. Materials provided include tap water, thermometers, salinometers, ice, hot
plates, salt, litmus paper, and food coloring. Through facilitation, students were guided
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Figure 1. Starter activity for the density inquiry. Two cups filled with water of
different density and color are punctured to drain into a clear dish, forming two
distinct layers. Photo courtesy of Melinda Simmons.

to isolate and manipulate certain variables while controlling others, working toward the
understanding of temperature and salinity effects on the density of water. Following the
activity, each group nominated a member to present their strategies and findings to the
class. While groups generally came to the conclusion that two layers formed because
of density and that temperature and salinity affected that density, there was very little
overlap in the paths that each group took to get there.

3.2. Ice Cube Experiment

Building upon knowledge gained about density from the previous activity, students
were asked to predict the outcome of a different experiment: if an ice cube is placed
in a cup of salt water and another in fresh water, which one will melt faster? This
experiment was aimed at allowing students to practice forming a hypothesis based on
knowledge gained from the previous inquiry. Each student was given a simple set-up
of one small clear cup filled with saltwater, one filled with freshwater, and a colored ice
cube to drop in each. While they watched to see which one melted faster, facilitators
encouraged students to observe what happened and evaluate their hypotheses. Shortly
after the beginning of the experiment it becomes clear that the cube in fresh water is
melting faster. At this point, students began to share with the rest of the class what they
saw happening and thoughts about why. The discussion was guided by a facilitator who
steered them to the correct answer by suggesting they think about what was learned
earlier about layers and density. Ultimately, students realize that when the fresh ice
cube begins to melt in saltwater, it forms a lens of melt water that rests on top of the
saltwater due to lower density. This lens of cold fresh water insulates the ice cube and
prevents it from melting as fast as the ice cube in the fresh water, where the density
gradients are small and mixing occurs throughout the cup.

3.3. Reynolds Number Inquiry

The afternoon inquiry was designed to incorporate ideas about what physical processes
affect organisms living in the ocean, specifically plankton. Each student was given
equal aliquots of clay and asked to make two clay shapes to represent plankton; one
designed to sink slowly and one to sink quickly. Working with tall cylinders of karo
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syrup to simulate a low Reynolds number environment (as the ocean feels to plankton),
students were challenged to experiment with their groups’ various shapes and their
orientation to record the fastest and slowest possible sinking rates. A worksheet was
provided for students to record times and draw their phytoplankton, encouraging them
to note properties that controlled sinking rates. Once students figured out the fastest
shape in their group, they were able to choose from pre-made shapes that were specifi-
cally designed to have slow or fast sinking rates. However, before picking these shapes,
they were asked to justify their selection based on prior observations. After recording
results from this next round of tests, students wrote down the factors controlling sinking
in highly viscous fluids on their worksheet. At the end of the inquiry, facilitators held a
“sink-off” (Figure 2) of the fastest and slowest shapes to serve as a backdrop to discuss
important content related to the activity.

Figure 2. A facilitator preparing to drop two distinct “phytoplankton” into highly
viscous karo syrup to investigate how their shapes affect sinking rate. Photo courtesy
of Melinda Simmons.

3.4. Mixing Demo

The final activity of the day was a demonstration described in Franks & Franks (2009),
chosen to synthesize the major concepts introduced throughout the day. A tank was set
up with two distinct density layers, both clear. One end of the tank was then separated
from the rest with a divider, dyed green, and thoroughly mixed. Upon removing the
divider, the medium density green water propagated slowly across the tank between the
two clear layers, clearly demonstrating density effects and in interfacial wave. When
the wave had settled, a three layer system was produced, the fresh surface and salty
bottom separated by a moderate density green band. The tank was presented as a good
representation of the real ocean, with the well mixed surface layer separated from the
deep ocean by a strong density gradient. Next, a few drops of dye were placed in
the surface and bottom layers, and a volunteer from the audience was asked to act as a
strong wind storm, blowing over the water’s surface. While the surface layer was clearly
mixed up with dye dispersing throughout, the bottom layer remained mostly untouched.
Again relating to the real ocean, the demo was used to show that phytoplankton that
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need to remain in the surface where there is light can struggle due to the difficulty of
mixing nutrients up from the deep ocean. Primarily, the demonstration was intended
serve as a centerpiece to engage the entire group in a discussion about some important
physical, biological, and chemical processes constantly occurring in the ocean.

4. Facilitation

The facilitation (instruction) of this activity is dependent somewhat on the number of
instructors available. Our high instructor-to-student ratio (5:12) allowed for each in-
structor to focus on just one or two groups of two to three students each. In addition,
a “floater” was available to keep track of time, grab supplies, and generally help things
run smoothly. Such a large group of facilitators was a luxury that enabled us to keep a
close eye on the progress of students toward the goals we had set out for each section
of the inquiry.

The facilitation plan developed for the workshop was put together with several
specific intentions; (i) teach certain content in oceanography, (ii) present oceanography
as an interdisciplinary science incorporating diverse research areas, (iii) help students
to begin developing process skills that are important in graduate school and further in
scientific careers, and (iv) provide context for laboratory experimentation and how it
can inform our knowledge of the real world.

4.1. Teaching Content

While getting specific oceanography content across to students was not the primary
goal of the workshop, it provided a basis for design and motivated each activity. In
the density inquiry, the fundamental content was simple; cold water is denser than
warm water and saltwater is denser than freshwater. There was concern that these
ideas were too simple and would be widely known by students, but that turned out not
to be the case and students were easily engaged. There were a surprising number of
participants who were sidetracked by what we considered unimportant details. Some
became immediately focused on the different colors of water. Their line of questioning
went down the lines of why blue water may sink below red water, rather than asking
what else makes the blue and red water different. In these cases, some amount of
free exploration was initially allowed before probing questions were used to steer the
investigation in the desired direction. Other common misconceptions had to do with
details of the experimental setup: What effect do the rocks in the foam cups have?
(They were there simply to keep the cup from floating away.) What if the pinhole in
one cup is larger than the other? Again, depending on how much time was available
in the activity, this kind of questioning could either be allowed for a bit or redirected
toward desired outcomes. If students were to reach the desired content goals with time
to spare, some higher tier questions were prepared to challenge them. For example,
they could be encouraged to be quantitative: how many grams of salt produce the same
density change as a 5◦C temperature change?

Hypothesis generation for the ice cube activity is an interesting process. Most
people (non-scientists and oceanography PhDs alike) do not come up with the outcome
ahead of time. Even though this activity followed directly on the heels of the inquiry
on density layers, it was hard to get students to relate a new problem to what they had
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just learned about density. Most commonly, people invoke their prior knowledge and
come to the conclusion that the ice cube will melt faster in saltwater, either because
they have seen salt put down on icy roads, or because they know that saltwater has a
lower freezing point than freshwater. This activity provides a nice basis for interaction
with the students as the ice cubes melt slowly and show very clearly what is happening.
The facilitators then have time to pull observations from the students and contrast them
with predictions, noting the freshwater lens forming on top of the saltwater while melt
water mixes thoroughly through the freshwater.

For the afternoon activity on low Reynolds number flow, a slightly different angle
was taken on facilitation. Students were provided a worksheet to guide them through
the activity and try to force them to record observations. This strategy produced some
success, however students tended to try to work as quickly as possible to push through
each portion of the activity and on to the next thing. It became important for facilitators
to engage students, take a step back, and have them think in more depth about what
they were doing and seeing.

4.2. Oceanography as an Interdisciplinary Science

A key goal of the ocean sciences workshop was to dispel any thoughts that all oceanog-
raphers have undergraduate degrees in marine biology. In fact, research in ocean sci-
ences runs the gamut of science, from biology of large marine mammals to theoretical
fluid dynamics. Demonstrating this fact in a laboratory was a challenge, however the
general idea was to present physical oceanography in the morning activity, combine
physics and biology in the afternoon, and bring physics, biology, and chemistry to-
gether with a demo to end the day. A concerted effort was made by the facilitator
giving the demo to explicitly relate it to the real ocean, with a surface layer where light
is available and phytoplankton are concentrated, a deep, nutrient-rich but dark layer,
and a strong density gradient between them that inhibits mixing.

In a more explicit demonstration of the interdisciplinary nature of ocean sciences,
a presentation was given at the end of the day of the different labs present in the ocean
sciences department at UC Santa Cruz, what kind of research each focuses on, and the
backgrounds of some of the professors and graduate students.

4.3. Process Skills

In a typical high school or undergraduate classroom, science is not taught the way it is
performed. Teaching through inquiry is intended to remedy this problem, and our ac-
tivity design was no exception. The specific process goals for this workshop, forming
questions about observed phenomena, forming hypotheses from observations, control-
ling and manipulating variables, and presenting findings to peers, were described pre-
viously. Here we are concerned with how these process skills were encouraged during
the activity. While students formed questions from observations, the job of the facil-
itator was to interact with them to evoke some thought about the question generation
process. What assumptions are you making by asking that question? Do you have the
tools you need to answer that question? At the same time, allowing students to come up
with their own questions provides ownership over the investigation and should promote
a higher degree of participation. Similarly in hypothesis generation, it was important to
make students cognizant of why they thought what they did and what justifications were
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being used in the process. The idea of changing just one variable at a time during ex-
perimentation is sometimes a difficult one to get across. Again, simply asking students
for an explanation of what they think is going on can remedy this. If multiple variables
have been changed and a conclusion was drawn as a result, then one can pose the ques-
tion: “How do you know that happened because of A and not B?” The student is then
forced to narrow their focus to provide a concrete answer. Finally, while presenting to
peers can be a harrowing experience especially for people without much practice, it is
imperative in science. An effort was made for the presentation of findings to be as low
stress as possible, with only one volunteer from each group having to present, and no
time limits or set format.

4.4. Context for Laboratory Experimentation

Throughout the workshop, students were encouraged to extrapolate their findings to
implications for the outside world. During the introduction at the beginning of the
day, real-world oceanography issues were presented with the hope of giving students
something tangible to latch on to. Toward the end of the density inquiry, when a solid
understanding of the content had been achieved, students were provided with some
schematic figures describing thermohaline circulation in the ocean. They were encour-
aged then to see how the phenomena observed in small trays on desks also occur on a
global scale in the ocean. Finally, a series of oceanographic images was presented at
the beginning of the day, and each person was asked to pick one that intrigued them. At
the end of the day they were asked to write down something they now knew about what
was happening in that picture, hopefully incorporating content learned throughout the
day.

5. Assessment

The ocean sciences workshop was designed as a stand-alone day of inquiry, with the
goals of engaging students in the scientific process and introducing the field of ocean
sciences. There was no formal grade assigned to the students, so efforts at assessment
were made for the benefit of the activity designers and to prepare for potential incor-
poration of the activity into a graded course in the future. Assessment took several
forms and was intended to target not only the post-activity student understanding of
specific content, but also any changes in their views on graduate school, science, and
what ocean sciences encompasses.

Each component of the activity was designed to illustrate certain content goals,
and the job of facilitators was to help students reach these content goals. To that end,
there was a heavy degree of formative assessment employed during facilitation. That
is, assessment used not to grade students but to evaluate their current understanding
and better guide them in the right direction. Since the large group of facilitators al-
lowed close interaction with each group of students, formative assessment could be
performed through conversation during the activity. Students were asked to explain
what they had observed, what they thought was going on, and how they were investi-
gating the phenomenon. Depending on the desired outcomes of the inquiry, how close a
group of students was to those outcomes, and the available time remaining, facilitators
were able to steer the investigation as much or as little as needed. Additionally, during
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the afternoon inquiry on low Reynolds number flows, students were provided a work-
sheet to fill out as they went. At any time, facilitators were able to check on what had
been written by a group, giving another method of formative assessment in addition to
conversing with the students.

More formal summative assessment was attempted with the use of a grading rubric
for specific oceanography content. Admittedly, this aspect of the inquiry was probably
weakest. The grading rubric was based on the afternoon activity on phytoplankton sink-
ing in low Reynolds number flow, and was intended to gauge whether students were
completely off-track, had some degree of understanding, or had completely mastered
the content. The means of evaluating students based on the rubric was not well estab-
lished beforehand, though there were several tools to help us; pre- and post-activity
questionnaires and a worksheet filled out during the afternoon inquiry. The question-
naires addressed topics ranging from programmatic goals to general questions about
graduate school to specific content encountered during the inquiry activities. The work-
sheet prompted students to record what they saw during their inquiry, justify certain
decisions they made, and hypothesize about potential outcomes. While valuable infor-
mation was gleaned from the worksheet and questionnaires following the workshop, we
found that neither provided the concrete material required to accurately assess students’
learning according to the grading rubric. In a future iteration of the activity design, it
would be valuable to make sure we were left with adequate material to assess students
upon completion of the workshop.

6. Conclusions and Future Considerations

As an introduction to scientific research for potential graduate students, the PGWS
received extremely positive feedback and seemed to accomplish most of its goals. All
three components of the inquiry engaged students and largely conveyed the content
they were intended to. Outside of the scientific content, the workshop provided a safe
and welcoming forum for students to interact and build rapport with other students in
similar situations to their own as well as current graduate students and faculty.

On the flipside, some things should be done differently in the future. First, every-
thing that will be included in the workshop should be practiced beforehand, with test
subjects, as it will be on the day of the actual workshop. There are details that just
cannot otherwise be foreseen and headaches can be avoided. On a related note, nearly
everything takes longer than expected, so it is important to schedule in some buffer time
in case certain components run over schedule. Finally, the assessment component of the
activity needs some serious thought for the future. If questionnaires and worksheets are
to be used for evaluation, they need to be constructed in a way that ensures the neces-
sary material for grading will be provided. If assessment is to be done more personally,
based either on interactions with the students while experimenting or on the presen-
tation of their findings, it needs to be done right away, while memory of individuals’
understanding is fresh.
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Abstract. Our team’s objective was to develop a one-day activity for an interdisci-
plinary group of upper-level undergraduate students in science and mathematics fields.
Fluid dynamics offers a variety of problems that touch many other fields, from which we
selected the concepts of laminar and turbulent flow, and the transition between them, as
our focus. Students were provided with “starter” demonstrations to highlight different
regimes of fluid behavior, then devised their own experiments to investigate questions of
particular interest. To fit with the activity setting at a graduate school recruiting event,
we placed particular emphasis on the skills of experiment design and sharing results
with an audience of peers. Here we discuss the materials, timeline, and assessments
developed, as well as summarize students’ progress toward our goals in the activity.

1. Venue and Audience

The activity was conducted at the University of California, Santa Cruz, as a one-day
workshop following the Diversity Forum, a statewide gathering of prospective gradu-
ate students from underrepresented groups. Students were upper-level undergraduates
from science, technology, engineering, and mathematics (STEM) fields, and as such
had some (though not necessarily extensive) prior background in physics and mathe-
matics. It was expected that they would be familiar with basic tools of scientific com-
munication, such as using graphs and tables to organize data, but no familiarity with
fluid dynamics was assumed. Some had prior research experiences, but were new to the
inquiry context.

2. Goals for learners

As is usual for activities designed through the Professional Development Program
(Hunter et al. 2008), several distinct types of goals drove the activity design process.
We intended students to learn not only a key piece of fluid dynamics content, but also
to practice scientific process skills and reinforce attitudes that would be helpful in tran-
sitioning to graduate school.
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2.1. Content goals

In our original activity design, we had several scientific content goals all related to the
subjects of laminar and turbulent fluid flow. The first key point was the distinction
between the two types: their qualitative appearance as well as important turbulence-
specific properties such as irreversibility, high mixing efficiency, and a wide range of
length scales. With the background knowledge of these distinctions, the next content
goal was the significance of the Reynolds number (Re). Defined as Re = VL/ν, where
V and L are typical velocity and length scales of the flow and ν is the fluid viscosity, this
dimensionless number controls the onset of turbulent flow, with turbulence appearing
only for sufficiently high Re.

Building on this concept was the final content goal, that of dynamical similarity.
By comparing properties of fluid flows, it is possible to make predictions about a new
system with only experimental data from a model problem at similar nondimensional
parameters (e.g., higher velocity but also higher viscosity flow with the same total Re).
This principle is the same by which (for example) wind tunnel models generate useful
information about full-sized planes.

In the ocean, organisms of different size scales such as tuna and plankton can
experience different degrees of turbulence in the same fluid flow, a difference which can
be explained by examining their respective Reynolds numbers. In this and many other
examples, knowledge of laminar and turbulent flow is foundational to understanding
fluid behavior.

2.2. Process goals

From the many scientific process skills useful in graduate school, we selected two to
emphasize in our design. The first is briefly described as “planning an experiment,”
which we framed in this particular context by first presenting students with interesting
phenomena—the markedly different behaviors of laminar and turbulent fluid flows—
and prompting them to record questions. After selecting a question of interest, students
were guided to identify observable and measurable quantities to assist in approaching
the facet of the problem of most interest to them. In the case of the transition from
laminar to turbulent flow, multiple input parameters (velocity, viscosity, and length
scale) can cause the transition, mirroring an authentic laboratory environment where
multiple significant variables must be identified and controlled.

During and after planning and conducting their experiments, students were re-
quired to practice the second of our focus process skills, creating a body of work usable
by (and comparable to) others. Tools for making and recording measurements were
provided, and poster presentations on which their progress for the day was assessed
were made at the end by each group. By communicating their own work and being the
audience for others’, students would gain practice in evaluating their own results for
inclusion in a larger research community.

2.3. Attitude goals

In addition to the scientific process and content skills described above, as a recruiting
event several attitudinal goals were also important to the design. The first was to rein-
force the idea that fluid dynamics, rather than being a completely abstract mathematical
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branch of physics, is important in understanding “real life” situations such as how fish
swim. Using the inquiry structure of the activity, we also wished to make clear that
scientists needed creative and communication skills which might not have been evident
from students’ previous laboratory experiences. Finally, by allowing students to ex-
plore their own questions and make meaningful progress in understanding an important
concept in fluid dynamics, we wanted to maintain students’ excitement about science
and help them self-identify as scientists.

3. Activity Description

The activity took place in two sections before and after lunch, with the morning con-
taining introductory material and the first phases of experiments, and the afternoon
allocated for finishing experiments and presenting results. Table 1 shows the timing of
the various activity pieces discussed below.

Table 1. Outline of events for the day (a version of this schedule was also posted
for students)

9:00 Combined introduction talk
9:40 Fluids intro and examples
9:50 Starters, write questions

10:05 “Play time,” students write more questions
10:25 Break (facilitators organize questions)
10:35 Directions for forming groups and starting experiments
10:50 Experiments: early phase
10:50 Experiments: mid-phase, encourage systematic parameter varying
12:00 Lunch (afternoon activity planning)

1:00 Experiments: end phase
1:45 Materials/directions for presentations
2:00 Share-out
2:30 Synthesis: laminar/turbulent flow, critical Re, examples from nature
2:45 Synthesis/application: swimming
3:15 Final sum up
3:30 End of day (groups recombine, snacks)

After a general context-setting introductory talk for students in both halves of the
workshop (see also Jacox & Powers, this volume), the fluids group was given a very
brief introductory talk on fluid dynamics, setting the context for the many areas of
application and the possibility of describing fluid flows using equations (although due
to the generally non-mathematical focus of the student group, the full Navier-Stokes
equation itself was not shown).

Next, students were rotated in groups to observe three “starters”:

• Rolling. Two transparent cylindrical bottles were filled with fluid, one with water
and the other with corn syrup. (In this and the other two starters, food coloring
and rheoscopic fluid were added to both liquids to aid visualization of fluid flow.)
The water bottle was rolled on its side, first slowly and then quickly, and stopped
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suddenly. The low-speed roll showed generally laminar internal flow on stopping,
while the high-speed roll showed a clearly turbulent interior. Repeating the low
and high speed rolls with the corn syrup bottle (both of which showed little if
any internal movement on stopping), and then once more with the water bottle
for comparison, demonstrated a fundamental difference in behavior between the
fluids in the two bottles.

• Dropping balls. Two transparent jars were filled with corn syrup/water mixtures
with kalliroscope and food coloring for visualization. One had a concentration
of 90% corn syrup by volume while the other was 30% corn syrup by volume.
To improve visibility, a dark background and bright lights were important. Small
balls of various materials and sizes were dropped through both fluids, once with-
out instruction and a second time with prompting to watch the fluid. The students
should notice that there is a difference in the wake left behind: heavier balls
falling through the less viscous fluid left turbulent wakes, while the flow around
lighter balls in the more viscous fluids was laminar, with no vortex shedding or
substantial disturbance of the fluid.

• Mixing. A shallow pan holding a layer of fluid was stirred at different concen-
trations of corn syrup, showing clearly that the coherence of a pattern (such as
a back and forth “zig-zag” of stirring) and the production of turbulent eddies
changed dramatically with the fluid properties.

At each station, students were prompted to write down any questions that occurred
to them on provided strips of paper. After the initial rotation through the stations,
students had more time to mingle freely, revisiting stations of interest to manipulate the
equipment and write any more questions that arose.

Next, facilitators (instructors) used a short break period to organize the question
strips into categories and separate QWWNDWATTs (“questions we will not deal with
at this time”), hanging the resulting groupings in the laboratory room. Before returning
the students to the lab, they were given context and instructions for the time to follow—
explaining that QWWNDWATTs had been separated (being valid questions that were
impractical to investigate in this activity, such as questions about the molecular bonds
in different fluids), that they should return to the starter that interested them the most
and identify a question there that could be quantitatively investigated, and find one or
two other people with similar interest to form a group.

In the remaining time before lunch, students began their experiments, with access
to the original starter materials as well as others: different prepared dilutions of corn
syrup (with tabulated viscosities), larger and smaller jars, different sizes and materials
of balls, tools for flow visualization (rheoscopic fluid, dye, glitter), stopwatches and
rulers for measurements, paper and graphing materials. Facilitators remained at the
starter stations, providing occasional guidance in the early phase of experimentation
and prompting students (if needed) to consider quantitative investigation in the middle
phase.

During lunch, facilitators met to discuss group progress, compare with expecta-
tions, and exchange ideas for guiding groups toward the content goals in the afternoon
experimentation time. After lunch, students continued experiments for another 45 min-
utes, with facilitators emphasizing Reynolds number concepts (the importance of length
scale, velocity, and viscosity in transitioning from laminar to turbulent fluid). Groups
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then had a brief time to prepare posters summarizing their experiment and results, to be
presented with short summaries to the group.

After all the poster presentations were completed, the day’s activities were capped
with two “synthesis” talks by the facilitators. The first of these summarized the rele-
vant physical concepts at work: the distinction between laminar and turbulent flow, the
Reynolds number and the concept of a critical value of that parameter, and a variety
of Reynolds number examples from marine life (ranging from microscopic creatures
with low Reynolds number in their movement, to the largest sea life operating in a high
Re regime). Where relevant, examples from student experiments were included in the
presentation, using videos captured earlier in the day.

The second piece of synthesis was a final application, showing the difference in
swimming techniques necessary for low and high Reynolds number. A self-propelling
toy fish was placed first in water and then in corn syrup, and a stream of dye was
injected next to its tail. In water, the fish swam normally, and the dye streak by the
tail was immediately ejected behind as vortices were shed by the flapping tail. In corn
syrup, the fish did not move forward, and the dye made clear that the fluid by the tail
was moving back and forth reversibly, never being ejected in a wake. Finally, videos of
swimming sea creatures were shown, demonstrating the different propulsion techniques
necessary (fish can swim by moving tails back and forth, as in the water demonstration,
while smaller organisms—with Reynolds numbers analogous to the toy fish in corn
syrup—must use other mechanisms that do not depend on turbulent vortex shedding).
With a final brief recap about the amount of progress made by students and the nature
of the research process, the activity was adjourned.

4. Assessment

As this was a recruiting event rather than a formal course component, assessment of
student work was fairly informal, with some taking place during experiments and most
evaluation happening during the final student presentations. As a pilot activity con-
ducted with students who had little if any prior knowledge of the source material, their
likely success was difficult to predict in advance. Keeping track of small group progress
and meeting at lunch allowed the facilitators to gauge the ongoing student work as a
whole.

During the final presentations, groups were scored using a previously devised
rubric in the “claim–evidence–reasoning” framework (adapted from McNeill & Krajcik
2009), evaluating separately the scientific statements being made, the body of support-
ing data, and the explicit links between the two. At this point we found, as had been
suspected at the lunch meeting, that most of the student groups had not advanced as
far as we hoped toward the general Reynolds number concepts, and while every group
had made some quantitative measurements, they were often on peripheral issues rather
than the central content area. Thus, it was difficult to score students using the existing
rubric, since few of them had reached the relevant scientific content but many had found
nonetheless interesting digressions.

Finally, students’ impressions of the day as a whole were gathered using a post-
activity survey. The questionnaire showed that students were impressed at their ability
to generate questions and investigate them despite the fact that they knew nothing about
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the field at the beginning of the day, addressing the first of our process goals. They were
empowered by the feeling of being able to make progress “from scratch,” as intended
in our third attitude goal.

5. Considerations for the Future

From both the formative and summative assessments mentioned above, it became clear
that the early emphasis on quantitative investigation was most likely a mistake, since it
resulted in students seizing on the first set of measurements that occurred to them with-
out conducting a longer exploration that might have made clear which quantities were
of most interest. Some of this may be difficult to avoid in future versions of the activ-
ity, assuming similar time constraints, but it should be possible to delay the prompting
for quantitative data until later in the experiment phase, at which time students will
hopefully have a broader base of observation from which to make this important design
decision.

On a positive note, making last-minute additions to the synthesis to include pic-
tures and video of students’ experiments during the review of content goals seemed to
be very helpful. At the end of a long day there was some risk that everyone’s atten-
tion would wander. Connecting the wrap-up points to the students’ own data served to
both keep their attention and to reinforce the attitude goal that their results were useful
science.
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Abstract. COSMOS is a four-week summer residential academic and enrichment
program for high school students interested in science and mathematics, sponsored by
the University of California. Since 2001, participants in the Center for Adaptive Op-
tics (CfAO) Professional Development Program (PDP) have developed and instructed
a general astronomy and biology COSMOS course cluster. This cluster provides an
optimal venue for piloting newly designed activities, as well as an opportunity for
PDP participants to obtain practical teaching experience. In 2007, we designed an
astrobiology-based project for five of the 17 students in our cluster. This project aimed
to bridge the gap between the astronomy and biology sides of Cluster 7: Stars and Cells.
We facilitated the process whereby the students designed and implemented their own
experimental plan to identify unknown extremophilic bacteria. Their findings allowed
them to extrapolate and discuss what it means to be alive and how these factors would
impact life on other planets. Here we provide details of the entire project design and
reflect on its success.

1. Venue and Audience

COSMOS is a four-week summer residential academic and enrichment program spon-
sored by the University of California, which provides high school students with four
weeks of intensive study in two different areas of science or math (for more details, see
Cooksey et al., this volume). In 2007, Cluster 7: Stars and Cells enrolled 17 California
high school students, mostly sophomore and junior level and some from minority back-
grounds. The course cluster was co-instructed by three graduate students in astronomy,
ecology and environmental biology, and paleontology. In an effort to connect the two
halves of the cluster, we designed an astrobiology-based project for five of the students.
This project was carried out in the last two weeks of the summer program, totaling 20
to 30 hours, including short lectures, group discussions, a video, experimental time and
presentation making and practicing.
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2. Goals for Learners

We designed the Astrobiology activity as part of our participation in the Professional
Development Program (Hunter et al. 2008). We wanted our activity to bridge the two
halves of Cluster 7, so we focused on how extreme conditions on Earth that are un-
inhabitable by humans could be similar to conditions on other planets. In order for
the students to understand how life can exist in such diverse environments, we wanted
them to realize that life is not self-sustainable. There are many external factors, such as
energy sources, that are required for life and these factors place constraints on life.

After determining the content we wanted our students to gain from this activity,
we decided which science reasoning skills would best support this content and how this
content could help our students improve upon these process skills. For many students,
the COSMOS program was their first exposure to a research laboratory setting, thus we
wanted to select skills that kept these students interested in science, as well as skills
that prepared them for future work in a laboratory. As a majority of biological research
involves model organisms, we wanted the students to understand how and why one
chooses an appropriate model system. Especially in the case of biomedical research,
one cannot experiment with human patients due to time constraints and ethical reasons,
so knowing which model organism is most appropriate is a very important skill.

Before and during the process of experimentation, scientists make many obser-
vations. These observations can inform the questions one asks and the approach one
develops for answering those questions. In addition, being able to observe what is
happening during an experiment allows researchers to adapt or modify things on the
fly. Along these lines, we also wanted to help the students learn how to plan a well-
controlled experiment.

We also decided that verbal and written communication with their peers, as well
as with experts in the field, is a major skill for anyone whether they wish to pursue a
science career or not. We wanted the students to be able to talk about their experiments
within their small group, as well as to the instructors, and prepare and present informal
posters. As part of the COSMOS program, the students were also required to prepare
and deliver an oral PowerPoint presentation to students from several other clusters.

In addition to improving our students’ science process skills and providing them
with some content understandings, we hoped to increase their self-confidence in their
abilities as scientists. By allowing the students to develop their own experimental plan
and letting them carry their plans out, we wanted them to have ownership over the
scientific process and to feel trusted with “real science,” hopefully increasing their en-
joyment and likelihood of entering into research science careers.

3. Activity Description

This section describes in more detail the components of the astrobiology project. Table
1 provides a brief timeline for the overall project.1

1For more details about how this activity fit into the entire schedule for Cluster 7, please see Figure 1 in
Cooksey et al., this volume.
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Table 1. Project Timeline

Day Activity Component Timing
hrs mins

0a Astrobiology—intro. discussion 1 –
NOVA: Origins video 1 –

1b Discussion—recap astrobiology – 20
Introduce project – 20
Experimental planning, share out 2 –
Experimentation time 3 –
Discussion–model organisms – 30

2 Lab tour–model orgaisms 1 –
Experimentation time 3 –

3 Data collection 1 –
Begin planning presentations – 45

4 Data collection cont’d – 30
Prepare informal posters, poster presentations 1 30
PowerPoint planning 1 45

5 PowerPoint planning cont’d 1 45

6 Practice PowerPoint presentations 2 45

7 Final PowerPoint presentations – 30
a these components were done with the entire cluster of students
b these components were “project time” with only five students

3.1. Day 0 (2 hours in the classroom)

As an introduction to extremophiles and astrobiology, we (the astrobiology project ad-
visors) started with a short journal article, informal discussion and video. The teacher
fellow had previously assigned the students to read “Extreme Microbes: Testing Life’s
Limits” (Hazen 2006). With the assistance of the teacher fellow, the students read the
article and were asked to write an abstract for it. One week after assigning the article,
the abstracts were due. On this day during Week 2, we attended and led a short lecture
period. Up to this point, the cluster astronomy and biology co-instructors had primar-
ily taught the students. To facilitate a group discussion and allow for us to become
familiar with the students, everyone was arranged in a large circle. Students were first
given index cards and asked to write their definition of astrobiology and one thing they
found to be interesting in the Hazen article. These index cards were collected and used
as an informal assessment of the students’ knowledge and interests. In addition to the
index cards, we wanted a way for the students to keep a written record of all of their
astrobiology related notes and questions in one place. So we provided simple note-
books consisting of several blank sheets of paper folded in half and stapled together.
We asked that the students write any questions, ideas, comments, or observations in
their notebooks, which also provided us with a way to assess their learning.
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As a starting prompt for the group discussion, we asked students what they thought
was most interesting about the article. Since they had all just written something on their
index cards, we felt that everyone would be prepared to share something and not feel
put on the spot. We then shifted the conversation by asking three questions: “What is
life?”, “What defines life?”, and “What is required for life?” This discussion brought
out pre-conceptions about what variables constrain life and are required for life.

Next we showed the students the “NOVA: Origins – Fourteen billion years of
cosmic evolution” video. This video was selected because it depicts life in extreme
conditions and makes connections to extra-terrestrial life. During the video we asked
the students to write down notes about what they found interesting or questions that
the video may have raised for them. When the video was done, students were asked to
write any additional questions or thoughts they had. We then collected their notebooks
and used them to assess their overall interest in astrobiology. Not only did we hope
to introduce all of the students to astrobiology and the fascinatingly extreme environ-
ments where life can exist, but we also used this time to get students interested in the
Astrobiology project.

3.2. Day 1 (6 hours in the classroom and laboratory)

At the beginning of Week 3, the students selected their projects that would be carried
out for the next week and a half. Five students chose the Astrobiology project that we
focus on in this paper; others chose astronomy projects such as Star Clusters. The As-
trobiology project time started with a short discussion that recapped the astrobiology
lecture from Week 2. We wanted to make sure that the students were all in agreement
about what life is and what variables could constrain life. Students were then asked if
they knew how these variables could be manipulated and studied in a research labora-
tory.

Since the students did not have prior experience handling or growing bacteria, we
set up sample agar plates. We presented the students with several agar plates and asked
them to make observations. Each plate contained media coated with a different pH (2,
4, 7, 10, or 12) upon which we had struck out a common lab strain of E. coli. Because
acidity or alkalinity is a variable that can affect life, not all plates showed bacterial
growth. We hoped that they would notice that not all plates showed growth, that each
plate only changed one variable — the pH of the media — and that they would use this
as an example of how to streak out bacteria.

We then introduced them to the overall project idea. Initially students chose the
variable that most interested them. This split the group into two pairs, leaving the odd
student out, who did not appear as engaged and interested as the others. To deal with
this social dynamic that can often occur with high school students, we decided to put
names in a hat and choose teams that way. This resulted in the pair of students as Team
Temperature and the group of three as Team Salt.

These two variables were selected because they are easy to manipulate in the lab
and will give the best results in the amount of time allotted for the project. To test
temperature, the bacteria simply need to be incubated at different temperatures. To
test salinity, the bacteria can be plated onto solid media of various salt concentrations.
With the bacterial species we chose, growth is observable after 24 hours of incubation
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and defects in that growth rate should be clear even with minor changes to incubation
temperature or salinity.

We motivated the Astrobiology project to the students with the following hypo-
thetical premise. They were studying the possibility of life in space and extreme envi-
ronments so they had gone to several extreme environments and collected samples of
different bacteria growing there. Upon returning from their expedition, they realized
that they had not properly labeled their samples and could not remember which sample
came from where. In teams their task was now to develop an experimental plan to de-
termine which bacteria came from which environment. As there were only five students
and two facilitators (instructors), each facilitator primarily worked with a single team.

First the teams had to pose a question. We wanted them to state what they were
trying to figure out in the form of a testable question. They next made an experimental
plan and predicted the outcomes of their experiments. For example, Team Temperature
asked what temperature extremes each of the bacterial strains could grow in. To test
this, they planned to streak out the three unknown strains along with the E. coli control
on multiple agar plates. They would then incubate these plates at various temperatures
(-80◦C, -20◦C, 4◦C, 25◦C, 37◦C, 42◦C, and 65◦C) and observe their growth after a
day or two. They reasoned that these temperatures exist in different places on Earth:
-80◦C is the surface temperature in the middle of Antarctica, 4◦C is the temperature of a
typical refrigerator and 37◦C is human body temperature. Conversely, Team Salt chose
to test the different extremophiles at various salt concentrations (0%, 0.5%, 3.5%, 10%,
20% and 30% salinity), reasoning that these corresponded to salinities found in nature,
for example in the Dead Sea, the Great Salt Lake, ocean water, blood and tap water.

After both teams created an experimental plan, we had them present their plans
to the other team. We used this discussion time to clarify which variables were being
tested, how they were going to test them and why they chose to test them in that way.
The other team, as well as the facilitators, asked clarifying questions in regards to the
rationale behind the plan. The teams were then given a little more planning time and
the recipe to make Luria broth (LB) agar plates. Each team was then responsible for
calculating changes to the recipe based on how many plates they expected to use and
changes to the salinity. These calculations and the final experimental plan were then
approved by the facilitator. Next the students were taken to the biology teaching lab
and given a tour and introduction to some of the equipment. Facilitators also went over
basic safety rules and precautions.

The students then weighed out the ingredients to prepare their media. Based on
their experimental plans, Team Temperature prepared 500mL of standard LB media
and Team Salt prepared 250mL for each of their six salinity conditions (yielding ap-
proximately 1 agar plate per 25mL). Although this may be a mundane task for senior
scientists, this was the students’ first exposure to laboratory scales and reagents and
took exceptionally longer than planned. We then explained to the students how an au-
toclave is used to sterilize their media, hopefully ensuring that the growth they observe
is of their bacterial strains and not a contaminant. Once the media were autoclaved, the
students poured their own liquid agar into Petri plates. While the agar was solidifying,
we demonstrated how to streak out bacteria with sterile toothpicks and allowed the stu-
dents to practice. These practice plates were incubated overnight for examination the
next day.
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We then had a short discussion about how and why one would choose an appro-
priate model organism. We wanted the students to become aware that scientists have
chosen particular organisms as model systems for research, each having their own ad-
vantages and disadvantages. For example, budding yeast are easy to handle, they divide
every 90 minutes and their entire genome has been sequenced and annotated. Unfortu-
nately, as a single-celled system, budding yeast do not make a good model for studying
development. We also talked about the use of model organisms to study processes that
are also present in humans. These organisms allow scientists to tease apart basic mech-
anisms and functions so we can better understand how they work and are regulated to
allow for treatment of defects and diseases in humans.

3.3. Day 2 (4 hours in the laboratory)

Continuing from our discussion the day before, we wanted to show the students ex-
amples of different model organisms and how they are studied in the laboratory. The
budding yeast Saccharomyces cerevisiae and E. coli were placed into water droplets
onto microscope slides. The students were allowed to observe these two species un-
der the microscope, which highlighted their size differences. Drosophila melanogaster
fruit flies can be studied from embryo to adult so we showed the students flies at differ-
ent developmental stages. Finally, the students were shown small agar plates containing
the small roundworm Caenorhabditis elegans. We hoped that students would be curi-
ous and interested in the organisms we presented, increasing their familiarity with and
likelihood to pursue scientific research.

The students then examined their practice streak-out plates. As a group we dis-
cussed what types of growth they observed and reasons for why they did or did not see
growth. This led to the importance of using a positive control that would grow no mat-
ter what variable was manipulated. In addition the students made observations about
their streaking technique, whether they could distinguish single colonies or not. We
then used their practice plates to show the students how to use the camera system to
take pictures of their plates.

Now that their media had solidified overnight, we provided three unknown strains:
E. coli, T. thermophilus and Halobacterium. In planning their experiments, the students
decided to include E. coli as a control, as we already had some and they reasoned that
it is a well-studied bacterial species so they could look up viability in different growth
conditions. Because of this, we reasoned that we could give the students E. coli as a
mystery strain and they should be able to conclude that it is E. coli based on comparison
to their control. With strains in hand, the teams struck out their strains on the solid
media they poured the day before and then placed them in the appropriate incubators.

When conducting an experiment, it is always good to think about the potential
results and how one would score and analyze them. We had the students consider the
variables they were testing and types of growth they observed on their practice streak-
out plates. With this in mind, we asked them to plan out how they were going to collect
their data so that they could include it in a poster presentation or talk. Both teams
decided to score the growth. Team Temperature used a numeric 0 to 4 scale (0 = no
growth, 4 = very strong growth) and Team Salt decided to score +/-. Not only did we
want them to be prepared for their presentations, but we also wanted to make it easier
for them to collect their data the next day. We also knew that their teacher fellow was
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teaching them how to use Microsoft Excel and PowerPoint so we hoped that they would
transform these scores into charts, tables or graphs.

3.4. Day 3 (1 hour 45 minutes in the laboratory)

In this short time block, the students examined their plates and scored the growth. They
also used the camera system to take pictures to include in their presentations. Since the
students now had data, they could start making conclusions about their experiments.

The next step was for the students to prepare their presentations. Before starting
presentations on their computers, we asked them to first write an outline of their project.
We did this for two reasons: (1) only one student in the group could be working on the
computer at a given time and (2) we hoped the outline would organize the group’s
thoughts.

3.5. Day 4 (3 hours 30 minutes in the classroom)

The students re-examined their plates for growth after an additional 24 hours of incu-
bation. The halophile we chose grew slower than the E. coli so we wanted the students
to observe multiple days’ worth of growth. This allowed the students to see growth,
whereas they might have considered that unknown strain dead in most conditions.

The students then prepared informal posters on chart paper to share with the other
team. This pushed them forward in their presentation planning and gave the facilitators
a chance to hear what the other team had found. In addition, this gave us a chance
to assess the conclusions the students were making about their results. Since both
teams were given both the thermophile and the halophile, they needed each other’s
results to determine why some growth was not apparent. For example, the thermophile
fails to grow at temperatures below 65◦C and does not tolerate high salinity and the
halophile only grows at high salinity and does not tolerate high temperature. Team
Temperature figured out which temperature the thermophile preferred to grow at and
Team Salt figured out what salinity the halophile needed to survive. At the end of their
presentations, both groups were able to successfully identify the unknown thermophile
and halophile. They were also able to conclude that the third unknown sample was E.
coli or a strain that behaved very similarly to E. coli.

The remainder of the time was spent working on their PowerPoint presentations.

3.6. Day 5 (1 hour 45 minutes in the classroom)

During this time each team presented their slides to the others. We knew that these
presentations were not finalized, but we wanted to make sure that they were focusing
on the positive results and providing enough information so that others in the cluster,
not involved in the Astrobiology project, could understand what they did and why.

3.7. Day 6 (2 hours 45 minutes in the classroom)

The students now had almost finalized their presentation slides but they were still a
bit unsure about what they were going to say. So we took this time to have the stu-
dents write out, word for word, what they wanted to say for each slide. The students
then went through their slides again, this time reading what they had written. As a
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COSMOS requirement, all of the students need to speak during the final presentation
and then be prepared to give the presentation solo in another venue, such as their high
school biology class. Therefore we wanted to make sure that each member of the team
understood everything in the presentation and not just their parts.

In the afternoon, the entire cluster met together and practiced their presentations in
the large auditorium. This practice gave the students a chance to familiarize themselves
with the room that they would give their formal presentations in, as well as practice
fielding questions from outside their project group, check their timing, volume, etc.

3.8. Day 7

On Day 7, Cluster 7 joined Clusters 3 and 8 to give their final presentations. Both
Team Temperature and Team Salt presented a joint introduction to astrobiology, the
overall goals for their project and a general introduction to the project. Then each team
presented the variable they tested, the experiments they carried out, their results and
conclusions. At the end, they revealed the identity of their mystery strains and gave an
explanation of how studying extremophiles relates to astrobiology.

4. Assessment

Formative assessment was the major form of assessment used during the project time.
With such a small student to facilitator ratio, we were constantly aware of what the
students were doing and how they were progressing. During team discussion times the
students frequently included the facilitators as part of their group, more as a peer and
less as someone they were seeking guidance or instruction from. We also designed
in specific times where the groups had to present to each other (experimental plans,
informal posters, PowerPoint presentations). This allowed the students to assess each
other in addition to being assessed by the facilitators.

In addition to the formative assessment, one main summative assessment came in
the form of the PowerPoint presentation to the rest of Cluster 7 and to Clusters 3 and
8 who both focused on marine biology. Although the rest of Cluster 7 had participated
in the introductory astrobiology discussion and video, they were unaware of the project
details, so the other Cluster 7 students could assess the presentations on Day 6 when the
entire cluster practiced. The students also had to be ready to give their presentations to
an outside audience back in their home communities. Because of this the students had
to prepare presentations that could be understood by anybody.

During the design of this activity, we defined several content and process goals
for our students. Since the facilitation was fairly involved we could easily observe the
students in action and ask questions to make sure the students understood what they
were doing. In terms of content, during the planning of their presentations the students
asked us what overall goals we had for their project. Instead of telling them, we asked
them what they thought our goals were based on what they had done. Interestingly, the
students were able to make a list of goals almost identical to the ones we used to design
the activity.
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5. Social and Cultural Aspects of the Design in Practice

The student to facilitator ratio was incredibly small, creating an environment where the
students could feel more at ease, become more engaged and ask a lot of questions. We
hoped that this promoted a sense of belonging within the science culture.

To ensure that all of the students participated and collaborated with each other, we
designed our project to force group interaction. Students worked as partners or a group
of three. We also set up the unknown samples such that the teams had to communicate
their results to each other to make valid conclusions. In addition, having the teams
share out their experimental plans and results mirrors the peer review process that all
scientists go through.

We also gave the students the chance to choose their research project. They were
given brief descriptions about all five projects and then asked to rank them by inter-
est. The five students that participated in the Astrobiology project ranked it above
projects about variable stars, galaxy morphologies, shark migration patterns and polli-
nator evolution. Thus we tried to provide an activity that would allow the students to
feel ownership over a project they were really interested in.

6. Considerations for the Future

The extremophiles we chose to use in our activity were based on available resources
in our department. Instead of trying to obtain strains and determine growth condi-
tions, we simply obtained samples from laboratories currently using a thermophile and
a halophile in their studies. If taught again, different extremophiles could be used, but
the variables need to be considered in relation to the experimental time allotted. In
addition, this experience was likely the first laboratory research experience for these
students. Novice scientists may not be able to distinguish subtle differences; therefore,
the observable differences in growth should also be considered.

We also wanted to choose bacteria that would yield “real time” results; in other
words, bacteria that would show appreciable growth during the given timeline. In an
effort to give the students ownership over their experiment, we wanted to make sure
that they would be able to design and carry out experiments, as well as collect their
own data. We did not want to prepare anything ahead of time or show them “fake” data.

As the presentations are very important to the overall COSMOS program a lot of
project time was devoted to preparing and practicing. If the presentation is less impor-
tant, some of that planning time could be put toward experimentation time, allowing
for follow-up investigations or investigation of more difficult variables or multiple vari-
ables.

Something interesting occurred on Day 3 when the students were observing their
plates and scoring growth. Team Temperature noticed that some of their plates showed
no growth and were going to score them as dead. Upon prompting by and discussion
with the astronomy instructor, the students asked if we knew whether the bacteria they
struck out were really dead or if they just could not grow at the temperature in which
they incubated them. Since we had the time, we asked them what they thought was hap-
pening and how they could test it. The students said that maybe the really cold (-80◦C,
-20◦C and 4◦C) or really hot temperatures (42◦C and 65◦C) were non-ideal environ-
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ments that just prevented growth so the bacteria were in a dormant-like state. To test
this they decided to take the plates that were incubated at the non-ideal temperatures
and move them to 37◦C overnight. They chose 37◦C because it is human body temper-
ature, there are lots of things that grow at 37◦C and the plate they incubated at 37◦C
showed the most significant growth. Upon seeing growth of some of the samples, we
were reminded that bacteria can tolerate cold temperatures and in fact laboratory strains
are maintained for years in the freezer. In designing the activity, we did not anticipate
an additional phase of questioning or that there would be time to test it. However, this
type of follow-up experiment could potentially be built into the activity in the future.

In addition to the follow-up experiments, this particular event also highlighted
the advantage to having multiple instructors and project advisors involved in this kind
of teaching venue. Through exposure to multiple instructors over the first half of the
COSMOS program, the students became increasingly comfortable with and trusting
of their instructors. Although coincident that the astronomy instructor was present on
Day 3 to prompt the follow-up question, it might be beneficial to include these types of
“outside instructor” interactions during the activity time. These “plants” could provide
assessment of the students’ understanding by the other instructor(s) engaging with the
students as if the former were completely ignorant of the project details or content.
Besides academic support, the other instructors could help facilitate social dynamic
issues. So in consideration of teaching this activity again, or the teaching of an activity
in this type of larger academic program, the inclusion of “outside” instructors would be
beneficial.
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Abstract. We designed a two-day laboratory exploration of fundamental concepts
in digital images for an introductory engineering course at Maui Community College.
Our objective was for the students to understand spatial vs. brightness resolution, stan-
dard file formats, image tradeoffs, and the engineering design cycle. We used open
investigation, question generation, and an engineering design challenge to help our stu-
dents achieve these learning goals. We also experimented with incorporating Hawaiian
language and cultural awareness into our activity. We present our method, student re-
sponse, and reflections on the success of our design. The 2008 re-design of this activity
focused on better incorporating authentic engineering process skills, and on using a
rubric for summative assessment of the students’ poster presentations. A single file
containing all documents and presentations used in this lesson is available online1.

1. Introduction

In inquiry-style laboratory activities, students learn science by performing science
(Dow et al. 2000). Keys to inquiry are ownership of students over their learning
and authenticity of the activity to real-life science and engineering practices (Ash &
Kluger-Bell 1999). Here we discuss an engineering inquiry on Digital Image Files we
developed under the auspices of the Professional Development Program (PDP). The
PDP is a unique educational program that trains science, technology, engineering, and
math (STEM) graduate students to teach science and engineering while simultaneously
promoting STEM education at the undergraduate level and for historically underrepre-
sented populations (Hunter et al. 2008). The PDP originated as part of the education
theme of the National Science Foundation Center for Adaptive Optics (CfAO), and has
now transformed to become a major component of the Institute for Scientist & Engineer
Educators (ISEE, Hunter et al., this volume).

1http://www.astro.ucla.edu/˜ianc/files/digital_images_inquiry.pdf
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2. Activity Description

2.1. Venue Background

ISEE is a key player in the Akamai Workforce Initiative (AWI), a consortium that is
developing education and employment opportunities for residents of the Hawaiian is-
lands. The Hawaiian word akamai translates to clever, and the goals of AWI are to
develop effective teaching in post-secondary schools in Hawai‘i, train local students for
Maui-based careers in the technology industry, increase the representation of women
and Native Hawaiians in Hawai‘i-based employment, and build partnerships between
high-tech educators and employers on Maui.

AWI encompasses internships, community programs, electro-optics certification,
and curriculum development. Curricula developed by the Teaching and Curriculum
Collaborative (TeCC) have provided support for creating a Bachelor’s degree in Ap-
plied Science in Engineering Technology at Maui Community College (MCC), allow-
ing the school to seek accreditation as a four-year college—the University of Hawai‘i,
Maui College. Toward this goal, in Fall 2008, three TeCC teams were invited to design
curricula for a new course, Electronics 102: Instrumentation, taught by MCC professor
Mark Hoffman. The TeCC teams designed three inquiries covering aspects of instru-
mentation: CCDs (Mostafanezhad et al., this volume), Spectroscopy, and Digital Image
Files. This paper describes the Digital Images inquiry.

2.2. Goals for Learners

To plan this activity we first decided what we wanted the students to get out of the
experience. We had four types of goals for the students: content, process, attitudinal,
and CfAO programmatic goals. Our goals are summarized briefly in Table 1.

Table 1. The learner goals we set out as we began the activity-planning process.

Content Goals Process Goals
Pictures can be represented by numbers Defining a problem
Pixels and arrays Proposing a solution
Continuous vs. discrete Communicating in writing
Number of pixels and spatial resolution Evaluating tradeoffs
Bit depth and color resolution Solving a problem with constraints
Relation between file size and resolution Carrying out engineering process
Image file manipulation
Image file formats and header information

Attitudinal Goals CfAO Program Goals
Solving a problem in a team Drawing on prior knowledge
Being creative Observing and communicating
Making predictions Gaining career preparation
Comfort in solving an engineering problem
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2.3. Overview of Activity

We taught this activity at Maui Community College in Professor Mark Hoffman’s Elec-
tronic Instrumentation course to approximately 25 first- and second-year students ma-
joring in Electrical Engineering Technology. The bulk of the hands-on investigation
encompassed image encoding and then decoding. Students were provided with astro-
nomical images on paper, a light box, and a photometer. Using these materials, students
encoded their images into numbers. Students then wrote up their encoded images into
image files, swapped them with other teams, and decoded a team’s image by drawing
the image (with chalks) from looking at the image file. Finally, students moved to the
computer lab to experience more in-depth digital image manipulation. Table 2 shows
the activity timeline; we discuss the activity components in more detail below.

Table 2. The top-level schedule that we used in our digital images inquiry.

Day 1 Day 2
Intro to Culture of Communication 10 min. Intro: Day 2 10 min.
Intro to Inquiry 5 min. Focused Investigation: 30 min.
Intro to Digital Images 10 min. Image Decoding
Starters 40 min. Prep for Sharing 15 min.
Break 15 min. Sharing (“Jigsaw”) 30 min.

(Facilitators sort questions) Move to computer lab 15 min.
Starters Mini-Synthesis 15 min. Image Manipulation 30 min.
Focused Investigation: 60 min. Discussion: 10 min.

Image Encoding/Digitization Communication experienced
Homework Assigned 10 min. Synthesis & Closing 25 min.

Total Time 5 hrs.

2.4. Activity Description

2.4.1. Starters

A “Starter” is a brief, interactive pedagogical tool designed to stimulate student interest
and engagement in a topic, and to present material relevant to subsequent components
of an activity. We used four Starters, rotating all the students through each one in
parallel. Each Starter was designed to introduce the students to a particular concept
relevant to our lesson goals. We named our Starters “Photometer Playground,” “Flag
Reproduction,” “Pixels and Grayscale,” and “File Formats.” An instructing facilitator
was assigned to each Starter station. After each Starter station, students wrote down
their questions, comments, and observations about that station; these writings were
collected by the activity facilitators for later discussion.

At the “Photometer Playground” we introduced students to the use of a photometer
for measuring the intensity of incident light; this tool was an essential component for
the Focused Investigation that followed. Students explored the use of a photometer
to understand how brightness can translate into a number. They first observed 40-
Watt, 100-Watt, and 300-Watt bulbs, and then explored the effects of distance from
and projection angle relative to the light source on the photometer reading (see Figure
1, left). Finally, students observed the photometer measurement when attenuating the
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Figure 1. Starters: Using photometers to measure brightness in “Photometer Play-
ground” (left) and transmitting an image verbally in “Flag Reproduction” (right).

light through paper printed with large two-inch squares of white, gradations of gray,
and black ink. This was to demonstrate that a grayscale image could be captured by
shining a light through it and measuring the brightness with a photometer.

The purpose of “Flag Reproduction” was to encourage students to think about how
picture information can be communicated. Students were paired off. One member of
each pair had a printed picture of an international flag (chosen for a recognized format
and simple geometric shapes). The other member of the pair had a blank sheet of paper
and colored markers. Hiding the blank page and the flag from each other, the first
student described (verbally) the flag such that the second student could draw it (see
Figure 1, right). After doing their best to reproduce the flag, students viewed the result
and reflected on the process.

Figure 2. Comparing images at different resolution in “Pixels and Grayscale.”

The next Starter, “Pixels and Grayscale,” introduced students to the ideas of pixel
scale and bit depth (grayscale). A grayscale photograph of the moon was reproduced
with ten varying pixel scales and ten varying bit depths (see Figure 2). The twenty
images were arranged face-up on a table, and students examined them and wrote ques-
tions or observations. Students were prompted to think of the differences between the
images, and advantages and disadvantages of each way of representing the moon.

We designed the fourth Starter, “File Formats,” to start students thinking about
how images are recorded in digital formats. Students were presented with one simple
image (a black and white pixellated “happy face”) encoded in a variety of formats (.eps,
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Figure 3. Image (top left) and file data for the .pgm (lower left) and .eps (right)
formats of the image. This was to illustrate representation of the same image in many
different file formats in the “File Formats” Starter.

.fits, .jpg, .pgm, .png, .svg). The ASCII or hex data in each file was printed out on the
back of each image page, and students were prompted to compare the pictures (which
all looked the same) and the ASCII/hex file formats, including both the header and body
of the file formats (see Figure 3). Prompts asked students to think about the differences
and the advantages and disadvantages of each.

Table 3 lists a sample of the questions and observations generated by students
during the Starters. The questions generated by students in our Starters were not used
directly for the Focused Investigations. Rather, the questions were used to engage their
curiosity and introduce students to some of the concepts they would be exploring later.
Students did not choose questions to investigate: instead, the investigations were built
around a particular engineering challenge with images and digital image files. There-
fore, after the break, we did a mini-“synthesis” of the Starters (Figure 4) by going over
the questions generated with the students to ensure the knowledge gained in the Starters
became a shared classroom experience.

2.4.2. Focused Investigation

For the Focused Investigation, students were given a grayscale astronomy-related pho-
tograph. Each team was also given an engineering challenge in the form of various
“science cases” to stimulate different approaches. The goals focused either on optimiz-
ing spatial or color (grayscale) resolution, as explained in Table 4. Furthermore, teams
were given a limited budget and a formula for the “transmission cost” per pixel and
color bit. Their budget was $1000 and pixels were $2 each while colors were $50 each.
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Table 3. An edited sampling of the questions and observations generated by stu-
dents during the Starters, sorted into categories corresponding to learning goals.

Transmitting images
How do you communicate scale within a flag?
Less data = easier to transmit/process

Measuring light levels with a photometer
I notice the measurement gets smaller when the photometer is farther away
The darker the sheet of paper through which the light goes, the lower the reading
How much would turning off the room lights change the readings?

Evaluating tradeoffs
Is there a sweet spot between good enough quality and too big of a file size?
How many megapixels are needed for a sharp and clear image?
Is there an advantage in using a short picture format vs. a long one?
Some file formats are easier to be read by a human. Are these not as useful?

Information content
I believe that each pixel has its own number that represents its number in grayscale
The image quality is not clear with limited pixels
The more pixels there are, the overall quality of the images gets better and better

Image file formats
Why are there so many different file types?
Each one is formatted differently but all of them appear to be the same image
The compressed formats JPEG, PNG are unreadable
Which format will produce the best quality image?

Figure 4. Mini-synthesis of the students’ observations from the Starters.
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Figure 5. Light box: An open box supports a sheet of plexiglass. Inside the box,
a light bulb illuminates the image placed on top of the plexiglass. Measurements of
the image brightness across the picture are made with a photometer.

This ensured that teams could not maintain the fidelity of the image in terms of both
spatial and color resolution, but rather had to make a tradeoff. In anticipation of this,
the “Pixels and Grayscale” Starter got students to think about information content and
number of pixels or color bits in an image. Of course, students were also limited by
the limited amount of time they had to use the photometers – not all groups considered
this during their planning! Students were told to record the image using letters and
numbers only, so that they could transmit the image to another team who would then
re-create the image with the goal as given, for example mapping sunspots. They used
the photometers to do so, digitizing their images by hand using the light boxes (Figure
5) as practiced in the “Photometer Playground” Starter.

Table 4. Goals for encoding each image during the Focused Investigation. Each
team had one image and one goal, focused on either spatial or color resolution.

Image Spatial Resolution Goal Color Resolution Goal
Sun Differential rotation rate Temperature of sunspots

Map sunspots in time Brightness of sunspots

Moon Elevation topography Temperature of rocks
Map maria & terrae Brightness of rocks

Jupiter Rotation period Height of clouds
Map clouds in time Brightness of clouds

Saturn Ring structure Chemical composition
Map rings Brightness of atmosphere

For homework after the first 2.5-hour course session, students had to write up their
digitized image along with a file format description (to provide directions on how to
decode their image data). On Day 2, students swapped images and used the written
information to re-draw the image using grayscale chalks. This was an exercise antic-
ipated in the “Flag Reproduction” Starter when students practiced communicating an
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image and in the “File Formats” Starter when students were exposed to different file
formats for describing the same image.

2.4.3. Sharing

After each team had reproduced another team’s image file, the decoded drawings were
handed back to the original team for sharing. Facilitators photocopied the drawings so
that each student would have a copy. We used a “Jigsaw”-style sharing in which each
team split up and sent one team member to each facilitator to share their results to one-
third of the class. This ensured that each student was responsible for all the material.
Students made posters stating their science goal from Table 4, describing their tradeoffs
in encoding or digitizing their image, displaying the resulting drawing, and reflecting
on the investigation. Figure 6 shows two students’ posters.

Figure 6. Posters by students for sharing.

Students presented individually to one of the three facilitators, and facilitators
scored their presentations with a rubric (Table 5) as a tool to conduct a summative
assessment of the students’ learning. Our design team was one of the first PDP design
teams to pilot use of a rubric for inquiry. We chose three categories on which to grade
each presentation: describing the encoding process, describing the image file, and prac-
ticing good communication skills. We expected students’ level of mastery to advance in
proficiency from left to right along a row in the rubric. However, to allow for a student
achieving mastery at the last column along a given row yet missing one of the more
basic items in another row, we awarded students 1 point per cell.

2.4.4. Computer lab

After sharing what students had learned in digitizing and transmitting images by hand,
we moved to the computer lab to do an exercise with images in the .pgm format. Stu-
dents manipulated the numbers in a simple .pgm image of the moon, and then viewed
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Table 5. Rubric used for summative assessment.

Task Did not meet
expectations [+1]

Met expectations
[+1]

Exceeded
expectations [+1]

Describe
team’s
image
encoding
process
and
choices.

Student shows their
original image, the
drawing another team
made of it, and
explains the scientific
goal they were
working toward.

Student describes their
image encoding
method (photometer
digitization, vector
graphics, or other).

Student explains the
tradeoffs they
evaluated and gives
reasons for choosing
their image encoding
method.

Describe
team’s
image file
format,
giving
reasons.

Student shows their
image file format,
identifying the header
and body.

Student explains what
the header and body
mean, and why the
particular image file
format was chosen to
meet the scientific
goals.

Student evaluates the
clarity of their image
file format by the
fidelity of the drawn
image, and suggests
changes they could
have made to clarify
their image encoding.

Show com-
munication
skills.

Student speaks and
has visual aids.

Student speaks clearly
and audibly, and has
visual aids that are
legible and
appropriate.

Student engages in
relevant discussion
with classmates about
presentation.

the results with the image displaying program Irfanview. We provided students with
prompts such as making the image darker or inverting the colors. This exercise rein-
forced the idea that digital images are represented by numbers in arrays and that the
values in the image body represent the brightness of each pixel.

2.4.5. Closing

Finally, we wrapped up the lab with a reflection on the different ways communication
expert Kalei Tsuha of MCC had observed students communicating throughout the ac-
tivity, followed by a synthesis lecture of what students had learned. For homework,
students were asked to produce a report justifying their decisions in light of their con-
straints and science goals. In this report, the students were expected to discuss the
possible design tradeoffs, the limitations of their design, and how they might redesign
their solution in the future.

3. Discussion

We asked the students to fill out written feedback forms to improve our instruction in
the future, and some concepts students wanted to explore further included more practice
encoding or digitizing images, more on image formatting and compression, and more
on image manipulation. Students rated each component of the activity on a five-point
scale and results are shown in Table 6. Students got the most out of the image decoding,
poster sharing, and synthesis lecture.
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Table 6. Student feedback on a five-point scale.

Activity Component Mean Score Std. Dev.
Starter 3.9 1.2
Image Encoding 3.9 1.3
Homework: File Creation 3.6 1.4
Image Decoding 4.4 0.8
Poster Session 4.5 0.8
Computer Activities 3.9 1.3
Synthesis Lecture 4.5 0.6

This activity in Fall 2008 was a redesign of a similar Digital Image Files inquiry
taught in Spring 2008. In the redesign we attempted to add more authenticity to the en-
gineering challenge by both tying it to a science goal (e.g., a goal of mapping sunspots
to motivate a focus on optimizing spatial resolution) as well as the monetary budget
constraint. We got feedback from the course instructor Elisabeth Reader, in reviewing
the write-up assigned on Day 2, that many students still found identifying tradeoffs to
be difficult. Upon reflection, the budgetary constraint may have been too complicated,
and it the future we would like to spend more time on clarifying the science goals in
Table 4 so that students can better make tradeoffs to optimize achievement of the goal
in a more authentic way.

On the whole, the inquiry was a success as students learned about digital images,
pixels, transmitting and communicating images, and making tradeoffs.

As inquiry designers and facilitators, we feel we accomplished our goals in this
activity. After the effort involved in designing and teaching, we would be pleased to see
our work go farther and have thus made all the materials and a lesson plan available on
the website of facilitator IJC2. MCC instructor Elisabeth Reader has already taught the
activity again with a new class, also finding it successful.
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Abstract. The CCD Modeling Activity was designed to supplement the curriculum
of the Electrical and Computing Engineering Technology program at the Maui Com-
munity College. The activity was designed to help learners understand how a Charge
Coupled Device (CCD) works. A team of visiting graduate students was invited to
teach an activity through the Teaching and Curriculum Collaborative (TeCC) as part
of the Center for Adaptive Optics/Institute for Scientist & Engineer Educators Profes-
sional Development Program. One of the primary goals was to have students gain an
understanding of the function of a CCD by constructing a model representing the CCD
readout process. In this paper we discuss the design and implementation of the activity
and the challenges we faced.

1. Introduction

The Professional Development Program (PDP) is a training program now run out of
the Institute for Scientist & Engineer Educators (ISEE) that teaches research-based
educational techniques to the next generation of educators while simultaneously sat-
isfying goals related to workforce development. As part of this program, participants
receive training on how to engage a diverse range of learners and learning styles. In
collaboration with the PDP, Maui Community College (MCC; currently known as Uni-
versity of Hawaii Maui College) has invited these instructors into their classrooms to
teach newly designed activities. This Teaching and Curriculum Collaborative program
(TeCC) brings groups of instructors to MCC to teach in the Electrical and Computing
Engineering Technology program (ECET). Examples of other TeCC activities can be
found in Morzinski et al. (this volume).

The activities designed as part of this collaboration focus on an inquiry-based ap-
proach to learning, that is, a technique of learning motivated by questions which learn-
ers investigate (see Hunter et al. 2008, for a discussion). It attempts to engage learners

285



286 Mostafanezhad et al.

in activities that mirror the research practices of professional scientists and engineers.
The CCD activity described here is designed around this principle, beginning with an
introduction to engineering models and an activity to force students to think about what
concepts define a good (or bad) model. We then allow students to explore the design
considerations for CCDs, using very simple materials, to try and remove any technical
preconceptions they may have, and to reduce the complexity of the inquiry process.
This simplicity in design seems to work well, as the students are quickly able to use
known materials to explore their own designs. We hope that this activity helps learners
be able to think more critically about the functions and limitations of advanced tech-
nology, using an example that students in the ECET program are likely to encounter in
their future careers, namely CCDs.

The ECET program is designed to train future engineering technicians and tech-
nologists in a two-year program focused on engineering applications relevant to the
Hawaii high-tech industry. The CCD modeling activity was designed to fit into a course
on Instrumentation for Engineering Technology, known as ETRO 102. The course cov-
ers the fundamental principles and applications of optics, electronics, engineering and
computer software in a variety of disciplines and includes emphasis on data collection,
imaging, image processing and Hawaii high-tech industry applications. The topics cov-
ered include geometric optics and images, the nature of digital images and CCDs, color
and light, filters, telescopes, remote sensing instrumentation and atmospheric propaga-
tion of light. In a typical ETRO 102 classroom, there are 15 to 20 students made up of
mostly first and second year ECET program participants. MCC has a high fraction of
minority students, a significant fraction of whom have English as a second language.
This is reflected in the diverse cultural backgrounds of students in the ECET program.

Three to four PDP participants designed and taught the CCD activity as part of
ETRO 102 in the Fall of 2008 and 2009. The participants instructed 24 (in 2008) and 16
(in 2009) students enrolled in ETRO 102: Instrumentation. The activity took place over
the course of one week in two lab sessions lasting 2.5 hours each. The primary content
goal of the activity was to have learners understand how the readout process of a CCD
works. Secondary content goals included understanding CCD components (e.g., pixels,
arrays, counters), applications, and limitations (e.g., speed, efficiency, noise). The pri-
mary scientific process goal was to have learners develop an understanding of modeling,
and how modeling fits into the overall engineering design process (see Massachusetts
Department of Education 2006). The use of blueprinting, prototyping, validation, com-
munication, and brainstorming were all considered secondary process goals. Students
were introduced to process goals using an airplane activity consisting of four stations
that had different models of airplanes. Following this activity, we introduced design
constraints for the students to consider when constructing their models and split the
students into teams of two to three. Throughout the investigation each team interacted
with one or two of the PDP participants who acted as a facilitator (instructor) to moni-
tor and support each team’s progress. We found that primary process and content goals
were met when evaluated using both formative assessment and post-activity evalua-
tion forms. However we encountered significant challenges during facilitation, which
included problems with attendance, team dynamics, and disparities in communication
and presentation styles and background knowledge. There were also challenges in the
design and implementation of summative assessment tools for an engineering design
activity. Overall, the CCD Modeling Activity was successful and well-received by the
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learners. Their experience with the engineering design process and knowledge about
CCDs is highly relevant to potential future careers in the Hawai‘i high-tech industry.

2. Goals for Learners

Since this activity fits into the ETRO 102 course, it is designed to help learners un-
derstand the fundamentals of how a Charge Coupled Device works. There are some
fundamental concepts that must be taught to address what a CCD does, how a CCD
functions, as well as some of the technical issues that arise in the use of CCDs.

At a basic level, students should understand that a CCD is made of material that
converts a packet of light into an electron. This material is structured in a regular array
of pixels and there is some process that moves electrons around within pixels. These
electrons are trapped within the material of an individual pixel until an external process
called “readout” is performed. Once this simplified concept of a CCD is understood,
second-tier content goals such as pixel well capacity, analog-to-digital conversion and
bit depth, readout speed, readout method, charge-transfer-efficiency (CTE) and various
noise sources can be addressed.

One major cognitive process we wished to introduce was the creation and use
of a variety of models in the engineering process. Models can span a wide range of
types from small and inexpensive illustrations to full-scale prototypes. There are var-
ious trade-offs associated with creating different models and understanding trade-offs
was part of this cognitive process goal. The primary process goal was to have learn-
ers understand modeling by being able to create and describe models. Students should
also understand how modeling fits into the overall engineering design process. Sec-
ondary process goals included blueprinting, prototyping, validation, communication,
and brainstorming. These content and process goals were chosen to fit in the context of
the ETRO 102 course because many graduates of the program will pursue service and
maintenance careers at the various remote-sensing facilities in Hawai‘i.

Table 1. Activity Schedule

Section Time

Day 1 Intro to Activity & Modeling 10 min
Airplanes Activity 15 min

Intro to CCDs & Blueprints 20 min
Blueprinting 60 min

Presenting Blueprints 30 min

Day 2 Model Building 75 min
Model Presentations 30 min

Synthesis & Conclusion 30 min
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3. Activity Description

There were a total of five hours in two lab sections allotted to this activity. Following an
introduction to the activity we proceeded to a “starter” activity using airplane models
that was designed to help the learners understand the trade-offs involved in engineering
modeling. The starter was also designed to act as a scaffold to later encourage the
learners to consider the pros and cons of their design of a model demonstrating a CCD’s
readout mechanism. After this more general introduction to modeling was complete,
we presented the background motivation for CCDs. The remainder of the first day
was spent introducing the concept of blueprinting, and having the learners design and
present their blueprints for their CCD model. The second day of class involved the
learners building and presenting models of CCDs, as well as a final synthesis lecture.
The activity timeline is presented in Table 1.

3.1. Airplanes Activity

This activity was intended to provide a hands-on approach to models and their impor-
tance in engineering design. Students inspected different airplane models (die cast,
remote-controlled, computer simulator, balsa wood) and compiled a list of aspects of
each model that represented, or failed to represent, a real airplane. Ultimately they
shared their findings with the rest of the class. Following the first day of the lab, the
airplanes activity received positive feedback from the students in 2008 and 2009. In
addition to introducing the concept of modeling in engineering, this section served sev-
eral secondary purposes. It allowed us to group the students into teams (of two or
three), and gave them a chance to interact with each other, the facilitating team, and
the workspace (laboratory). The airplanes activity was meant to both relax the students
and focus them on the lab, team work, and constructive and critical thinking common to
engineers. It was also at this point that certain engineering concepts were first explored,
which would be revisited and practiced by the students later during the CCD modeling
activity. These concepts are all part of the engineering design process and include the
use of models, the necessity of trade-offs in models and engineering in general, and
inter- and intra-team communication.

The college students were certainly familiar with airplanes to at least the level
necessary to participate in the activity. The familiarity of the objects to be inspected
was in turn intended to generate interest in the lab as a whole, as well as introduce
some engineering concepts and practices in a setting that the students would find more
comfortable than one in which we dove straight into more demanding CCD-related
content. Finally, the idea of an airplane easily transcends all cultures and genders, so
no objections stemming from the students’ cultural, technical or other backgrounds
were expected.

After a short introduction to the airplanes activity, each member of the facilitation
team stood by one type of the airplane models. Students were given a chance to examine
the models closely, and the facilitators were present to ensure safety and to briefly
demonstrate the operation of the more complex models, most notably the computer
simulator. In addition, the facilitators unobtrusively observed and guided the discussion
among the students. Each student team had a chance to look at each of the models,
while being encouraged to note the trade-offs each model represented.
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Next, the facilitators asked the students to name the pros and cons of each model.
One of the facilitators moderated the discussion while another wrote the relevant prop-
erties of the models on a poster sheet; an example is shown in Figure 1. Finally, the
facilitators reemphasized the main points with a short synthesis presentation, which in
addition to modeling in engineering included the importance of critical thinking and ef-
fective communication of ideas in engineering. The students were thus better prepared
to practice the same skills in earnest during the remainder of the lab. However, since
airplanes are not related to CCDs in terms of content, the facilitators kept a close watch
on the time spent on this lab component, even when it proved to be enjoyable to the
students.

Figure 1. List of pros and cons of remote-controlled airplane model. Most, but
not all, of the listed characteristics were pointed out by the students. The underlined
characteristic (“cheap”) was found to be common to several models. The common
characteristics were planned for and summarized by the facilitating team.

3.2. Introduction to CCDs and Blueprints

In a brief presentation, CCDs were compared to photographic film and examples of
their applications were reviewed. Then, we introduced blueprints as a crucial prelimi-
nary step in planning a model. At this point we revealed the task of constructing a CCD
model, and explained that it should simulate as many previously presented functions
and features of a CCD as realistically as possible. In order to stimulate the students’
ideas in constructing their models we showed them materials we had collected for their
use. These materials were inexpensive items that the facilitators had thought of while
brainstorming how they might build a CCD model. For example, we had small items
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such as beads and push-pins that could represent photo-electrons in the CCD, and ice
trays and plastic screens that could be used as the pixel array. We also included various
household and craft items, such as rubber bands, dowels, and washers that might not
have a use that was obvious to us, but could conceivably be important in a design. In
addition, we offered to bring to the next class any materials that the students thought
they would like to use, provided that they were not too expensive.

3.3. Blueprinting

In practice, it is impossible to model all aspects of a CCD using only household materi-
als in a few hours time. The key issue that the students were able to address within these
constraints is the shift-register mechanism of CCD readout, in which varying voltage on
the pixel array shifts electrons along rows and columns of the array. We did not present
the shift-register mechanism to the students at this point, but noted that a CCD is able
to read out the amount of charge in a particular pixel without having physical access to
it. In addition to demonstrating the readout concept, the student teams were expected to
note the unavoidable trade-offs their model would realize. Finally, the blueprint served
as the main tool for communicating ideas within the team during the planning, as well
as during a blueprint presentation to the class at the end of the first day.

This activity was the most demanding portion of the first day and was consequently
allotted the largest amount of time. The students concentrated on planning their CCD
model, working in groups of two to three. The blueprinting materials provided in the
lab were large white sheets and writing and drawing tools. A finished CCD blueprint is
shown on Figure 2. Unlike in the airplanes activity, the facilitators were not constantly
present at any student team’s station, but instead shadowed the teams, by periodically
checking the progress and providing guidance as needed. Each facilitator was assigned
to one or more teams. During the presentations of the blueprints, the students were
encouraged, by example, to ask questions and point out any interesting details about
the planned models. Following the presentations, the facilitating team evaluated the
first day’s success and subsequently planned for the second day.

3.4. Model Building

The second day of the activity started with a brief review of the previous session and
then learners started building their models. They could use simple office materials for
this purpose. They were told to follow their blueprints from the previous day, keeping
in mind the constraints about the readout process. In cases where the blueprints were
not feasible, the facilitators provided help to guide students through alternate routes as
delicately as possible in order for the the learners to maintain ownership of the design.
One facilitator was assigned to two or three groups of students. During the 75 minutes
dedicated to this section, facilitators kept track of the students’ progress by checking
in on them every 10 to 15 minutes. We decided not to have facilitators rotate between
groups because of the added time that would be needed for the learners to repeatedly
explain their model design. We did, however, have a checkpoint in the middle of the
activity where all facilitators got together to exchange their experience and advice for
certain situations in their groups. Several groups were very quick in modeling the
readout as desired, so their facilitator asked about extra features or issues, such as dead
pixels, that the team could implement in their models. A completed model build by one
of the teams is shown in Figure 3.
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Figure 2. A student team’s CCD model blueprint, demonstrating the simulation
of CCD pixels and the readout mechanism. First-day blueprints were allowed and
encouraged to be modified during the Model Building phase.

3.5. Student Presentations

Following model building the students had time to prepare a short presentation demon-
strating their models and explaining the models’ strengths and weaknesses. For ex-
ample, one group came up with a 2D array of paper cups (as pixels) and beads (as
photons). They then simulated the readout by pouring the contents of a cup into the cup
next to it in the same row. Each group discussed the limitations of their models and as
well as which CCD artifacts it could simulate. Most groups where able to converge to
the concept of readout based on the introduction that they were given. The groups were
able to practice presentation process skills, some of which had been briefly introduced
during the activity and included instructions that everyone in the group should talk, they
should keep their explanations concise, and that drawings and figures are encouraged.

3.6. Synthesis

The classroom experience concluded with a “synthesis” talk that lasted about 30 min-
utes. The talk covered all content goals of the activity and some of the engineering
process goals. We started with the history of the CCD and mentioned that October
2009 (when the activity was taught) was the 40th anniversary of its invention and that
this innovation was awarded with the 2009 Nobel Prize in Physics. Copies of the orig-
inal hand writings of the CCD concept were shown to emphasize how important lab
notebooks are in research. We went through how CCDs work, the building blocks,



292 Mostafanezhad et al.

Figure 3. A student team’s early CCD model. The paper tubes representing pixels
catch pins or beads, which stick to the magnetic strips at the bottom of the cup. The
pins and beads can be transferred to the magnetic strip on the right, thus (partially)
simulating the readout.

the readout mechanism and simplified models to exemplify the readout. Since each of
the facilitators uses CCDs in their daily research work, we decided that it would be
best to have each facilitator talk about applications of CCDs in their field. The synthe-
sis talk ended with a reminder of the engineering design cycle, which is described by
Massachusetts Department of Education (2006).

4. Facilitation

A number of facilitation techniques were implemented during the course of the activity.
For example, during the blueprinting and building phases, the facilitators’ role was to
make sure the students followed the guidelines of a good blueprint and worked within
the specified constraints of a CCD. At the same time, they monitored students’ progress
towards grasping the major content goal of the activity, which was the CCD readout
process. Facilitators would intervene periodically by asking questions about the group’s
ideas of the readout process every 10 to 15 minutes. If necessary the facilitator could
challenge the students’ ideas as described by their blueprints or implemented in their
models and ask for clarification about how the design fit within constraints and trade-
offs of CCD readout.

4.1. Facilitation Challenges

Some of the challenges we faced during facilitation were: a dominating team mem-
ber, students who were reluctant to contribute, and students who arrived late for class.
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For example, a few teams had a dominating team member who thought he was on
the right path to demonstrating the readout process (but was not necessarily), and was
thus preventing the other team members from experimenting and contributing. In sev-
eral groups, participants had problems being assertive; this was particularly common
among female students who were paired with a male. In both cases the main facilitation
strategy was to play down the role of the dominant member by interacting directly with
the less vocal member of the team, and if necessary pulling the dominant member aside
and asking that he make more of an effort to let the other members contribute. Another
issue with that came up in this activity was the problem of what to do with students who
arrived late, or missed the first day. We had a teaching consultant who was observing
our activity, and we asked that he give the tardy students a brief introduction to the
activity and then help them integrate into one of the design teams.

Another challenge we encountered was dealing with a large range of students’
background knowledge. Some students got bored since they had been exposed to the
material before. Having tiered content goals helped the facilitators be prepared to bring
up more challenging cases for students with more advanced backgrounds. For example,
the main content goal was to explain the readout process and the second tier goal was to
model bad pixels, color and read noise in a CCD. Any team that could demonstrate mas-
tery of a first-tier goal was guided towards a second-tier goal for further investigations.
The idea was to have various entry points so that all students could participate.

5. Assessment Plan

During the course of the activity the facilitators’ interactions with the students helped to
assess the prior knowledge and progress toward grasping the content and process goals
of the activity. This formative assessment helped to guide future interactions with the
students. At the end of the activity we expected the students to be able to describe the
readout process through their models. In order to assist our evaluation of the students’
explanations of the readout process, we wrote a rubric based on the Claim-Evidence-
Reasoning framework described by McNeill & Krajcik (2009). We adapted this rubric
template to fit the engineering context of our activity. One issue we encountered was
that facilitators who assessed the presentations of a group of students whom they had
not worked with usually gave a lower score than the facilitator who had interacted with
the group throughout the activity. We decided that averaging the grades would solve this
problem. It was also difficult to assess a student’s understanding of a readout process if
they had problems presenting their work.

6. Future Considerations

The formative and summative assessment process could be further refined, particularly
with regard to evaluations of the student presentations. This would involve generating
a more developed rubric that clearly specifies evidence that the students have met both
content and process goals. Another option would be to try to apply the assessment
criteria more broadly, such as within the activity itself, and possibly with a written
assignment. Additionally, issues related to group dynamics could be considered in
more depth in the future.
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7. Summary

We designed an activity to introduce CCDs as part of the ETRO 102 course at MCC.
This activity was conceived and initially implemented in 2008. The main goal was to
help students understand how CCDs work; most importantly, to understand the readout
process in a CCD. The process goals included having the students understand modeling
in engineering, particularly the importance of blueprints. With these goals in mind we
presented some material in a traditional lecture format, but also had the students design,
build and present a model of a CCD that focused on the CCDs readout mechanism.
Though we did encounter some challenges in the implementation of this activity, we
found that overall it went very smoothly and we had very positive feedback from the
students.
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Abstract. We present an inquiry lab activity on Circuit Design that was conducted
in Fall 2009 with first-year community college students majoring in Electrical Engi-
neering Technology. This inquiry emphasized the use of engineering process skills,
including circuit assembly and problem solving, while learning technical content. Con-
tent goals of the inquiry emphasized understanding voltage dividers (Kirchoff’s voltage
law) and analysis and optimization of resistive networks (Thévenin equivalence). We
assumed prior exposure to series and parallel circuits and Ohm’s law (the relationship
between voltage, current, and resistance) and designed the inquiry to develop these
skills. The inquiry utilized selection of engineering challenges on a specific circuit (the
Wheatstone Bridge) to realize these learning goals. Students generated questions and
observations during the starters, which were categorized into four engineering chal-
lenges or design goals. The students formed teams and chose one challenge to focus
on during the inquiry. We created a rubric for summative assessment which helped to
clarify and solidify project goals while designing the inquiry and aided in formative
assessment during the activity. After describing implementation, we compare and con-
trast engineering-oriented inquiry design as opposed to activities geared toward science
learning.

1. Introduction

Maui, the second-most densely populated island in the state of Hawai‘i, hosts a suite
of research telescopes on the 10,000-foot summit of Haleakalā operated by the Uni-
versity of Hawai‘i’s Institute for Astronomy (IfA) and the U.S. Air Force. Science,
technology, engineering, and mathematics (STEM) employers on the island include
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the observatories at Haleakalā as well as opportunities such as the Maui High Perfor-
mance Computing Center at the Maui Research and Technology Center. Working to
prepare Maui residents for Maui-based STEM careers are the Akamai Workforce Ini-
tiative (AWI) and the Institute for Scientist & Engineer Educators (ISEE). ISEE has
grown out of the former Center for Adaptive Optics (CfAO) Professional Development
Program (PDP, Hunter et al. 2008) and other education programs. Among the sponsors
of these programs are the National Science Foundation, the University of Hawai‘i, and
the Air Force.

Undergraduate students on the compact island are served by the University of
Hawai‘i, Maui College (formerly Maui Community College) in the central town of
Kahului. At the time of teaching, the institution was called Maui Community College
(MCC) and students could obtain an Associate’s degree in Electronics and Computer
Engineering Technology. As part of the Akamai Workforce Initiative and in partner-
ship with ISEE, CfAO, and IfA, the process has begun to convert MCC to a four-year
institution called the University of Hawai‘i, Maui College. UH-Maui will offer a Bach-
elor’s degree in Applied Science in Engineering Technology. Toward this end, PDP and
ISEE participants have been designing inquiry lab activities for UH-Maui to grow its
curriculum in electro-optics technology.

An inquiry lab teaches process skills and content knowledge in a particular STEM
field by engaging students in learner-directed activities that mirror authentic science
and engineering (Dow et al. 2000; Ash & Kluger-Bell 1999). Targeted facilitation is
used to guide students toward the learning goals. This paper describes an inquiry on
circuit design prototyped in Fall 2009 at MCC.

2. Activity Description

2.1. Overview

This activity fits into a formal course introducing electric circuits to college students
majoring in Electrical Engineering Technology, and assumes some prior exposure to
Ohm’s law (voltage is equal to current times resistance) and to series and parallel cir-
cuits. A particular circuit (the Wheatstone Bridge) is used to study the content goals
of voltage dividers and analysis of resistive networks. In the activity “Starters”, the
Wheatstone Bridge circuit is introduced. This circuit features a voltage reading across
the bridge that is highly sensitive to small changes in resistance. Design goals are
presented as engineering challenges, and student teams choose one to address. In the
Focused Investigation, teams work toward meeting their design goal by building, mea-
suring, and analyzing their own variation on the Wheatstone Bridge circuit. Materials
required are breadboards, wires and connectors, resistors, rheostats or potentiometers,
thermistors, multimeters, and power supplies. The duration of the lab is two 105-minute
class periods. Table 1 shows the activity timetable.

2.2. Venue

This inquiry lab activity was designed by Oscar Azucena (Design-Team Leader),
Cooper Downs, Tela Favoloro, Katie Morzinski, Jung Park, and Vivian U as a new
activity during the 2009 PDP. It was taught at MCC in Professor Mark Hoffman’s class
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Electronics 101: Introduction to Electronics Technology on Tuesday and Thursday, the
27th and 29th of October 2009. There were twelve primarily first-year undergraduate
students, interested in majoring in Electrical Engineering Technology.

Table 1. Timeline for circuit design inquiry.

Day 1 Day 2
Introduction 15 min. Thinking tool 10 min.
Starters 20 min. Focused investigation 40 min.
Break 10 min. Break 10 min.
(Facilitators sort questions) Poster preparation 15 min.
Choosing a design goal 10 min. Sharing 15 min.
Focused investigation 50 min. Synthesis 15 min.

Total Time 3.5 hrs.

2.3. Goals for Learners

As prior knowledge, earlier in the semester, students will have studied series and par-
allel circuits and Ohm’s law, and will have used multimeters and power supplies. The
content goals for this lab are understanding voltage dividers and Kirchoff’s voltage law,
analyzing resistive networks (Thévenin equivalence), and using the Wheatstone Bridge
circuit to solve an engineering problem. The process goals include building a circuit
from a schematic diagram, testing a circuit using multimeters, and utilizing the engi-
neering problem-solving process (particularly implementation, testing, and evaluation
of a solution; see Figure 1). Attitudinal goals were teamwork, self-confidence in engi-
neering skills, and motivation by real-world applications.

Figure 1. The engineering problem-solving process.

2.4. Activity Description

Figure 2 shows the Wheatstone bridge circuit. Four resistors (R1, R2, R3, and Rx) are
connected between four circuit junctions (A, B, C, and D). Resistors R1 and R2 are
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connected in series; resistors R3 and Rx are connected in series; and the two legs are
parallel to each other (ABD ‖ ACD). The source voltage is Vs and the output voltage
Vg is measured between B and C. When the voltage across the bridge is zero (Vg = 0),
the bridge is said to be balanced and the ratios of resistances are equal:

R1

R2
=

R3

Rx
. (1)

In the specific example of Figure 2, R2 is a variable resistor (a rheostat or a poten-
tiometer) and Rx is a resistor of unknown value. Rx will also be referred to as R4 for
generalized Wheatstone bridges.

Figure 2. Wheatstone bridge circuit. (Left) Schematic diagram. (Right) Breadboard.

2.4.1. Starters

The purpose of Starters in an inquiry is to generate curiosity and interest in students by
exposing them to new phenomena or content they will be working with in the Focused
Investigation. Facilitators (instructors) give directions about what to explore with each
Starter, and students are encouraged to write their observations and questions down on
sentence strips (Figure 3). In the Starters for this inquiry we introduce the students to
the Wheatstone bridge, both in terms of what it means when the circuit is balanced as
well as its real-world applications. First, a schematic is shown (Figure 2, left) during
the introductory presentation. Next, students see the circuit on a breadboard (Figure 2,
right). During the Starters, students observe and measure the bridge in a few different
configurations, with two students per station (i.e., two students per breadboard). Table 2
describes the three Starters that are set up in three columns on the breadboard.

Table 2. Starters, column on breadboard, and Wheatstone circuit set-up.

Starter Name Column Set-up of Circuits
Balanced vs. Unbalanced 1 Two of Vg = 0, one of Vg � 0
Thermistor 2 R2 is a thermistor
Variable Resistor and Linearity 3 R2 is a variable resistor

In Starter 1 (Balanced vs. Unbalanced), three Wheatstone bridges are presented
on a breadboard in column 1. The first two bridges are balanced (output voltage
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Figure 3. Questions and observations generated by the students during the Starters.

Vg = 0) and the third bridge is unbalanced (output voltage Vg � 0). The two bal-
anced bridges are balanced in different ways: one is balanced with all resistors being
equal (R1 = R2 = R3 = R4), while the other is balanced with different values of resistors
in equal ratios (R1/R2 = R3/R4). Students measure the output voltage and observe its
dependence on resistance. Note that when setting up the Starters, facilitators must be
careful in choosing the appropriate resistors, as small differences in resistance lead to
easily noticeable changes in output voltage, as the bridge is very sensitive to resistance.

In Starter 2 (Thermistor) in column 2 of the breadboard, a thermistor (temperature-
dependent resistor) is placed at R2 and students measure the output voltage as they
warm up the thermistor with their hands. Resistors R1, R3, and Rx should be chosen
in the linear regime such that students can balance the bridge by varying R2 at room
temperature.

Starter 3 (Variable Resistor and Linearity) is set up in column 3 of the breadboard,
with a rheostat or potentiometer used at R2. Students again measure the output voltage,
this time observing the effect while they vary the resistance R2. The linearity of output
voltage (Figure 4) with resistance can be explored with this circuit.

Students write observations and questions down on sentence strips while doing
the Starters. Facilitators help with the setup and with using the multimeter to measure
output voltage at Vg. During a short break, facilitators sort the questions into the cate-
gories under the Engineering Challenges in Table 3. Sample questions sorted into the
categories are shown in Table 4.

2.4.2. Focused Investigation

Table 3 lists the engineering challenges offered as options for the students’ investiga-
tions.

Table 3. Engineering challenges with a Wheatstone bridge.

Challenges for investigation
A. Build a perfectly balanced Wheatstone bridge
B. Build a Wheatstone bridge for operation in a linear regime
C. Use a Wheatstone bridge to build a thermometer
D. Use a Wheatstone bridge to determine an unknown resistance
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Figure 4. Output voltage Vg as a function of variable resistance Rx. The Wheat-
stone bridge circuit is balanced where Vg = 0 and the linear regime is where Vg is
approximately proportional to Rx.

The focused investigation is the heart of the inquiry and goes on for the rest of
Day 1 and the first half of Day 2. After student teams have chosen a design goal from
Table 2, they work to achieve that goal using the breadboards and circuitry available.
(Students may not re-use the Starter circuits but must build their own circuits from
scratch, since building a circuit from schematic diagram is an important process skill in
this lab.)

The differences between the four engineering challenges in Table 3 are choice of
resistors. All students will build Wheatstone bridges, but the specifics of R1, R2, R3, and
R4 will vary. During much of the activity, students will test the output voltage at Vg and
then swap or adjust their resistors to get the desired value. Students may need heavy
facilitation during the building stage if they are unfamiliar with breadboard circuitry or
need help using multimeters for measurements.

In design goal A, “Build a perfectly balanced Wheatstone bridge,” the output volt-
age Vg of the bridge circuit should read exactly zero. This is achieved by carefully
measuring and inserting resistors with the exact ratios R1/R2 = R3/R4.

In design goal B, “Build a Wheatstone bridge for operation in a linear regime,” a
variable resistor (a rheostat or potentiometer) should be used for R2, and the other three
resistors should be selected to ensure the output voltage is in the linear regime for a
good fraction of the range of the variable resistor (Figure 4). The resulting Wheatstone
bridge should have a voltage change proportional to resistance. The slope of the pro-
portionality depends on the choice of resistors, and so it should be linear over a large
variation of the rheostat.
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Table 4. A partial list of the questions and observations generated during the
Starters by students, each categorized into one of four design goals A-D.

Build a perfectly balanced Wheatstone bridge
First two circuits in Starter 1 have no voltage reading
Why is the output voltage different in circuit 2 and 3?
Each test point has a different set of resistors
The circuit with higher resistor value has diff. output voltage?
Build a Wheatstone bridge with voltage change proportional to resistance
How does the voltage change with a variable resistor?
Why does rheostat change by suddenly large then small amounts?
Why does a rheostat switch from + to - ?
Use a Wheatstone bridge to build a thermometer
Why does voltage decrease when I touch (apply heat) on the thermistor?
How does temperature affect a thermistor circuit?
Use a Wheatstone bridge to build an Ohmmeter
If we change the value of a resistor, what will happen to the voltage?
Why do u want a variable resistor?
Purpose of the Wheatstone bridge?

In design goal C, “Use a Wheatstone bridge to build a thermometer,” a thermis-
tor is used as resistor R2, and the output voltage Vg can determine temperature once
the thermistor is calibrated (a conventional thermometer must be used to calibrate the
Wheatstone thermometer). Ice packs wrapped in absorbent cloth (to avoid condensa-
tion shorting the circuit) and a hair dryer or the outside of a coffee cup can be used to
provide temperature variation.

In design goal D, “Use a Wheatstone bridge to determine an unknown resistance,”
the bridge is used in an unbalanced condition. Three resistors are known (R1, R2, and
R3) and any unknown resistor can be inserted into the fourth position (Rx). The output
voltage will vary, and this change can be used to determine the unknown resistance.

At the beginning of the second day, we presented a thinking tool: a short lecture
about Ohm’s law (V = iR) and Kirchoff’s laws (voltage law and current law) so the
students can calculate the output voltage if the values of the resistors are known.

2.4.3. Sharing and Synthesis

Students conclude their investigations by making posters to present what they learned
with the rest of the class. Column 1 in Table 5 lists the requirements for the poster
presentations, and was written on the board for the students. Column 2 in Table 5
shows the correspondence of the poster requirements with the rubric we used to assess
presentations.

During the synthesis, instructors tie the investigations together by clarifying the
details of how to balance a Wheatstone bridge and its applications. Each teams’ work
is referenced to point out how everyone learned something.
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Table 5. Final poster requirements for sharing, and correspondence to categories
assessed with the rubric.

Item Poster Correspondence
# Requirement to Rubric
1 State your design goal. (none)
2 Draw schematic of your circuit such that Support

someone else could build it.
3 State why your circuit meets your design Solution

goal.
4 Explain what was important about choosing Reasoning/

your resistors (R1, R2, R3, and R4) so that Justification
your circuit meets your design goal.

3. Elements of Inquiry Design for Engineering

This activity illustrates differences in designing inquiry for engineering as opposed to
designing inquiry for science.

3.1. Starters: Questions become Design Goals

In the Starters for the quintessential Light and Shadows inquiry usually studied by first-
year PDP participants, learners are shown various phenomena related to light and shad-
ows, and write their questions on sentence strips. During the gallery phase, learners
then choose one of the questions to investigate. For the Circuit Design inquiry, learners
wrote questions and observations on sentence strips as in Light and Shadows. However,
these questions were then sorted into the four categories listed in Table 3 as Engineer-
ing Challenges or Design Goals. We utilized a different format more appropriate to
engineering, as engineering is more the application of scientific principles. Therefore,
our modification of the use of questions generated during the starters is an authentic
adjustment for an engineering inquiry.

3.2. The Rubric as a Tool for Assessment

3.2.1. Claim, Evidence, Reasoning becomes Solution, Support, Reasoning

We also modified the evaluation rubric for the engineering inquiry. The rubric PDP
participants used to assess students’ learning in a science inquiry is designed to evaluate
how students answered their question; the categories for evaluation are claim, evidence,
and reasoning.

An engineering activity is more concerned with how a student was able to solve
their problem and accomplished their design challenge; so the categories became pro-
posed solution, support (including tradeoffs and optimization), and reasoning or justifi-
cation of how the solution worked.

For the “support” category in this case we decided to focus on the students’ un-
derstanding of the Wheatstone bridge by drawing a schematic diagram of their circuit
(similar to Figure 2 left) or demonstrating understanding of the equation for calculating
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the output voltage of their circuit:

Vg = Vs

(
Rx

Rx + R3
−

R2

R1 + R2

)
. (2)

For the “Solution” we were looking for a statement of how students met their design
goal. For the “Reasoning” we were looking for an explanation of the balance of resis-
tance and how the output voltage Vg depends on the resistor values R1, R2, R3, and Rx.
The rubric is shown in Table 6.

Table 6. Rubric used for summative assessment.
Off-track Emerging Accomplishing Mastering
[0] [1] [2] [3]

Solution
(Claim)

Solution does
not address their
question

Solution not
correct OR
Solution may
work but is
convoluted (i.e.,
redundancy)

Solution
works/is correct

Solution
works/is correct
AND state
application, or
state range of
validity and
linearity

Support/
Circuit
analysis

No diagram or
equation

Diagram with
some errors

Diagram OR
equation

Diagram and
equation

Reasoning/
Justification

Not
investigating
balanced vs.
unbalanced or
output voltage as
a function of the
4 resistance legs

Incomplete
understanding of
Vg as a function
of R1, R2, R3,
and Rx

Understanding
of interaction of
components and
mechanism of
Wheatstone
bridge (balanced
vs. unbalanced)

Meets
“accomplishing”
PLUS efficiency
of design; or
Tradeoffs; or
Linear regime

3.2.2. Reliability and Validity

Scoring using the rubric was challenging, but it was important for discerning whether it
was a reliable and valid test of students’ learning. A valid test accurately characterizes
what the students learned, while a reliable test gives similar scoring across time and
assessor variation.

Table 7 shows the scores given to each of the six teams by each of the six scorers
(facilitators and teaching consultant). The maximum score possible was nine (9) points,
and the mean class score was 6.2 points. The standard deviation provides some measure
of reliability. The mean class standard deviation was 1.2 points, or 13% out of 9 points.
This is more than one point uncertainty, implying that the rubric may not have been a
reliable test and can be improved.

4. Conclusions

The Circuit Design inquiry featured students learning important engineering process
skills: they built a circuit on a breadboard to implement and test an electrical engi-
neering question. Our modifications to adjust from a science inquiry to an engineering
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Table 7. Summative assessment results. Each team of students was scored by
each facilitator using the rubric.

Scorer Team 1 Team 2 Team 3 Team 4 Team 5 Team 6
A 7 8 6 6 7 6
B 9 6 7 7 7 4
C 8 8 6.5 4 5 6
D 8 4.5 6 5.5 5.5 2.5
E 6 6 5 7 4 5
F 6 8 7 7 6 5

Mean 7.3 6.8 6.3 6.1 5.8 4.8
Std. Dev. 1.2 1.5 0.8 1.2 1.2 1.3

inquiry included organizing student-generated questions under Design Goal challenge-
style categories, and modifying the rubric to emphasize solving problems. While it may
not have provided reliable scores, the establishment of an engineering rubric helped
immensely in clarifying our activity design goals and facilitation emphases. Overall,
the inquiry went well and accomplished many of the learning goals, and the students
seemed to enjoy it. Labs such as these, inserted into formal courses at UH-Maui, are
helping to train future STEM workers for the tech industry on the island of Maui.

Figure 5. Facilitators KM, CD, TF, OA, and JP sorting students’ questions.
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Circuit Design Inquiry 305

under cooperative agreement AST#9876783; NSF AST#0836053; NSF AST#0850532;
NSF AST#0710699; Air Force Office of Scientific Research (via NSF AST#0710699);
UCSC Institute for Scientist & Engineer Educators; and the University of Hawai‘i.

References

Ash, D., & Kluger-Bell, B. 1999, in Inquiry: Thoughts, Views, and Strategies for the K-5
Classroom (Foundations Series, National Science Foundation), 79

Dow, P., Duschl, R. A., Dyasi, H. M., Kuerbis, P. J., Lowery, L., McDermott, L. C., Rankin, L.,
& Zoback, M. L. 2000, Inquiry and the National Science Education Standards: A Guide
for Teaching and Learning (Washington, D.C.: National Academies Press)

Hunter, L., Metevier, A., Seagroves, S., Porter, J., Raschke, L., Kluger-Bell, B., Brown, C.,
Jonsson, P., & Ash, D. 2008, Cultivating Scientist- and Engineer-Educators: The CfAO
Professional Development Program. URL http://isee.ucsc.edu/participants/
programs/CfAO_Prof_Dev_Program.pdf



Learning from Inquiry in Practice
ASP Conference Series, Vol. 436
Lisa Hunter and Anne J. Metevier, eds.
c©2010 Astronomical Society of the Pacific

Teaching Optics and Systems Engineering With Adaptive Optics
Workbenches

D. M. Harrington,1 M. Ammons,2 Lisa Hunter,3 Claire Max,4

Mark Hoffmann,5 Mark Pitts,1 and J. D. Armstrong6

1Institute for Astronomy, University of Hawai‘i, Honolulu, HI 96822
2Laboratory for Adaptive Optics, University of California,
Santa Cruz, CA, 95064
3Institute for Scientist & Engineer Educators, University of California,
Santa Cruz, CA, 95064
4Center for Adaptive Optics, University of California, Santa Cruz, CA, 95064
5University of Hawai‘i, Maui College, Kahului, HI, 96732
6Institute for Astronomy Maui, University of Hawai‘i, Pukalani, HI 96768

Abstract. Adaptive optics workbenches are fully functional optical systems that can
be used to illustrate and teach a variety of concepts and cognitive processes. Four sys-
tems have been funded, designed and constructed by various institutions and people as
part of education programs associated with the Center for Adaptive Optics, the Pro-
fessional Development Program and the Institute for Scientist & Engineer Educators.
Activities can range from first-year undergraduate explorations to professional level
training. These workbenches have been used in many venues including the Center for
Adaptive Optics AO Summer School, the Maui Community College-hosted Akamai
Maui Short Course, classrooms, training of new staff in laboratories and other venues.
The activity content has focused on various elements of systems thinking, characteri-
zation, feedback and system control, basic optics and optical alignment as well as ad-
vanced topics such as phase conjugation, wave-front sensing and correction concepts,
and system design. The workbenches have slightly different designs and performance
capabilities. We describe here outlines for several activities utilizing these different
designs and some examples of common student learner outcomes and experiences.

1. Introduction

In order to effectively illustrate and teach optics knowledge as well as train optical
engineering process skills, hands-on experience and investigations using sophisticated
optical hardware is critical. With this in mind, a large group of Center for Adaptive
Optics (CfAO) and Institute for Scientist and Engineer Educators (ISEE) affiliated ed-
ucators have designed, built, and developed adaptive optics (AO) workbenches for use
in the classroom and in the laboratory. When teaching the concepts and the technology
to audiences such as the public, undergraduate and graduate students or professionals,
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having a functioning AO system allows for a wide range of teaching methods to be
utilized to engage an audience at many skill levels. We aim here to describe these ac-
tivities in some detail with as general a language as possible so that elements of the
activities may be adapted to other settings.

1.1. Adaptive Optics and the Workbenches

Adaptive optics in a broad sense are optical elements that can change their shape in a
controlled way. There are many different technologies involved but a common adaptive
device in astronomy, vision science and communications is a mirror that deforms its
shape in order to correct optical systems. These deformable mirrors (DMs) are almost
always flat surfaces that bend or curve when elements on the back of the mirror (called
actuators) apply forces to the mirror. There are many variations on AO system design
and performance depending on whether they are correcting starlight on large telescopes,
imaging the retina through the blurring effects of the eye, or being used for controlling
the spatial properties of a beam of light.

Figure 1. The AO workbench constructed at the Maui IfA. A laser guide star
(LGS) and star scene (Universe) are combined and aberrated (Aber.). The de-
formable mirror (DM) and wavefront sensor (WFS) collectively correct the image
that is seen by the science camera (SciCam). See the text for details.

Though the technology involved in real AO systems can be wide ranging, the un-
derlying concepts are essentially the same. The concepts range across disciplines such
as geometric and physical optics or systems engineering but can be taught effectively
by using various activity types. An example of an AO workbench constructed at the
Maui Institute for Astronomy (IfA) is shown in Figure 1. The workbench is essentially
optics that first create a blurred beam of light that looks like what an astronomical tele-
scope would see and then corrects this blur using adaptive optics. The AO workbench
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is effectively three sub-systems: One that creates and blurs an image, one that mea-
sures the blurring and one that corrects the blurring. These sub-systems can be called
the simulator (or aberrator), the wavefront sensor (WFS), and wavefront corrector (or
some may simply say the DM). A laser guide star or LGS is combined with some sim-
ulated astronomical star scene and a blurring optic called an aberrator is inserted to
mimic the effects of the atmosphere on light from a distant astronomical source. The
blur caused by this aberrator is sensed by a lens-array and detector. The sensed blurring
is then removed by a deformable mirror. The wavefront sensor and wavefront corrector
must communicate via a control loop and the performance of this control system also
influences the system performance.

There are many opportunities for teaching the optical concepts related to the de-
tails of the three subsystems (aberration, sensing, correcting) as well as basic optics
and engineering. The actual design and capability of the workbenches will influence
the activities outlined here and the workbenches themselves can be adapted to suit ed-
ucational needs.

1.2. History of AO Workbench Activities

There are presently four AO workbenches that function in the various educational activ-
ities affiliated with CfAO, ISEE, IfA, Maui Community College (MCC), and Hawai‘i
Community College (HCC). Many instructors have used them in activities related to
their Professional Development Program teaching duties (see Hunter et al., this vol-
ume). The first workbench was built by Mark Ammons in 2006 while at the Lab for
Adaptive Optics (LAO) at UC Santa Cruz with help from Claire Max. A second AO
workbench was developed at HCC by James Ah Heong mentored by Mark Ammons
in conjunction with the Iris AO company Small Business Integrated Research program
(SBIR), and with assistance from the National Science Foundation (NSF) Research Ex-
perience for Undergraduate (REU) program. As educational collaborations increased
scope on Maui with MCC and their Electronic Computing and Engineering Technology
(ECET) program another AO workbench was funded and developed for MCC courses
and CfAO affiliated summer programs. Joe Curamen, mentored by Mark Ammons and
Mark Hoffman, built the system. Finally, in the summer of 2008, the IfA Maui funded
the development of a fourth system with Iris AO and the NSF REU program. Darcy
Bibb was mentored both at IfA Maui by Dave Harrington and was hosted at LAO and
mentored by Iris AO, Mark Ammons, Lisa Hunter and Scott Seagroves.

These four AO workbenches have been used at many venues over the last several
years. The CfAO workbench participates in the annual CfAO Adaptive Optics Sum-
mer School (AOSS) described by Ammons et al. (this volume). Graduate classes and
graduate student training on adaptive optics at CfAO utilize the workbenches. The HCC
workbench has also participated in the AOSS as well as HCC classes and public demon-
strations. The MCC workbench is used as part of the ECET programs undergraduate
course work. In the Akamai Workforce Initiative (AWI) annual summer internship pro-
grams short-course (the Akamai Maui Short Course or AMSC) the workbenches are
used in an all-day activity described in Montgomery et al. (this volume). The IfA Maui
workbench is used in the CfAO AOSS and public demonstrations. MCC is transition-
ing to a four-year college: University of Hawai‘i, Maui College (UHMC). The new IfA
Maui workbench will be used heavily in the new undergraduate classes being taught at
IfA Maui as part of the new four-year Engineering Technology degree at MCC.
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2. AO Workbench Function and Capability

There are different designs for AO workbenches depending on the budget for the activ-
ity, the size and capability of the DM, the type of aberration corrected and the optical
or engineering concepts highlighted in the activity. The three main subsystems can be
treated fairly independently and there is one control loop between the DM and the WFS.
In order to understand the design choices and trade-offs in AO workbench performance,
a clear listing of the critical functions and optics must be made. With a broad audience
of educators in mind, we will outline the core concepts and functions in full.

2.1. Optical Layout

The most simple AO workbench design would start with a laser as a collimated light
source (with the light all traveling in a straight line, rays parallel). Some source of
aberration would then be inserted after the laser. This aberrator could be as simple as
a clear piece of plastic, a low-powered lens or some glass with a thin coat of hairspray.
The aberrator could also be as precise as a phase screen from an optical manufacturer
designed to produce a specific power spectrum of wave-front errors in a motorized
rotation stage.

The next set of components is a pair of lenses picked to expand or compress the
laser beam to be the same size as the DM. Almost always the DM is bigger than the laser
so we can call this pair of lenses the beam expander. The lenses of the beam expander
must be ‘confocal’ meaning that they both are mounted so that collimated light coming
in also leaves the lenses collimated. They both share a common focal point in between
them.

As a confocal pair of lenses, this beam expander creates an image of an object
placed inside the focus of the first lens somewhere after the beam expander. For in-
stance, if the aberrator is paced one focal length away from the first lens, the aberrator
is imaged by the beam expander at one focal length away from the second lens. The
beam expander is then said to relay the image of the aberrator downstream and the lens
pairs are also called relays.

The next element in an AO workbench is typically the DM, which is mounted in
the beam exactly where the aberrator image is relayed. This is called being optically
conjugate. Restated, the beam expander re-images the aberrator onto the DM (magni-
fied), and the aberrator and DM are optically conjugate.

The next element is another beam expander which re-images (relays) the DM onto
the final optical element – the lenslet array (LLA). This LLA is the key concept in the
wavefront sensor. The lenslet array is a single optical element that is a grid of small
lenses. These LLAs are available from many optics manufacturers.

Most workbench designs include a method for recording the uncorrected and cor-
rected beams. The simplest method to achieve this is to mount a beam splitter (BS) in
the middle of the second beam expander. This BS sends half the light in one direction
and half the light in another direction. One path of the light is sent to a detector placed
at the focus of the first beam-expander lens. The other light path continues through
the second beam expander lens and continues on to the LLA. This beam splitter and
detector system is typically called the science camera because this camera records the
corrected beam and is the desired product of AO systems. The science camera gives a
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means for visually inspecting the correction and demonstrating the system function as
well as a method to record images and characterize how well the image is corrected. A
conceptual layout of this AO workbench is shown in Figure 2.

In summary, first a beam is created and aberrated to simulate a distorted input. The
aberrator is relayed on to the DM which is also relayed on to the LLA. The aberrator,
DM and LLA are all optically conjugate. Two confocal lens pairs (relays) also serve to
magnify and re-image these three optical elements. There is a BS which gives access
to the corrected beam at the science camera.

Universe

LGS

Aberrator

SciCam

WFS

LLA

DM

Relay

Telescope

Relay

Figure 2. Conceptual layout for an AO demonstrator.

2.2. Software & DM Control

Once the optical layout is complete, one must choose how to implement the wave-front
sensing and the software control of the DM. There are many design choices but the
two main designs implemented for the AO workbenches are discussed here. All four
AO workbenches use a Shack-Hartmann (S-H) type WFS which is effectively a sensor
system that digitally records the LLA spots, finds the center of the spots and somehow
calculates a wave-front shape from those spots. There are effectively two different
designs for the AO workbenches.

There are two different DM and WFS types which come with two different soft-
ware control interfaces. The CfAO and MCC workbenches use A-Optics DMs of the
drum head type. They are about 8mm in diameter and are electrostatically controlled.
These mirrors are good for correcting wave-fronts that look out of focus. However
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the DM cannot take more complicated shapes easily. The IrisAO DMs are segmented,
about 4mm in diameter and can take complicated shapes rapidly.

The CfAO and MCC workbench software was written by Mark Ammons to do the
WFS image analysis and to control the A-Optics mirrors. There are programs to apply
voltages and to twitch the various actuators on the DM. The HCC and IfA workbenches
use an IrisAO software package that works with a specific LLA and detector. The
package comes with programs to apply various shapes to the DM and to twitch any
segment of the DM.

3. Activities

The activity types are heavily dependent on the content and cognitive processes to be
taught. The main optical content areas easily covered with a system like this are optical
alignment, collimation, beam expansion and compression, re-imaging, optical relays,
phase conjugation, aberration, wavefronts, wavefront sensing and beam correction. The
main systems engineering content areas that can be covered are system control, feed-
back loops, system performance, system characterization and for more in depth activ-
ities, systems optimization. Technical processes that can be reinforced include optical
alignment techniques, systems thinking, block-diagramming and systems integration.

The types of educational activities that can be performed with a system like this
range from short undergraduate-level investigations to very thorough, highly technical
professional-level engineering challenges.

3.1. Understanding and Outlining Systems

In a short activity taught at the AMSC and as a warm up to a more thorough investiga-
tion at the AOSS, students who are already familiar with some AO terminology can do
a simple systems thinking / block diagramming exercise. Depending on the background
level of the students, an exercise can be given to identify components by name, draw
a block diagram for the system, draw a complete optical ray trace of the system and
create a ‘conceptual’ ray trace of the system. Students are simply shown the system
functioning with a minimal amount of explanation and are asked to trace light through-
out the system and to accomplish their task by drawing diagrams of the system as a
team.

Diagramming as a skill can be facilitated by encouraging group discussion of ob-
servations of the light path and the detector displays. By tracing the light with a note-
card, students identify where the beam is collimated, where there are focal points in the
beam, where the beam diameters change and which detectors display what kind of im-
age. Since the LLA produces an array of spots on one sensor while the science camera
outputs an image of an astronomical object, students can identify the main light path-
ways and the main optics for each system. The computer has a program which tracks
the LLA spots and the spots move substantially when the aberrator is inserted. Since
the main required output is a diagram, a group discussion over good diagram proper-
ties, physical layouts versus conceptual block-diagrams and clear communication can
be scaffolded.
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Students can be assessed on the correctness of their parts identification, the accu-
racy of their diagrams and the completeness of their ray-traces. This simple exercise
reinforces the concepts of beam expansion and compression, collimation and allows
students to outline the sub-systems in a workbench. Since this is a short, guided ac-
tivity, facilitating group discussion and diagramming are important strategies to engage
learners in relating their observations and drawings to other students. This activity is
a first step in understanding the functioning of the workbench and can also serve as an
introductory activity as part of a more in-depth longer investigation.

3.2. Systems Thinking and Optical Concepts

In the AMSC, the above type of systems thinking exercise was used in a three-hour
investigation. The goals of the AMSC exercise were to give students an opportunity to
apply some of their previous knowledge to understand the functions of the AO work-
bench subsystems. The activity is more thoroughly described in Montgomery et al.
(this volume).

The activity starts with an introductory talk to motivate AO by showing results and
(potentially) introducing terminology the instructor wants to investigate. Depending on
the background level of the students this can be minimal to substantial. The three
stations at the AMSC corresponded to 1) wavefront sensing 2) wavefront correction
and 3) systems characterization.

In the wavefront sensing station, students investigate the relationship between the
incidence angle of rays hitting a lens and the location of the corresponding image.
The students measure tilt angles and focal point deviations to establish a measured
relationship. The students then must ‘invert’ this relationship to show how a measured
focus location can be used to infer the average wavefront tilt. In one implementation
of this station, students used their relation to predict the angle of a mirror inside a box
by setting up a lens referenced to their light source and computing the angle from a
measured focus. Students must measure and document a relationship for a specific lens
the apply their knowledge of this lens to infer the orientation of an external mirror.

The wavefront correcting station consisted of large plastic fresnel lenses on a table
with a light source and mirrors. A lamp was collimated by a lens and reflected off
a curved mirror to aberrate the beam. This aberrating mirror was mostly hidden by
a cardboard box so that the shape and effect was an unknown. A flat mirror could
be inserted in front of the aberrator box to bypass the blurring effect of the aberrator.
This aberrated beam was then focused and re-collimated by two more lenses. Another
mirror was mounted to reflect the beam towards a final lens which formed an image on
a screen. The aberrated image of the lamp was noticeably blurred while the unaberrated
beam was a clear image. Students are told that the lamp and first lens simulate a star
and that the ‘aberrator box’ simulated the blurring of the atmosphere. The engineering
task was to use the provided materials (foil, plastic, flat mirrors, bendable mirrors, and
more lenses) to correct the beam. Students had access to both an intermediate image
as well as a point optically conjugate to the aberrator where a bendable mirror could
perform the same correction as a DM.

This engineering challenge fostered group discussions of optical concepts like col-
limation, image formation, image sharpness and phase conjugation. The students must
apply their optics knowledge to align and focus the lenses and then to determine the
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effects of various materials on a beam. This explores the concepts of aberration and
wavefront distortion.

The systems characterization station was done using the AO workbench. Students
did the short system outline activity described above. They were shown the function-
ing system and asked to trace the light and identify what components performed which
functions. If students had taken optics classes, they were also facilitated towards draw-
ing an accurate ray-trace of the system. A few students were also able to take their ray-
trace and create a ‘conceptual’ ray trace to stimulate discussion of beam compressors
and optical conjugation. Groups were facilitated toward discussions of block diagrams
and identifying sub-system functions and outputs.

3.3. Systems Design and Optical Conjugation

An activity at the CfAO AO Summer School expanded on the optical content and tech-
nical skills. The AOSS is a summer school for graduate students, college faculty and
industry professionals on adaptive optics described in Ammons et al. (this volume).
The lab section of the summer school is typically three separate labs on the second or
third day of a five-day course. The participants have a wide background of optics ex-
perience ranging from exposure to optics in undergraduate physics classes to multiple
years doing optics in a laboratory setting. Some are even AO specialists though many
were more experienced at AO operation and data analysis instead of system design and
construction.

The design of the AOSS activity was much more focused on hands-on experience
and on the optical concepts of conjugation and systems performance. The activity was
designed to cover much more of the detailed content as the participants had a much
more substantial background. In order to solidify the optical concepts, students were
instructed to build group consensus on each phase of the activity instead of interacting
directly with the facilitator as the authority figure.

The first step of the activity is a quick demonstration of a functioning system but
with no detail given on what the parts are. The first task is to trace the light path and
to identify all the parts by their technical names. Since the students have past optical
experience as well as several recent AOSS lectures, the students are instructed to make
a quantitatively accurate optical ray trace with estimates of focal lengths and beam di-
ameters. In addition to creating a ray trace, students are asked to make a block diagram
identifying major components to give the group a common language and agreement on
the function of all AO workbench components.

After this parts identification step, the students are asked to take a quick break.
During this break, a few optics are removed. Depending on the skill of the students,
typically two to four of the four beam expander lenses are removed and additional
lenses of different focal lengths are added to the activity. For the IfA Maui workbench,
the DM was also on a tip-tilt-translation stage and can be mis-aligned to introduce
registration as a concept. In addition to the removal of optics, extra post holes are
mounted that are con-focal but non-conjugate. If the focal lengths of the lenses and post
hole locations are chosen properly, some of these additional lenses and post holes will
allow multiple confocal mountings and multiple beam diameters so that the students
have multiple choices for creating beam expanders.
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Once the disassembly and misalignment is complete and additional post holders
have been mounted, the students are brought back and given the task to re-create the AO
workbench using the lenses sitting beside it. The students have their original drawings
and know what the original design was but the task is to build team consensus on why
each lens goes in what post holder. With multiple con-focal mounts, and multiple beam
sizes students must realize that there is only one combination that both expands the
beam to the proper size as well as re-images the aberrator onto the DM. The same is
true for the beam expander re-imaging the DM onto the LLA. The task of building team
consensus allows all members of the group to discuss and familiarize themselves with
the technical terminology and for the reasoning behind the design choices. Students
must articulate why the beam diameters must be preserved. The aberrator must be
re-imaged onto the DM which requires understanding the concept of a relay. Even in
collimated space, a specific wavefront shape can be relayed to another location and
typically this concept is easily facilitated by suggesting teams draw diagrams using
their measured focal lengths.

In the final re-alignment phase of the activity, alignment techniques and good op-
tics lab practices are facilitated. The nominal alignment procedure is to align the beam
through the center of all non-powered optics. Lenses are mounted one-by-one making
sure that each lens is mounted in the center and does not steer the beam. Once the
re-alignment is completed, the software control system is demonstrated. The DM must
be registered with the WFS.

This activity is nominally finished in 1-2 hours with AOSS students having sig-
nificant background knowledge. The facilitation strategies depend somewhat on how
much optics knowledge the group has, how easily consensus is built in the group and
any social / cultural issues present in the group. As the activity is typically groups
of four with only one workbench, equal sharing of materials and equitable respect for
learner opinions and learning processes require some facilitation. Common facilitation
issues are a dominant person doing all the talking and alignment, a disengaged learner,
or assertive learners not questioning their assumptions.

3.4. Systems Optimization

In both AMSC and AOSS activities there are opportunities to investigate or discuss
different systems performance characteristics. The software and hardware control of
optical components is critical in this type of investigation. The two different DM types
strongly influence the types of activities.

The drum-head A-Optics DMs cannot take more complicated shapes easily but
can compensate for a lot of defocus. The IrisAO DMs are segmented and can take
complicated shapes rapidly. The IrisAO software also displays real-time statistics on
which corrections are being applied to the DM in a given time interval. This gives
instructors a tool to relate the system output to mathematical / theoretical concepts the
students may have seen.

In the most basic implementation of the AO workbench, the aberrator is a simple
low-powered lens used to defocus the system. The DM can then re-focus the system.
The quality of the correction can be investigated for lenses of different focal lengths to
see that the performance degrades as more severe aberrations are introduced. This can
be made quantitative for those groups with interest.
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To investigate the system performance more thoroughly, one can introduce var-
ious aberrations and time-dependencies. These systems apply corrections to the DM
from 10 to 60 times per second with a few different software parameters such as gain
and aggressiveness. These system parameters must be chosen correctly to optimize
performance. In the AMSC, students were given the opportunity to put various aberra-
tions in the beam to see how good and how fast a correction the AO workbench could
achieve. System performance characterization and optimization can be explored by
varying these software parameters with different aberrators. In the courses for the new
UHMC engineering technology BAS degree, a rotating aberrator has been introduced
with a variable speed control so students can characterize the quality of the system cor-
rection as a function of aberration as well as system parameters. A detector has been
placed at a re-imaged science camera focus to allow students to analyze digital data to
quantify the quality of the image (Strehl ratio) and to measure system performance as
a function of phase screen rotational velocity (in analogy to the wind speed). This is a
larger activity in a remote sensing course to introduce students to data analysis, image
calibration and processing, and systems optimization.

4. Summary

One has many design choices when building an AO workbench but the various incar-
nations are useful for teaching many optical concepts, lab process skills and attitudes.
The demonstrators have been used in undergraduate and graduate classrooms, summer-
school laboratory activities for undergrads, graduates and professionals, as training de-
vices and in public demonstrations and tours. There are many conceptual levels of ac-
tivity from simple systems characterization up to optical conjugation and performance
measurement. Students have the opportunity to hone their laboratory skills in optical
alignment, systems investigation, documentation and operation. We have outlined a
simple systems activity, multi-station investigations, engineering challenges and uti-
lization of AO workbenches in multi-component classroom activities. These versatile
systems are useful in the lab and classroom.
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Abstract. An active learning community that engages in inquiry activities will em-
ploy strategies and structures that students from traditional classrooms may find unfa-
miliar or uncomfortable. These include group work, voicing questions, shifting from
one part of an activity to another (and sometimes shifting groups at the same time), pre-
senting informally to the group, and many others. In addition, the role of the instructor
as facilitator rather than teacher may not be familiar to students. As inquiry activities
become incorporated into the regular classroom curriculum at Maui Community Col-
lege (through collaboration with the Professional Development Program as part of the
Akamai Workforce Initiative), a need emerged to give students a “warm-up” early in
the semester to help them practice these participation structures. This activity was de-
signed to be used on the very first day of class, to be easy and accessible to students, and
to give them practice with these features of inquiry activities that they would see again
throughout the semester. In addition, the activity introduces the engineering technology
concepts of requirements, trade-offs, and limitations. It is important to note that this ac-
tivity is not in and of itself an inquiry activity; in fact the content and processes featured
in the activity are not particularly challenging nor are they the main focus. Instead, this
is a “warm-up” for inquiry, so that students gain some comfort with the unconventional
features of inquiry activities. The particular activity presented is for 20–30 students
in a ∼90 minute lab period, and highlights different imaging technologies of cameras;
however, it is easily adaptable to other requirements, to different technology, or other
needs.

1. Introduction

Students who are successful in a traditional classroom may not be immediately success-
ful or comfortable with more learner-centered, community-centered, or inquiry-based
teaching and learning strategies. Students grow accustomed to being passive during
lectures, following directions during labs, deducing the right answer on formulaic tests,
etc. If a science or engineering course is going to rely heavily on inquiry activities
for foundational content and reasoning processes, then the design of that course should
account for these facts and attempt to prepare students accordingly.

A community-centered learning environment encourages an active learning cul-
ture of risk-taking, questioning, discussion, and discovery (NRC 1999, 2005). Learner-
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centered elements include the diagnostic teaching that comes with formative assessment
(Harlen 2003) and the facilitation strategies that discourage being a “sage on the stage”
in favor of being a “guide on the side” (King 1993). (A learner-centered environment
includes more features than just those; see NRC 1999, 2005). Combining these kinds
of considerations is part of developing an active community of learners (Rogoff, Ma-
tusov, & White 1996). A successful science or engineering course that employs inquiry
strategies (Minner, Levy, & Century 2009) looks like such a community of learners.
This paper describes a simple activity, a “pre-inquiry”, that is meant to set the stage
for later inquiry activities by familiarizing students with aspects of an active learning
community.

§2 briefly describes the context for an engineering technology course at Maui
Community College (MCC; now the U. of Hawai‘i – Maui) that heavily employed
inquiry activities. Next I describe in detail a simple “warm-up to inquiry” activity that
prepares students for an active learning environment in the context of engineering tech-
nology. §3.1 very briefly discusses how this activity might be adapted for other settings.

2. The Activity “Intro to Inquiry in Technology” as Designed for an Introductory
Technology Course on Instrumentation

2.1. The Akamai Workforce Initiative

The Akamai Workforce Initiative (AWI)1 advances Hawai‘i’s students into high-tech
careers by developing curriculum, building educator expertise, implementing innova-
tive internship programs, and other activities on Maui and the “Big Island” of Hawai‘i.
The AWI develops curriculum for an electro-optics program at UH–Maui (formerly
Maui Community College).

To assist in the design and teaching of innovative curriculum, the AWI includes
participation from Hawai‘i’s early-career scientists, engineers, and educators in the Pro-
fessional Development Program (PDP), developed by the Center for Adaptive Optics
and now part of the Institute for Scientist & Engineer Educators (ISEE) at UC Santa
Cruz. In the PDP, engineer-educators who will teach in AWI projects develop curricu-
lum and activities that teach students technical content and reasoning processes simul-
taneously, in authentic and inclusive inquiry settings. For more description of the PDP,
see Hunter et al. (2008, and see also Hunter et al., this volume).

2.2. Venue and Audience

The “Introduction to Inquiry in Technology” activity as described in detail here was
designed for the fall 2008 semester of MCC’s Electronics 102: Instrumentation for
Electronics Technicians. The course is intended as a first-semester (freshman-level)
introductory course for students who may be interested in pursuing an electro-optics
degree. In fall 2008 MCC was well on its way to an eventual transition to become
the U. of Hawai‘i – Maui, so this course was designed with potential four-year-degree
students in mind.

1http://kopiko.ifa.hawaii.edu/akamai/
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The audience, then, consisted of students with no assumed post-secondary ex-
pertise in science, technology, mathematics, or with inquiry-based and learner-centered
teaching/learning techniques. There were ∼25 students. The course met twice per week
in long lab periods.

Rather than an introductory course that focuses on pre-requisite math or science,
this course was intended to “dive right in” to relevant technologies, in order to retain stu-
dent interest so that they might continue to pursue “the details” in the degree program.
As part of the AWI, later in the semester in this course there would be three different
weeks (two lab periods each) taught by engineer-educators from the PDP. These later
weeks were intense hands-on inquiry laboratory experiences: one on the design and
optimization of spectrometers (led by Steve Rodney, personal communication); one on
the function and readout of a charge-coupled device (CCD; see Mostafanezhad et al.,
this volume); and one on the tradeoffs and issues of digitized image files (see Morzin-
ski et al., this volume). Broadly speaking, the themes of tradeoffs in engineering design
and technological components’ strengths and limitations would appear throughout the
course.

Knowing this broader AWI course context, this activity was designed for the very
first lab period. It is designed to take about 90-100 minutes; the lab periods are longer
(∼150 min) but it was assumed there would be other course business for the instructors
to take care of.

As will be discussed in §2.4, at this time the electronics program at MCC had two
CCD-equipped telescopes and had access to other cameras (that could be brought in
by instructors etc.) so the availability of these materials was assumed to be part of the
venue.

If the reader wishes to implement the activity as described, materials (handouts,
scripts for what exactly to say, etc.) are available from the author.

2.3. Activity Goals

The PDP focuses on inquiry activities where foundational content is learned by learning
and engaging in authentic processes — learning engineering by doing engineering as
engineers would do it. By that broad definition, this activity is not an inquiry activity.
Although some attempt was made to assure that relevant content was contained in the
activity, the true focus was more on what might be called “attitudinal” or “affective”
goals.

Knowing that many learner-centered and active-learning strategies would be used
in the course, and assuming that many students would not be familiar with those strate-
gies (and indeed may not be comfortable with them), this activity’s primary goals were
to introduce norms that are particularly different from “traditional” classroom science.
In particular, these primary goals were for students to:

• Gain familiarity, comfort, and confidence with

– vocalizing ideas and questions

– working in groups with peers

– preparing informal presentations quickly

– presenting informally to instructors and peers
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• Gain familiarity with differing participant structures (such as quickly organizing
into pairs, being “counted off” into groups, etc.)

• Begin to get accustomed to being “facilitated” rather than “taught”

A secondary goal was to introduce the broad engineering design ideas of tradeoffs,
strengths, and limitations, which students would see repeatedly in the course. The
final, more broad goal was to make sure there was an easy, accessible context in which
to pursue these goals. Assuming that students might struggle with all the participant
structures and other unfamiliar aspects they would be asked to do, they should not also
struggle with complicated technical content; the first period of the course seems too
early to introduce challenging content.

2.4. Detailed Description of the Activity Components

To address the desire for easy, accessible content that could demonstrate engineering
design tradeoffs and provide a context for the activity, it was decided to use different
types of digital cameras as an example of modern technology. The assumption was that
students would be familiar with some consumer electronics cameras if not all types of
cameras presented in the activity.

Table 1 lists the broad outline of activity components and approximate timings.
Note that §3.1 will discuss adapting the activity to other needs.

Table 1. Outline of the components in the “Intro to Inquiry in Technology” activ-
ity as implemented at MCC in fall 2008. Times listed are approximate. The details
here are for the particular case of ∼25 students and 4 cameras (×2 stations each). See
text for more discussion.

Time Description
10 min Introduction and context

5 min Student grouping and peer introductions
10 min Camera “starters”, question brainstorming in groups
10 min Communal question sharing
10 min Small groups: Brainstorming pros/cons for specific camera
15 min Medium groups: Discussions and preparing posters
20 min Poster presenting

5 min Conclusion: Acknowledging camera-technology trade-offs
10 min Synthesis of this as an intro to inquiry-like activities
∼90 min Total time

Introduction and Context: Perhaps the most important component of the activ-
ity is the introduction and setting the proper context. It is the least active, least engaging
time in the activity, so there is always some desire to rush and just get through it, but it
is critical that the instructor capture students’ attention and spend time on these points.

During this introduction, the instructor explains the broad context: that during the
semester there will be many active activities, including inquiry activities; that the course
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will not be a “traditional” science class with lots of lecturing; that the students may not
be familiar with this kind of class or these kinds of activities. The instructor is open and
transparent with the students about the primary goals listed in §2.3 and discusses them.

The instructor reassures students that it is all right if things (e.g., presenting to
their peers, etc.) do not come easily to the students — that activities like this one give
them practice and chances to improve. This is also a good time to set a few simple rules
for classroom interaction: things like giving all students a chance to talk, respecting
one another’s ideas, and so on. The instructor briefly explains that during these sorts
of activities, instructors play the role of facilitators rather than teachers, and elaborate
briefly on what that means.

Finally, the instructor introduces the activity itself, by explaining that cameras are
a technology that everyone has seen and probably used before; that there are also many
aspects of cameras that are relevant to the course. The instructor introduces the ideas
of strengths and limitations of different camera designs, and concludes that students
should begin thinking about tradeoffs between strengths and limitations in technology
designs in general, for the rest of the course.

It is helpful to post a schedule or outline of the activity. It does not need to be very
detailed (it may look like Table 1 or even be less detailed). The instructor reassures
students that they will receive instructions at every point that they need them in the
activity.

Student Grouping and Peer Introductions: Students are counted off into eight
groups by quickly giving each a number, 1–8. This produces groups of 3–4 students
each. The groups get together and, since it is the first day of class, they introduce
themselves and learn each others’ names.

The instructor may be able to note any particularly shy or quiet students by ob-
serving this phase.

Camera “Starter” Activities, Question Brainstorming: Next the students are
shown the eight different cameras (four types): two camera-phones, two compact “point
and shoot” cameras, two professional single-lens-reflex cameras, and two telescope/
camera systems. The instructor explains that they are all just cameras, but they are
all very different. Each is simply a different way of applying technology to the same
problem: collecting digital images.

Each group is given a handout which has one prompt: “What questions would you
ask to help you choose one of these cameras?”. The instructor asks them to brainstorm
as many questions as they can and record them on the handout. The students are asked
not to censor themselves but to record every question they can think of, even those that
seem simple.

While the groups are brainstorming questions, the instructor moves around and
monitors whether all students seem to be participating; if not, quiet students can be gen-
tly prodded to contribute what they think. If any group is having trouble, the instructor
can clarify the prompt or provide models of the kinds of questions the students might
write down. Ultimately, the instructor is hoping that students will record questions like
“What will the camera be used for?” “What is the cost?” “What is my budget?” “What
features does the camera have?” and so on.

Communal Question Sharing: After a few minutes of brainstorming in the
small groups, the instructor calls the students’ attention and asks each group to con-
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tribute one of their questions. The instructor may call on each small group without
specifying a student, or may choose to call on particular students to represent their
group. This could be to acknowledge valuable contributions the instructor heard while
walking around, or on the other hand, it could be a strategy to draw out a potentially
quiet student.

The instructor records questions on a whiteboard or chart paper. After getting at
least one contribution from each group, the instructor may add any that s/he feels are
important that have been left out.

Group/Camera Assignments: To transition to the next phase, the instructor asks
each small group to come to a specific camera, resulting in eight groups at eight stations
(two for each camera type).

At each station, there is a “camera specifications sheet.” This is a handout that
shows the four different types of cameras and some typical specifications for each type.
The sorts of specifications that are shown include: mass, cost, magnification, detector
size, detector resolution, and rough light sensitivity. The students need this information
to succeed in the next phase.

Brainstorming Pros/Cons for A Specific Camera: On the back of the handout
they received in the starters, there is the next handout. It has the prompts: “Your group
should examine your camera and the “spec sheet”. What are the strengths of your type
of camera? What are the limitations or weaknesses of your type of camera? Record
them here:” and then there are two columns, one for strengths and one for limitations/
weaknesses.

The instructor goes over these prompts and asks each small group to follow the
prompts and record on the handout. Then s/he walks around the groups, monitoring
students’ contributions. S/he may step into a group to acknowledge the good ideas of
perhaps-dominant students, but also solicit contributions from the more quiet students.

The instructor may help groups understand their “camera spec sheets,” explaining
terms or otherwise helping students understand what data they have been given (and
what they are being asked to do). Groups may be using only the “spec sheet” and not
examining the camera itself, or vice-versa, and may need to be prompted to do both.

During this phase students should come up with strengths and weaknesses for their
camera that derive from the data they have been given and from their examination of the
camera itself. Examples of the sorts of considerations they may come up with include
portability, image quality, convenience, ease-of-use, flexibility, cost, etc.

Forming Larger Groups, Discussing, Preparing Posters: The instructor asks
each small group to pair with the other small group that had the same camera type (i.e.,
two camera-phone groups get together, two telescope groups get together, etc.) The
instructor then asks them to discuss what kinds of situations their camera-type would
be best for.

While the groups discuss, the instructor walks around and prompts groups with
extra questions that help their conversations go deeper than the obvious. S/he may
ask, “What is it about your camera that makes it good for that application?” or “What
situations would it not be good for?”

About halfway through this phase, the instructor interrupts the discussions to ex-
plain the poster-making task. Each of the four medium-sized groups is asked to make
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a very simple poster that lists: what type of camera they examined; 3 strengths of that
camera-type; 3 limitations of that camera-type; and 1–3 situations/applications that this
camera-type is best used for. The instructor reassures the groups that it should only take
one poster-sized sheet of paper, it should not take more than ∼5 minutes to make, and
it need not look “fancy”. The instructor points out poster paper and markers. A sample
poster is helpful so that students can see the format that is expected.

While groups make posters, the instructor may choose to ask specific group mem-
bers to present in the next phase.

Presenting Posters: The instructor explains that each of the original eight groups
will present at the four posters. A representative from a group will introduce the other
group members, introduce their camera, and quickly share strengths and limitations of
that camera. A representative from the paired group (with the same camera type and
same poster) will then introduce his/her group members and explain the applications/
situations their camera is best suited for.

The instructor explains that s/he will have to keep things moving along, so each
speaker should only present for a minute or two.

During the poster presentations, the instructor may ask groups to talk about any-
thing else that came up in their discussions, particularly if the instructor overheard other
good ideas. The instructor may help groups synthesize and/or restate their presentations
if the groups are having trouble or if an issue needs clarification. Since this is the first
period of the class, any instructor corrections are executed helpfully and delicately.

Concluding the Camera Activity: The instructor thanks the groups for their
presentations and sums up the cameras, s/he explains that each of the cameras is an
application of technology to the same digital-imaging problem, and acknowledges the
tradeoffs of the four designs. Lastly, s/he concludes by reiterating that the ideas of
strengths, limitations, tradeoffs, and the choices that must be made within constraints
(such as application needs, budget, etc.) will come up repeatedly in the course for
different technologies.

Synthesis of the Activity with Respect to the Primary Goals: Finally, the
instructor reviews all the things that students did during this activity that are not typical
of traditional classrooms, and which they will do again during the course. The instructor
thanks the students for their participation and reassures them that these processes will
become more familiar and more comfortable with practice.

3. Discussion

The activity is easy in the sense that students are familiar with cameras and have little
trouble engaging with them. On the other hand, the activity is difficult in that students
are put through many transitions, prompts, and changes, that must be executed quickly
and efficiently. These difficult aspects directly relate to the primary goals of initiating
a classroom culture that is accustomed to these activities. The activity introduces an
important engineering design theme that is relevant in this and other courses.

The activity focuses on students’ modes of participation (group work, presenting,
etc.). It does not particularly focus on giving students practice with what might be
called process skills, such as hypothesizing, designing investigations, characterizing,
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designing, etc. There is some opportunity for students to analyze tradeoffs, but the pro-
cess is very well-scaffolded for them. It was decided that this activity should limit its
focus rather than trying to serve those reasoning-process goals as well. Other inquiry
activities within the course (see §2.2) focus on engineering process skills within au-
thentic course content. While they may not be featured in this activity, the AWI has
spent significant effort on elucidating engineering reasoning process skills and consid-
ering how to develop curriculum around those skills (Hunter et al. 2009; Seagroves,
Hunter, & Armstrong 2009; Seagroves & Hunter 2009; see also Seagroves & Hunter,
this volume).

3.1. Adapting the Activity to Other Settings

3.1.1. Shortening the Activity

The activity as designed has relatively short, quick components with many transitions.
To shorten the activity by just shortening the components risks resulting in an activity
that is all overhead and transitions with no meaningful activity. Instead, the activity may
be shortened by eliminating components entirely. For instance, the initial brainstorming
of what questions one might ask before choosing a camera, and the subsequent sharing
and recording of those questions, can be cut. Or, the small-group and medium-sized-
group work may be combined, eliminating a transition. It is critical that the introduction
and contexting not be compromised.

3.1.2. Other Technologies

Because the course was on electro-optical instrumentation, the choice of cameras as the
vehicle for discussion was natural. There is no “one best” camera, so the course theme
of tradeoffs could be addressed. For other engineering and technology courses that
might also feature similar themes, it should be simple to “plug in” different examples
into the space that cameras occupied in this activity. For instance, computer engineering
students could compare the pros/cons of different programming languages (high-level
vs. low-level, interpreted vs. compiled, etc.) or different computer designs (notebooks,
desktops, parallel clusters, etc).

3.1.3. Science Courses

It is the author’s belief that an activity like this would be helpful at the beginning of
a learner-centered, community-centered, and/or inquiry-based science class. However,
the technological themes of the activity as designed may not be a good match. Perhaps
the activity could be adapted so that, instead of camera tradeoffs, students compare
the features, roles, functions, or attributes of different relevant items; for examples:
organelles within a cell, types of rocks, species occupying a particular habitat, or astro-
nomical objects of different scales. It seems key that if the activity is to remain as the
first item in a course, the content selected should be familiar to the students or easy for
them to grasp.
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4. Conclusion

Spending time setting the context, so students know what to expect, is an important
facet of any inquiry activity. But in addition, time can be spent having students partici-
pate in an activity that itself sets the stage for developing an active learner community
in the classroom. Such an activity can also introduce content relevant to the course, and
serve as an excellent introductory/first-day activity.
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Abstract. Often during an inquiry activity, students may have trouble understand-
ing the purpose or goals of each activity phase and may subsequently be hindered in
achieving the inquiry activity’s goals. We have developed a tool called “metamoments”
to address this problem and to help make the goals of the inquiry activity more attain-
able. Metamoments are brief, student-driven discussions on ideas and definitions of
success at key phases of the inquiry activity. In this paper, we discuss their implemen-
tation, advantages, disadvantages, and realizations.

1. Introduction

For the past decade, the Center for Adaptive Optics (CfAO) and now the Institute for
Scientist & Engineering Educators (ISEE) have been promoting an inquiry-based teach-
ing style most appropriate for laboratory style experiences (Hunter et al. 2008). The
inquiry activities designed through the CfAO/ISEE Professional Development Program
(PDP) are intended to maximize development of content knowledge and scientific pro-
cess skills while improving attitudes toward science for a diverse student population.
Typically, the main activity will be divided into multiple investigation stations in order
to provide several possible engaging entry points for the students. The standard inquiry
process consists of several carefully-tailored phases:

1. Introduction and brief demonstration of the phenomena at each station

2. Students generate investigable questions concerning the observed phenomena

3. Group question choice and investigations

4. Group presentation of findings

Each of the above phases has great significance to the effectiveness of the inquiry
activity. However, we have noticed that it is sometimes very easy for the students
to become so determined to develop content understanding that development of other
skill sets is hindered or even halted. For example, when shown how light changes color
when it passes through a dichroic filter, students became so engrossed in figuring out
what exactly a dichroic filter does that they began to disregard their group-interaction

325



326 Sonnett and Montgomery

skills. This effect is more pronounced for inquiries containing particularly challenging
content.

To help keep students focused on developing all of their skills sets rather than
only those concerning content, we developed a teaching tool called “metamoments”.
Metamoments are brief discussions ideally held before the phase of the activity that
they modify, although they can be used during an activity phase as a group facilitation
tool if it becomes apparent that this would be valuable. Essentially, we indirectly ask
the students to consider each phase of the inquiry activity from the instructors’ points-
of-view and to define what success looks like at these phases. Metamoments are driven
by the students themselves and moderated by one facilitator. They differ from a typical
inquiry activity introduction (phase 1) by offering a more focused, more direct, and
more involved way to context all inquiry activity phases.

In §2, we detail how to implement a metamoment successfully as well as discuss
some advantages and disadvantages of metamoments. §3 is an evaluation of the ef-
fectiveness of metamoments during two realizations: the Akamai Maui Short Course
(AMSC) 2008 and the Akamai Observatory Short Course (AOSC) 2009. These events
were one-week short courses designed to impart and foster knowledge students need
for their internship projects.

2. Implementation

To prepare for a metamoment, the facilitators (instructors) need to sit down well be-
fore the inquiry activity and ask themselves, “Ideally, how do we want the students
to perform in each phase?” For example, during the question-generating phase, they
might want students “not to answer others’ questions” or “ask questions that are inves-
tigable”. We call the list of all of these qualities drawn up by the instructing team the
“pre-metamoment” list. Sample pre-metamoment lists are provided in Table 1.

A metamoment is led by one facilitator situated amongst the students with a poster
and a pen. The best way to describe initiating a metamoment is through an example.
Suppose that the students are about to begin the group investigation phase of an inquiry
activity. To begin a metamoment, the facilitator might simply ask, “What makes a good
working group?” Students then begin calling out qualities such as “no one puts down
others’ ideas” or “works well within time constraints”. If the quality they name matches
one on the pre-metamoment list or is something that the facilitator believes should be
remembered, then it gets recorded on the poster as they are stated. Sometimes a qual-
ity mentioned will be unclear and may need clarification (from the student, prompted
by the facilitator) before it can be usefully added to the list. The facilitator can even
comment on the items in the list as they are being written down. The final poster of all
qualities generated during the metamoment is called the metamoment list.

A metamoment is generally a fast-paced process as students tend to call out qual-
ities all at once. Periodically, however, there may be a lull in the ideas given by the
students, during which the facilitator can draw upon an idea from the pre-metamoment
list to augment and stimulate more responses from the students. Once the metamoment
list is complete, it can be hung up for all to see as the inquiry activity proceeds. The
entire metamoment should take no longer than 10 minutes. We have used metamo-
ments before each of the four inquiry phases described in §1, but the instructor(s) can
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Table 1. Pre-metamoment list from 2008 AMSC

Successful Questioners:
- come up with a lot of questions, mostly their own
- are able to break down complex questions into several simpler ones
- pose a diverse group of questions
- are creative in use of demonstrations and materials present
- can question their assumptions
- can recognize the variables involved in a phenomenon
- can hypothesize
- don’t cut down others’ questions
- don’t try to answer others’ questions
- don’t shoot down their own ideas

Good Working Groups:
- have good listeners
- respect all opinions and ideas
- articulate ideas and problems tactfully
- stay focused
- are patient
- share tasks

Good Posters:
- have large print
- have great contrast between background and print
- only use necessary figures
- don’t have too much text
- have a logical structure and flow
- aren’t too crowded

Good Presenters:
- talk to the audience
- speak loudly and clearly enough
- talk at a good pace
- don’t stand in front of the poster
- don’t say “um” or “and” too much
- explain their poster like a story
- let everyone in the group speak (in a group presentation)
- are engaging
- give an introduction / motivation
- have clear organization to their talk
- try to deliver a thought-provoking presentation
- handle questions well
- are eloquent in their speech
- avoid distractions (e.g., inappropriate dress, etc.)

certainly decide where to invoke metamoments based on the needs of the students and
the inquiry design.
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One advantage of taking the time to include a metamoment during an inquiry ac-
tivity is that it better allows students to understand the purpose of the coming phase
of the activity. Another advantage to a metamoment lies in prompting the students’
metacognition, allowing students to more easily recognize the strengths and weaknesses
of their behavior/performance by having just made the ideal behavior/performance el-
ements explicit. In addition, having the metamoment list posted throughout the inquiry
and easily visible constantly reminds students of the qualities that will maximize their
experience and performance during that stage of the inquiry activity. Finally, metamo-
ments are especially effective because students generate the list largely by themselves,
which engages their prior understandings and provides an ownership and acceptance of
the qualitites on the list. This self-generation of the list allows students to more easily
remember and embody these qualities.

However, despite these advantages, the inclusion of a metamoment could also
potentially have some disadvantages. One disadvantage to the use of metamoments
is that some students may feel more pressure from peers to utilize and embody the
qualities listed by their peers on the metamoments list, and be distressed if they fail to do
so. This disadvantage could be magnified by the physical presence and the public nature
of the posted metamoments list. Another potential disadvantage of the metamoments
tool is that they do take a few minutes to implement, so in a very tight activity schedule,
they could detract from other important activity segments. In the next section, we will
describe why we feel that the advantages of utilizing metamoments have outweighed
the disadvantages in practice.

3. Realizations

3.1. Akamai Maui Short Course 2008

We first developed the idea of metamoments during the 2008 AMSC, which included
several inquiry activities. After the first two inquiries had finished, we noticed that the
students were not achieving the scientific process and attitudinal goals we had set for
them as easily as we had hoped. They seemed out-of-touch with the purpose of the
inquiry activities despite being excited to participate in them, consequently hindering
their progress. During the next inquiry activity, “Color, Light, and Spectra”, we imple-
mented metamoments for the first time. The pre-metamoment list that we came up with
is given in Table 1.

Overall, this was remarkably successful! The first metamoment came before the
question-generating phase of the activity. While at first the students were a bit thrown-
off by the addition to the standard inquiry schedule, the students seemed enthusiastic to
take control of their success by organically building a picture of what success was, with
little direction. The students quickly voiced nearly every item in the pre-metamoment
list and needed minimal stimulation from the facilitator.

During the following phase, it quickly became clear to the facilitators that the stu-
dents seemed much more in touch with the meaning of the question-generating phase
and excited to know what success during that phase looked like. Students seemed more
aware of the process and exercised much more resolve, tact, creativity, and achieved the
scientific process goals more easily. This appeared to leave them with more enthusiasm
for that phase and helped us quickly make progress toward our attitudinal goals. More-
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over, the students more easily realized when they were achieving these goals, which
gave them valuable opportunities for metacognition and self-direction. Reaching these
process and attitudinal goals gave the inquiry activity much more fluidity and the in-
creased enthusiasm likely allowed students to make more progress toward the activity’s
content goals. The subsequent metamoments that we employed played out similarly,
making the group work and poster presentations of much higher quality than in previous
inquiries in the short course.

Students may have had an idea of what success looked like before beginning the
activity, but it seems that taking the time to explicity highlight those qualities and al-
lowing the students to be the ones to offer them had a profound impact on the overall
effectiveness of the inquiry activity. For the most part, these views were reflected in the
students’ evaluations of the “Color, Light, and Spectra” activity.

3.2. Akamai Observatory Short Course 2009

To our knowledge, the second time metamoments were invoked was a year after we
developed them, during the 2009 AOSC. We saw a similar disconnect between the
students’ attitudes and the inquiry goals and decided to invoke metamoments during
the second inquiry activity of the short course. As a whole, metamoments made less
of an impact here compared to the 2008 AMSC, but they still helped us more easily
achieve our goals.

It seemed that metamoments had a noticeable influence on the progress of approx-
imately half of our students, but the other half were less affected than we had hoped.
We speculate that the complete success of the metamoments was not realized for two
reasons:

1. Some students are more subject to the disadvantages of metamoments (see §2)
than others.

2. The metamoments were not implemented in the same physical location as the
inquiries.

The second reason above was a necessary shortcoming as we were severely limited
in space. In retrospect, hosting the metamoments in a different location than the activity
caused a disconnect between the metamoment lists and the inquiries themselves. The
facilitators took note of the effectiveness of the metamoments, but they were not men-
tioned in the students’ evaluations. Despite being less effective than during the 2008
AMSC, metamoments still caused the same change in attitude and efficiency of roughly
half of the students during this implementation.

4. Conclusion

Overall, we feel that metamoments are an extremely valuable tool for going beyond
simply allowing students to practice the processes of science – actually allowing them
to consciously improve and monitor their own improvement in the varying processes
used in scientific inquiry. Once students are exposed to this framework for goal-oriented
behavior, it can be applied in any venue. Taking a metamoment to define success and
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your goals can be an invaluable tool for students (undergraduate and graduate level),
instructors and researchers alike.

Acknowledgments. This material is based upon work supported by: the National
Science Foundation (NSF) Science and Technology Center program through the Center
for Adaptive Optics, managed by the University of California at Santa Cruz (UCSC)
under cooperative agreement AST#9876783; NSF AST#0836053; NSF AST#0850532;
NSF AST#0710699; Air Force Office of Scientific Research (via NSF AST#0710699);
UCSC Institute for Scientist & Engineer Educators; University of Hawai‘i.

References

Hunter, L., Metevier, A., Seagroves, S., Porter, J., Raschke, L., Kluger-Bell, B., Brown, C.,
Jonsson, P., & Ash, D. 2008, Cultivating Scientist- and Engineer-Educators: The CfAO
Professional Development Program. URL http://isee.ucsc.edu/participants/
programs/CfAO_Prof_Dev_Program.pdf



Part III

Larger-Scale Curriculum Design





Learning from Inquiry in Practice
ASP Conference Series, Vol. 436
Lisa Hunter and Anne J. Metevier, eds.
c©2010 Astronomical Society of the Pacific

The Design and Implementation of the Akamai Maui Short Course

Ryan Montgomery,1 Dave Harrington,2 Sarah Sonnett,2 Mark Pitts,2

Isar Mostafanezhad,3 Mike Foley,4 Eddie Laag,5 and Lisa Hunter6,7

1Department of Astronomy and Astrophysics,
University of California at Santa Cruz, 1156 High St., Santa Cruz, CA 95064
2Institute for Astronomy, University of Hawai‘i at Manoa, 2680 Woodlawn Dr.,
Honolulu, HI 96822
3Department of Electrical Engineering, University of Hawai‘i at Manoa,
2540 Dole St., Honolulu, HI 96822
4Hawai‘i Natural Energy Institute, University of Hawai‘i at Manoa,
1680 East-West Rd., Honolulu, HI 96822
5Department of Remote Sensing, The Aerospace Corporation,
2310 E. El Segundo Blvd, El Segundo, CA 90245
6Institute for Scientist & Engineer Educators,
University of California at Santa Cruz, 1156 High St., Santa Cruz, CA 95064
7Akamai Workforce Initiative, University of Hawai‘i Institute for Astronomy,
34 Ohi‘a Ku St., Pukalani (Maui) HI 96768

Abstract. We describe the design and elements of implementation of the Akamai
Maui Short Course (AMSC). The AMSC contains four full inquiry activities each of
which builds on those previous: Camera Obscura and Sun Shadows, Lenses and Refrac-
tion, Color and Light, and the Adaptive Optics Demonstrator. In addition we describe
the workings of two additional strands: 1) Communication, and 2) Science, Technology
and Society. We also discuss our assessment methods and our results.

1. Introduction

The Akamai Maui Short Course (AMSC) is a component of the larger Akamai Intern-
ship Program1, which places college students from Hawaii in the high tech industry
on Maui. The goal of the program is to retain and advance students in science and
engineering fields, and to create a local technical workforce. The AMSC is the first
week of the overall eight-week program, and is designed to prepare students to be suc-
cessful in their coming internships. The Akamai Internship Program accepts students

1Information on the Akamai Internship Program can be found at:
http://kopiko.ifa.hawaii.edu/akamai/internships/index.php
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from diverse backgrounds, and many who have had limited exposure to research and/or
the technical workplace. The program is designed to support students earlier in their
college education, such as students in their freshmen and sophomore years at commu-
nity colleges, and AMSC is a key element in helping students to be successful. The
course includes four inquiry activities in which students must work in a much more
self-directed way and figure out their own way to solve problems. They work together
in teams to investigate curious phenomena, and are continuously called upon to express
their questions, their ideas, and their explanations.

In order to best prepare the students for their internships the short course’s activ-
ities are tailored to the specific needs of the internship host sites. In the next section
we enumerate several goals we have for our students which are largely determined by
the abilities considered desirable in an intern by a survey of the host-site employers.
In order to facilitate this connection between the interns and their host companies our
short course also has activities where the student studies their host site/institution, its
expertise and its limitations. Also, the students meet with a representative from their
host site, discuss the upcoming collaboration and deliver a brief presentation outlining
the specifics of their upcoming role in their host company.

2. The Need for a Diverse Local Workforce in Hawai‘i

Participants in the Akamai Internship Program all have ties to Hawaii, and are college
level students in science, technology, engineering and math (STEM) fields. The aims
of the program include increasing the diversity of STEM fields in Hawaii, and build-
ing a local workforce, thus the program engages in intensive and targeted recruiting to
ensure that students from underrepresented groups are included. To date, 144 students
have been in the program, with demographics as follows: 34% women; 22% Native
Hawaiian/Pacific Islanders (NHPI); 49% NHPI and other underrepresented minorities;
62% born in Hawaii; 37% started at a community college. It should be noted that these
internships are primarily in the areas of electrical engineering, electronics, computer
engineering, physics, mechanical engineering, and other fields where participation by
women is still dishearteningly low. For example, women earned 12% of Associates
degrees in electrical engineering in 2007 (National Science Board 2010). At the bache-
lor’s degree level women earned a small fraction of the degrees awarded in 2007 in engi-
neering, computer sciences, and physics (19%, 19%, and 21%, respectively). Thus the
inclusion of 34% women in the program is a relatively high number. Native Hawaiians
are significantly underrepresented in the technical fields served by Akamai – telescopes
and the related spin-off industries that support astronomical research.

As stated earlier, a major goal of the Akamai Program is to develop a local techni-
cal workforce, which includes the full diversity of the people of Hawaii. Many young
people in the community would like to remain in their home state, and be part of the
growing science and technology industry in Hawaii, and many high tech employers
strive to hire local talent. However, there are currently limited pathways for college
students, so there is a disconnect between two needs that are clearly complementary.
The Akamai Program is aimed at filling this gap, currently maintaining a retention rate
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of 83% of its 144 participants2, and the AMSC is considered to be a crucial part of the
overall experience.

3. Goals for Learners

Students, as a result of this Short Course, will gain understanding and facility in a va-
riety of engineering and scientific skills and techniques that will help them prepare for
their summer internship roles. Thus, an important goal for the course is to provide
a solid foundation in relevant process, attitudinal and organizational skill sets. In ad-
dition, our instruction will emphasize content taken from the main areas of research
conducted by the Center for Adaptive Optics (CfAO). Because, in essence, CfAO re-
searches telescope technologies, we choose the study of telescopes and the underlying
physics as our primary content.

3.1. Science and Engineering Processes:

Through the teaching of the telescope content, we would like students to learn the
following essential process goals:

1. Ability to break a complex system into simple interacting parts.

2. Defining “good enough” solutions and performance criteria.

3. An ability to form and express hypotheses.

4. Basic principles of experimental and engineering design, including variable con-
trol and troubleshooting.

3.2. Content:

The following are the elements of content that we consider important and relevant:

1. Optical and physical basics of light, lenses and telescopes:

(a) Pinhole cameras and the basics of apertures;

(b) Refraction, simple aberrations, and the role of lenses;

(c) Additive and subtractive mixing of colors of light;

(d) The effect of the atmosphere (complex aberration);

(e) Methods of correcting atmospheric aberration with adaptive optics.

2. An overview of the two major telescope design philosophies, and specific exam-
ples of designs.

3. An overview of the many industrial, scientific, and military uses of optics in
remote sensing with a focus on Maui applications.

2http://kopiko.ifa.hawaii.edu/akamai/internships/outcomes.html
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3.3. Communication and Professional Skills:

1. An understanding of how to integrate and interact in a science or engineering
based workspace.

2. An ability to explain results in written, visual, and oral formats. This includes
the creation of appropriately structured abstracts and summaries.

3. An understanding of career opportunities in the Maui high tech industry.

4. Short Course Description:

4.1. Overview

For reference, we include the overall short course schedule in Table 1.

Table 1. Short Course Timeline
Activity Day # Approx. Duration
Opening 0 1 hour

Introductions 1 0.5 hour
Pre-knowledge Survey 1 0.5 hour
Maui High Tech Investigations 1 2 hours
Science, Technology and Society 1/5 1 hour
Camera Obscura and Sun Shadows Inquiry 1 3.25 hours

Anatomy of an Abstract 2 1 hour
Lenses and Refraction Inquiry 2 3.75 hours
Build a Telescope Activity 2 1.25 hours
Telescope Design/Configuration Lecture 2 0.5 hour

Peer Review of Abstracts 3 0.75 hour
Color and Light Inquiry 3 4.75 hours
Handheld Spectroscope Activity 3 1 hour
Solar Astronomy Lecture 3 0.75 hour

Haleakala Summit/Telescope Tour 4 5 hours

Adaptive Optics Workstation Activity 5 3.75 hours
Strategies for successfully working with mentors 5 1.75 hours
Post-knowledge Survey 5 0.5 hour
Closing 5 0.75 hour

In the following sections we will describe the four inquiries taught over the short
course and then the communication component of the short course. The AMSC instruc-
tors have all participated in the PDP (Hunter et al. 2008), which prepares the instructors
for designing inquiry activities and uses the inquiry model developed by the Institute
for Inquiry3. A typical inquiry activity is composed of three main phases:

3http://www.exploratorium.edu/IFI/
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Starters – Learners notice puzzling phenomena, which stimulate question raising. Of-
ten there are three or four stations with different phenomena all related to the
same content area.

Investigations – Small teams of 2-3 learners design a way to come to their own under-
standing of phenomena seen in the starters.

Meaning making – Learners share what they learned by explaining their findings to
the whole group. Instructor then synthesizes what the group learned collectively,
covers anything missed, and summarizes.

4.2. Camera Obscura and Sun Shadows

Table 2. Camera Obscura & Sun Shadows Timeline
Activity Component Time Allotted
Context and Introduction 15 min
Starters 15 min
Camera Activities (stations 1 & 2) 45 min
Sun-shadow Activity (station 3) 30 min
Presentation Preparation 30 min
Poster Presentations 30 min
Synthesis 30 min

The first inquiry activity of the Akamai Maui Short Course focuses on phenomena
associated with the propagation of light and extended light sources/images. The pri-
mary goals of the activity include understanding that light travels in straight lines, and
that extended light sources/images send out light in all directions from every point. The
students investigate phenomena in three stations that illuminate said goals.

Station One and Station Two are investigated in parallel with the students split
between them. Station One is a room-sized camera, in which a room is made dark
and a small opening is made to a well-lit outer region. In our case we used a door to
the outside which was covered in light-blocking fabric with a 1’×1’ square cut into it,
which is then further covered by a piece of foil to allow variable aperture sizes and
shapes to be fashioned. Students stand inside the room see that a inverted image of the
outer-region is projected through the aperture onto the walls of the room. By having an
instructor pacing back and forth outside of this door while announcing which direction
(left or right) they are walking, students are able to realize the horizontal inversion in
addition to the obvious vertical inversion. Through their investigations, the students
are able to explain the inversion by realizing that light is traveling in straight lines from
each point outside, through the aperture, and onto the inside walls of the room. Prompts
from facilitators for the students to draw diagrams to help understand what is going on
may be necessary as the investigation proceeds. Finally, students who can draw ray
diagrams to explain the inversion of the images have proven their understanding of the
primary goals of this activity. A common misconception among students is that there
is a significant border to the image which is determined in some way by the aperture.
This misconception can be worked through via ray-tracing, and critical thinking – often
prompted by the facilitator.
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Station Two is referred to as the box-head camera station. In this station, students
place cardboard boxes with a small hole in the back and a white “projection screen”
on the inside front over their heads. If the student is advised to be careful not to block
the light’s path with their heads and the box is carefully light-insulated (light-blocking
fabric draped around the head-hole and the corners taped/sealed off) then they will
notice an inverted image of the scene behind them projected onto the front of their
box-head camera. Again, the horizontal inversion is slightly more subtle for students
to notice and can be highlighted by the instructors wearing shirts/jackets with large
text or letters on them. As with the Station One group, prompts from facilitators for
students to draw diagrams to make sense of what is causing the inversion are useful
as the investigation proceeds. In the end, students must be able to demonstrate (using
ray-diagrams or words) an understanding of the cause of the image inversion to prove
their understanding of the activity goals.

Station Three is done by all the students at the same time and focuses on an in-
teresting phenomenon which makes use of mirrors of irregular shapes (geometric or
random), irregular shaped holes in a piece of card-stock, and direct sunlight – or some
other un-collimated light source with significant physical size. When holding the card-
stock or mirrors close to a viewing screen (often the ground or shaded walls) the re-
sulting lit shape takes the shape of the irregular holes or mirrors. However, when the
card-stock or mirrors are far from the viewing screen, then the resulting lit shape takes
the shape of the light source (typically a disk, after the Sun’s image). Students are often
confused by this phenomenon at first, thinking that the hole/mirror shape should always
determine the resulting light-shape, perhaps reflecting on how shadows take the shape
of the object blocking the light. However, given their prior experience with ray-tracing
from stations one/two, the students are able to realize that the images of the source
get larger and overlap more and more when imaged further from the hole/mirror – so
the image more and more takes the shape of the source. This is demonstrated by the
students’ verbal explanations and ray-diagrams.

A common misconception that students express is that a certain distance between
the image and the hole/mirror brings the image into “focus”. What they are referring
to is actually sharpness of the image sometimes compounded with keeping the distinct
components of the scene separated in the image.

Following these investigations, students are given limited time to create and pre-
sent poster presentations describing their process and discoveries. These presentations
are immediately followed by a brief synthesis lecture which illustrates and summarizes
the main content goals for the activity.

4.3. Lenses and Refraction

The Lenses and Refraction (L&R) activity is designed to enable students to discover for
themselves the behavior of light as it passes across medium boundaries. The activity is
broken into three stations, each with a dedicated facilitator. The general order of events
is 1) Observation of phenomena, 2) Creating and choosing questions to investigate, 3)
Using the station equipment to experiment, and 4) Presenting the results and explana-
tions to their peers. A quick introduction given by the activity leader recalls what the
students have learned from the previous day’s Camera Obscura activity. The students
are then permitted to “play around” at the stations and come up with questions about
phenomena they cannot yet explain.
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Table 3. Lenses & Refraction Timeline
Activity Component Time Allotted
Introduction 5 min
Starters 20 min
Question & Group Formation 20 min
Focused Investigations 60 min
Lunch Break 45 min
Continue Investigations 45 min
Presentation Preparation 15 min
Poster Presentations 35 min
Synthesis 30 min

Station One consists of ray boxes and a collection of various lenses of different
shapes (i.e., convex, concave, double-convex, etc.). The ray boxes allow for easily
distinguishable beams of light to be observed passing through the lenses, which are
transparent across all dimensions. Students investigate the reasons why some lenses
cause parallel beams from the ray boxes to converge or diverge. The lenses can be
combined in series to produce counter-acting effects as well, resulting in the beams
returning to their original orientation.

Station Two (and the most popular station by far) is composed of small water tanks
and pieces of clear, flat-sided plastic in both common and exotic shapes. The station
generates a lot of excitement from the students by using low-power laser pointers as the
source of the light beam. Students will see the light beam alternately reflect and transmit
when it encounters different mediums at different angles. Questions commonly include
the location of the critical angle (where transmission becomes reflection and vice versa),
as well as finding ways to “trap” the light beam in the plastic shapes by maximizing the
number of internal reflections.

Station Three is often the most baffling for students, and involves the use of lenses
to either disperse an incoming image or focus it to a nearby piece of white paper. All
the components are arranged on a common track to limit the degrees of freedom, but the
apparatus has often still proved very challenging for students to understand. The image
is generated by a lamp shining though a cut-out of a cross with unique shapes at each
tip to better gauge its orientation when projected through the lenses. Students question
what conditions produce a magnified image, a de-magnified image, or no image at all.
Due to the complexities involved with this station (i.e., relative distances from focal
points and the concept of the “virtual” image), it has tended to be the least engaged
with by students. However, for those students who do choose to try to understand how
images are produced, it provides a comprehensive look at the L&R content that includes
all the concepts from the other two stations.

The presentations given after the investigation have generally conveyed a new,
intuitive understanding by the students of Snell’s Law and the concept of the critical
angle. In addition, the cause of shaped lenses causing light beams to be re-directed is
also effectively explained by many of the participants. As previously mentioned, the
concepts of the image plane and the cause of magnification of an image are less often
investigated, but remain convenient to the facilitators as a challenge for students with
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more background in optics or for those students who have claimed they already have
“figured out” the other stations’ content.

4.4. Color and Light

An understanding of color and light is a fundamental concept in physics. Pursuit of
this understanding also offers an opportunity to further develop process and attitudinal
goals. The list below outlines each of these goals:

Content Goals:

A. to know that white light is composed of all colors

B. to know that the primary colors of visible light are red, green, and blue

C. to understand additive/subtractive mixing of colors of light

Process Goals:

A. to raise investigable questions regarding observed phenomena

B. to develop methods/processes to answer a scientific question

C. to produce a clear and organized poster/presentation

D. using predictions to test hypotheses

Attitudinal Goals:

A. to develop a sense of ownership in an authentic inquiry

B. to have respect for others’ ideas

C. to work through frustration in a productive way

D. to work productively with students of different backgrounds (gender, culture, ed-
ucation)

The inquiry consists of three stations at which different phenomena are displayed:
subtractive mixing through gel filters, subtractive mixing through dichroic filters, and
additive + subtractive mixing through colored shadows.

At Station One, several gel filters of different colors are placed on the flat surface
of an overhead projector. The students notice that when certain color filters overlap, dif-
ferent colors are seen in the overlapping region, sometimes not the ones they expected
(e.g., blue and red filters produce black, not purple). The station’s primary goal of un-
derstanding is that colored materials are not emitting light, but absorbing/transmitting
light. As such, the “red + green + blue=white” formula is not reproduced by stacking
the filters. Rather, the white light of the projector is being selectively subtracted by the
filters at certain wavelengths (or colors). A place where students can trip themselves
up is by the assumption that the primary colors of light are red, blue, and yellow (as
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defined by color pigments in the field of visual art). This preconception can be difficult
to overcome, and facilitators may need to take extra steps to suggest ways in which the
students can disprove this assumption. Indications of success by the students at this
station can include drawn diagrams of the filters blocking specific colors of light, while
allowing other colors through which correctly combine into the observed, transmitted
color.

Station Two consists of three slide projectors (or flashlights) set up so that they
display one red, green, or blue (RGB) color each. When they project onto the same
spot from the same distance, they add together to make white light (additive mixing).
When an obstruction such as a ruler is placed in front of the three beams, three dis-
tinct cyan, yellow, and magenta (CYM) shadows are produced. Where two shadows
overlap, RGB shadows are produced. When all three shadows overlap, no light trans-
mits (black shadow). The production of “colored shadows” usually causes the most
confusion among students. This is because they are subconsciously assuming that “any
shadow = no light”, when in fact only one or two light sources are being blocked. When
such a problem occurs, facilitators can recall the primary lesson of the Camera Obscura:
light travels in straight lines. Success at this station can include a ray-trace of the three
lights that shows how the obstruction is preventing one or two colors from reaching a
given location on the wall, resulting in a colored shadow.

Station Three is a set of dichroic filters in front of a white light source. Students
observe that when dichroic filters are placed in front of white light, a portion of the
visible spectrum is transmitted while the remaining portion is reflected. Likewise, when
the filters are placed in series, colors transmitted through the upstream filter may be
either reflected or transmitted through the downstream filter, depending on the nature
of the material from which it is made. Dichroic filters are named after the color they
transmit. This station is often the most attractive and perplexing to the students, perhaps
because it thoroughly explores all three content goals in the face of an interesting piece
of engineering (the dichroic filters themselves). Students can become frustrated at this
station if they are always using the filters in series, and swapping them around without
controlling all the other variables in their set-up. Facilitators should ensure that students
try to grasp the one-filter set-up before adding new ones. Success at this station is
usually shown by the students correctly determining (with diagrams) which RGB and
CYM colors are being reflected or transmitted. The “thinking tool” described below has
often proved sufficient to give students breakthroughs of understanding at this station.

A thinking tool is used amidst the investigations to stimulate the students’ thinking
toward the desired direction. For this, light on the flat surface of an overhead projector
is blocked such that only about a 1-cm wide strip of light transmits. At the center
of this strip, three different CYM dichroic filters are placed in parallel, then a curved
diffraction grating is fitted at the magnifying portion of the projector. In this way,
the resultant spectrum is dispersed so that each RGB portion is distinct. Students see
that the cyan filter transmits green and blue portions of the spectrum, yellow transmits
red and green, and magenta transmits red and blue. The tool is designed to guide the
students toward thinking of CYM colors as being composed of RGB colors, and if they
had not achieved content goals A and B yet, they were now given that information so
that they can further explore content goal C.

To the best of our knowledge, “meta-moments” (see Sonnett & Montgomery, this
volume) were first thought of and invoked during this short course. These “meta-
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Table 4. Color & Light Timeline

Activity Component Time Allotted
Introduction 5 min
Meta-moment: How to be a good questioner 5 min
Starters 25 min
Break (+ question sorting) 10 min
Question & Group Formation 10 min
Meta-moment: How to work best in groups 5 min
Focused Investigations 60 min
Lunch Break 45 min
Continue Investigations 30 min
Thinking Tool (Demonstration) 5 min
Continue Investigations 30 min
Meta-moment: How to deliver a quality presentation 10 min
Presentation Preparation 30 min
Poster Presentations 30 min
Synthesis 30 min

moments” became key components of this activity. In earlier activities, we noticed
that students were having difficulties performing well at each phase of the standard in-
quiry process mentioned in the Lenses and Refraction activity section. We reasoned
that this might be due to a lack of understanding why each phase is important. To
address this issue, we decided to implement a series of short meta-cognitive moments
where we gave the students a chance to reflect upon each phase. For example, be-
fore the question-generating phase, a facilitator would briefly explain the importance
of question-generating then pose a question to the students: “What makes a good ques-
tioner?”. Students would then respond with answers such as: “Someone who can pose
a diverse group of questions” or “Someone who can recognize variables”. Each of these
items would get written for all the students to see as they were mentioned. If the stu-
dents had trouble thinking of some items, a prepared list of them could be momentarily
called upon to avoid too much of a lull. These “meta-moments” were entirely student-
driven so as to give them ownership and a sense of responsibility for fulfilling the phase
to the best of their abilities. They also help guide the students as to how to conduct
themselves during each phase and can stimulate significant progress toward attitudinal
goals. Gaining a better understanding of quality performance in each phase alongside
reaching attitudinal goals may also make process and content goals easier to achieve.

4.5. Adaptive Optics Workbench

The final inquiry activity of the short course is the Adaptive Optics Workbench activity.
The core of this activity is a series of three engineering challenge stations designed to
teach engineering process skills and optical concepts. An adaptive optics (AO) system
is an instrument that is used in an astronomical setting to correct optical distortions of
starlight caused by the Earth’s atmosphere. Used in a vision science setting, it corrects
distortions caused by the tissue of the eye. The AO system used for this activity is
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outlined in the “Teaching Optics an Systems Engineering with Adaptive Optics Work-
benches” paper by Harrington et al. in this volume.

4.5.1. Goals

There are many optical concepts that are involved in understanding and using an AO
system. These include collimation and focusing of light, re-imaging or relays, beam
expansion and compression, wavefronts and aberration. Since this system is used at
the introductory optics level, the first level content goal is simply to introduce and rein-
force focusing, collimation and beam expansion / compression. The AO system can be
conceptually broken down into three main sub-systems: distortion creation, distortion
sensing and distortion correcting. There is an associated control system (or feedback
loop) between the distortion sensor and distortion corrector. Real-world AO systems
are quite complex and use expensive components (∼10-30k). By exposing students
to a more complex optical system, we can scaffold students’ ability to break a com-
plex unfamiliar system into simple interacting components (sub-systems) that can be
conceptually outlined. Another implicit goal is to have students apply the knowledge
gained in the three previous inquiry activities in a new situation.

The activity is designed to meet the following objectives:

1. Develop systems thinking by recognizing that a complex tool can be broken down
into simpler components that work together as shown by block diagrams.

2. Troubleshoot and diagnose a problem through testing and evaluating multiple
solutions.

3. Recognize trade-offs, and how the “correct” solution depends upon the require-
ments of the problem.

4. Become more comfortable in manipulating expensive/complex technology by be-
ing required to operate a working AO system.

5. Improve the correction of an image, using the concept of feedback and demon-
strating how the wave-front sensor and corrector communicate.

6. Document their methods and work.

7. Characterize both the AO system and the optical phenomena it utilizes to correct
distorted images.

8. Communicate their ideas to their peers.

9. Understand how an array of lenses can be used to measure the “shape” of an
incoming distorted beam.

10. Understand phase conjugation via shaping a mirror to fix a distorted image.
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Table 5. Adaptive Optics Workbench Timeline

Activity Component Time Allotted
Introduction 5 min
Teaser Talk 10 min
Station 1 Rotation 50 min
Station 2 Rotation 50 min
Station 3 Rotation 50 min
Presentation Planning 20 min
Poster Presentations 30 min
Synthesis 15 min

4.5.2. Activity Outline

First is a teaser talk to introduce the AO Workbench and motivate the activity. The
teaser talk is designed to have lots of pictures and videos to describe the motivation
for using AO but not to describe the system function. For the station rotation phase,
students are organized into three equally-sized groups. The three groups rotate through
the three stations spending about 50 minutes at each station investigating. Each station
is modeled around the key content for a sub-system or investigates a whole working
system. The three groups move through the stations in different orders, so each group’s
experience of the activity will be slightly different. Students report out on the last
station they visit by presenting a poster describing an AO system and how what they
learned at their station can be used in understanding the internal functions of the AO
workstation.

4.5.3. Stations

The first station is distortion sensing and outlines the basic optical concepts behind a
traditional “Shack-Hartmann” wavefront sensor. The students spend the first part of
the activity with graph paper, ray-boxes and acrylic lenses. They are given a simple
stated task: “Measure the relation between how rays hit the lens and where the focal
point falls.” The students then are facilitated toward measuring the focal length of the
acrylic lens then mapping out how the incidence angle of the rays relates to the focal
point deviation from the optical axis. There is a simple geometric relation that relates
where the rays cross to the height of this crossing above the optical axis. Documen-
tation of their measurements is a key facilitation goal as their measurements will be
used quantitatively. Once this relation is firmly understood and is somehow tabulated,
graphed or functionally described in lab notebooks, the group is given the engineering
challenge. A mystery-box has been set up on another table where the light from three
ray boxes enters from one side and exits on another side. Inside this box, there are three
flat mirrors that bounce the light from three ray boxes at not-quite 45 degrees. This
box simulates a situation where some internal optic is broken, mis-aligned or some-
how malfunctioning. The students are given the challenge to apply their knowledge of
optics to measure the shape of the “bent mirror” using only their lenses and without
touching the box. This situation can be described as an analogy to the correction of a
system without disrupting the system. By using only external instruments, engineers
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can design a correction without physical access to the instrument. The students need to
realize that they can ‘invert’ their previous measurements and make focal-point mea-
surements with their lenses mounted parallel to the box in order to deduce the incidence
angle of the beam. From their incidence angles, they can then draw the shape of the
“bent mirror” if they apply their recently-gained knowledge that the incidence angle is
equal to the reflection angle for mirrors (from their previous activities). This focal-point
measurement and inversion is conceptually how a wavefront sensor works.

The second station is the distortion correcting station. An optical setup is created
with a lamp illuminating a cardboard screen with a cutout letter as a light source. Using
simple fresnel lenses in wood holders the light from this object is collimated, reflected,
focused and re-collimated, reflected again and finally focused on to a white screen.
Conceptually this optical setup can be broken in to the “sky” (being collimated light
from the object), an aberrator (the first reflection), a telescope (the second lens), and
then a re-imaging system (the third lens, second mirror and fourth lens). The first
reflection is a flexible mirror that is pre-bent into a cylindrical shape to introduce some
optical distortion. This ‘aberration’ very simply mimics what the atmosphere does to
starlight just in front of a telescope. The students are shown the screen with both a flat
mirror in place of the aberrator (producing a sharp image) and the aberration mirror in
place producing a blurred image. The students are given an engineering challenge to
“make the aberrated image as nice as possible”. Students must decide what constitutes
“nice” and discuss tradeoffs. The students are not allowed to touch the ‘sky’ or the
‘telescope’ but can do anything they like to the re-imaging system. Students apply
their knowledge of lenses to draw out a ray-trace of the system and to discuss what
might be causing the optical distortion. There are two main methods that can be used
to fix the image – blocking some of the beam at the second reflection (stopping down
the system) or replacing the second reflection with a mirror bent to compensate for
the aberrator mirror shape (deformable mirror phase-conjugate to the aberration). The
students typically measure the focal lengths of the lenses first and then re-align the
system. They then investigate the effects of the various materials provided at various
points in the beam. They find that a flexible mirror bent certain ways at the right part
of the beam will sharpen the image (without dimming it). Conceptually, this is exactly
what a deformable mirror does in an adaptive optics system. The solution of blocking
some of the beam does make the image sharper, but it also makes it fainter and the
trade-offs involved are typically discussed as a potential but undesirable solution.

The third station is the systems and control-loop investigation using the AO work-
bench. Students are asked to come up with a thorough written description (words and
diagrams) of an AO workstation. The students are first shown the AO system running
and given training on using the software. The students are given a task to trace the
optical path of the light and to identify what components perform what function. The
main goal is the creation of a block diagram and also identifying what optics and de-
tectors correspond to what input / outputs. In order to identify the main function of
components and optical groups, the students must trace out the light path. Typically,
the students quickly identify the laser which launches light into the system. The beam
is large enough that they can also easily identify when the beam is converging or di-
verging, they can measure beam diameters and they can find focal points. The students
are given notecards which block the two detectors. There are three displays in the sys-
tem – one for the computer, one for looking at the corrected image and one for looking
at the wavefront sensor camera (which is also fed into the computer). The detector on
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Figure 1. The stations for the AO demonstrator activity at the AMSC. The top
left image is the wavefront correction station with Fresnel lenses and a bendy mirror.
The top right image is the wavefront correction station. The bottom left image shows
students deriving the relation between focus location and wavefront tilt. The bottom
right image is the systems characterization station using the AO Workbench.

the wavefront sensor shows an array of little spots formed by the lenslet array. There is
an aberrator (a low-powered, long focal length lens) which flips in and out of the sys-
tem and students can see how this aberrator substantially changes this wavefront sensor
image. Since students have practice drawing diagrams of lenses and rays from their
previous inquiries, students are facilitated toward drawing a ray-trace for the system.
From this ray-trace, they must at least be able to describe beam expansion and com-
pression as well as define collimated beams. Students can also locate the detectors and
images in this ray trace, and describe what the output of each detector looks like.

After this ray-trace is performed, the block diagram can be created. The students
can see the software running and putting down crosses on the spots on the wavefront
sensor image. As the AO system is turned off and on, they can see the spots move on
the screen and can also see the system tracking the spots. The concept usually arises
out of group discussions that the computer must somehow be finding and tracking the
spots. Since the students can watch the aberrator moving the spots, the concept that the
spots somehow can be related to the aberrator shape can be introduced or facilitated.
Students also usually notice that there is one mirror which is connected to the computer.
Once this is described as a deformable mirror, the concept that the computer tracks the
spots and also tells this deformable mirror how to move comes out in students’ group
discussions.

If the system capabilities, student progress and materials allow, an investigation of
the system performance is possible. Certain aberrations can be corrected and certain
aberrations cannot. The speed and quality of the correction allows for investigation of
control theory and of sub-system communication systems. Using basic materials such
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as plastic, weak lenses and eyeglasses, students can qualitatively describe what kinds
of corrections this system can perform and what corrections it cannot.

The AO workstation has the students work constructively together to build up an
understanding of an adaptive optics system thus improving students’ group work and
communication skills. Students also get to have hands-on experience with fairly sophis-
ticated optical equipment and can build up an understanding of a many-element system
using basic optical concepts. In the presentations, students can potentially present a
number of concepts and investigation pathways. Presentations have included many
things such as the geometrical relationship between lens focal length, incidence angle
and image height, a diagram of the control loop between wavefront sensor, computer
and deformable mirror, or how a deformable mirror can be used to “un-bend” a light
wave by re-imaging the bent aberrator mirror on to another bendable mirror of the same
shape (phase conjugation).

4.6. Communication

The Akamai program puts a strong emphasis on developing students’ communication
skills, integrating communication components into all aspects of the program. Students
who are accepted into the program are all required to produce a number of deliverables
by the end of the eight-week program, all in relation to their own project: an abstract, a
ten-minute technical oral presentation, a technical poster, a resume updated with their
recent experience, and a personal statement. These assignments, and the support to
help all students to be able to produce these deliverables, take place in weekly meetings
held in weeks two through seven of the overall Akamai Program. In week one, during
the AMSC, we have a set of learning goals that is a preliminary step, or perhaps even a
“warm-up” for jumping into the more challenging assignments that will come later.

The communication-related goals for AMSC are for students to:

• Improve their skills in generating scientific explanations

• Gain confidence in asking questions, proposing investigations or possible solu-
tions, expressing their own ideas, and explaining their findings

• Gain tools and strategies for working effectively with mentors

• Write an abstract that includes conventional elements, and is written in S&E
norms and style

• Demonstrate an understanding of oral communication norms used in S&E, how
they differ from everyday norms of communication, and the value of both

A number of components of the AMSC support the achievement of these goals,
ranging from formal sessions within the course, to short elements embedded within
other activities. Descriptions of the communication elements of the AMSC are below:

Anatomy of an Abstract: Students are given a brief introduction to the elements of an
abstract such as an introduction, question or problem, methodology, results, and
discussion. Students are then grouped into pairs and given two sample abstracts
to review. They are provided with a review sheet and asked to discuss with their
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partner the strengths and weaknesses of the abstract. The abstracts that they
are given to review are from past interns (names are not included), so they are
very similar to the abstracts that students will be asked to produce on their own
project. Once the pairs have reviewed both abstracts, the instructor leads an all-
class discussion, making sure that some key points are brought up. For example,
novice abstract-writers often write an abstract that is more like an introduction.
Or in other cases, the abstract is written such that it is very difficult for the reader
to know what the author actually did, versus the work that was done by others
that they are building upon. The group also discusses organization, syntax, titles,
and other aspects of abstracts.

Abstract Assignment: Students are given an opportunity to write an abstract on one
of the laboratory activities that they have completed in the AMSC, choosing be-
tween Camera Obscura and Lenses & Refraction. Given that both these activities
are much like a mini-research experience (a major attribute of “inquiry” activi-
ties), they make an ideal setting for students to write their first abstract.

Peer Review of Abstracts: Students are paired up and review each other’s abstract,
using the same abstract review sheet used in Anatomy of an Abstract. They
are asked to give productive feedback aimed at helping each other improve. All
abstracts and reviews are turned in to the instructor, who also reviews and gives
feedback.

Informal Poster Presentations: All inquiry activities include an informal, hand-made
poster presentation, where teams of students share with the class the findings of
their investigation. Students are asked to state their question, how they went
about investigating their question, and what they found. All students on the team
are expected to report on some aspect, and students in the audience are encour-
aged to ask questions. By the end of the course, students have given informal
poster presentations multiple times and they are noticeably more comfortable
speaking and expressing their ideas.

Communicating with Mentors: This session is designed to help students learn about
what to expect from mentors during their internship experience, how to produc-
tively deal with challenging situations, and specific tools for successful commu-
nication in the workplace. The session is based on common scenarios that come
up, based on years of staff experience in running internships. Students are broken
up into small groups and are given a scenario, such as “you arrive for what you
believed was a one-hour meeting with your mentor, but she only has 5 minutes
now.” Each team has a unique scenario, and spends about 5-10 minutes deciding
how they will act out an either productive or unproductive way to handle it. If
they choose to act out an unproductive way (often quite comical, so very good
entertainment), they must also discuss the productive ways of dealing with it.
After each scenario, the instructor spends a little time leading a group discussion
about the scenario, making sure to cover productive strategies for handling it, and
asking other instructors to contribute their experiences. The overall emphasis of
this session is that students must be proactive and self-directed – it is up to them
to get the most out of their internship. They should not be too pushy, but should
be creative in finding ways to move forward.
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5. Assessment

5.1. Assessment of Students

Much of the student assessment used over the course of the AMSC is “formative” as-
sessment – it is largely collected informally by the facilitators through conversations
with the participants in order to better direct and assist the participants’ explorations
during the inquiry activities. For instance, facilitators ask and look for specific signs
that indicate their primary content goals are being reached: during the Camera Obscura
and Sun Shadows inquiry, facilitators look for the participants to draw “ray diagrams”
in which the travel of light is represented as light-rays traveling in straight lines in or-
der to assess whether the students have reached the primary content goals. During the
Lenses and Refraction inquiry facilitators ask questions such as “if the light beam goes
into water will it bend more or less steeply?” in order to assess students’ qualitative un-
derstanding of Snell’s law of refraction. In the Color and Light inquiry facilitators look
for students beginning to organize the colors of light into color-wheel style diagrams to
demonstrate their understanding of the relationships between the colors of light. Dur-
ing the Adaptive Optics inquiry facilitators look for students to draw box-diagrams to
represent the components and relationships between them in the complicated adaptive
optics demonstrator system.

One example of summative or “final” assessment used during the AMSC is a
knowledge survey given at the very beginning and at the very end of the short course.
This is given in order to assess the cumulative effect of the AMSC on participants’
understandings of the content presented during the inquiry activities. The knowledge
survey asked questions requiring conceptual understandings of the various content ar-
eas covered. In addition, some “problem solving” questions access troubleshooting and
logical reasoning skills. The scores and resulting improvement from pre-test to post-
test are presented in Table 6. Each student was graded independently by two people,
without student identifiers and without knowing which was a pre- or post-survey. We
find that on average students improved their scores by 80%, spread across the regions
of the knowledge survey. Thus the students improve their understandings of the content
covered as well as their ability to problem solve. Further, because of the length of the
course, the students’ improvements in understanding are not short-lived. In addition,
we note that students #3 and #5 had done several of these activities in a course prior to
the AMSC. This explains their higher “pre” scores, and it is also gratifying to see that
they seemed to retain what was learned.

5.2. Evaluation of AMSC

Students are given a survey at the end of the short course, and then again at the end
of the eight-week program. Responses are very positive, and highlight the following
valuable aspects of AMSC:

• Broadening students’ perspective of Science & Engineering careers

• Practice using reasoning and problem-solving skills

• Communicating, presenting ideas, and interacting with other

• Confidence tackling a problem
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Table 6. Pre- and Post-Knowledge Survey Scores and Gains

Pre- Pre- Average Post- Post- Average
Student Score Score Pre- Score Score Post- Improvement

# 1 2 Score 1 2 Score
1 12 14 13 23 29 26 100%
2 23 26 24.5 27 33 30 22%
3 35 39 37 38 40 39 5%
4 12 12 12 29 32 30.5 154%
5 29 33 31 31 36 33.5 8%
6 19 21 20 37 41 39 95%
7 18 19 18.5 26 27 26.5 43%
8 30 30 30 42 49 45.5 52%
9 17 20 18.5 40 43 41.5 124%
10 23 29 26 31 34 32.5 25%
11 11 10 10.5 32 33 32.5 210%
12 23 26 24.5 39 42 40.5 65%
13 19 19 18.5 44 42 43 132%

Average 20.8 22.9 21.8 33.8 37.0 35.4 79.7%

Evidence of these gains comes from responses to several prompts in both surveys.
At the end of the short course, students complete a short survey on their experience in
the AMSC. Results from the 2009 survey indicate that:

• The overall value of the AMSC was rated highly:

– 75% (9 of 12) students found the AMSC to overall be “extremely valuable”

– 25% (3 of 12) found it to be “very valuable”

– 0% (none) indicated it was “not at all valuable”, “somewhat valuable”, or
“valuable”

• The AMSC changed the way that students were thinking about, or planning for,
their career or education. Sample responses to this question include:

– “I might actually pursue a career in astronomy, I find it really interesting”

– “Not so much education, but my career. I now see that many options exist in
Hawaii for high tech jobs, I don’t have to suffer on the mainland hopefully”

– “Yes, I like the mechanics as much as the software. I might take up electri-
cal or mechanical engineering”

– “Helped me organize my thoughts about my future through advice from
instructors”

• When asked about how much the AMSC helped them learn about science and
engineering processes, students reported that they strongly agreed that the AMSC
helped them learn about:

– Defining or clarifying a question/problem/design (83% strongly agreed)
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– Designing their own experiment (100%)

– Designing their own way to solve a problem (100%)

– Using data to develop a scientific explanation or justify a solution (92%)

– Evaluating their design or solution to problem (67%)

– Thinking about or developing alternative explanations/solutions (92%)

– Experience presenting scientific/technical ideas/results (67%)

– Writing abstracts and preparing posters to present results (75%)

– Comments about the above process skills include:

∗ “forces you to see a problem differently”
∗ “I often have problems defining my problem. This has helped”
∗ “I like to know how things work and figure it out by myself”
∗ “I loved this. When I make my own experiments I learn a lot”
∗ “I like that it encourages thinking outside the box”
∗ “I got to learn to focus on finding the solution instead of just what the

right answer is”
∗ “I have changed my way of thinking”
∗ “I make a lot of assumptions, this has helped to challenge them”
∗ “I gained a lot from this. You can solve problems in many ways”

Students were also asked to complete a survey at the end of the eight-week pro-
gram (seven weeks after finishing the AMSC), and reflect back on the value of the
AMSC.

• Students felt that the AMSC prepared them for their internship:

– 54% (6 of 11) reported that it “prepared me very well”

– 27% (3 of 11) felt “adequately prepared”

– 18% (2 of 11) reported that it “helped somewhat”

– Explanations of the above ratings include:

∗ “the inquiry prepared me for the work I did at ... Presentation practice
also built my confidence to talk in front of people”
∗ “practice presenting to peers has greatly helped me”
∗ “learned more on the job, however it prepared me for interacting with

my mentor and the thinking skills involved in problem solving”
∗ “team work, communication, and presentation skills”

• Students also valued the AMSC in general (regardless of preparation for their
internship):

– 45% rated the AMSC as “extremely valuable”

– 36% rated it “very valuable”

– 9% rated it “valuable”

– 9% rated it “somewhat valuable”
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– 0% rated it “not valuable”

– Comments on the above ratings include:

∗ “helped us students how to interact with others, especially with feed-
back from others”

∗ “learning the thinking process was valuable”

∗ “helped me interact well with other people’s personalities”

∗ “presentation skills, communicating ideas”

∗ “the process of thinking. Question, investigate/experiment, solution”

6. Social and/or Cultural Aspects of the Design in Practice

There were many opportunities for the design of the AMSC to incorporate and integrate
cultural elements. One example is the science and culture educational thread of the
short course. As a part of this cultural thread we invited a native Hawaiian elder (Kahu
Maxwell) to come and discuss the cultural implications of the growing technological
presence on Hawaii with the participants. In addition, we were able to go with Kahu’s
grandson (Dane) up to the Heiau (sacred place/altar) on the summit of Haleakalā at
dawn on the fourth day of the short course where we chanted the traditional Hawaiian
song ‘E Ala Ē’ as the sun rose. From this place of cultural respect, we then toured the
technology/telescope sites atop Haleakalā. This science and culture thread gives the
participants exposure to and respect for both sides of the necessary balance between
cultural heritage and technological innovation. Over the course of their internships
Kahu Maxwell worked with each of the participants individually to address the cultural
impact and implications of their specific internship project.

During the 2009 AMSC, students were exposed to current debate on scientific
development in culturally important areas. After completing a scientific investigation,
students sat in on a community meeting focused on possible means to mitigate the
impact of the planned development of a solar telescope on the summit of Haleakalā.
During the meeting, people argued for and against the installation of a new telescope
on the summit. After leaving the meeting, students were graced with a presentation by
Hawaiian culture and language advisor Luana Kawa‘a. Her presentation “Haleakalā:
A Sence of Place” explained the significance of the mountain to the Hawaiian people
and was intended give the students some cultural background that they may not have
been exposed to. Later in the week, after visiting the Haleakalā summit in person,
students talked in small groups about the pros and cons of telescopes on the mountain.
The discussion allowed students to hear different perspectives from their peers and to
articulate their own thoughts on the issue.

Learners (students, prospective interns) do brief research about the companies they
are going to work for in an two hour long activity. They get basic infromation about
the history, location, number of employees and areas of interest and service/products of
the companies, which are located on Maui (some of them Maui based). This will help
prospective interns 1) learn how to perform research about a high tech company and
what data to look for and 2) perform optimally in their future internship/employment.
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7. Considerations for the Future

The Akamai Maui Short Course is in an ongoing state of evolution. The course builds
upon current research in inquiry teaching and learning and practical experience learned
from years past. There are bound to be many changes as the course is fine tuned in
the future. During the 2009 AMSC the need for modification presented itself when
two out of the 12 students (17%) had previously been exposed to some of the inquiry
activities in other courses. While the AMSC instructors were able to provide these
students with fresh challenges within the inquiry topics, the redundancy likely took
away from the overall experience. Due to the small size of Maui’s academic community,
it is likely that this situation will present itself again in the future. To better prepare,
fresh investigations within each topic should be planned in advance. In addition, future
AMSC instructors should consider diversifying the course to include more engineering
related context in the assignments and the assessment of student progress because many
AMSC students enter engineering related internships. By doing so, the added diversity
may help instructors avoid the problem of redundancy.
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Abstract. The Akamai Observatory Short Course (AOSC) is a five-day course of ac-
tivities designed to prepare college students majoring in science, technology, engineer-
ing, and mathematics (STEM) fields for internships at observatories on the Big Island
of Hawai‘i. The design and implementation of inquiry-based activities in the AOSC
have evolved considerably over the six years of the course. The content goals have
always focused on the basic understanding of light and optics necessary to understand
telescopes, but the scientific process goals gradually evolved to reflect the increasingly
recognized importance of engineering design skills for successful observatory intern-
ships. In 2004 the inquiry-based activities were limited to one well-established Color,
Light, and Spectra activity. In subsequent years more activities were customized and
expanded upon to reflect the learners’ diverse academic backgrounds, the developing
goals of the short course, and feedback from internship hosts. The most recent inquiry,
the Design and Build a Telescope activity, engaged students in designing and building
a simple telescope, emphasizing science and engineering process skills in addition to
science content. This activity was influenced by the Mission Design activity, added
in 2006, that incorporated the application of inquiry-based learning to the engineering
design process and allowed students to draw upon their diverse prior knowledge and
experience. In this paper we describe the inquiry-based activities in the AOSC in the
context of its year-to-year evolution, including the conceptual and pragmatic changes
to the short course that influenced the evolution.

Introduction

The Akamai Observatory Short Course (AOSC) began in 2004 in conjunction with the
Hawai‘i Island Akamai Internship Program, which places undergraduate students from
science, technology, engineering, and mathematics (STEM) fields into eight-week
summer internships hosted by participating institutions from Mauna Kea Observato-
ries. The internship program has a unique model, developed by the Center for Adaptive
Optics, which includes a preparatory course (in this case, the AOSC) and an integrated
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communication curriculum. The goals of program are to develop a local workforce that
reflects the diverse population in Hawai‘i and to advance and retain local students from
diverse backgrounds in STEM fields. The AOSC is the first week of the eight week
program and is a five-day short course designed to prepare students for their internships
by conveying goals and expectations, providing fundamental content knowledge, and
developing necessary research and communication skills. To address several of these
goals, students participated in at least one inquiry-based activity. The AOSC instructors
were typically science and engineering graduate students and postdocs trained in the
Professional Development Program (PDP, see Hunter et al. in this volume), and the
AOSC coordinators were Sarah Anderson and David Le Mignant from the W. M. Keck
Observatory. The PDP includes a week-long series of workshops preparing participants
for designing, implementing, and facilitating inquiry-based activities. After the PDP
workshops the AOSC instructors worked as a design team to develop the inquiry-based
activities and contribute to the planning of the entire short course. The PDP and the
Center for Adaptive Optics (CfAO) were supported as a National Science Foundation
Science and Technology Center program.

The goals of the AOSC are:

1. To prepare interns for their coming research experience, by building skills,
knowledge, and confidence that help them be successful in research.

2. To develop a community amongst the interns which will provide support through-
out the summer, and beyond.

3. To expose interns to the unique opportunities that exist in relation to the obser-
vatories, promote a common enthusiasm for astronomy-related science and engi-
neering, while preserving a deep respect for Hawai‘i’s diverse and rich cultural
environment.

The inquiry activity in the AOSC was designed to fulfill all three goals. Inquiry-
based activities, when properly designed and facilitated, naturally create an equitable
and learner-centered environment that increases students’ interest and confidence in
their ability to do science while they learn content and scientific process skills (see
Hunter et al., this volume), thus addressing the first goal. To meet the second and third
goals, the inquiry activity is designed to promote communication and teamwork and
to provide a common knowledge base that is directly applicable to understanding the
overall functions of the observatories where the students will be working as interns.
All of these goals encourage the advancement and retention of participating students in
STEM fields.

In the early years of the AOSC, the main inquiry activity focused on fundamental
physics of light, optics, and spectra in various combinations and occurred on the last
two days of the short course. From 2006 onward the inquiry activities began on the
first day of the short course as a means of more immediately engaging students in the
learning process, encouraging teamwork and communication, and developing a cohort
among the students and instructors. The precursor to the engineering-based Mission
Design activity was first implemented in 2006. In 2007 the goal of having the students
apply the content knowledge developed in the inquiry to understanding telescopes was
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made explicit, partially to motivate and increase the engagement of students on the tour
of several observatories on the summit of Mauna Kea. In 2008, the main inquiry activity
ended with a Telescope Design Challenge in which students applied their understanding
of light and optics to telescope design using schematic optics and ray-tracing diagrams.
In 2009 the goal of direct application of content knowledge was taken a step further by
replacing the engineering-based Mission Design activity with the Design and Build a
Telescope activity based on the Telescope Design Challenge from the previous year.

The main science inquiry activity in the AOSC was typically about a day long,
beginning in the afternoon of one day and concluding the subsequent morning. Often
this was the first time the students had been exposed to inquiry-based learning with
self-directed investigations and open-ended results, and the experience can initially be
frustrating because the students are in an unfamiliar learning environment. An evening
break gives students time to reflect on their investigations outside the laboratory envi-
ronment and provides opportunity for informal discussion. In the first two years of the
AOSC the inquiry activity occurred during the fourth and fifth days of the five-day short
course. During the next three years the inquiry activity took place during the first and
second days of the short course, with the addition of an engineering-focused inquiry
activity on the fourth day (after the Mauna Kea summit tour). In 2009 three inquiry ac-
tivities occurred on the first three days of the short course and the summit tour followed
on the fourth day.

The inquiry activities took place at either the University of Hawai‘i Institute
for Astronomy (IfA) in Hilo, in the electronics lab at Hawai‘i Community College
(HawCC) in Hilo, or at the W. M. Keck Observatory headquarters (Keck) in Waimea.

The following sections describe the inquiry activities from each year of the AOSC
in the context of their evolution from conveying relatively generic physics content and
process skills in a traditional science inquiry to developing a more sophisticated un-
derstanding of telescope design involving both science and engineering content and
processes.

2004: Color, Light, and Spectra (IfA Hilo), Day 4–5

The 2004 AOSC inquiry activity was the previously developed and well-vetted Color,
Light, and Spectra activity originally designed in 2001 by Matthew Barczys, Seth Horn-
stein, and Lynne Raschke for the CfAO-sponsored Mainland Internship Program. The
content goals of this activity included understanding that 1) white light is comprised of
a broad spectrum of light at many wavelengths, 2) different color filters give different
information about the observed object, 3) light travels in straight lines, 4) focused light
creates images, 5) the same color can be produced by both discrete emission lines and
by a continuous spectrum, and 6) the observed color and brightness of a blackbody de-
pend on its temperature. There were no specific modifications of the Color, Light, and
Spectra inquiry for the AOSC students. The inquiry followed the typical PDP science
inquiry activity timeline:

• Introduction to the concept of inquiry and description of the activity timeline by
a facilitator (instructor).
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• “Starter” stations: students rotate through stations in which facilitators demon-
strate intriguing phenomena and students have some exploration time in order to
generate potential investigation questions (see Kluger-Bell in this volume).

• Grouping of questions according to relevance to fundamental principles by facil-
itators (students have a break).

• Question selection and group formation by students.

• Facilitated investigation time punctuated by a “eureka” or “thinking tool” demon-
stration by a facilitator. Toward the end of the investigation time students prepare
for the next segment.

• Group presentation of question, investigation, and results among students, mod-
erated by facilitators.

• Synthesizing presentation of science content by a facilitator (ideally referencing
student investigations).

The AOSC facilitators were pleased with the Color, Light and Spectra activity
because of the level of student engagement in and demonstrated understanding of the
scientific inquiry process. Furthermore, the student presentations indicated the students
were able to understand the fundamental concept goals designed by the facilitators.
However, the activity lacked a specific connection to telescopes, observatories, or the
students’ internships.

2005: Light and Optics (IfA Hilo), Day 4–5

While the Color, Light, and Spectra inquiry was considered successful, content goals in
this inquiry were not explicitly connected to the core knowledge necessary for working
at the observatories. The 2005 AOSC team designed the Light and Optics activity to
be more applicable to relevant knowledge for observatory internships. The content
goals were oriented toward the fundamental principles used to design and understand
telescope optical assemblies.

The basic design of the Light and Optics inquiry was inherited from another PDP
teaching venue (the COSMOS program, see Raschke et al. in this volume). The content
goals were categorized into a tier structure to represent the increasingly sophisticated
understanding of light and optics. The Tier 1 goals were concerned with the propa-
gation of light in straight lines, while the Tier 2 goals dealt with image formation and
magnification. Finally, the Tier 3 goals focused on optical properties of lenses and mir-
rors such as reflection and refraction. During the the inquiry, students used a variety
of optical elements including pinholes, lenses, and mirrors to investigate phenomena
related to these principles.

The synthesis lecture for this inquiry strictly covered the fundamental optical prin-
ciples described in the content goals. The facilitators assessed the student participation
and understanding as very high. However, again there was no explicit connection made
between the fundamental principles of light and optics and telescopes at the observato-
ries where the interns would be working.
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2006: Light and Optics (IfA Hilo), Day 1–2; Science and Engineering Activity
(Keck), Day 4

The inquiry activity in 2006 was only slightly modified from the Light and Optics in-
quiry taught in 2005, but for the first time the inquiry activity occurred at the beginning
instead of the end of the week, preceding the summit tour. Moving the inquiry activity
earlier in the short course served two purposes. First, the investigation of principles of
optics that are relevant to telescopes motivated student engagement on the summit tour.
Second, the inquiry activity proved successful at encouraging effective group work and
developing a student cohort early in the week. The content, process, and attitudinal
goals continued to be extremely relevant to preparing students for their internships and
promoting retention of the students in STEM fields. However, the inquiry lacked an
explicit application of the science content to telescope design.

A second inquiry-based activity, called the Science and Engineering activity was
first designed in 2006 and implemented on Day 4 of the AOSC. The main goal of the
activity was for the students to gain an understanding of the direct and reciprocal rela-
tionship between science and engineering, including how engineering constraints can
dictate science accomplishments and how technology can enable scientific discoveries.

The Science and Engineering activity required the students to propose an experi-
ment of their choosing to study some aspect of Mars. As a group, the students would
complete a preliminary design of the project and present it to a review panel of “ex-
perts”, who would provide feedback and ultimately determine whether or not the project
is “funded”. The design process is inquiry-based because students have control over
most aspects of the design process, which mimics the early stages of a real engineering
project. Furthermore, the students worked in small groups on planning different aspects
of the mission and needed to communicate between groups in order to make progress.
The experts on the review panel were internship mentors who also shared their exper-
tise with students during the design process. More details about the similar Mission
Design activity implemented in 2007 are presented below.

Both the mentors and students responded positively to the activity. The students
were very engaged despite the activity running an hour and a half over the sched-
uled three-hour duration. In particular, the students enjoyed coming up with their own
project to solve an interesting question of their choosing. On the other side, the men-
tors were impressed with the level of the projects presented to them given the short time
frame the students had to create the proposal.

2007: Light and Telescopes (HawCC), Day 1–2; Mission Design Activity (Keck),
Day 4

In 2007 the primary goal of the light-related inquiry activity shifted from simply under-
standing fundamental light and optics concepts toward the application of those princi-
ples to telescope function and design. This was in part a reflection of the more highly
prioritized goal of providing students with a “big picture” view of astronomy and ob-
servatories. Activities designed to achieve this goal began on the morning of the first
day with a presentation titled Astronomy: More than Meets the Eye, which addressed
the basic scientific goals of astronomy and modern observatories. In previous years the
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equivalent talk was more narrowly focused on a particular area of research or instru-
mentation, for example the supermassive black hole at the Galactic Center or adaptive
optics. The goal of helping students develop a broad understanding of modern astron-
omy and telescopes was also designed to increase student engagement on the tour of
observatories on the summit of Mauna Kea and counteract the potential stress of long
car rides, high altitude, or just hitting the “hump” day in the middle of the short course.

The basic components of the Light and Telescopes activity were similar to the
Light and Optics activity in previous years and featured pinholes, lenses, and mirrors
as tools for investigating the properties of light and the functions of optical components
in creating images. The content goals remained oriented toward fundamental aspects
of light and optics, but they were refined to include the concepts most relevant to tele-
scope design, including: 1) a pinhole creates an image by restricting rays of light from a
source, 2) each point on an optical element produces an image, 3) a focal point is where
images from different points on an optical element overlap, and 4) a larger aperture
produces a brighter image (because more images are superimposed). The question-
sorting step was attempted as an interactive session with facilitators guiding and stu-
dents contributing to the grouping and evaluation of questions, but this deviation from
the typical inquiry activity design proved confusing and time-consuming so it was not
repeated in subsequent years. The inquiry synthesis in 2007 featured close-up pictures
of telescopes at observatories on the summit of Mauna Kea, and the presenter explicitly
described the path of light through the telescope from the astronomical object to where
the light enters instruments. However, this was a passive, lecture-based synthesis that
did not actively engage the students in applying their acquired content knowledge to
telescopes.

This same year the Science and Engineering activity was renamed the Mission
Design activity and organized very similarly to the previous year but allotted more time
(four and a half hours). Additionally, students worked together to choose a destination
for the mission from several possibilities presented by the facilitators. After a brief
description of the activity goals and preview of the agenda, the potential destinations
were motivated by 10-minute talks about astrobiology, the Solar System (in particu-
lar Enceladus, Europa, and Titan), and the engineering process. In 2007 the students
selected Titan because they were intrigued that the high pressure and low gravity atmo-
sphere would allow flight with little energy expenditure. Students then brainstormed
the important science questions, selected a few questions to guide the mission design,
and identified engineering requirements based on the science goals (lasting about 30
minutes in total). For the largest uninterrupted time period (about 90 minutes), the stu-
dents worked in self-selected groups of 3–4 students each to address different aspects
of the mission, for example: refined science goals, fuel/energy source, communication,
science instrument(s), and mobility. This allowed students with different academic
backgrounds to draw on a variety of prior knowledge and contribute to the mission
design, which was key because the interns were not typically astronomy or physics ma-
jors. Students who had already studied optics as part of a physics or astronomy major
had a considerable advantage in understanding the content of the Light and Telescopes
activity, but students were on much more level footing for the Mission Design activity
because of the variety of areas of expertise necessary in a space mission. The variety of
groups working on different aspects of the same mission also emphasized the interde-
pendence of different skill sets and areas of expertise because groups very quickly had
to request and provide information from other groups in order to make progress. De-
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spite the initial interest in flight, students decided to design a submersible rover in order
to search for signs of life in methane lakes, which required substantial feedback be-
tween the science team and the mobility team. During the group work time volunteers
from Keck (where the activity was held) acted as mentors for the groups. The final part
of Mission Design activity featured a mock preliminary design review in which each
group presented their results, including outstanding challenges, to a panel of experts
(the volunteer mentors) and the rest of the groups. The panel provided feedback on
the mission design and perspectives on the engineering process in order to instill the
students with a sense of accomplishment and motivation to continue studying science
and engineering.

2008: Light and Telescopes with Telescope Design Challenge (HawCC) Day 1–2,
Mission Design Activity (Keck), Day 4

In 2008 the light-related inquiry was nearly identical to the Light and Telescopes in-
quiry from the previous year, except that the synthesis was accomplished in the form
of a Telescope Design Challenge instead of a presentation by a facilitator. For the last
hour of the activity, students split into small groups that mixed different investigation
teams. Groups were provided magnets in the schematic representations of optical ele-
ments (converging and diverging lenses and mirrors) and were tasked with using them
to design telescopes on a magnetic white board, drawing the path of the light in their
telescope with a dry erase marker. At the end of the activity each team presented their
design to the entire group. Thus while the structure and the content of the inquiry ac-
tivity was essentially unchanged from the previous year, the synthesis actively engaged
students in applying their content knowledge to telescope design. This brought the
activity one step closer to meeting the goal of understanding telescopes that was first
stated the previous year. While the students enjoyed the challenge of applying their
newly-acquired knowledge, facilitators noticed remaining gaps in the students’ under-
standing of light and optics as evidenced in a ray-tracing diagram. The transition of
knowledge from hands-on investigation with real light sources, lenses, and mirrors to
abstract ray-tracing diagrams was not completely achieved by the design of the inquiry
activity.

2009: Color, Light and Spectra (HawCC), Day 1; Light and Telescopes (HawCC),
Day 2; Build and Design a Telescope Activity (HawCC), Day 2–3

After the 2008 AOSC, it was recognized that students could better understand telescope
design by applying their content knowledge to building a telescope instead of only de-
signing one schematically. With that in mind, the Build and Design a Telescope activ-
ity essentially replaced the Mission Design activity, combining the engineering process
goals of the latter activity with hands-on experience in telescope design using real op-
tical components. The Build and Design a Telescope activity occurred on the second
and third days of the short course and was preceded by the previously mentioned Color,
Light, and Spectra activity and the Lenses and Mirrors inquiry activity implemented in
the 2008 Akamai Maui Short Course for technology internships on Maui.
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Internship mentor evaluations from the previous year requested emphasis on
proper and detailed documentation as a process goal, so that became the main focus
of the Design and Build a Telescope activity. Other process goals included recognizing
tradeoffs, managing time constraints, and meeting design goals despite material limita-
tions. Content goals were less emphasized because the relevant material was covered
in inquires earlier in the week, but they included understanding optical components in-
dividually and in combinations appropriate for telescope design. Attitudinal goals were
mostly group-based and included communicating effectively within the group, devel-
oping a positive attitude toward a challenge, and communicating well with supervisors
and reviewers. A full list of goals is found in Sonnett et al. in this volume.

The Design and Build a Telescope activity was organized similarly to the Mission
Design activity from previous years except that it was extended to two phases (the
detailed schedule is described in Sonnett et al.). During the first phase, the students
formed groups of two or three and were shown a wide variety of materials (convex and
concave lenses, convex and concave mirrors, cardboard, string, etc.). They were then
recruited by one of three fictional companies to design a telescope that was optimized
for a certain task. For example, two groups were recruited by “Pirates arrrrre us” and
tasked with designing a telescope that was portable and flexible, such as a collapsible
spyglass. The students were allotted two hours to design their telescopes and create
a poster schematic. Each group then presented their schematic to a review panel of
engineers from Mauna Kea Observatories. After receiving constructive feedback from
the panel, students were given 30 minutes to revise their schematics before the end of
scheduled activities for the day.

Phase Two began the next day. Each group swapped designs with a group that
had chosen a different task, and each team built the telescope from the other team’s
schematic. The importance of documentation was emphasized because the building
group was only allowed minimal, controlled contact with the design group. After
building telescopes from the schematics, each group created a poster describing how
successfully they had executed the design on the schematic. The final presentations
were delivered much like a poster in a professional conference, that is, students dis-
played their posters simultaneously and described their projects to a small audience in
an informal manner. Because the activity intentionally addressed engineering-related
skills, a content-based synthesis talk was eschewed.

Overall, this activity was remarkably successful. The students experienced a sense
of excitement and ownership of their achievements during this inquiry because they
created original work. This in turn streamlined the realization of content, process, and
attitudinal goals, making them achievable more quickly and deeply. The switch to an
explicitly engineering-centered activity with the same science content as earlier inquiry
activities strengthened the students’ understanding of both scientific and engineering
aspects of telescope design as well as fundamental light and optics. The inclusion of
a building component was crucial in helping students make the connection between
the real and schematic optics and emphasized the importance of clear and organized
documentation.
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Conclusions

The inquiry-based activities implemented in the six years of the AOSC have evolved
dramatically from a relatively generic science-focused inquiry activity to a series of
three inquiries that effectively combine content and attitudinal goals with science and
engineering process skills, all of which are directly relevant to observatory internships.
The changes in the inquiry activities reflected the increased value placed on preparing
students specifically for their observatory-based internships. It should be noted that
the team of PDP instructors changed each year, with at most one or two continuing
or returning instructors each year. Although the science-based inquiry activities were
successful in engaging students and in achieving content, process, and attitudinal goals,
the customized inquiry activities that combined science and engineering goals were
more successful in helping students develop a broad conceptual understanding of light,
optics, telescope design, and the function of modern observatories. As evidenced by the
evolution of inquiry activities in the AOSC, even when well-developed inquiry activities
are relevant for a teaching venue, there is still a tremendous amount of room for refining
goals and adapting well-established science and engineering inquiry activities to meet
those goals.
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Abstract. Community college students who express an interest in science and engi-
neering have excellent learning opportunities in the classroom, but rarely have access
to forefront research experiences. To address this need, we developed the Hartnell As-
tronomy Short Course to provide Hartnell community college students with an authentic
research experience on their home campus. Hartnell is a federally designated Hispanic
Serving Institution, and thus draws a population of students that are underrepresented
in the sciences. The one-week, intensive short course centered on an innovative inquiry
activity in which student investigators used telescope images and spectra to study their
own questions about fundamental galaxy properties, the differences between “normal”
and “active” galaxies, and evidence for dark matter, with guidance from instructor-
advisors. We supported the inquiry activity with lectures and laboratory activities on
light and spectra, cosmology, and extragalactic topics, as well as community-building
and career-oriented activities. Over the four years in which the short course was taught
(2004 – 2007), over 60 students were served.

1. Introduction

Over half of all underrepresented minority1 (URM) students who pursue post-second-
ary degrees enroll in community colleges. Community colleges are therefore an ex-

1Underrepresented minorities include African Americans, Native Americans, Hispanics, and Pacific Is-
landers.
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cellent place to train and encourage talented students who have backgrounds that are
not well represented in the fields of science, technology, engineering, and mathematics
(STEM). Unfortunately, URM students currently do not transfer into four-year science
and engineering programs in proportion to their representation in the U. S. population,
let alone in proportion to how well they are represented in the community college pop-
ulation (MacLachlan & Chavez 2007). One reason for this is that community college
STEM curricula are not always well matched with STEM curricula at four-year colleges
and universities (George et al. 2001).

One major difference between the two- and four-year college environments is that
community college students rarely have access to forefront research experiences on
campus. These research opportunities can play a crucial role in students’ education
and career decisions, as they not only impart critical knowledge and skills, but they
also provide students with the experience of what a science-oriented career might be
like. The Hartnell Astronomy Short Course was developed by a team of astronomy
graduate students and postdoctoral researchers from the University of California (UC)
and faculty at Hartnell College to provide Hartnell community college students with an
authentic research experience on their home campus. Hartnell is a federally designated
Hispanic Serving Institution located in the Salinas Valley, a vast agricultural region
characterized by high rates of poverty, large numbers of migrant farm workers, and
low educational attainment. Given that 64% of Hartnell students are the first in their
family to attend college, Hartnell draws from a population of students that are severely
underrepresented in the sciences.

The content of our intensive, six-day “short course” was focused on galaxy evo-
lution and cosmology, topics that are covered only briefly in introductory astronomy
courses. Students attended the short course for over six hours each day and received
transferable credit2 for their work. We recruited short course students from astronomy,
physics, engineering, and mathematics courses at Hartnell. We also recruited graduat-
ing seniors from local high schools who were likely to attend Hartnell the following fall.
The course was held during four summers (2004 – 2007) on the Hartnell campus, and
each year 12-20 students enrolled. The course was taught by a team of 4-5 instructors,
including a lead instructor, who received training and support for their teaching ef-
forts through the Center for Adaptive Optics Professional Development Program (PDP;
Hunter et al. 2008 and Hunter et al., this volume). Each year, some members of the in-
struction team, or their roles on the team, changed. However, the team always included
a member of the Hartnell faculty, and each year the lead instructor was a UC post-doc
or graduate student who had prior experience teaching at Hartnell.

In the following sections of this paper (§2–§4), we discuss the goals of the short
course, give a description of the course, and detail how we assessed our students’ learn-
ing. We then describe social and cultural aspects of the course (§5), and reflect on the
successes and challenges of the course activities we designed (§6). Lastly, in §7, we de-
tail positive outcomes from the course. Although this short course is no longer offered
at Hartnell, in the latter section we describe how elements of the course have influenced
other courses and programs and Hartnell, and in general how the short course has sup-
ported a lasting partnership between Hartnell and UC Santa Cruz, where the Center for
Adaptive Optics (CfAO) is headquartered.

2Students received one credit-hour, which was transferable to any UC, Cal State, or Cal Poly institution.
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2. Short Course Goals

An institutional goal of the CfAO is to broaden participation in STEM; a complemen-
tary goal of Hartnell faculty and administrators is to position Hartnell students, many of
whom are of URM backgrounds, to transfer into four-year programs to continue their
education. These “bigger picture” goals motivated the design of the astronomy short
course. More specifically, the short course instruction team aimed to increase Hartnell
students’ experience and self-confidence in the research setting so that they would con-
sider and be qualified for research internships the following summer. We recognized
that summer research internships are, in turn, an important step toward pursuing further
education and careers in STEM.

To support these larger goals, the instruction team determined the scientific con-
cepts we wanted our students to learn during the course, as well as scientific process
skills we wanted them to perform and improve at. We then designed course elements
that supported our students’ learning in these areas, and continually assessed students’
progress toward these goals while we taught. We refer to this “goals first” method
of designing curriculum as “Backward Design”, after the article of the same name by
Wiggins & McTighe (2005).

Our content goals, or the scientific concepts we wanted students to learn most
about, were the following:

1. The types of data astronomers work with most are images and spectra, or plots
of an object’s brightness versus wavelength. We can learn about different com-
ponents of galaxies and larger structures in the Universe (such as galaxy clusters)
by taking images and/or spectra of them in different wavelengths.

2. By directly measuring fundamental properties of galaxies such as brightness,
color, shape, and apparent size, we can deduce a great deal about how these
objects formed, interact, and evolve.

3. We can learn even more about the histories of galaxies and galaxy clusters by
inferring other fundamental properties, such as their masses and their distances
from Earth.

The scientific process skills we focused on in the course (our “process goals”) were:

1. Generating and refining research questions, including reflection on what consti-
tutes a “good” research question;

2. Interpreting data represented in graphs, and graphing data of one’s own; and

3. Developing explanations that are supported by evidence.

We also designed several course elements around the goal of creating a “short
course community”, or a community of students and instructors who respected and
learned from each other. Beyond the short course, we hoped students would continue
to stay in contact with each other and with instructors as they moved forward in their
education and careers. In many cases, students have continued to visit and write to
instructors, and many have obtained our recommendations for further research oppor-
tunities and degree programs.
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3. Short Course Description

In Table 1, we show the schedule of the 2006 Hartnell astronomy short course. Al-
though the schedule of the short course changed slightly each year, the main compo-
nents of the course generally remained the same and centered on an inquiry activity
in which students participated in a research-like project (which we called a “research
inquiry”). Below, we describe the research inquiry and other course components in
roughly chronological order, again with a focus on the course as it was taught in 2006.

3.1. Introductory Course Components

Course Introduction. We began by introducing the course schedule and our expec-
tations for students. We asked students to pair up with someone they had not met before
(another student or an instructor), and present some basic facts about them. This helped
students and instructors get to know one another and gave students some very informal
practice speaking in front of each other.

Lectures. We aimed to keep the short course laboratory-based, so that we could give
students practice participating in the processes of doing science. However, we generally
included one lecture per day to give students the background needed to engage in their
labs, or to teach them about topics they were interested in but that were not conducive
to laboratory activities. Our lectures included a general introduction to astronomical
objects and an introduction to telescopes and observing (Figure 1). Other lectures were
focused on cosmology-related topics, such as the concept of redshift, the expansion
of the Universe, the Big Bang and early Universe, and the fate of the Universe. Red-
shift, the apparent reddening of light emitted from an object that is moving away from
the observer, was a particularly important concept to introduce during lectures. Many
students later incorporated this concept and related measurements into their research
inquiry projects. In general, our lectures supported our content goals for the course.

Figure 1. Hartnell short course lecture on telescopes and adaptive optics.
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Generating Questions Exercise. In order to give students practice and self-confi-
dence asking scientific questions during the short course, we developed a simple exer-
cise in which we showed students an astronomical image and asked them to write down
any questions they had about what they saw. We informally modeled a question or two,
such as, “Why is the thing in the middle blue while the other stuff looks red?” Then we
nudged students toward thinking about scientific investigations by asking them to write
down how they might go about finding out the answers to their questions. We asked
willing students to share their questions with the class, and pointed out that, in many
cases, their questions were similar to those professional astronomers might ask. We
scheduled this activity on the first day of the class, and had students repeat the exercise
(with a different image) on Day 5 of the short course. This gave us an opportunity to
assess how students’ confidence and ability to ask research questions (process goal #1)
had improved during the course.

Graphing Exercises. The short course students’ math backgrounds varied
significantly, so we built in some class time and gave homework assignments that gave
students practice generating hand-drawn graphs from data tables and interpreting oth-
ers’ graphs. Graphing assignments supported our process goal #2 and covered material
that was relevant to the rest of the course, including Wien’s Law, the Hertzsprung-
Russell diagram, and Hubble’s Law.

Light and Spectra Lab. To familiarize students with the types of data they would
work with as they conducted their research inquiries, we included a guided laboratory
activity on light and spectra. In this activity, students were further acquainted with
Wien’s law and the concept of a blackbody as we showed them that the spectrum of
a blackbody changes as its temperature changes. They also observed the spectra of
several objects: the Sun, an incandescent light bulb viewed through a yellow filter, and
a sodium gas emission lamp. We discussed the fact that although each of these objects
appeared yellow to the unaided eye, their spectra were different, and we discussed
how different types of spectra arise in nature. Throughout this activity, we emphasized
how to go from thinking about colors seen in hand-held spectrographs to graphs of
an object’s brightness versus wavelength. This activity supported content goal #1 and
process goal #2.

3.2. Extragalactic Research Inquiry Activity

The centerpiece of the short course was an intensive “research inquiry” intended to
give students experience engaging in scientific research. This was not original research
in the sense that students did not work with original data and/or come to conclusions
that were new to the field of study. However, students did work with real astronomical
images and spectra as they asked and answered their own research questions, and so
in this sense the activity mimicked an authentic research experience. The content of
the activity was focused on three areas of extragalactic astronomy: the study of fun-
damental galaxy properties, such as their morphologies; “active” galaxies; and galaxy
clusters. By studying these topics, our students learned the content we had described in
our goals (§2) while simultaneously engaging in the scientific processes also delineated
in our goals.
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Below, we discuss the steps of the activity, including some details on the concepts
our students investigated. Throughout the activity, the instruction team “facilitated”
students’ learning. In other words, we asked questions, provided relevant data, and
gave suggestions, but our focus was on helping students come to their own new under-
standings, rather than giving them direct answers. In this sense, “facilitators” took on
roles similar to those of faculty advisors in a research setting. Each facilitator (instruc-
tor) typically worked with one or two groups of student investigators. We note that the
structure of this activity, and our facilitation strategies, were heavily influenced by our
PDP training on teaching and learning through inquiry (see also IfI 2010).

Starters. We began the research inquiry with a series of three “starter” activities. We
split the students into three large groups and had them rotate through the three starters,
which were each set up at a separate station. At each station, a facilitator showed stu-
dents images and/or spectra on a poster relating to one of the three extragalactic topics
described above. The facilitator pointed out aspects of the data that we hoped students
would find interesting or puzzling, and then asked students to write down any questions
they had about what they saw on large sentence strips (process goal #1). Because stu-
dents had already practiced asking questions during the Generating Questions Activity,
they were very willing to engage in the research inquiry starters. The three starters
looked like this:

• Galaxy morphologies: A facilitator showed students a poster-sized color image
of the Hubble Ultra Deep Field (HUDF) and asked students to notice similarities
and differences between the objects in the image. Some of the questions students
asked about this image include: “What determines galaxy shapes?” and “Do the
colors of galaxies change?”

• Normal and active galaxies: The starter poster included images of a normal and
a “mystery” (active) galaxy taken at many different wavelengths, spectra of the
normal and active galaxies taken at different times, and light curves derived by
measuring the intensity of the Hβ emission line from those spectra. Students’
questions included: “Why does the mystery galaxy’s spectrum change?” and
“Why does the mystery galaxy look like it’s exploding?”

• Galaxy clusters: The starter poster consisted of an optical image of galaxy cluster
Abell 1689, which exhibits strong gravitational lensing of background galaxies,
and an X-ray image of the same cluster. Example student questions were: “Is
there anything between the galaxies?” and “Why do some of the galaxies look
like streaks?”

Forming investigation groups. During a break after the starters, the facilitators sorted
through the students’ question strips, categorized them, and posted them on the wall.
We asked students to read through all the questions and stand next to the one they were
most interested in investigating. Students could choose to investigate a question they
had written or a question of someone else’s; all questions were posted anonymously,
and we set aside only a few questions that were not relevant to our content area or were
not possible to investigate given our data and time constraints. We then helped students
group together in twos and threes based on their common interest in a question.
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Investigations. Once they had chosen a research question to work on, each student
investigation group worked with further data to determine an answer to their question,
or to draw a related conclusion. Students were given a significant amount of time to do
this (∼5 hours total over several days), and each group worked with a facilitator, who
periodically checked in to help the students move forward with their investigations. To-
ward the beginning of the investigation phase, students concentrated on refining their
research questions (process goal #1) and designing their investigations. Facilitators sup-
ported students by asking informal questions such as, “What are you trying to figure
out? What information do you think you might need to do that?” Before the research
inquiry began, the instruction team had gathered relevant data for each starter and inves-
tigation station, so facilitators offered suggestions as students decided which data they
should work with. As the students progressed in their investigations, facilitators’ sup-
port moved more toward eliciting students’ new understandings, with questions such
as, “What have you figured out so far?” In some cases, facilitators stepped in with
brief “thinking tools”, in which they demonstrated analysis techniques (e.g., making
histograms or using a particular equation to derive an object’s mass, process goal #2)
or showed simulations of galaxy interactions (e.g., mergers). Toward the end of in-
vestigation time, students worked toward solidifying their new conclusions in order to
present them in written abstracts and an oral presentation. Some examples of student
investigations follow.

• Galaxy morphologies: Following from questions like those listed above, groups
who chose to work at this station generally investigated trends between galaxy
morphologies and other properties such as colors or sizes, or between galaxy
morphologies/colors/sizes and their redshifts. To support these investigations,
we had gathered color images, surface brightness profiles, contour maps, and
redshifts of many galaxies in the HUDF. Some facilitators also showed their stu-
dents simulations of galaxy mergers, or referred to the homework assignment on
the Hertzsprung-Russell diagram to point out what the colors of the stars within
galaxies imply about their ages. Students drew conclusions from their investi-
gations such as a) classifying galaxy shapes by looking at direct images is more
effective if one can also look at the galaxies’ surface brightness profiles, and b)
the shapes and colors of galaxies change over time, implying that some blue spi-
ral galaxies evolve into red ellipticals, possibly due to galaxy mergers.

• Normal and active galaxies: Students were particularly interested in the time-
varying spectrum and the jet-like features of the active galaxy shown in the starter
poster. In nearly all cases, we facilitated students toward discerning what was at
the center of the galaxy (i.e., what was the source of the jet and the variation in
the spectrum). Facilitators encouraged students to determine the size and mass of
the central object by making measurements from the active galaxy’s light curve
and spectrum. While these measurements were relatively simple, the reasoning
leading from the measurements to size and mass calculations required support.
To help students think about using the active galaxy’s light curve to measure
the size of its central region, facilitators gave an analogy involving football fans
doing the “wave” at a football stadium. Facilitators also referred to the lecture on
redshift, which included a discussion of Doppler shift, when supporting students’
calculation of the mass of the active galaxy’s central object from the width of its
Hβ emission line. In all cases, students measured a very large mass (∼105 solar
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masses) within a small central region (radius ∼1015 cm), and determined that the
only possible object with the calculated density was a black hole. We provided
images and spectra of other active galaxies and data from the Milky Way for
groups who were interested in determining whether our own and other galaxies
harbor black holes, as well.

• Galaxy clusters: At this station, students were motivated to learn what caused
the streaky appearance of lensed background galaxies in the optical cluster im-
age, and why the X-ray image of the cluster did not show individual galaxies,
but instead a diffuse region of light. These questions led students to think about
whether there was any matter between the galaxies, and so facilitators encouraged
students to make mass measurements of the cluster. Students made simple mass
measurements by counting the galaxies that appeared to be in the cluster (red
ellipticals) and multiplying by a) the mass of the Milky Way, from a reference
book, to determine the total mass in galaxies in the cluster, and/or b) the aver-
age number of stars in a galaxy, from a reference text, and the mass of the Sun,
to determine the total mass in stars in the cluster. Facilitators encouraged stu-
dents to make an independent measurement of the cluster mass using the cluster
galaxy redshifts (provided) to determine the cluster’s velocity dispersion. Stu-
dents found that the galaxy cluster’s mass was orders of magnitude larger than its
mass in galaxies or stars alone, implying a significant amount of matter between
galaxies. Depending on time, some investigation groups further researched what
that intergalactic matter might be made up of (e.g., gas or dark matter).

Abstract writing. We wanted to give our students practice writing professionally
about their research, so we required each student to write an abstract about their re-
search inquiry. This writing practice was particularly important because several of our
students were English language learners. (Note that we required students working in
the same investigation group to write their own individual abstracts.) Because most
students were unfamiliar with abstract writing, we gave a presentation on the purpose
and components of a research abstract, and handed out examples of abstracts written
by undergraduate research interns. Short course students and instructors read through
the example abstracts together, pointing out strong and weak points. We then asked
students to begin writing their own abstracts as a homework assignment, using our list
of abstract components as a guide, and we built in class time for students to work with
their research inquiry facilitator on refining their writing. At the end of the class, we
made up booklets containing copies of all the students’ finished abstracts and handed
them out to all the students and instructors, as a lasting record of the students’ work.

Poster presentations. We also required investigation groups to give poster presenta-
tions of their work, to give the students further practice explaining their research and
to help solidify their new understandings (see Figure 2). Though investigation groups
presented their work together, each student within a group was required to speak during
their presentation. Students had 45 minutes to prepare their posters and presentations,
and facilitators encouraged the students to share 1) their research question, 2) how they
investigated the answer to their question, and 3) what they found out. Facilitators en-
couraged students to support their new conclusions by referring to their data/analysis
(process goal #3), and, in a similar vein, to present their findings graphically (process
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goal #2). Each investigation group had 10 minutes to present their work, and both fa-
cilitators and other students were encouraged to ask questions. Students were typically
very comfortable engaging with each other by this point in the course, so the poster
presentations often led to lively discussions.

Figure 2. A student gives a poster presentation demonstrating evidence for a black
hole at the center of an active galaxy.

Synthesis lecture. At the end of the activity, the instruction team gave a lecture sum-
marizing both the content and the skills students had learned and practiced during the
research inquiry. The synthesis lecture was split up into four components, each of which
was presented by a different instructor. Three components covered the content of the
three research stations and referenced the student investigation groups’ work directly,
and the fourth was focused on scientific process skills. This lecture helped to cement
students’ understandings, correct any remaining misconceptions, and demonstrate the
broader applicability of the concepts and skills students had learned.

3.3. Community Building and Other Supporting Activities

Planetarium Shows. Hartnell College is home to a recently renovated planetarium
that naturally complemented the content of the short course. We scheduled several
planetarium shows throughout the course so that students could become more familiar
with this excellent resource on their home campus while continuing to learn astronomy
concepts. Students were encouraged to come to public planetarium shows and even get
involved in presenting the shows. We also used the planetarium as a resource during
students’ research investigations, projecting simulations of phenomena such as galaxy
mergers and structure formation in the Universe.
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Lick Observatory Field Trip. To give the students a sense for the setting in which
professional astronomers make their observations, we took our students to the UC Lick
Observatory, which is a two-hour drive from Hartnell. A resident support scientist
led the students on a tour of the mountain, taking them inside the domes of several
telescopes, through telescope control rooms, and into the rooms where cameras, other
instruments, and even telescope mirrors are stored and/or maintained. At the end of the
tour, students observed with the historic Lick 36-inch refractor. This field trip spanned
an entire afternoon and evening, and so was a major time investment for students and in-
structors. However, the students unanimously enjoyed the experience of observing and
touring the technical facilities. Furthermore, the long drive to and from the observatory
gave students and instructors a great deal of informal time together, and supported our
aim of creating a short course community.

Career Talks. Throughout the short course, we scheduled informal “career talks” in
which we gave students information about how to plan for further education and ca-
reers in STEM. During the first career talk, we presented many possible education and
career paths and emphasized information that many students might be unfamiliar with,
such as what graduate school is like and the fact that most students who pursue doctor-
ates in STEM are funded for their efforts. We also helped students prepare proposals
detailing the milestones they hoped to achieve in future years. Individual instructors
led subsequent career talks, in which they highlighted their own research sub-fields and
teaching experiences, and talked about personal decisions such as financial and family
choices that have been relevant to their careers. These informal talks supported our goal
of creating a community in the classroom by helping students relate more directly to
instructors and by broadening their ideas about their own education and career plans.

3.4. End-of-Class Activities

Final Quiz and Survey. Because the short course was offered for credit, we gave
students a final quiz so that we could assess the knowledge they had gained in the
course. We also administered a survey in which we got the students’ feedback about
strengths and weaknesses of the course.

Class Celebration. After having spent an intensive week together, the students and
instruction team spent some informal time together celebrating their accomplishments.
Students were given certificates for completing the course.

Transfer Day (optional). Short course students were given the option of attending
UC Santa Cruz, which is an hour-long drive away from Hartnell, for an extra day of
activities the week after the formal short course ended. Transfer Day activities focused
on moving students toward transferring to a four-year institution and motivating them to
apply for research internships. Students who chose to attend Transfer Day took a formal
tour of the UC Santa Cruz campus and met with a transfer counselor, who reviewed
their transcripts and helped them discern the course credits and other steps they would
need to take in order to transfer to a UC program. These students also attended the
final research talks given by undergraduates who participated in the CfAO Mainland
internship program, a highly competitive eight-week summer research program. The
talks exposed Hartnell students to the types of research projects they could undertake
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as interns and motivated several to apply to the Mainland internship program the next
year. Transfer Day also motivated at least one student to apply to a four-year program
a semester earlier than he had originally planned, because he learned that his existing
course credits satisfied more UC requirements than he had expected.

4. Assessment of Students’ Learning

Because there was a high ratio of instructors to students in the course, and an em-
phasis on community and on active engagement in the course material, we had many
opportunities for formative, or ongoing, assessment of our students’ knowledge gains.
Formative assessment mainly occurred as we facilitated the research inquiry activity,
and also as we reviewed and gave feedback on students’ abstract writing assignments.
During the research inquiry, we wanted students not only to make measurements or rec-
ognize trends in data, but we also wanted them to relate those measurements and trends
to a broader conclusion about the object that was observed. For example, if an in-
vestigation group measured a trend between galaxy morphologies and their redshifts, a
facilitator might ask, “What do you think that means about how or why galaxies change
over time?” In this way, we hoped students would connect the investigative processes
they were undertaking (e.g., discerning trends in data) to new content knowledge (e.g.,
learning about galaxies’ evolutionary histories).

By conducting our Generating Questions Activity at the beginning and again at
the end of the course, we had the opportunity to (qualitatively) assess students’ im-
provement in asking research questions. We found that students generally wrote down
more questions during the activity at the end of the course than at the beginning of the
course, suggesting greater comfort with asking questions. Also, while questions asked
toward the beginning of the course were often very pertinent and could have led toward
research investigations (e.g., “Why is the large galaxy asymmetric?”), questions asked
toward the end of the course implied greater content knowledge and even suggested
hypotheses (e.g., “Is the ring of dust outside the apparent radius of the galaxy a result
of a merger?”). Furthermore, when we asked students to write down their ideas about
how they would investigate the answers to their questions, they had very few ideas to-
ward the beginning of the course, whereas at the end of the course they had many more
specific ideas about relevant data they could acquire or relevant measurements they
might make (e.g., “The amount of blue stars in the ring of dust might indicate increased
star formation which is one of the consequences of a merger.”). We believe that their
participation in the research inquiry improved the students’ confidence and ability in
asking scientific questions because it gave them practice asking questions and design-
ing relevant investigations. By the end of the course, students seemed more comfortable
vocalizing their questions as well as writing them down, with some of the students who
had been quiet at the beginning of the course later engaging in lively class discussions.

Lastly, we included summative assessment activities in the course to help solidify
students’ knowledge gains and so that we could give them formal grades for the course.
By having students give poster presentations and write abstracts on their research in-
quiry results, as well as take a final exam, we gave them several ways to express their
new knowledge. We note that, in the final exam, students were tested on material from
each of the research inquiry stations, not only on the station in which they conducted
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their investigation. This motivated students to give clear presentations and to ask each
other questions during presentation time.

5. Social and Cultural Aspects of the Short Course in Design and in Practice

As we designed and implemented the short course, the instruction team made many so-
cial and cultural considerations in order to serve the institutional goals of both Hartnell
and the CfAO, and to support our own goals of creating a community in the classroom
and increasing our students’ self-confidence in a research setting. For example, because
we knew our students had many demands outside of the classroom, including jobs and
families, we made careful choices about scheduling the course. Our colleagues at Hart-
nell advised us that students would find it easier to commit a single week to the course
rather than schedule time for the course throughout the summer, so we scheduled the
course over six long days within one week. Furthermore, we scheduled the course the
week before the CfAO Mainland interns’ research talks. This way, our Hartnell stu-
dents could attend the talks and learn more about the internships as a natural follow-up
to the course.

Within the classroom, we encouraged a culture in which students and instructors
demonstrated mutual respect for each other and also challenged each other. In order to
help students relate to instructors as experienced colleagues, rather than “teachers”, we
encouraged them to address us by our first names, as would be done in a graduate-level
research setting. Career talks also helped students relate more directly to instructors.
Furthermore, we encouraged students to ask questions of each other during their in-
vestigations, and more informally to share their education and career plans and other
interests with each other during lunch breaks and field trip time.

Throughout the short course, we set up the expectation that students would have
primary responsibility over their own learning. We made it clear that although we
would support them, we would not explicitly give students correct answers or directly
guide their work. We built in activities such as the question-generating exercise to
give students practice with research skills as well as increase their comfort with the
responsibility of directing their own learning. During investigation time, some students
became frustrated when they got to a point where they did not know how to proceed
further. We made it clear that getting “stuck” is a natural part of the research process,
and encouraged them to brainstorm their way forward, with hints and suggestions from
their facilitators. In some cases, students who initially were inclined to disengage when
they got “stuck” later became more encouraged at these challenging points, because
they realized they were on the verge of learning something new.

Because our students had a wide variety of backgrounds and interests in math and
the sciences, it was important to design course activities that would engage students
in different ways. This was why we designed three different stations in the research
inquiry activity, and even within those stations supported many different investigation
pathways. Furthermore, we built in several different ways for students to express their
new knowledge throughout the course. Few of our students had prior experience speak-
ing and writing about research, and many of them were English language learners, so
this was an especially relevant consideration. Giving students many informal speaking
opportunities during the class helped them prepare for their formal presentation at the
end of the course. We also spent a significant amount of time working with students
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as they wrote their research abstracts. Informal math assignments that gave students
practice plotting and interpreting graphs were relevant to their research investigations
and the work we asked them to demonstrate on their final test. Even within this “short”
course, there were many different ways in which students could engage in science and
demonstrate their learning.

6. Reflecting on the Teaching Experience

The Hartnell Astronomy Short Course was successful in many respects, and in this sec-
tion we reflect a bit more on the successes and challenges of teaching the course. One
of the simplest, but most effective, course components was the Generating Questions
activity. When designing this exercise and planning to implement it both at the begin-
ning and end of the course, we thought it would serve as a way to qualitatively measure
students’ gains in the ability to ask “good” scientific questions. An unexpected posi-
tive outcome was that by engaging in this activity at the very beginning of the course,
students were then primed to write down questions at the beginning of the Research In-
quiry Activity and needed very little prompting at that point. If we had had more time
to develop the Generating Questions exercise, we would have developed a rubric for
assessing scientific questions and shared our rubric with our students. This could have
led to a more in-depth class discussion on what makes a “good” scientific question.

The Research Inquiry Activity was a highlight of the short course, not only be-
cause the students were able to take part in a research-like activity, but also because the
instruction team members were able to gain valuable experience designing and facilitat-
ing an inquiry activity. While all of the research stations we designed were engaging to
students, the most successful in terms of the inquiry process was the station on galaxy
morphologies. In this station, many investigation paths were available to students, in-
cluding paths that were accessible to students who did not have a great deal of prior
experience with advanced physics and math concepts (e.g., exploring schemes for clas-
sifying galaxy morphologies). One important note about this station is that there is
an overdensity of red elliptical galaxies in the HUDF at redshift ∼0.7, which made it
difficult for students to discern evolutionary trends in galaxy colors and morphologies
out to redshifts beyond 1 unless we introduced them to physical mechanisms such as
galaxy mergers.

The “normal” and “active” galaxy station was the most popular with students,
who were intrigued by the time-varying and jet-like features of active galaxies. One
drawback of this station was that there was only one major investigation path. On
the other hand, students were very interested in the fact that different investigation
groups measured somewhat different sizes and masses for the central region of the
active galaxy we highlighted. With more time, this could have led to a discussion on
estimating measurement errors. The station on galaxy clusters allowed for more than
one investigation path, but required the most advanced physics knowledge as students
calculated the masses of various components of the cluster we focused on. In some
cases, a certain amount of trust was even required, for example when we explained how
astronomers determine the mass of hot gas in a cluster from X-ray measurements.

Although we had an unusual course schedule and a large instructor-to-student ra-
tio, we emphasize that our short course could be adapted into a more standard labo-
ratory course format, with a single or perhaps two instructors. The Extragalactic Re-
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search Inquiry could form the basis for such a course. We taught the three stations of
the Research Inquiry concurrently and allowed students to choose which station they
explored, but the stations could instead be taught in series, with each station spanning
a few laboratory class periods. A benefit of this is that students could then investigate
in more depth at each of the stations, and ultimately they would learn more content.
As noted in Lopez (2007), the Hartnell Astronomy Short Course is a model that could
be drawn from at other community colleges to increase the involvement of historically
underrepresented students in STEM.

7. Short Course Outcomes

The short course was the highest-level astronomy course offered at Hartnell and was
very well received by students. To demonstrate student response to the course, we
continue to use the 2006 short course as an example and share some results from the
student survey that year. When the students were asked to rate the overall value of
the short course on a five-point scale, with 1 corresponding to “not at all valuable”
and 5 corresponding to “extremely valuable”, they gave a mean response of 4.57 (12
students responded). Some of the highest rated components of the course were the
research inquiry investigation time, which received a mean rating of 3.75 out of 4,
and the field trip to Lick Observervatory, which received a mean rating of 3.92 out of
4. On the latter scale 3 corresponded to “good”, 4 corresponded to “excellent”, and
all course components received mean ratings above 3. Furthermore, 11 of 12 survey
respondents reported that they “strongly agreed” that the short course “provided me
with an opportunity to think like a scientist”.

In this survey, students were also asked to rate their understandings of various
scientific activities both before and after the short course, using a scale from 1 to 4,
with 1 = poor, 2 = okay, 3 = good, and 4 = excellent. Some dramatic gains that
directly related to our goals for the course included students giving a mean response
of 1.50 in their “understanding of the day-to-day life of young researchers (graduate
students/post-docs)” prior to taking the course, and a much higher mean response of
3.67 after taking the course. Similarly, under “confidence for working in a research
position, such as an internship, in the future”, students gave a mean response of 2.00 on
their confidence prior to taking the course and 3.42 on their confidence afterward.

Some of the students also wrote comments on the survey that indicated their in-
terest in continuing their education in science as well as their rapport with the course
instructors (the following quotes are from 2005 and 2006 short course students):

• “It was a really good experience [to] work as a scientist. I personally felt like one.
Also it was a very good experience working with professional people. I hope I
can be one of you one day.”

• “I want to go to graduate school now, whereas I only wanted a BS.”

• “I love science a couple degrees in magnitude more. If anything its inspired me
to passionately persue [sic] my interests.”

Four of the short course students later went on to participate in the highly compet-
itive CfAO Mainland internship program. Although we have not formally tracked the
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short course students, we know from informal correspondence that at least 25 of the
total 61 students who took the course have since transferred on to four-year institutions
to pursue science or engineering bachelor’s degrees. At least four of our students have
already completed four-year degrees and are now pursuing graduate degrees in STEM.

Besides being an excellent opportunity for Hartnell students, the short course was
an important teaching laboratory for the instruction team. We had all received training
on inquiry learning and teaching through the CfAO Professional Development Program,
and we were also fortunate to have strong institutional support from Hartnell, so that
we had a great deal of freedom to decide on the content of the course without extensive
curriculum reviews. The collaboration between UC- and Hartnell-based instructors ce-
mented a strong partnership between UC Santa Cruz and Hartnell. This partnership was
immediately recognized by high-level administrators at Hartnell, and was highlighted
when the Hartnell President/Superintendent presented the CfAO with the President’s
Partnership of Excellence Award in Spring 2005 (Stephens 2005). Although the short
course is no longer being taught at Hartnell, the partnership continues as UC graduate
students and postdoctoral researchers continue to teach and collaborate with instructors
at Hartnell.

Most recently, several UC teams have designed and taught inquiry activities in an
astronomy laboratory course at Hartnell (see McConnell et al. and Putnam et al., this
volume, for more) through the Transforming Undergraduate Laboratory Experiences
program, which is currently funded by the National Science Foundation (NSF). UC
graduate students and postdocs have also designed and taught inquiry activities for the
NSF-funded Summer Undergraduate Math and Science “bridge” program for entering
Hartnell students (see Dorighi et al. and Yuh et al., this volume). We regard our stu-
dents’ continuing successes and the institutional partnership between Hartnell and UC
Santa Cruz as very important, lasting outcomes of the short course.
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Abstract. From 2001 to 2007, COSMOS provided a teaching and outreach venue
for the Center for Adaptive Optics Professional Development Program (CfAO PDP).
COSMOS is a four-week residential mathematics and science summer program for
high-school students organized by the University of California on four of its campuses.
Two topical science courses comprised each COSMOS cluster. An astronomy course
has always formed a basis for the CfAO PDP-affiliated cluster. The course included
a variety of pedagogical techniques to address a diversity of learners and goals. We
outline the astronomy course—lectures, activities, etc.—and provide the rationale for
what was taught, how it was taught, and when it was taught.

1. Introducing COSMOS and the CfAO’s Course Cluster

The California State Summer School for Mathematics and Science (COSMOS) is a
month-long residential academic and enrichment experience for high school students.
The University of California, Santa Cruz (UCSC) is one of the four UC campuses
that host a program.1 For four weeks, COSMOS students divide their time between
program-wide events, both academic and recreational, and their course “clusters.” A

1http://epc.ucsc.edu/cosmos/
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cluster is a pairing of two math or science-based courses, such as astronomy and vision
science. While there are COSMOS program-wide academic activities (lectures on cur-
rent science research, career panels, etc.), the majority of academic time is dedicated to
the cluster. Typically students spend about six hours per day in cluster activities. For a
wider perspective on COSMOS at UCSC, see Andreasen et al. (2005).

Each cluster has a teacher fellow (TF), two or more instructors (at least one lead
instructor per course), and a similar number of teaching assistants. In addition, the stu-
dents’ social and other activities are chaperoned and organized by COSMOS resident
assistants. The teacher fellow is a local high-school teacher and is the one instructor
who attends all academic events with the students. The TF forms a bridge between the
two courses by helping the students synthesize the content from the courses and the
COSMOS-wide lectures as well as communicating with the instructors about the mood
of the students. The TF also teaches an approximately six-hour-per-week section on
“Transferable Skills,” where the students learn about, e.g., spreadsheets and preparing
presentations, which are beneficial to both courses. Key to a successful cluster is the
TF’s experience with high school students—a valuable resource for the other instruc-
tors. The instructors are often UCSC faculty or doctoral students, and they are in charge
of teaching lectures, labs, etc., to the whole cluster.

The Cluster 72 teaching assistants were more than aides to the instructors. They
were leaders of small-group research projects; therefore, we refer to them as project
advisors. All COSMOS students participate in a research project in their cluster, and
the last academic day of the four weeks is Presentation Day, when the students share
the results of their research. Each cluster handles the research projects in its own way.
In Cluster 7, there were a variety of pre-designed research projects. A project advisor
worked in collaboration with two to three students to collect, analyze, and interpret data
on a specific topic. Cluster 7 had typically allotted the majority of the last two weeks
to project time, totaling 20 to 30 hours. Our emphasis and devotion to the small-group
research projects was one of the most unique and successful aspects of Cluster 7. The
high staff-to-student ratio of Cluster 7, and all that it enabled, was largely made possible
through our relationship with the Center for Adaptive Optics Professional Development
Program (CfAO PDP).

Cluster 7 developed alongside and over about the same time period as the edu-
cation programs of the CfAO, a National Science Foundation science and technology
center. The CfAO’s extensive education and outreach program is largely driven by its
PDP (Hunter et al. 2008, also see Hunter et al., this volume). Through the PDP, scien-
tists, engineers, and/or educators learn inquiry-based teaching techniques and issues of
diversity and equity in the sciences. PDP participants practice teaching in a range of
venues; COSMOS Cluster 7 has often served as a teaching laboratory for PDP partici-
pants. All of the lead instructors and developers of this course have been participants,
and in addition, we recruited teaching assistants (a.k.a. project advisors) and facilitators
for hands-on and/or inquiry activities (see §2) from the PDP community.

Cluster 7 provided an opportunity to reach out to students lower on the “leaky sci-
ence pipeline” (Atkin, Green, & McLaughlin 2002; Hurtado, Eagan, & Chang 2010)
and encourage and prepare them for college. With this aim in mind, we recruited

2The CfAO’s cluster was initially Cluster 10 but has been Cluster 7 for most of the time. Hence, we
consider Cluster 7 synonymous with the CfAO’s cluster.
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and selected students as follows. During the school year, Cluster 7 instructors and/
or PDP staff did targeted recruitment, giving presentations at partner high schools.
The partner schools typically had large numbers of: minorities under-represented in
science; English-language learners; free/reduced lunch recipients; and/or (potential)
first-generation college-bound students. COSMOS then provided our cluster with ap-
proximately 40 applications of students who passed initial selection criteria and ranked
our cluster as their first or second choice and/or applied as a result of our targeted re-
cruitment. Typically, Cluster 7 instructors performed a holistic review but gave weight
to teacher recommendations and achievement potential despite lesser opportunities or
economic disadvantage. We aimed to give opportunities to students who may not have
attended such a program previously. In addition, while applicants ranged over four
grades, we prioritized the students entering 10th and 11th grades, the age where we
were best able to affect their college application pathways. We ranked the applica-
tions, which may also have been highly ranked by another cluster, and then the campus
COSMOS office placed the highest-ranked students into their preferred cluster until all
clusters had 15 to 18 students.

The astronomy course partnered with a vision science course from 2001 to 2006
and a mixed biology course in 2007. This paper focuses only on the astronomy course.
In §2, we will briefly describe the various lectures, hands-on activities, and inquiries
used over the years. We will refer to these components as we outline and explain the
four-week schedule from 2007 in §3. How this specific schedule can be rearranged
to accommodate other considerations will be described in §4. Final thoughts will be
discussed in §5. Other documentation, e.g., presentations, handouts, etc., from Cluster
7 (2005–2007) can be found online.3

2. Curriculum Components

Before we can discuss the rationale behind the astronomy course as a whole, we need
to briefly describe all the lectures, hands-on activities, and inquiries used in the course
over the years. In Table 1, we give the title, approximate duration, and basic purpose of
the curriculum components used over the years. They are listed, roughly, in the order
historically used. In the tables, the components are described only in terms of their
content and methodology. The motivation for why the components were designed as
such will be explained in §3 and §4.

Three overarching themes of the course were: (i) all astronomers have to study
is light; (ii) scientific investigation is an iterative, multi-step process; and (iii) the stu-
dents are capable of scientific thinking and inquiry. The first theme drove the content
taught, namely: telescopes and instrumentation; physical properties of light; and cur-
rent understanding of the Universe. We designed activities that allowed the students to
practice scientific processes (second theme). By engaging them in doing science, we
aimed to have the students prove to themselves that they could think analytically and
pursue scientific careers if they chose (third theme).

Lectures, hands-on activities, and inquiries were the tools that we used for any
given pedagogical need. In general, the lectures were slide presentations. This mode of

3http://space.mit.edu/˜kcooksey/teaching.html.
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Table 1. Curriculum Components

Title Length Brief Description
hrs mins

Lectures
Overview & Introduction – 45 History of cluster and affiliation with CfAO;

course topics, schedule, and expectations.
Our Place in the Universe 2 45 Taxonomy of Universe—solar system to

super-clusters of galaxies; astronomy jargon.
Telescopes 1 – Refracting and reflecting telescopes; tele-

scope size, sensitivity, and resolution.
CCDs 1 – How charge-coupled devices (CCDs) work

and are used in astronomical observing.
Astrophysics I: Cosmology 1 45 Formation, evolution, and projected future of

Universe.
Adaptive Optics 1 – How adaptive optics (AO) systems work and

are used in observing.
Astrobiology 1 30 Short video about variety of life on Earth; dis-

cussion on definition of life and habitability
of planets.

Astrophysics II: Stars 1 45 Formation and evolution of stars of different
mass.

Hands-on Activities
Telescopes – 20 Explore properties of refracting telescopes

with hand-built cardboard telescopes.
Telescopes & Optics 3 – Explore telescope optics with cardboard tele-

scopes, lenses, mirrors, and ray boxes.
Human CCD – 30 Mimic CCD functions (from receiving data to

reading it out) with students with buckets as
pixels and confetti as photons/electrons.

Lick Observatory
Field Trip

9 – Tour astronomical observatory, attend history
lecture, and observe with 36” refractor.

Color, Light, & Spectra
(CLS)

1 30 Learn about continuous, absorption, and
emission spectra with spectrographs and con-
tinuous and emission sources.

Night-Sky Observing 2 – Observe objects with small telescopes and
naked eye at UCSC.

Remote Observing
(each group)

1 – Observe objects with Lick Observatory 1-m
telescope from UCSC, for small-group re-
search projects.

Inquiries
Optics Inquiry 5 45 Investigate properties of light and simple op-

tics (see Raschke et al., this volume).
Color, Light, & Spectra
(CLS) Inquiry

5 45 Learn about continuous, absorption, and
emission spectra with spectrographs and con-
tinuous and emission sources.

teaching was the one to which the students were most accustomed. We would engage
the students by soliciting questions and answers, taking breaks, and integrating the
hands-on activities. In all lectures, there was a minimum of content that needed to be
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covered and getting “side-tracked” by the students’ interests was completely acceptable.
While potentially open-ended, the hands-on activities were typically structured around
clear instructions and represented another comfortable endeavor for the students. On
the other hand, each inquiry activity was designed to subtly guide the students through a
full, self-motivated scientific investigation, from defining a question to sharing results.
Raschke et al. (this volume) describes in detail an inquiry used by Cluster 7. Students
were least likely to be previously familiar with the inquiry style of learning, and this
was taken into account in designing, scheduling, and implementing the inquiry.

3. Example Schedule: 2007

In 2007, “Cluster 7: Stars and Cells” featured our astronomy course and a partner
biology course. In this section, we detail the astronomy course curriculum and explain
the rationale. The four-week schedule is outlined schematically in Figure 1.

There were two perspectives on the goals of the astronomy course: the students’
and the instructors’. The students chose Cluster 7 to learn about astronomy and/or biol-
ogy; their goal was content-oriented. The astronomy instructors wanted to develop the
students’ abilities to think scientifically, which would benefit them in any career, though
we emphasized science careers; our goals were process- and motivation-oriented. We
engaged the students in the processes of doing science in the content area(s) in which
they were interested; they had to learn specific content in order to successfully advance
throughout the course and to succeed in their small-group research project. As men-
tioned in §1, all COSMOS students undertake a research project, and Cluster 7 has
emphasized this (by devoting time and resources—essentially the last two weeks of
the program) more than other clusters. In 2007, the projects included Variable Stars,4

Galaxy Morphologies, and Astrobiology.5 These projects drew heavily on previous
course content. (Other projects developed for other years of Cluster 7 include Globular
and Open Star Clusters6 and Planetary Nebulae.) The research projects were a synthesis
of content and processes from the astronomy course.

Since part of the students’ final success was giving an outstanding presentation
on their research projects, we wove into the course opportunities for the students to
practice giving talks. They gave short presentations on a recent Astronomy Picture of
the Day.7 Then their peers gave specific compliments and critiques. Also, our inquiry
investigations required short presentations; the transferable skills course and partner
biology course also incorporated practice presentations.

In 2007, we had 17 students from 13 different schools. The importance of ice-
breakers, bonding, setting the right initial tone, etc., cannot be overstated. On Opening

4Documentation for the 2004 version of the Variable Stars project can be found at http://space.mit.
edu/˜kcooksey/COSMOS/varstars04.html.

5For details about the 2007 Astrobiology project, see Quan et al., (this volume).

6More details about the 2005 versions of the Globular and Open Clusters projects can be found at http:
//www.ucolick.org/˜kirsten/COSMOS05/index.html.

7http://apod.nasa.gov/apod/
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Figure 1. Schematic of “Cluster 7: Stars and Cells” 2007 schedule. The astron-
omy course components (blue) are described in Table 1; the “Remote Observing”
activity on the third Tuesday is shaded as small-group research project time (red).
Research time blocks are labeled generically except for when there was college coun-
seling (fourth Tuesday). Similarly, Transferable Skills sessions are not described
(yellow) except for the project selection event (third Monday). The partner course
was ecology and evolutionary biology and paleontology (green). COSMOS-wide
activities are shown (gray) though the lunch hours and evening break are just thick
(gray) lines. Events that extended beyond the time shown are indicated by dashed
lines. In the last week, part of an afternoon was for the whole Cluster 7 (tan). Pre-
sentation Day (not shaded) included Cluster 7 and two partner clusters.

Day, the whole cluster—instructors, project advisors, teacher fellow, resident assistants,
and students—gathered and began getting to know each other.
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The first astronomy “lecture” was a simple introduction to Cluster 7 and an over-
view of the next four weeks. This was the first formal opportunity to influence how the
students should participate in class. We introduced one of the main course themes: all
astronomers have to study is light; we used this as a vehicle to encourage questioning,
participation, and risk-taking. In this case, we showed a full-color astronomical image
and had students make observations and ask questions about the image. We shared
what astronomers observed and how they interpreted the image. The “Overview and
Introduction” lecture thus introduced content and processes and set expectations for the
class: be curious, ask questions, and be respectful of others.

The first content-full lecture was “Our Place in the Universe,” where we explored
the taxonomy of the Universe from the solar system to super-clusters of galaxies. This
was the only lecture where galaxies were discussed, and we set the seed of interest for
the Galaxy Morphologies project here.

To address the overarching theme that “all astronomers have to study is light,”
the course placed importance on the tools of astronomy: telescopes, charge-coupled
devices (CCDs), and adaptive optics. Since it was early in the course, we designed a
guided activity (“Telescopes & Optics”) where the students introduced themselves to
simple refracting telescopes and how optics work. We emphasized that the students
were to explore what interested them with the materials given. The process of under-
standing a multi-component, multi-property system (refracting telescope) was divided
into a few steps, within which there was freedom to come to one’s own understanding.
After about an hour of small-group investigation, the students informally shared with
the class their understanding of lenses, light, and telescopes.

The day after, there was a short traditional lecture,“Telescopes.” We reviewed what
the students taught themselves and each other the previous day. Then we built upon
that to teach how reflecting telescopes work. The formal presentation of ray tracing
was intended to codify the students’ understanding of how lenses and mirrors bend
light and form images. Some students preferred the lecture format, so addressing this
material in two different ways helped assure that expertise was distributed equitably.

Once the students learned how astronomers collect light with telescopes, the next
step was to teach how data are collected. The next lecture was “CCDs,” which included
the “Human CCD” activity. Since verbally explaining how CCDs function was difficult,
we had the students work as a group to mimic a CCD receiving photons and reading it
out (“bucket brigade” style) to reconstruct the image. The bucket and confetti “Human
CCD” was a robust analogy that allowed us to run through a variety of properties of
CCDs. It is also a very fun activity!

The “Astrophysics I: Cosmology” lecture/discussion followed. It was an ideal
topic to break the flow. This was about the end of the first week, and the students were
generally tired, but the topic of the formation and evolution of the Universe was very
enticing. The “lecture” followed their questions to the topics that interested them.

The two most important events of the astronomy course occurred in the second
week: the observatory field trip and the inquiry activity. Since an adaptive optics (AO)
system is part of the observatory tour, prior to the field trip was the “Adaptive Optics”
lecture. After this lecture, the astrobiology project advisors led the “Astrobiology”
class discussion, beginning with a compelling video on the diversity of life on Earth,
including organisms that live in extreme environments (see Quan et al., this volume).
From this starter, the class together defined life and tied extremophiles to the possibility
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of life on other planets. The students had read an article explicitly on extremophiles to
bolster their knowledge of the topic. This lecture planted the seeds for students’ interest
in the Astrobiology project, similar to what “Our Place in the Universe” did for the
Galaxy Morphologies project.

The field trip to Lick Observatory on Mt. Hamilton consisted of: a long, winding
drive, which has always proven to be valuable unstructured time between instructors
and students; a tour of the many telescopes on the mountain; a picnic dinner; a history
talk about the Observatory; and observing the sky by eye and with a telescope. On
the field trip, a hint was planted for the Variable Stars project.4 Extrasolar planets are
a main research theme at Lick; one detection method is the decrease in the brightness
of the host star when the planet eclipses it. The beginning of the Variable Stars project
relies on the students remembering this (or the project advisor facilitating the students
remembering). On the field trip the students also visited and learned about the 1-m
telescope that the astronomy research projects used to collect data.

In 2007, the showcase inquiry was the “Color, Light, & Spectra (CLS) Inquiry.”
This inquiry, originally created for undergraduates, was re-designed for high school
students by four CfAO PDP participants; three facilitated the inquiry. The main content
goals were: light is composed of all colors, and there are three kinds of spectra. The
facilitators (instructors) intertwined this content with scientific reasoning skills in the
inquiry, because the students would utilize both during research project time. All of the
projects relied on the students using the different colors of their astronomical objects to
gain understanding of the underlying physics. We also wanted the students to complete
an investigation before they moved into project time. Here again was an opportunity to
practice giving a presentation.

The first day of the third week was project selection day, when the research
projects were presented and students ranked their selections. The instructors sorted
the students into groups largely based on the students’ rankings but also with consider-
ation for the small-group dynamics, an easily-overlooked point that was very important.
Since the instructors handled the sorting, they ultimately decided who might make good
groups without openly exposing this to the students. This was in contrast to an earlier
lottery-style assignment process, wherein instructors must either abide by the students’
choices or make an obvious (and potentially regrettable) intervention on-the-fly.

We scheduled an optional night-sky observing excursion for that evening. On the
following evening, the astronomy research project groups, Variable Stars and Galaxy
Morphologies, met for “Remote Observing” using the 1-m telescope on Mt. Hamil-
ton, from the CfAO conference room. The students were in communication with the
astronomer (their Lick tour guide) at the Observatory, who assisted in the observa-
tions. The remote observing capabilities gave students the identical experience of any
astronomer, a point which we emphasized to reinforce the students-as-scientists theme.

The last astronomy lecture was “Astrophysics II: Stars,” which built heavily on the
CLS Inquiry content. The main points were: short-lived massive stars are hot, bright,
and blue, and less massive stars are the opposite (cool, faint, and red). The Galaxy
Morphologies project relied and expanded on these principles.

For the last week and a half, the students focused largely on their research projects.
However, our cluster also planned several bigger-picture elements to break up this re-
search time and address extremely important topics. Early in the last week, we or-
ganized a UCSC admissions counselor to review and discuss the students’ transcripts.
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The counselor suggested what classes to take and grades to aim for, in order for the
student to qualify for acceptance to UC. This individual attention and analysis was not
necessarily the sort that our students had received or could receive at their schools (see
§1 for details on student selection). The students met with the counselor in groups of
two to three, by grade. This divided the research groups, so the project advisors had
to account for this. Any students who felt reserved about their transcripts met with the
counselor individually.

The same day Cluster 7 met for a “college/graduate school/life” overview and
panel discussion. The overview part was a summary of the steps from high school to
graduate school and suggestions for along the way (e.g., where to find scholarships).
Then, we made four groups of students and staff and spent one and a half hours fielding
questions and sharing experiences. We mixed up the students in the groups half way
through to increase the interactions. Since many of our students would be the first
college students in their families, they had many questions, worries, and uncertainties
about pathways to, through, and from college. After all the talk about the future, the
students had a chance to “meet the future” via the annual Cluster 7 reunion picnic on the
beach. We invited all previous Cluster 7 students and staff to share how the COSMOS
experience played out afterward.

The last academic day was Presentation Day. Cluster 7 has always performed
exceptionally well on Presentation Day because the project advisors devoted significant
time to working on the presentations with the students. As the students developed and
practiced their group presentations, we were assessing what they understood in order to
teach any final points and to evaluate our success as teachers.

4. Motivating Alternative Schedules

From 2001 to 2006, Cluster 7 was known as “Stars, Sight, and Science” and was a
pairing of astronomy and vision science courses. The original astronomy course was
designed in conjunction with the vision science course, and we made choices about
the astronomy components in light of what would also be beneficial for both. The
2007 schedule largely contained the same astronomy components in the same order.
Changes were made to accommodate the new partner course and incorporate newly
designed activities. Here we rationalize some of the key differences in the schedules.

The main differences in the “Stars, Sight, and Science” schedule were as follows:
there were no “Cosmology” or “Astrobiology” lectures/discussions; we had an “Optics
Inquiry;” we used the “Telescopes” activity in the “Telescopes” lecture; and CLS was
a hands-on activity instead of an inquiry (see Figure 2).

There was more time for astronomy lectures in the 2007 schedule since there was
one less field trip and less research project time. There have always been three main
field trips; in 2007, they were Lick Observatory, a pelagic boat tour, and a fossil hunt. In
the years of “Stars, Sight, and Science,” the last two trips were to the Berkeley School
of Optometry and a science museum, the Exploratorium. A fourth field trip, to the
Mystery Spot, tied in with the visual illusions taught. During the field trips, students
were introduced to professionals who were using and/or doing what the students were
learning and/or doing. They also provided important unstructured time for student-
staff interactions, but the loss of one trip was necessary due to budget constraints. To
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Figure 2. Schematic of “Cluster 7: Stars, Sight, and Science” 2005 schedule.
The color coding is the same as used in the 2007 schematic (Figure 1), except the
2005 partner course was vision science (green). Though this schedule had a fairly
distinct “astronomy course week” (first) and “vision science course week” (second),
the whole Cluster was more cohesive due to the extensive collaboration between the
astronomy and vision science instructors, all from the PDP community, during the
curriculum design. In addition, there was more topical cohesion since both courses
taught about optics, color, and adaptive optics.

compensate, we had a picnic on campus and a short tour of the UCSC Lab for Adaptive
Optics. We learned that the picnic was not a good choice, since the students preferred
eating in the dining hall where they caught up with their friends from other clusters.
This was a lesson in coordinating with the larger program. The Lab tour had the benefit
of allowing the students to see a simple AO system (Harrington et al., this volume).
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There was less project time in 2007 because the other course elected to cover
more material than the previous vision science course. Supporting the needs of the
research projects was a priority and affected the final schedule, including an entirely
new “Astrobiology” lecture in 2007. That year there were five students participating in
the Astrobiology project. This project was designed specifically for the 2007 Cluster 7
(Quan et al., this volume); it acted as unifying topic to the two courses.

When paired with vision science, we used the “Optics Inquiry” instead of the
CLS Inquiry since a good understanding of optics would support the astronomy and
vision science content. For 2007, we modified the Optics Inquiry into the “Telescope
& Optics” activity to convey similar content and to retain elements of the students in-
vestigating on their own. The color, light, and spectra content was more fundamental to
all of the astronomy research projects, so when we were not paired with vision science
in 2007, we chose the CLS Inquiry as the only inquiry activity. With even more astron-
omy projects (the two Star Clusters projects6 and Planetary Nebulae), the CLS content
would be even more fundamental and drawn upon in project time.

Another substantial difference between the 2007 schedule and prior years’ was
the distribution of the astronomy and other courses’ time blocks. Setting the schedule
was an iterative process. Important scheduling constraints came from the COSMOS-
wide office, the staff’s availability, the field trips, and time-sensitive observing (i.e.,
Variable Stars project4). But the observing had to come after the students learned about
astronomical observing. The astronomy project groups also needed the data early in
their projects, so observing could not be arbitrarily late in the four weeks. When paired
with vision science, the astronomy course was scheduled to fit mostly in the first week,
leaving a vision science block for its non-UCSC instructor to schedule travel around.

There were down-sides to isolating the astronomy course to the first week and the
vision science course to the second. By project selection time, the students had more
vision science on their minds. We also taught the astronomy content at an accelerated
rate to make a basis for the Lick Observatory field trip. The more interwoven schedule
described in §3 was useful in preventing burn out. The switching between instructors
and topics gave the students more times to let what they learned settle. The trend
in scheduling Cluster 7 from 2005 to 2007 was to compact project time in order to
minimize the time the project advisors were involved because they were typically busy
graduate students.

However, with the partnership of astronomy and vision science came significant
benefits: extensive collaboration during curriculum design; cohesive teaching practices;
and shared content. As mentioned previously, Cluster 7 was originally developed by
astronomers and vision scientists, educated and trained by the CfAO PDP. In addition,
optics and properties of light (e.g., color) are fundamental content for both sciences,
and adaptive optics is a cutting-edge research field in astronomy and vision science,
which is why the two fall under the purview of the CfAO.

The overall flow of Cluster 7 was similar to an inquiry. Dividing into small re-
search groups for the last two weeks of the program had everyone focusing on their
own investigations. In 2006, we designed a cluster “synthesis” for astronomy. We fa-
cilitated small groups in organizing their astronomy content into a concept map. We
wanted the students to think about the big picture and place what they had learned in
it. This activity also allowed us to assess what the students had retained from different
aspects of the course and how they prioritized the information.
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5. Discussion

The curriculum components were a mix of slide-based lectures, hands-on activities,
and inquiries. The content taught with any given component could be conveyed, at
least in part, by another format. Indeed, the topic of telescopes was taught through a
combination of lecture, hands-on activity, and inquiry over the years, as needed to meet
changing goals.

Mental and physical fatigue is a concern for a long, intensive program like COS-
MOS. We tried to build in breaks by switching between formats. We also scheduled
less intensive, student-driven lectures amidst the more formal, content-driven lectures.
Field trips are partially mental breaks but they are physically draining. Also, the stu-
dents do not necessarily like missing meal times when they could visit with their friends
from other clusters. In the earlier years of the cluster, under the umbrella of the CfAO,
the astronomy and vision science courses cooperated more on content, process, and
motivation themes. Due to scheduling constraints, the two courses were separated, and
this made the cluster more intense and fatiguing. The scheduling of “Stars and Cells”
was less fatiguing, and learning benefited from spreading ideas apart.

The curriculum components of the astronomy course are readily integrable into
other astronomy courses. The hands-on and inquiry activities are especially useful
tools that motivate the students to learn on their own and gain their own understanding.
As was done with the optics inquiry and the telescope and optics activities, the longer
activities can be scaled down in time, at the expense of some goals.

In talking with previous Cluster 7 students, via email or when they end up attend-
ing UCSC for college, all emphasize the companionship of COSMOS (residential life)
common to all clusters. Our cluster’s extensive field trips (more than other clusters),
and the small-group research projects—each of which benefit enormously from excel-
lent student-to-instructor ratios— come up next. The course’s connection with the PDP
community has been an integral part of its success.
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Abstract. Adaptive Optics (AO) is a new and rapidly expanding field of instru-
mentation, yet astronomers, vision scientists, and general AO practitioners are largely
unfamiliar with the root technologies crucial to AO systems. The AO Summer School
(AOSS), sponsored by the Center for Adaptive Optics, is a week-long course for train-
ing graduate students and postdoctoral researchers in the underlying theory, design, and
use of AO systems. AOSS participants include astronomers who expect to utilize AO
data, vision scientists who will use AO instruments to conduct research, opticians and
engineers who design AO systems, and users of high-bandwidth laser communication
systems.
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In this article we describe new AOSS laboratory sessions implemented in 2006-
2009 for nearly 250 students. The activity goals include boosting familiarity with AO
technologies, reinforcing knowledge of optical alignment techniques and the design of
optical systems, and encouraging inquiry into critical scientific questions in vision sci-
ence using AO systems as a research tool. The activities are divided into three stations:
Vision Science, Fourier Optics, and the AO Demonstrator. We briefly overview these
activities, which are described fully in other articles in these conference proceedings
(Putnam et al., Do et al., and Harrington et al., respectively).

We devote attention to the unique challenges encountered in the design of these
activities, including the marriage of inquiry-like investigation techniques with complex
content and the need to tune depth to a graduate- and PhD-level audience. According
to before-after surveys conducted in 2008, the vast majority of participants found that
all activities were valuable to their careers, although direct experience with integrated,
functional AO systems was particularly beneficial.

1. Introduction: Adaptive Optics Education

Adaptive Optics is the technique of changing the wavefront properties of an optical sys-
tem with a deformable mirror in response to measurements of wavefront quality. This
field of study is multi-disciplinary: The techniques involved in modeling and construct-
ing AO systems draw from engineering physics, control theory, optics, laser physics,
and material sciences. The systems themselves are relevant to the astronomical and
biological sciences as well as to laser communications. The diversity of experience of
AO technicians and practitioners demands great care when educating the community
on the principles of AO.

This paper summarizes new laboratory sessions added to the Adaptive Optics
Summer School in 2006-2009, tested on nearly 250 students. Section 2 describes the
larger Summer School and its lecture topics. Section 3 discusses the original form of
the lab activities in 2006. Section 4 summarizes the final forms of the three activities
used in 2007-2009, with emphasis on logistical details for the benefit of future labora-
tory coordinators. Section 5 summarizes learner feedback gathered in 2008 and Section
6 discusses future improvements to make the labs self-sustaining.

2. The Adaptive Optics Summer School

The Center for Adaptive Optics (CfAO) is currently a University of California Multi-
campus Research Unit, and was originally funded by the National Science Foundation
(NSF) Science and Technology Center program from 1999-2009. The CfAO Summer
School program has been a significant component of the Center’s NSF-mandated public
outreach branch since 2000. The goals of the summer school are to (1) broadly educate
graduate students, postdoctoral researchers, and industry members about the theory,
technique, and practical application of Adaptive Optics technologies and (2) to foster
the growth of a large community of practitioners of AO in the parent fields of optics,
astronomy, vision science, and laser communications.
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The summer school is hosted annually in August on the campus of the University
of California, Santa Cruz (UCSC). The five day course is a compilation of four days
of traditional lectures and 1.5 days of hands-on laboratory activities. The size of the
audience is capped at sixty graduate students, postdoctoral researchers, and industry
members.

Recognized experts in the field of AO deliver twelve 1.5 hour lectures over the
week. The lectures range in interactivity from traditional talks with sparse interruption
for questions to open-format panel discussions. Lecturers are chosen by a committee of
directors, typically themselves practitioners in AO research. Viewgraph presentations
are peer-reviewed by the lecturer pool. Lecture topics include:

� Introduction to Adaptive Optics

� The Principles of Wave Optics

� Adaptive Optics Control Theory and Practical Application

� Adaptive Optics System Design

� Wavefront Sensing and Reconstruction Techniques

� Deformable Mirror Technologies and Implementation

� Instrumentation for Adaptive Optics Systems

� Adaptive Optics System Simulation

� Applications of AO to Biology, Astronomy, and Laser Communications

3. Laboratory Activity Development

The AO Summer School program was augmented in 2006 with a series of laboratory
activities developed through the CfAO Professional Development Program series of
workshops (Hunter et al. 2008, and Hunter et al., this volume).

3.1. The Need for Laboratory Practice

Students at AO Summer Schools prior to 2006 frequently commented that the majority
of the lectures discussed physical phenomena as opposed to theoretical analysis, i.e.,
the interactions between deformable mirrors, wavefront sensors, and other AO system
components. A full understanding of an AO system requires an intimate knowledge of
the nature of these interactions. We began with the informed hypothesis that inquiry-
like teaching techniques combined with direct experience with integrated, functional
AO systems would benefit not only builders of AO systems, but their users as well.

3.2. A Diverse Audience

The 60 students who attend the AO Summer School in a given year tend to be an
equal mix of AO system builders and users. Nearly two-thirds are graduate students
and postdocs from CfAO partner institutions, with the majority of these intending to
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use existing AO systems in astronomy and vision science as tools to obtain scientific
data. The minority are tasked with maintaining or constructing new AO systems in
their research. One-third of the student pool are industry partners from observatories,
national laboratories, and companies with interest in building and operating AO systems
or conducting pure AO research. A few faculty members attend who typically intend to
begin programs utilizing AO instruments.

The student pool is widely diverse in age and experience level. Many students have
never worked with optics or lenses, while others are optics professors or researchers
with decades of laboratory experience. In designing the AO Summer School labora-
tory activities in 2006, we adopted two key approaches to address this range of learner
backgrounds:

� Diverse Content Areas in Separate Activities. We chose to concentrate related
topics into separate activities that cover a wide range of content altogether. The
three activities were: The AO Demonstrator, AO Variables, and the Fourier Op-
tics Computer Lab (descriptions below).

� Tiered Content Goals in Individual Activities. For individual activities, we devel-
oped a variety of content goals with a range of depths and difficulty levels, which
were organized into tiers. Inexperienced learners were expected to concentrate
on the Tier 0 or 1 goals. More experienced learners were directed to investigate
the Tier 2 goals if it became clear through formative assessment that they had
mastered Tier 0 and 1 goals.

3.3. Initial Goals

With these guiding principles in mind, we developed the following content and scien-
tific process goals for the activity series. The overall theme of the instruction is the
construction, optimization, and operation of AO systems.

3.3.1. Content Goals

1. Tier 0: Components of an Adaptive Optics System. Students are to recognize and
understand the purpose of the deformable mirror, wavefront sensor, re-imaging
optics, science camera, and control computer.

2. Tier 1: Manipulation of AO Variables. Students can explain the interactions
between correction rate, gain, bandwidth, and final correction quality.

3. Tier 1: Basic Optics Alignment. Learners display basic proficiency in optical
alignment of a re-imaging system with lenses.

4. Tier 2: Interplay of AO System Components. Students can explain the need for
a precise deformable mirror / lenslet array mapping and grasp the consequences
of an imperfect mapping. Students can determine the correct order of a set of re-
imaging lenses in an AO system to achieve a good mapping. Students understand
the need for plane conjugation.

5. Tier 2: Relationship between Pupil Plane and Focal Plane. Learners can quickly
guess the qualitative shape of a Point Spread Function (PSF) produced by a given
pupil shape. Learners can explain the effect of apodized pupils on the PSF.
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3.3.2. Scientific Process Goals

1. Tier 0: Confidence with Optics. Participants display simple confidence in the
manipulation of optical components.

2. Tier 1: Operation of an AO System. Students can repeatably operate the controls
of a working AO system to achieve basic functionality.

3.4. Initial Implementation of Laboratory Activities

In 2006, the summer school laboratory activities were divided into three stations: The
AO Demonstrator, AO Variables, and the Fourier Optics computer lab. These activities
were conducted at the Laboratory for Adaptive Optics (LAO) at UCSC.

3.4.1. AO Demonstrator

The AO Demonstrator is a self-enclosed, standalone closed-loop adaptive optics system
running at 30 Hz with an AgilOptics mirror (see Figure 1). It was constructed at UCSC
entirely for educational and demonstrative purposes. It is composed of a 37-actuator
drumhead deformable mirror, 8x8 Shack-Hartmann wavefront sensor, input laser, two
sets of reimaging optics, and a science camera. This camera, which records the focused
laser beam as well as an inserted science image, sends output in real-time to a nearby
screen. A lens can be inserted into the beam to simulate an optical distortion. When
the Demonstrator is running in closed loop, the insertion of the distortion is corrected
quickly and the science image returns to focus. GUI software computes the deformable
mirror commands from wavefront sensor signals.

Groups of 3-4 students were shown the image quality achieved by the operating
Demonstrator, then instructed to optically realign the Demonstrator after re-imaging
lenses were removed. Following realignment, their task was to achieve good closed-
loop performance after automatic system calibration. This activity is summarized in
more detail in Harrington et al. (these proceedings).

The ease of realigning the AO Demonstrator ensured that the majority of groups
succeeded in this task. More advanced groups investigated the correction quality of
the realigned system by changing control loop parameters or inserting new types of
distortion into the optical beam (e.g., eyeglasses, plastic sheets). This activity was
retained and largely unchanged for later years.

3.4.2. AO Variables

The AO Variables workbench was also a closed-loop AO system utilizing the Multi-
Conjugate/Multi-Object AO research facility at the LAO. This astronomical AO system
included a high-order deformable mirror, a high-order Shack-Hartmann sensor, a sci-
ence detector, a simulated Laser Guide Star point source, and a translatable atmospheric
simulator. Students were instructed not to interact with the optics in this AO system to
prevent system failure. In this activity, groups of 3-4 students directed the AO system
to perform in closed loop with control over two variables: Correction rate and gain.
Using data from the science detector and measured rejection transfer functions, stu-
dents optimized the correction rate and gain for a given guide star magnitude and wind
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Figure 1. The Adaptive Optics Demonstrator. The blue covered component is the
AgilOptics deformable mirror and the central white box is the science detector.

speed. The participants were expected to discover that decreasing guide star brightness
requires slower correction rates.

Unfortunately, due to complexities of the underlying AO system, this activity was
less successful than others. The correction quality of this system began to degrade
over time, which was difficult to explain to participants during the activity. In addition,
students reported disappointment that they were not permitted to interact with the optics
and system components. This activity was not retained for later years.

3.4.3. Fourier Optics Computer Lab

The Fourier Optics activity was first implemented as a computer lab, conducted in par-
allel in groups of two. Students were given an IDL GUI that allowed the user to com-
pute a modular transfer function (MTF) and point spread function (PSF) for a variety
of pupil shapes, with and without the presence of atmospheric turbulence. The groups
were given worksheets with instructions on operating the GUI and were generally left
to pursue interesting questions on their own. This station was later modified to include
optical components, as described in Section 4.2.

4. Final Form of Laboratory Activities

The laboratory activities were standardized from 2007-2009 into three stations: Fourier
Optics, AO Demonstrator, and Vision Science. These activities are summarized below
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and are described in more detail in these proceedings (Do et al., Harrington et al., and
Putnam et al.).

4.1. Adaptive Optics Demonstrator

The AO Demonstrator station was largely unchanged from 2006 (see Section 3.4.1).
In later years, more AO Demonstrators were constructed and used in parallel at the
summer school. Two Demonstrators of the AgilOptics type currently exist at UCSC
and Maui Community College. Two Demonstrators utilizing an Iris AO deformable
mirror currently exist at Hawaii Community College and the Institute for Astronomy at
the University of Hawaii. These systems have been used at various times (frequently
shipped across the Pacific) in the years 2007-2009. The use of the AO Demonstrator in
optics education is discussed in more detail in Harrington et al. (in these proceedings).

4.2. Fourier Optics

The Fourier Optics computer lab was modified to include optical components and an
improved GUI, written by T. Do. The optical setup, shown in Figure 2, includes a 1
meter rail, a point source laser, two imaging optics, an iris or other pupil stop, and a
detector. A laptop is used to display the image from the detector in real time. Partic-
ipants work out relationships between features in the PSF and the shape of the pupil.
The pupil can be manipulated by cutting holes of various shapes in card stock. Students
are also given a small lenslet array and asked to construct a Shack-Hartmann wavefront
sensor from the optics provided. Following these activities, students are encouraged
to investigate high-contrast imaging systems or other novel wavefront sensing systems
covered in summer school lectures. Students also have access to the Fourier Optics
GUI, which computes PSFs for different pupil shapes (with and without turbulence).
Further details of the optical layout and the implementation of this activity are given in
Do et al. (in these proceedings).

4.3. Vision Science Activity

In the Vision Science activity (see Putnam et al. in these proceedings for more), students
investigate pre-written questions involving human vision using inquiry-like techniques.
Students use the wavefronts of their own eyes as data (measured concurrently) to con-
struct informed answers. Over three hours, groups of three students view “starter”
demonstrations and answer two separate questions in two periods of focused investiga-
tion. The questions addressed include:

1. How does pupil size affect vision? How does vision/environment affect pupil
size?

2. What is your depth of focus? How does refractive error and pupil size affect
depth of focus?

3. What is accommodation? What is your amplitude of accommodation? Does
accommodation change with age?

4. How do you determine refractive error? What is your refractive error? What is it
like to be nearsighted or farsighted?
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Figure 2. The Fourier Optics apparatus in use in 2009. The system is composed
of a point source, several imaging lenses, an iris or pupil of adjustable shape, and an
imaging detector mounted on a rail.

5. What is astigmatism and how does it affect vision? How is astigmatism cor-
rected?

6. Is there a relationship between the aberrations of my right & left eyes?

7. Is there a relationship between a Zernike term’s root-mean-square and its radial
order?

8. How do different aberrations interact with one another? Do they add together or
can they cancel each other out?

An additional tool available to learners is the Fourier Optics GUI, which allows users
to load wavefronts of the eye, compute the resulting PSFs, and convolve them with a
scene. At the end of the activity, participants create posters summarizing their ques-
tion/investigation and share to the larger group (see Figure 3 for an example poster).

5. Learner Feedback

The AOSS laboratory team has primarily relied on learner feedback to inform changes
from year to year. For each station, students are asked to rate the content, quality of
instruction, level of challenge, format, and overall value on a 1 to 5 scale. The results
on three of these metrics for 2008 are shown as arrays of bar graphs in Figure 4.

For Fourier Optics, the mean content rating was 3.89 out of 5; 64% of respondees
rated the level of challenge as “just right;” and 50% rated the activity as “very valuable”
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Figure 3. Example poster completed by a summer school team in 2009. In this
example, students use computed point spread functions to show that left and right
eye wavefronts are mirror images of each other.

or higher. For Vision Science, the mean content rating was 3.98 out of 5; 65% of
respondees rated the level of challenge as “just right;” and 32% rated the activity as
“very valuable” or higher. For the AO Demonstrator, the mean content rating was 4.42
out of 5; 87% of respondees rated the level of challenge as “just right;” and 83% rated
the activity as “very valuable” or higher.

All three of the activities are rated highly for content quality, level of challenge,
and overall value. The majority of respondents praise each activity as valuable to their
future careers in written comments. However, the numerical results shown above indi-
cate that experience with the AO Demonstrator is particularly considered worthwhile.
We conclude that direct interaction with integrated, functional AO systems is notably
beneficial to AO Summer School participants.

6. The Summer School Laboratory Activities as a Self-Sustaining Entity

Our principal vision for the summer school laboratory activities is that they become
self-sustaining. The achieve this goal, it is important to build a community of experi-
enced facilitators (instructors) at the campuses of the University of California, which
fund the CfAO and the summer school. This will be encouraged by implementing hon-
orariums for lab facilitators. Other venues, e.g., graduate AO courses, are increasingly
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Figure 4. Summary of selected student feedback responses from the 2008 Sum-
mer School. Survey questions are arranged in rows and individual activities are
arranged in columns, with FO corresponding to the Fourier Optics activity, VS corre-
sponding to the Vision Science Activity, and AOD corresponding to the AO Demon-
strator Activity.

utilizing these activities as well, ensuring that specific facilitation techniques are not
forgotten from year to year. Secondly, it is important that the summer school indepen-
dently own all necessary equipment, so that critical parts do not need to be shipped.
All equipment for Fourier Optics and Vision Science is located at either UCSC or UC
Berkeley. In 2010, two new AO Demonstrators will be constructed at UCSC and Iris
AO/Berkeley.

Acknowledgments. The authors wish to acknowledge considerable support for the
laboratory additions by current and previous CfAO administrators and AO Summer
School directors. These include Julian Christou, Michael Fitzgerald, Donald Gavel,
Chris Le Maistre, Karen Peña, Scott Severson, Paula Towle, and Leslie Ward. This



404 Ammons et al.

material is based upon work supported by: the National Science Foundation (NSF) Sci-
ence and Technology Center program through the Center for Adaptive Optics, managed
by the University of California at Santa Cruz (UCSC) under cooperative agreement
AST#9876783; UCSC Institute for Scientist & Engineer Educators.

References

Hunter, L., Metevier, A., Seagroves, S., Porter, J., Raschke, L., Kluger-Bell, B., Brown, C.,
Jonsson, P., & Ash, D. 2008, Cultivating Scientist- and Engineer-Educators: The CfAO
Professional Development Program. URL http://isee.ucsc.edu/participants/
programs/CfAO_Prof_Dev_Program.pdf



Learning from Inquiry in Practice
ASP Conference Series, Vol. 436
Lisa Hunter and Anne J. Metevier, eds.
c©2010 Astronomical Society of the Pacific

The UW Center for Photonics Instrumentation Education and
Research (PIER): An Inquiry-Centered Graduate Training
Program

Andrew I. Sheinis,1,2 Eric J. Hooper,1,3 and Kevin W. Eliceiri4

1Department of Astronomy, University of Wisconsin-Madison,
Madison, WI 53706
2Department of Mechanical Engineering, University of Wisconsin-Madison,
Madison, WI 53706
3Department of Physics, University of Wisconsin-Madison, Madison, WI 53706
4Laboratory for Optical and Computational Instrumentation (LOCI),
University of Wisconsin-Madison, Madison, WI 53706

Abstract. Experimental and/or applied optics is an indispensable part of many re-
search enterprises in a wide range of disciplines, from astronomy to biology, mechan-
ical engineering to medicine, chemistry to atmospheric science, etc. Many researchers
have limited background in optics, making it difficult to train their graduate students
comprehensively enough so that they in turn can be effective principal investigators
in their own optics-based research activities. Even with a mentor who is an expert
optical scientist, the traditional apprenticeship training model prevalent in many optics
research programs leaves the students with the knowledge needed to execute the aims of
their project but insufficient breadth and depth. The emerging University of Wisconsin-
Madison Center for Photonics Instrumentation Education and Research (PIER) seeks
to address these problems by providing a comprehensive multidisciplinary training pro-
gram for graduate students whose interests and research incorporate advanced optical
science and engineering. In addition to coursework, which will comprise the Ph.D. mi-
nor, PIER will have an inquiry-based instrument lab to ensure students have an applied
knowledge of optics. The heart of the program, this lab will allow teams of early-career
graduate students to experience the entire arc of an optics research project, from design
to evaluation, to building and testing, and finally application. The projects will be short
in duration but focused real-world optical experiments which can be completed by a
team at the end of the third year of graduate school, in addition to the usual coursework
and beginning Ph.D. research in each student’s home program.

1. The Need to Train Scientists and Engineers from a Variety of Disciplines in
Experimental / Applied Optics and Photonics

Experimental Optics is a broad yet detailed art encompassing many different skills,
from optics and optical design to electronics, cryogenics, solid-state physics to me-
chanics and thermal analysis. Many research organizations need senior-level scientists
who have a foundational knowledge in many of these fields and a working vocabulary
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in all of them. There is a need for formal programs specifically to train tomorrow’s sci-
entists in these foundations while incorporating new and emerging technologies, such
as advanced micro- and optoelectronics, micro- and nanoelectromechanical systems,
and smart structures. Training of this kind is essential to help maintain U.S. global
competitiveness in science and technology (e.g., Hartesveldt & Giordan 2008).

Traditionally, new academic principal investigators (PIs) are trained by an estab-
lished cycle of mentorship and apprenticeship, learning the techniques of a senior inves-
tigator’s project during graduate school and postdoctoral work. While this scenario has
been partially effective, many students emerge ill equipped to compete in the new global
research environment where investigators are expected to collaborate across disciplines
while facing increased competition and budgetary restrictions. Furthermore, many
fields graduate more non-instrumental Ph.D.s than the academic job market can sup-
port. Yet, universities and research labs have a difficult time hiring effectively trained
instrumentalists. For example:

1. The University of Wisconsin-Madison (UW-Madison) Department of Astronomy
listed instrumentation as the primary targeted field in a recent faculty recruitment.
Only 4 of 171 applicants had any experience in instrumentation, and only two
qualified as “instrumentalists.”

2. Only a few UW-Madison graduate students in Atmospheric and Oceanic Sciences
have experience in both data analysis and hands-on instrumentation for remote
sensing. Research centers and universities actively recruit them, which is not
necessarily true for the remaining students from this department. Many other
fields such as Electrical Engineering and Medical Physics also heavily recruit
scientists with strong interdisciplinary hands-on instrumentation expertise.

We surveyed graduate students through senior researchers who utilize optics in
many fields at UW-Madison to assess the current state of and specific needs for grad-
uate level optics training. The overall need for optics training is large at both ends of
the educational spectrum: only ∼ 1/4 of the students feel they have received sufficient
preparation in this area; and just over half of the senior researchers feel ready to pro-
vide the needed instruction to their graduate students. A pool of potential participants
and supportive faculty already exist to support a specialized graduate optics training
program. Nearly 2/3 of the graduate students surveyed said they would have enrolled,
and almost 90% of the established researchers would support such a program. Further
details of the survey are provided throughout this paper, especially in Appendix A.

2. Training the Next Generation of Optical Scientists and Engineers

We are developing a vibrant research and comprehensive training program in experi-
mental optics that brings together many traditionally disparate scientific and technical
fields. This program was originally conceived of by the lead author (Sheinis) during
the Professional Development Program (PDP) of the University of California Center
for Adaptive Optics (CfAO; Hunter et al. 2008, and Hunter et al., this volume) as a
natural outgrowth of the “Akamai Short Course” developed for the CfAO Hawaii in-
ternship program. The idea was motivated by the perceived need to better train instru-
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mentalists combined with the observed success of inquiry methods with undergraduates
participating in the Akamai Short Course.

Inquiry-based science education (NAS, NAE, & IoM 1995) describes a range of
philosophical, curricular and pedagogical approaches to teaching. The core premise is
that learning should be based on students’ questions, and students should work together
to solve problems rather than receiving direct instructions from the teacher; instructors
are facilitators of learning.

Ideas and methods to extend the inquiry approach embodied in the Akamai course
to hands-on graduate level study were explored through the PDP. From our survey of
UW-Madison instrumentalists plus anecdotal evidence from collaborators and other
researchers, it has become clear that the focus of much of the instrumentalist graduate
training at UW-Madison and other places has been too focused and not sufficiently
generalized. It has not been student led, nor does it adequately simulate the research
process of an independent researcher. Thus the centerpiece of this new training program
will recreate the Akamai optics course at a much higher level for graduate students and
to expand it from a one-week intensive full-time course to a two-semester intensive
part-time course.

With 30+ faculty members at UW-Madison involved in photonics-based research,
there is a strong intellectual base but currently no centralized home for this multidis-
ciplinary research area at UW-Madison. A developing graduate training program, the
UW-Madison Center for Photonics Instrumentation Education and Research (PIER), is
providing a focal point for these faculty, plus shared intellectual and physical resources
in optics education (Figure 1). The program will be a vigorous engine for interdisci-
plinary graduate research and training. When fully operational, PIER will consist of
four components: 1) coursework; 2) an inquiry-based group experimental optics lab-
oratory; 3) an industrial, government and/or academic internship; and 4) Ph.D. thesis
research that blends optics with other disciplines. Thesis research will emphasize a
photonics-based development effort that will enable scientific gains in any of the parent
departments. Several specific areas of thesis research are listed in Section 4. The pri-
mary goal of this effort is to establish a first-rate interdisciplinary optics research and
development training program to enable and constitute students’ Ph.D. thesis projects
and produce graduates who are highly sought out by academic institutions and industry.
When fully operational, PIER will achieve this goal via the following elements:

1. UW-Madison Science, Technology, Engineering, Math (STEM) research infras-
tructure and innovative education programs:

• a new two-semester interdisciplinary inquiry-based, design-and-build
course in experimental optics, the central element of PIER;

• a new optical research and training lab.

2. A new learning community and training in critical career competencies:

• professional skills training, e.g., teamwork, interdisciplinary knowledge;
plus peer-managed proposal writing and evaluation, design reviews, and
project reporting;

• industry, government, academic internships.
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3. Ongoing proactive recruitment of underrepresented groups through partnerships
on and off campus.

4. A photonics seminar and symposium schedule with intensive student interaction.

5. Student support and progress assessment through:

• a favorable faculty/student ratio;

• design reviews of student projects, with review panels consisting of both
faculty and senior graduate students;

• regular interaction between different cohorts via a seminar series.

Figure 1. Schematic diagram of the relationships between the PIER program and
other entities. CIRTL is the national Center for the Integration of Research, Teach-
ing, and Learning, of which the UW-Madison Delta program is part. GERS is the
Graduate Engineering Research Scholars Program, the prototype of a new series of
similar programs in science and medicine at UW-Madison. WISELI is the Women
in Science and Engineering Leadership Institute.

3. The Structure of PIER

The two key cross-cutting themes for PIER’s emerging project-based program are: 1)
fostering of a real work environment, similar to what students will experience in indus-
try or as academic researchers after they have completed the program, in which a group
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of scientists and engineers with diverse backgrounds and skills must work together
to solve a challenging interdisciplinary problem by developing a new piece of instru-
mentation; and 2) community building through interaction within and between cohorts
and with the associated faculty. This program is centered on an intensive inquiry-based
instrumentation build that each cohort will complete during the first three years of grad-
uate school (see Section 4). All other aspects of the program support this central fea-
ture. This is a true multidisciplinary research environment where students are expected
to communicate and interact effectively between disciplines to conceive of, plan, ex-
ecute, and present results on a new instrumentation project. Students will participate
in proposal writing and peer evaluation, design reviews (both as presenters and judges)
conducted at the level of rigor and detail typical for research instrumentation efforts,
and project reporting exercises to aid them in their future careers. These activities will
also provide a rich suite of progress metrics for faculty evaluation of the students.

The PIER program will have an active seminar and symposium schedule where
students from all PIER stages will attend and present. In some of the seminars faculty
will provide an overview of the options for the instrument build activity so that first
year students can get a jump on thinking about which one to select. Technical topics
will be covered, as well as ethics training and responsible conduct for research. Part of
the seminar will focus on how to effectively present scientific and engineering topics in
a multidisciplinary environment, including friendly peer review.

3.1. Course Structure and Timeline

Survey respondents identified a wide range of skills they need to support their optical
research activities (Figure 2), emphasizing that being a fully effective optics researcher
requires more than knowing how to align a series of lenses. To support these broader
needs, a variety of courses will be cross-listed among several departments (Table 1) so
that PIER students can easily take them for their Ph.D. minor requirement.

The specific mechanics of the PIER program will be as follows. We will
accommodate up to 30 students concurrently (5-6 students per cohort, and each cohort
will remain in school for 5-6 years). PIER students will have been accepted into the
Ph.D. program from any of the parent departments and will fulfill their Ph.D. minor
requirement in years 1 and 2 with four courses from Table 1. They will have academic
and/or industrial internships at the end of years 2 and 3. Year 3 will be devoted partly
to finalizing the group optical research project in a 2 semester × 6 credits/semester
inquiry-based lab course developed for the PIER program. Each student’s remaining
effort in year 3 will go toward ramping up Ph.D. dissertation research incorporating
optics, aided by his or her rapidly expanding skills in optical science courtesy of PIER.
Years 4-5 (6) are exclusively devoted to finishing Ph.D. research with a significant
optics component in the parent department. We expect the time to degree to be
5-6 years, consistent with that of the parent programs, since targeted UW-Madison
graduate students already spend a large amount of time learning optics in an inefficient
and less effective manner (6-10 hours/week, 43%; 11-15 hours, 13%; > 15 hours,
10%, as reported by the 30 students for whom designing and building optical research
devices is somewhat to very important for their work); students in the high end of this
range are likely PIER candidates.
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Figure 2. Skills necessary to support the optics-based research of UW-Madison
scientists and engineers, as identified in the survey. See the third question in Table 3
and the fourth question in Table 5 in Appendix A. Respondents (42 senior researchers
and 41 graduate students) were asked to select as many of the skill categories as
applied to them.

Timeline:

Year 1: The cohort will receive a list of possible problems (6-10 topics) from the as-
sociated PIER faculty; see Section 4 for examples. The problems will have roots
in real research but will be tailored so that the hands-on component can be com-
pleted in the two semester applied optics lab sequence. The group will begin to
analyze these problems in the first year using resources provided by PIER faculty.
We plan to seek funds so that students will be 1/2 supported by a PIER research
assistantship (RA) and 1/2 by a departmental teaching assistantship (TA).

• Semester A: parent discipline & PIER (1) courses + seminar + TA.
• Semester B: parent discipline & PIER (1) courses + seminar + PIER RA +

begin background research for group inquiry project.

Year 2: The cohort will down-select to one problem that they will analyze in further
detail. They will present a formal preliminary instrument design to the more
senior cohorts and PIER faculty who will assess its viability and critique the
design. Students will be fully supported by the PIER RA.

• Semester A: parent discipline & PIER (1) courses + seminar + PIER RA +
group inquiry project design.
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Table 1. Graduate courses, cross-listed from participating departments, which
will satisfy the Ph.D. minor requirement for PIER students. Students will select
4 courses for the minor.

Course Description Course Description

Mech Eng 444 Design Problems in
Elasticity

Physics 623 Electronic Aids to
Measurement

Mech Eng 601 Vacuum Technology Physics 625 Modern Optics
Mech Eng
601(a)

Signal Conditioning,
Acquisition & Proc.

Atmos &
Ocean Sci 740

Adv. Atmos.
Radiation (radiative
trans.)

Mech Eng
601(b)

Refrigeration Atmos &
Ocean Sci 745

Meteorological
Satellite Appls.

Mech Eng 706 Plates, Shells, &
Pressure Vessels

Elec & Comp
Eng 434

Fundamentals of
Photonics

Mech Eng 770 Spectroscopy Elec & Comp
Eng 536

Integrating Optics
and Optoelectronics

Eng Mech &
Astrnaut. 506

Advnced Mechanics
of Materials I

Business 724 Project Management

• Semester B: parent discipline & PIER (1) + seminar + PIER RA + group
inquiry project initial design review.

• Summer: internship with academic or industrial partners.

Year 3: This year will be devoted to finalizing the design, building, and testing the
group inquiry product. We plan to fully support students with a PIER RA, but
they will also spend substantial time furthering their individual Ph.D. research.

• Semester A: 6 credit laboratory course (final design review and building the
group inquiry project) + seminar.

• Semester B: 6 credit laboratory course (building and testing the inquiry
project) + seminar.

• Summer: internship with academic or industrial partners.

Years 4 and 5 (6): will be devoted to Ph.D. thesis research within the parent depart-
ment, during which students apply their newly acquired skills and in some cases
the actual hardware from the inquiry lab. Students are 1/2 supported by the PIER
RA, 1/2 by departmental RA.

One of PIER’s great strengths is the involvement by students and faculty in many
disciplines, federated by a common interest in photonics instrumentation. However, this
interdisciplinary approach requires us to navigate the varying departmental cultures,
schedules, and expectations for doctoral students. We have talked with faculty both
inside and outside the PIER collaboration in several departments to identify potential
problems and mitigate them during the planning stage of the program’s development.
For example, the traditional coursework part of PIER should operate smoothly, since we
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will draw on existing courses (Table 1) and utilize slots in students’ course schedules
which are already reserved for a required Ph.D. minor.

4. An Inquiry-Based Advanced Applied Optics Lab, the Heart of PIER

Traditional research projects involving applied optics tend to be professor-led. Students
are given a set of tasks chosen by their advisor, taught the methods, and provided a
schedule to complete each task. Often their work is chosen to benefit a larger research
effort undertaken by the professor with little thought as to how the student’s piece will
facilitate training a new instrumentalist in a broad subject area.

In contrast, each PIER research project will be chosen by a team of 4-6 gradu-
ate students from as many different fields and backgrounds as possible, with input and
advice from multiple PIER faculty. The project will combine a broad range of inter-
disciplinary concepts and technologies and take advantage of the expertise of students
and faculty from several departments. This research undertaking is developed from the
beginning of each student cohort’s time in graduate school but is completed during the
inquiry laboratory course in the third year. In addition to its roots in the Akamai Short
Courses, the inquiry element is based in part on an instrumentation course taught by
Dan Jaffe in the Astronomy Department at the University of Texas at Austin; the major
qualifying project at Worcester Polytechnic Institute; and the inquiry-based learning
concepts developed at the Institute for Inquiry and the CfAO PDP.

Every inquiry project will represent the types of research activities the students
will encounter in their post-Ph.D. careers, whether in academia or industry. As a result
of completing the inquiry lab, students will develop knowledge, skills, and methods in
the various disciplines needed (Figure 2) to solve a real-world problem in one of the
parent fields using experimental optical techniques. The inquiry activities will encom-
pass research, development, and application; will involve analysis or synthesis; will
be experimental or theoretical; will emphasize a particular subarea of the parent de-
partments, or combine aspects of several subareas of optical experimentation; and will
involve a final capstone design and build effort. The culmination of a successful project
will result in at least one refereed publication in journals such as Applied Optics, Jour-
nal of the Optical Society of America, Review of Scientific Instrumentation, etc.

Each project’s content area will be selected by the student team from a list of
8-10 potential topics presented by PIER affiliated faculty. These ideas (see Sections
4.1 and 4.2, plus Appendix B) are chosen carefully to meet real research needs, yet
they are limited in scope to allow the students to complete a distinct and operational
optical experiment in the allotted time. Any of the topics will complement the students’
total educational program, dovetailing with appropriate dissertation research within the
parent departments.

The internal workings of the enterprise will be self-governed by the PIER team,
though PIER faculty and staff who have the necessary expertise will serve as facilita-
tors and mentors. Each team will delegate responsibilities to its members and determine
what resources they will need to complete the project. In the rare cases in which PIER
facilitators do not have essential expertise, outside faculty will be asked to provide as-
sistance in exchange for teaching relief if they are at UW-Madison or financial compen-
sation if they are at other institutions. Each instrument build will have approximately
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five facilitators, chosen in large part by the students. Students will meet formally with
the facilitators weekly and informally on an as-needed basis.

Mentoring an interdisciplinary group of students working on a self-guided inquiry
program, beholden to the regulations and cultures of several departments, and subject
to potentially conflicting desires of and advice from non-PIER Ph.D. dissertation com-
mittee members will be a challenge. This mentoring issue will be addressed in several
ways. We will educate potential PIER advisors and committee members about the ben-
efits and challenges of the program and their responsibilities in fostering a student’s
interdisciplinary education. At least one of the PIER faculty will sit on the commit-
tee of every PIER student. An external professional program evaluator will provide
an outside perspective on the students’ well being and progress. The esprit de corps
among the students, developed through common courses, the seminar, and throughout
the instrument design and build, will help them to support each other. PIER students
from underrepresented groups will find an additional home in the UW-Madison Grad-
uate Engineering Research Scholars program, as well as in similar emerging programs
in other colleges on campus. Finally, the PIER faculty and staff themselves will receive
mentor training. A UW-Madison group, including some PIER affiliates, has developed
a multidisciplinary program to train mentors of research students (Hooper et al. 2010),
which is currently being disseminated nationally (Pfund et al. 2010).

The students will begin with a limited and insufficient skill set and background
to solve the science problem, which they may not even fully understand at first. In
the course of the second year, after down-selecting from the list of possible topics to
their chosen problem, teams will be required to assemble their own resources in a way
that they can adequately learn about and understand in much deeper detail the problem
they have chosen. Assessment of this process will be via one or more presentations
the team will make in the PIER seminar series, in addition to regular meetings with the
facilitators. By the end of the second year, they will have:

• developed a detailed understand of the problem rivaling PIER affiliated faculty;

• assembled a core mentoring team of ∼ 5 experts from the ∼ 30 total PIER affili-
ated faculty;

• conducted an extensive literature search on the topic and be well versed in the
state of existing potential solutions;

• developed a preliminary design of their experimental apparatus and defended it
to the PIER affiliated faculty.

Year 3 will be devoted to building the team’s research apparatus and solving the
scientific problem, formalized via the laboratory course (see Section 3.1). The team
will assign components of this build to the team members who are best suited for each.
While frequent meetings with facilitators will continue, formal assessment during and
at the end of the third year will occur via two presentations: 1) a critical design review
to the PIER faculty and more senior PIER students; and 2) a defense of the results
of applying the apparatus to the scientific problem. Thus the PIER research project
is vastly different from the traditional apprenticeship-style research program graduate
students normally see, in that it is primarily student designed and student led. The
students will gain the experience of determining internally the areas in which each
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must develop expertise in order for their undertaking to succeed. It is clearly a more
pro-active yet interactive approach than that traditionally assigned at this stage.

The time frame was chosen to allow for a significant hands-on effort, which is
essential for learning optics, and yet not extend time to degree. In doing so, this program
will enhance the students’ Ph.D. research without detracting from it. In just the first
three years of graduate school they will see the full process of applied optical research,
from design to completion and implementation, in a part-time effort that dovetails with
taking courses in the Ph.D. major field as well as starting doctoral dissertation research.

A representative optical research project is presented below (a second is in Ap-
pendix B), with others listed afterward. These projects develop relevant skills for
all participating disciplines, including for students with dissertation topics in differ-
ent fields. We list sample Ph.D. research topics blending optics and other disciplines
which naturally flow from and benefit from PIER training. The examples are represen-
tative, not exhaustive. Many more possibilities exist, but space limitations preclude a
comprehensive listing.

4.1. Example Inquiry Project: Development of a Hyperspectral Camera for Ap-
plications in Combustion Diagnostics and Beyond

Hyperspectral cameras replace the array detector that would normally exist at the focal
plane of an imaging system by a fiber bundle, which feeds a grating spectrometer. Such
cameras are widely used, but in many applications, spectral resolution higher than that
available with grating spectrometers is desirable. For example, if the image content
includes gas spectra, a spectral resolution of ∼ 1 cm−1 is typically required, and such
high resolution is often impractical using standard grating spectrometers.

UW-Madison Mechanical Engineering is developing hyperspectral cameras for
monitoring combustion processes. In an example experiment, a 266-nm laser light
sheet is directed through a glass-walled automotive engine, and the illuminated gas
in turn emits light owing to processes such as fluorescence and scattering. The emitted
light is imaged through a windowed piston, allowing study of the in-cylinder gases. The
required hyperspectral camera must have the following unprecedented characteristics:
images that are ∼ 100 spatial × 100 spatial × 200 spectral or greater resolution elements
(similar to a 100 × 100 pixel, 3-color R-G-B camera but with 200 or more colors λ1,
λ2, λ3−200); acquires the entire hyperspectral image in < 100 μs; and spectral coverage
of 300 cm−1 near 266 nm, with a spectral resolution at least 3 cm−1.

Design and assembly of the desired hyperspectral camera represents an excellent
group optical inquiry project for PIER students. We anticipate that a cohort of ∼ 5 PIER
students would design and construct the hyperspectral camera in the cross-disciplinary
design-and-build laboratory course. One likely solution will involve spatial heterodyne
spectroscopy (SHS; Harlander, Roesler, & Chakrabarti 1990; Harlander, Reynolds, &
Roesler 1992), a technique with great potential that is already being explored by PIER
faculty (Figure 3; Sheinis et al. 2008). Because government and industrial funding
alike are available to support hyperspectral camera research in its various applications
ranging from astronomy and cancer research to combustion diagnostics, funds are ex-
pected to be available to help support these efforts.

Representative Ph.D. paths for students in a hyperspectral camera team are shown
in Table 2. It is likely that the apparatus built by the group can be directly applied in
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Figure 3. Absorption spectrum of molecular OH naturally present in flame gases.
These are the first high-resolution (4 cm−1), single-shot measurements of an ultra-
violet absorber in a combustion environment, possible via a collaboration of UW-
Madison Mechanical Engineering & Physics.

several students’ Ph.D. research. In fact, this unique hyperspectral camera will likely
initiate new research activities with new collaborators not yet anticipated in areas rang-
ing from medical imaging to materials science. For example, the PIER program will
have an emphasis in biological imaging, as evidenced by the example inquiry project
in Appendix B; some biological imaging methodologies such as optical coherence to-
mography would be dramatically enhanced by a hyperspectral camera. The availability
of such a camera on campus, plus a group of participants who understand the camera
in detail, will springboard these new applications.

4.2. Additional Inquiry Projects

An additional inquiry project is summarized in Appendix B. Many others have been
identified as well, listed below without detailed explanation. Each category contains
several potential projects. Faculty from several departments would join together to
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Table 2. Most relevant training received by students from participating in the hy-
perspectral camera inquiry project, and potential Ph.D. paths.

Training from
hyperspectral camera
project

Possible Ph.D. dissertation
topic

Department(s)

Optics, mechanical design SHS design and fabrication Astronomy; Mechanical
Engineering

Noise analysis of optical
systems

SHS combustion diagnosis Mechanical Engineering

Mechanical design,
Fourier transforms

Laser characterization with
SHS

Mechanical Engineering

Optics, Fourier transform
spectrometry

SHS astronomical applications Astronomy; Physics

Molecular spectroscopy Atmospheric sensing with SHS Chemistry

Optics, spectral analysis Cancer hyperspectral imaging Astronomy; Biomedical
Engineering; LOCI

supervise each program. Students could pursue one of many potential Ph.D. topics in
conjunction with PIER, for which the comprehensive optics research experience would
be extremely valuable.

Mid-IR-to-THz tunable sources: “development of quantum box lasers” (Electrical
Engineering); “development of periodically poled lithium niobate (PPLN) based
THz sources” (Electrical Engineering); “novel medical and biological apps of
mid-IR, THz sources” (Animal Science; Mechanical Engineering); “develop-
ment of PPLN-based mid-IR sources” (Mechanical Engineering); “novel com-
bustion, atmospheric, & security sensing w/mid-IR, THz sources” (Chemistry;
Mechanical Engineering).

Micro-optical fiber endoscope: “design & fabrication of novel micro-endoscope”
(Mechanical Engineering; Electrical Engineering); “endoscopic multiphoton bi-
ological imaging” (Mechanical Engineering; LOCI); “novel applications of en-
doscopic multiphoton imaging” (LOCI); “combustion tomography using endo-
scopic optical access” (Mechanical Engineering).

Amplified fiber laser: “design of a novel amplified fiber laser” (Electrical Engineer-
ing; Mechanical Engineering); “generation of UV sensor light using fiber lasers
and application for atmospheric and combustion analysis” (Chemistry; Mechan-
ical Engineering); “engine gas temperature imaging using a fiber laser for H2O
absorption tomography” (Mechanical Engineering); “enhanced optical coherence
tomography imaging using a fiber laser source” (Biomedical Engineering; Me-
chanical Engineering); “distributed thermometry of moving parts using a single
fiber laser source” (Mechanical Engineering).
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This approach will be doubly beneficial to students and the major research labo-
ratories on and off campus. Participating faculty will also reap benefits, because PIER
accepts the risk for training the beginning students, making them a better asset for exist-
ing labs. Lastly, the favorable faculty/student ratio offers the best possible opportunity
for students to match with mentors for the rest of their Ph.D. research.

5. PIER Status and Next Steps

PIER is currently an active partnership between several UW-Madison departments, cen-
ters such as the UW-Madison Laboratory for Optical and Computational Instrumenta-
tion (LOCI), and external university collaborators. PIER has already fostered many
research collaborations, such as a joint effort between Mechanical Engineering and
Surgery to develop a fiber endoscope for breast cancer imaging, an adaptive optics array
for deeper cancer imaging, and hyperspectral device development. PIER investigators
have also begun to secure key instrumentation that could be used in support of PIER
research, including optics, lasers, spectrometers and interferometers. However, PIER is
not yet a formal graduate training program. The next steps are to secure funding for the
program as an entity, rather than as only a federation of independently funded research
projects, and to emplace the formal administrative and programmatic mechanisms so it
can function as a graduate training program.
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Appendix A. Surveys of UW-Madison Optics Researchers

We conducted two surveys of UW-Madison researchers1 in many fields whom we knew
or suspected might utilize applied optics in the course of their research. While this
sample is clearly potentially biased by the fact that we only contacted those already
known to us, this is sufficient for a limited exploratory survey. Given the networking
that is already going on among optics researchers at UW-Madison, we believe that
we reached a significant fraction of these people. We contacted 100 people for both
surveys, and more may have heard about the effort via word of mouth.

The first survey focused on established researchers; 42 responded. The questions
asked about the degree to which optics is important in the person’s research, which
aspects of optics and supporting disciplines are important, how they view graduate
training in optics, and their level of confidence in being able to lead their own graduate
students in optics research. The specific questions and a summary of responses are
given in Tables 3 and 4. In some cases the entries have been edited for brevity, though
the intent of the questions and answers are still apparent. If a question is listed as “free
response,” the respondents were free to enter any answer they wished. The individual
answers are not reproduced here. Rather, we summarized these responses in two or
more categories, which are listed along with the number of responses we feel fall into
each category. Not all responses fall into the selected categories, and in some cases, a
response may fit into more than one category, so the percentages do not sum to 100%.

In addition, we launched a survey of graduate students who might also utilize
applied optics. These students either were emailed directly or received the survey notice
from their advisors, who were targeted in the survey of established researchers. We do
not know how many students heard of the survey, but 41 responded, including one 5th
year undergraduate. The questions, listed in Tables 5 and 6, were similar to the other
survey but from a student’s perspective.

1These surveys were given exempt status by the UW-Madison Education Institutional Review Board,
protocol #SE-2010-0193.
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Table 3. Summary of the survey of established UW-Madison researchers. Each
question is listed in the first column, followed by possible responses. The number
of people who selected each response, and the corresponding percentage, is given in
parentheses following the listing of the response.

Question Response 1 Response 2 Response 3

What is your current position? Postdoctoral
researcher
(4; 10%)

Faculty
(26; 62%)

Academic
non-faculty
researcher
(10; 24%)

How important is optics research and opti-
cal device development to your current over-
all research efforts?

Very
Important
(26; 62%)

Somewhat
Important
(11; 26%)

Not at all
Important
(5; 12%)

Which of the following skills do you need in
support of your optics-based research?

See Fig. 2

How many of your former and current gradu-
ate students have included optics research as
a significant component of their overall dis-
sertation projects? (Free response.)

≤ 2
(16; 48%)

> 2
(12; 36%)

all
(4; 12%)

See Table 4 for this question.
Would comprehensive optics theory and re-
search training be valuable for your students?

Yes
(37; 90%)

No
(4; 10%)

Table 4. Attitudes about training graduate students, from established UW-
Madison researchers. A statement is listed in the first column. Each subsequent
column in the same row reports the number of responses and corresponding percent-
age for each attitude toward the statement.

Statement Strongly
Agree

Somewhat
Agree

Neither
Agree
nor
Disagree

Somewhat
Disagree

Strongly
Disagree

I feel qualified to provide
training and guidance in op-
tics research to my graduate
students.

9 (21%) 11 (26%) 9 (21%) 8 (19%) 5 (12%)

I feel comfortable provid-
ing training and guidance in
optics research to graduate
students.

9 (22%) 12 (29%) 6 (15%) 9 (22%) 5 (12%)

My students are on their
own in optics research.

3 (8%) 7 (18%) 8 (20%) 9 (22%) 13 (32%)

A graduate optics research
training program would be
valuable for some students.

26 (65%) 6 (15%) 6 (15%) 2 (5%) 0
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Table 6. Graduate student views about their training in optics. The format is the
same as the corresponding table (# 4) for established researchers.

Statement Strongly
Agree

Somewhat
Agree

Neither
Agree
nor
Disagree

Somewhat
Disagree

Strongly
Disagree

I am receiving or did re-
ceive enough training in
graduate school to design
optical research devices.

2 (5%) 6 (15%) 6 (15%) 10 (24%) 17 (41%)

I am receiving or did re-
ceive enough training in
graduate school to build op-
tical research devices.

3 (7%) 7 (17%) 3 (7%) 10 (24%) 18 (44%)

I feel confident that I could
be the PI for an optics re-
search effort after I gradu-
ate.

1 (2%) 9 (22%) 5 (12%) 8 (20%) 18 (44%)

I feel confident that I could
lead graduate students in
optics research as a PI.

2 (5%) 8 (20%) 4 (10%) 8 (20%) 19 (46%)

A particularly important question for both groups, the last one in Tables 3 and 5,
was curtailed in these tables for space. The full version for established researchers was:
“A comprehensive optics theory and research training program might include course
slots for graduate students from their minor requirement plus an extensive part-time
instrument build practicum in the 3rd year of graduate school. Would this type of train-
ing program be valuable to prepare students from a variety of disciplines to incorporate
optics into their research and future research projects as a PI?” For graduate students
it was: “Would you have enrolled in a comprehensive optics theory and research train-
ing program that utilized course slots for your minor requirement plus an extensive
part-time optics research device practicum in the 3rd year of graduate school?”

In summary, many students who stated that designing and building optical research
devices is “somewhat” or “very” important to their overall research (30 respondents) are
not being adequately trained. Only 23% agreed at least somewhat that they are receiv-
ing or have received sufficient preparation in optical design; the fraction was 30% for a
similar question asking about training to build optical research devices. They have re-
ceived little or no formal training (17% had a dedicated optical science course; 10% had
more than one). Largely they are trying to pick up what they need on their own, from
colleagues or mentors, or by “floundering around in the lab” (actual response). Many
supervisors are on shaky training ground as well. Of the 37 established researchers who
stated that optics are at least somewhat important to their research efforts, only a little
over half agreed at least somewhat that they are qualified (54%) and comfortable (57%)
giving training and guidance in optics research to their students. Nearly 1/5 of them
(19%) even said that their students are at least somewhat on their own when it comes to
optics; the majority of these also stated that optics is very important to their work.
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Many of the above respondents for whom optics is important welcomed the pros-
pect of PIER. Nearly 2/3 (63%) of the graduate students said they would have enrolled,
and the great majority (89%) of the established researchers stated that such a program
would be valuable for students who need to incorporate optics into their research.

Appendix B. An Additional Example Inquiry Project using Adaptive Optics for
Multiphoton Microscopy of Biological Specimens

Multiphoton laser-scanning microscopy (MPLSM) has improved depth penetration and
reduced phototoxic effects over traditional microscopy methods. The ability of this
technique to obtain images deep inside cells with high resolution is of particular value.
PIER students will have the opportunity to push the development of a novel multipho-
ton imaging system using adaptive optics (AO; Hall et al. 2009; Marsh et al. 2003;
Sherman et al. 2002) that will have significantly improved abilities for imaging deep
within living tissues. AO refers to programmable optical surfaces that minimize the ef-
fect of aberrations caused by the optical system and heterogeneities in the media being
imaged. Extending AO techniques to MPLSM should enable multiphoton imaging to
penetrate 2-3 times further inside cells and tissues; see Figure 4 for some initial work.
This will provide significant advantages over other deep imaging methods by offering
superior contrast and extending the use of other non-linear optical methods to greater
depths in vivo. Table 7 lists examples of Ph.D. topics which could flow from an AO
build activity. Two potential projects are described below.

Figure 4. Ability of an existing AO experiment to modulate the image phase and
maintain optical fidelity. Using AO, the original bright field (BF) and multiphoton
(MP) image pair were defocused. The image was bought back into focus by moving
the microscope stage 70 μm. Fidelity is maintained in the refocused image with no
sign of ghosting from diffracted light. This effectively models the system aberrations
encountered in biological imaging and the ability of AO to account for them. Sample
is a 10 μm sea cucumber spicule in a fluorescent Nile Red medium (× 20 objective).

A UW-Madison research group is developing a new technique based on magnetic
resonance imaging that can explore the microstructural characteristics of human and
animal brains. Combining this new technique with deep optical microscopy, e.g., via
AO techniques, would provide correlated high-resolution images of sub-regions of the
brain to thoroughly study the physiological mechanisms behind cognitive function. The
AO build activity would expose the students to optical imaging and adaptive correction
of the effects of refractive index variation and scattering in tissue, making them much-
needed experts to help further the combination of optical and MRI-based research.

Even though the AO project would be applied to biology, the astronomy, physics,
and engineering students would still benefit directly, because the fundamentals of AO
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Table 7. Most relevant training received by students from participating in the AO
inquiry project, and potential Ph.D. paths.

Training from AO project Possible Ph.D. dissertation
topic

Department(s)

Optics, mechanical design AO design for astronomy Astronomy
Optics, mechanical design Optical Coherence Tomography Mechanical Engineering
Optics, mechanical design Laser fundamental correction Electrical Engineering
Optics, signal analysis Deep imaging of breast stroma Biomedical Engineering
Optics, signal analysis High Resolution imaging of

actin in vivo
Anatomy; Chemistry;
LOCI

Optics, mechanical design Determine wavefront correction
for in vivo imaging

Electrical & Computer
Engineering

Optics, mechanical
design, control systems

AO micro-electromechanical
deformable mirror elements

Mechanical Engineering;
Materials Science

are similar for many applications. For example, Astronomy students would learn the
fundamentals of AO during the lab course regardless of the application of the AO instru-
ment, and this knowledge would be directly applicable to the development of similar
instruments for astronomy (Sivaramakrishnan et al. 2004). These students would then
work on Ph.D. dissertations involving development of AO astronomical instruments
or observational work at telescopes with existing AO facilities. In the latter case, the
knowledge they gain from the group project would become invaluable in understanding
the limits of and planning for optimal AO observations.
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Abstract. In this paper a new five week laboratory activity is described for advanced
undergraduate chemistry students. The overall goals and individual activity choices
were selected to help prepare students for independent research projects they may en-
counter in their future careers as chemists in academia or industry. We modeled most
of the course after inquiry based science experiences that were developed in the Pro-
fessional Development Program. One of the main goals of the activity was to provide
students with an opportunity to manage and design a research project involved in porous
inorganic materials that was inspired by their own interest in the subject.

1. Background

A five-week laboratory project as part of an advanced undergraduate chemistry labora-
tory course was selected to be redesigned using strategies and teaching methods mod-
eled from the Professional Development Program (PDP, Hunter et al. 2008). The title
of the course is Chem 146B, Advanced Laboratory in Inorganic Chemistry. It is a two
unit course that spans 10 weeks and fulfills a requirement for the Bachelor of Science
degree in Chemistry and Biochemistry at the University of California, Santa Cruz. It
is offered in the spring quarter through the Department of Chemistry and Biochemistry
with an enrollment capacity of twelve students.

Previously the course included three experiments. The first experiment examined
how a hemoglobin mimic binds oxygen and continued for two weeks. The second ex-
periment involved the synthesis of a metal-metal bond using advanced inorganic syn-
thetic techniques. The third project was a five-week lab where students bound a metal
to a ligand. These three experiments were all previously taught with typical chemistry
laboratory strategies: Handouts on how to do the experiments were provided and the
students synthesized the materials with a guided set of linear step-by-step instructions.
With this original format students could gain technical skills and learn basics of inor-
ganic chemical theories. However, there was little opportunity for creativity, ownership
of the experiment, or encouragement to think critically about what was involved with
the experiment or address challenges that could arise in an authentic, non-linear re-
search project. Valuable learning opportunities in areas such as experimental design,
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waste management, and instrument selection for characterization are overlooked when
procedures are provided for the student.

The five-week lab project involving ligand binding was selected for revisions to
provide an opportunity for students to design their own project based on their personal
scientific interests and academic goals. Other considerations in selecting the project to
be redeveloped included opportunities to diversify content exposure, model authentic
research experiences, and provide students with unique challenges utilizing previously
acquired skills and applying them to broader applications.

2. Course Curriculum and Goals

The curriculum of the revised project was developed by modeling methods taught
through the Professional Development Program (PDP). The PDP focuses on teaching
strategies that will prepare the students to lead and design projects rather than follow
a scripted protocol. One of the focus areas of the PDP includes inquiry based learn-
ing which can be described as discovery through questions, research, and emulating
authentic research experiences. Relevant teaching strategies and methodology are de-
scribed in greater detail in Hunter et al. (2008). One teaching and course development
technique that was emphasized within the PDP community was the use of “backward”
design and a focus on goals that we would like to see our students achieve through the
course. From these goals the course activities and content are planned. As this was the
course design strategy it is pertinent to begin the course and activity descriptiong by
first addressing the course goals.

The course goals as described in the course catalog focus on learning spectro-
scopic and synthetic techniques in inorganic chemistry. Specifically, synthesis and ma-
nipulations under anaerobic atmosphere, and a focus on characterization of inorganic
materials, are described. As two of the three course projects involved solution based
chemistry it was decided that inorganic materials or solid state chemistry should be
included as the third content area in the course for the redesigned five-week project.
The specifics of the three projects are described below. It should be noted that the first
two course projects were unmodified from the old course curriculum and it is the third
course project that was redesigned using the inquiry model.

The first project involves synthesizing a hemoglobin mimic which will uptake oxy-
gen and is a bio-inorganic focused lab project. The aim of this lab is to understand
metal-ligand chemistry and acquire technical skills in anaerobic synthesis. The sec-
ond course project involves creating a metal-metal bond and also focuses on anaerobic
synthetic techniques and organometallic synthesis. The content area of the third project
was shifted from ligand exchange to synthesis and characterization of solid state porous
silicate materials. The new project (the “Porous Materials Project”) was selected to sup-
port a more diverse content area for the overall course. This shift provided supplemen-
tal technical skills as a result of working with inorganic materials chemistry in addition
to the bio-inorganic and metal-organic synthesis. We designed specific goals for the
Porous Materials Project, and within the five-week project, class activities were created
to meet both the course and project goals. Through the three projects and various activ-
ities that complete the course we hoped to achieve all of the course-level goals. As the
main course redevelopment was based on the Porous Materials Project and associated
support activities, specific goals of the five-week project are described below.
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3. Learning Goals for the Porous Materials Project

Goals of the Porous Materials Project involved providing an opportunity for students to
use previously acquired knowledge in combination with ideas from the current literature
to design an independent project. During this process a second important learning goal
addressed was the ability to learn to utilize contemporary literature and search engines,
a critical tool for both graduate school and working in industry. An important aspect of
literature investigation in project planning and design is to utilize multiple journals in
an effective manner to develop the experiment, while considering aspects such as cost,
safety, time, yields, and reproducibility.

Additional learning goals included developing the ability to critically analyze peer
reviewed journals and break down and select which components of an article are rele-
vant to a particular task at hand in a time effective manner. This goal was the focus of
a course activity which is described later in detail in the “Claim/Evidence/Reasoning”
(CER) discussion. Other learning objectives include assisting students to generate an
effective document to guide themselves through their experiment, improving note tak-
ing and lab book skills, and developing effective methods and strategies to collect rele-
vant data during an experiment.

Ultimately, a successful project should increase a student’s enthusiasm for science,
“scientific self esteem” and confidence, and inspire independence. The hope is to tap
into the student’s full potential rather than providing a procedure to follow, thus guid-
ing the capable student to gain independence and self-motivational skills that can be
incorporated into future academic or work related design projects.

Learning goals were broken into content, or knowledge-based goals, and scientific
process goals, or what the students can do. A third category of learning goals can be
described as technical skills, such as learning to use an instrument or pipette. We found
that often in chemistry lab courses the main learning goals are based on technical skills,
and content and process goals are often secondary or not considered. Accordingly, the
process goals, for example searching the literature to design an experiment, were one
of the main foci in the Porous Materials Project. Process- and content-based skills are
required for scientists as they move on to their post-graduate careers; as a result, the
processes of designing the project and explaining scientific outcomes were emphasized
for the overall five-week project and support activities.

3.1. Inquiry Process Goals (what students will be able to do)

Students were expected to practice and improve at scientific inquiry processes in four
major areas: searching, proposing, conducting, and explaining.

1. Search: Successfully draw from literature the required components of an ex-
perimental protocol and utilize contemporary literature to design and evaluate
experimental protocol and results.

(a) General literature search skills.
(b) Use range of search engines and databases, e.g., Sci finder Scholar, Google

Scholar, ISI Web of Knowledge, Cambridge Structural Database (CCDC
2004), Inorganic Crystal Structure Database (Karlsruhe 2009), American
Mineralogist Crystal Structure Database (Downs 2003).
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2. Propose: Design an experimental protocol for the synthesis and exploration of
porous materials; subsequently, exploring the associated structure and applica-
tions.

3. Conduct: Implement an experiment actively in laboratory.

(a) Use designed experimental procedure and new techniques.

(b) Develop organization, time management, and planning skills.

(c) Select correct instruments for characterization.

(d) Monitor and anticipate success and expected results.

4. Explain: Present findings in a logical and organized manner through an oral pre-
sentation and written report utilizing data obtained. Specifically, coordinate in-
formation from multiple experiments to demonstrate if the experiment succeeded
or not.

3.2. Content Goals (what students will know)

Students were also expected to gain an understanding of scientific concepts related to
pourus materials.

1. Knowledge and understanding of porous materials and their properties.

(a) Awareness of the sizes of porous materials in the larger context.

(b) Knowledge of the three categories of porous materials and their sizes (nano,
micro, and meso), and how their sizes relate to their functions.

i. Micro or nano (2nm or less) used in catalysis.
ii. Meso (2nm to 50 nm) used in drug delivery and catalysis.

iii. Macro (greater than 50nm) have unique thermal properties.

2. Use common techniques in solid state chemistry and critically evaluate data to
assess validity of generated results while gathering collected data to support ex-
pected experimental results.

(a) Thermal analysis technique(s).

(b) Powder X-ray Diffraction (PXRD).

(c) Solvothermal synthesis.

3.3. Technical Skills

Students were expected to gain the following technical skills, as well:

1. Thermal analysis techniques (thermogravimetric analysis, differential scanning
calorimetry): How to prepare samples and use the instrument.

2. PXRD: How to prepare a sample and run the instrument.

3. High temperature solvo-thermal synthesis: Use of “bombs” (autoclaves) to syn-
thesize crystalline material.
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4. Tube furnace handling and use.

5. Imaging to investigate morphology and structure.

(a) Scanning Electron Microscopy (SEM)

(b) Transmission Electron Microscopy (TEM)

(c) Optical Microscopy

6. Other experimental techniques that were used by some students, depending on
their project design, included: Fourier transform infrared (FT-IR), nuclear mag-
netic resonance spectroscopy (NMR), ultraviolet-visible spectroscopy (UV-Vis),
thin layer chromatography (TLC), gas chromatography (GC).

4. Students’ Backgrounds and Diverse Learning Approaches

We learned a bit about our students’ backgrounds and values from written surveys and
informal partner “ice breakers” and introductions. The majority of our students planned
to attend graduate school, so we were able to tailor many of the course activities to
mimic what might be expected of a graduate student. For example, we were able to
model the presentation format as a group meeting might occur in graduate school. Tai-
loring the course to meet the students’ future career goals allowed the students to be-
come more engaged in the course, as they knew the skills they were learning would di-
rectly apply to their future academic pathways. We also considered the various learning
styles and preferences of the students. For example, written reports and oral presenta-
tions rather than just quizzes and exams were used when evaluating students’ progress
to accommodate multiple learning styles and ways of demonstrating learning.

5. Design of Porous Materials Project

Course Design: The overall design of the five-week project was modeled after inquiry
activities designed within the Center for Adaptive Optics (CfAO) Professional Devel-
opment Program. It is helpful to briefly mention what a general inquiry project may
include. One typical inquiry model involves an exploratory phase where questions are
generated followed by an experimental phase where the students investigate a ques-
tion of their choosing. However, it is not an unguided and unrestrained investigation.
Following the question-generating phase there are diverse teaching strategies used to
assess, guide, and facilitate the students throughout a project to provide them with a
positive and productive learning environment. These strategies and general principles
were used to model the overall design of the five week project.

Investigating a question of the students’ choosing and creating their own experi-
mental design was emphasized for the Porous Materials Project with a further focus on
guiding the students to utilize their synthesized material within an application. Often
in chemistry laboratory activities a material is created, characterized, and discarded. To
allow for a more rewarding and authentic process the student projects incorporated the
testing of the synthesized material in an application.
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As the nature of most chemical experiments entails the use of potentially haz-
ardous materials, an exploratory phase utilizing primary literature was the preferred
method for this particular project as opposed to the more hands-on approach involving
chemicals. There were three formal periods incorporated into the course to ensure the
students addressed critical components of their experimental set up including safety,
equipment used, and having an effective experimental design. Following the experi-
mental planning, the active experimental phase began in which the students utilized
their own procedures. Various activities were incorporated throughout to assist the stu-
dents in analyzing data, gathering and using multiple sources of data to support their
conclusions, and to provide feedback on how to effectively communicate their exper-
imental findings. A general overall layout of the course is included below in Table 1.
Some specifics of the Porous Materials Project within the course are discussed below.

5.1. Introduction to Porous Silicate Materials

This was a basic lecture to expose students to the different porous silicate materials that
were possible pathways for projects. After providing the background on the project the
class determined as a group what a good experimental design would include. Following
this activity an assignment was given to find two or three peer-reviewed articles that
could be used to develop a research project in the next active lab period. Preceding
this activity, a survey was given to the students to assess their prior experience with the
literature and designing experimental protocols. This provided a means to formatively
assess the students and gauge where the class needed more assistance and what areas
they were excelling at. It also provided a means to conduct a summative assessment,
as a similar survey was provided at the end of the course to gauge the change and
development of the students’ skills over time.

5.2. Initial Procedure Proposal, Development, and Literature Search Experience

This computer based lab activity was conducted in a four-hour period where the stu-
dents completed the initial experimental proposal for their Porous Material Project and
gained experience with search engines. As noted above, students had already been
assigned to select two or three articles that they were interested in examining.

After allowing students to experiment with search engines they were already fa-
miliar with, we demonstrated further tips on how to search the literature. The students
were quite engaged with the activity on search engines and utilized the facilitation pro-
vided since they had a context and motivation to find literature that was relevant to their
area of research interest. The project and lab partner selection was based on the articles
the students found independently, so that they were paired by research interests. The
project pairs worked together to find information on experimental procedures that met
criteria determined as a class. This was the bulk of the lab period as many students were
learning what areas of a peer reviewed article were relevant for designing a lab project,
and they were getting familiar with searching for appropriate literature articles. After
working on developing a rough outline for their project in pairs using the additional ref-
erences and sources they found, the students created a hand-written poster describing
their project proposal to share with the class at the end of the session or the next lecture
period.
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Course/Project Outline and Timeline
Week/
Day Activity Rationale

1/Wed Check in Lab basics and safety.
1/Fri Lecture on porous materials.

Students select topic to research
in literature.

Intro to porous materials and appli-
cations; generate student interest and
ownership through topic selection.

2/Mon Generate proposal based on se-
lected articles and ‘mini’ talks.

Students collaborate while develop-
ing their research project.

2/Fri Instructors meet with students to
finalize project, order materials.

Provides a checkpoint to allow for
feedback and modify as necessary.

3 to 5 Other lab periods in course continue here.

6/Mon Begin working lab time (synthe-
sis).

Active lab time. Provide feedback
and facilitation throughout as needed.

6/Wed Continue synthesis. Active lab working time.
6/Fri Claim/Evidence/Reasoning

introduction
Provide techniques to analyze and
critique scientific work.

7/Mon Begin characterization (PXRD,
etc.), continue synthesis of zeo-
lite.

Active lab time.

7/Wed Characterization of material. Active lab time.
7/Fri Claim/Evidence/Reasoning in

context of article.
Practice using CER with peer re-
viewed literature. Scientific reason-
ing framework leads to students criti-
cally analyzing data.

8/Mon Begin catalytic study. Active lab time.
8/Wed Catalytic characterization. Active lab time.
8/Fri Practice short talks and assign

CER roles.
Practice speaking and critiquing
peers’ work.

9/Mon Continue lab work.
9/Wed PXRD database computer activ-

ity.
Students utilize inorganic crystal
database and gain in-depth knowl-
edge of PXRD.

9/Fri Short talks on PXRD activity. Opportunity to receive feedback on
presentation for final talks.

10/Mon Conclude data collection.
10/Wed Check out lab.

11/Mon Final talks on project (10 min
with 2 min questions).

Closure of activity and assessment
opportunity. Allows other students to
learn from classmates’ projects.

Table 1. Chemistry course 146B, designed for a 10-week quarter with long lab
periods on Mondays and Wednesdays and shorter lectures on Fridays.
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The poster presentation session provided motivation for the students to work pro-
ductively and efficiently, gave the students informal public speaking practice, allowed
students to see what projects their peers created, and allowed for critiques from the
class. Following this activity, the students had time to make a formal experimental
protocol and submit it for peer review. The professor and teaching assistant (TA) re-
viewed the proposals using a rubric, and individual meetings with the instructor or TA
addressed any challenges a particular project plan may have had. After the final sub-
mission of the project plan was completed, we ordered the reagents needed and created
individual waste containers for each project.

5.3. Claim/Evidence/Reasoning Discussions

In an effort to generate more discussions during student presentations and assist stu-
dents with critically analyzing scientific work presented in the literature, we empha-
sized teaching scientific thinking processes and techniques. We chose to explored how
to critically analyze scientific work through claims, evidence, and reasoning as defined
by McNeill & Krajcik (2009). In their paper, McNeill & Krajcik define a claim as “an
assertion or conclusion about a question or problem”; evidence as “the scientific data
that needs to be both appropriate and sufficient to support the claim”; and reasoning as
a “justification for why the data counts as evidence to support the claim.”

After further examination of the discussion by McNeill & Krajcik, it became ap-
parent that we should discuss the claim, evidence, and reasoning (CER) process in
a general or everyday life scenario and then shift to a more specific scientific based
context. We first defined and discussed the CER terms as a class and then attempted
to use the terms and pull apart a fictional experiment involving baking cookies and
troubleshooting why some were burning. This discussion provided the support and
confidence to then continue to apply these terms and thought processes to a specific
scientific peer reviewed article that was related in content to the students’ Porous Ma-
terials projects. The article was assigned and each student was asked to focus on a
specific role questioning the claim, evidence, or reasoning associated with the article.
A week was given to study the article and a handout on how to approach reading peer
reviewed literature was provided. During the next period the article was analyzed as
a class and equal participation was generated through specific roles each student was
assigned. Before beginning a discussion as a class, groups were gathered to come to
a consensus on either the claim, evidence, or reasoning presented in the article. Then
the groups were rotated to include one member from each role so they could describe
what the separate groups had concluded. We then came together as a class and identi-
fied what we thought were the main points of the paper, the areas where the author was
strong in their logic and places the writing and data appeared flawed or weak. Follow-
ing this activity, we summarized what the students had accomplished and asked that
they continue to think about their own work and their peers’ work in this context.

For the practice talks and final talks students were also assigned roles examin-
ing the claim, evidence, or reasoning provided in other students’ presentations. This
allowed the students to gain experience in each of the roles and also facilitated pro-
ductive class discussions and feedback for the practice and final project talks. Giving
the students experience analyzing work that was not their own before examining the
work of their cohort helped to create a more comfortable environment and showed that
questions are not an attack but a way to reach a common understanding for the group.
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Ultimately, this series of activities was intended to foster a positive debate emulat-
ing that of the peer review process. The students gained insight into how to critically
analyze others’ data and thus reassess their own thinking process and apply their new
skills to their experimental analysis, final presentations, and written reports.

6. Student Projects

In general the students selected a material to synthesize similar to a zeolite or nanopor-
ous aluminum silicate material. Following the synthesis of the material, the students
tested an application they were interested in exploring using the material they made. A
list of projects is described in Table 2:

Title of project Description
Solution Phase
Esterification Reactions
Over Solid ZSM-5
Catalyst

An esterification reaction was attempted utilizing
the student synthesized ZSM-5. Studies were per-
formed using NMR spectroscopy to analyze the
catalytic results.

Lead Uptake of Zeolites Adsorption and uptake of lead ions in the chan-
nels of ZSM-5 was performed. The amount of
lead uptake was determined with flame absorption
spectroscopy.

Synthesis of MCM-41
and Uptake of
Cytochrome-C

Cytochrome C oxidase uptake was measured uti-
lizing UV-Vis spectroscopy.

Drug Delivery via
MCM-41

Various drugs such as acetaminophen and ibupro-
fen were adsorbed into the student-synthesized
MCM-41. Absorption and release of the com-
pounds was measured with UV-Vis spectroscopy.

Nitration of Toluene via
ZSM-5

A region-selective nitration of toluene was per-
formed utilizing student synthesized ZSM-5. The
results were examined with NMR and GC.

Table 2. Student projects developed during the Porous Materials inquiry project.

7. Assessment

Formative assessment was conducted through introductory surveys to gauge learners’
backgrounds and experiences. Various stages of the activity allowed for tracking learn-
ers’ progress. For example, there was an informal meeting to discuss and evaluate
protocols and a midway check point to evaluate application components of the project.

Summative assessment was performed with rubrics during the presentations. We
attempted to examine the claims, evidence and reasoning of the projects with the rubrics
during the presentations but it became a challenging task as the presentations were
more complex than the rubric allowed for. We found summative assessment based on
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written work in addition to the formal end of quarter talks allowed a more complete
examination of students’ success.

8. Student Achievements and Future Refinement for Improved Course Success

One process goal the students excelled at was successfully designing a synthetic pro-
tocol based on literature. The peer evaluation and interactive approach to allow the
students to have multiple chances to analyze their protocols allowed for the success-
ful development of a student-created procedure. One area the students struggled with
was selecting the appropriate spectroscopic techniques. A new support activity was de-
veloped in the second year this project was taught to help students strengthen this skill.
This activity allowed the students to develop an understanding of multiple spectroscopic
techniques that were useful and pertinent for a given experiment.

A challenge faced in the course also involved the successful synthesis of a zeolite-
like material. Often the synthetic methods first selected did not produce the desired
material. While this does emulate authentic science, it inhibits the opportunity to use the
material for the application phase of the project. In a future iteration of the course we
suggest limiting the options for a synthetic route while keeping the more creative aspect
of deciding what application to use the material in. On a final note, the content area
of understanding PXRD was very successful, and the activity describing the session
addressing this particular content goal can be found in this volume (Rogow et al.).
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Abstract. The Akamai Workforce Initiative (AWI) is an interdisciplinary effort to
improve science/engineering education in the state of Hawai‘i, and to train a diverse
population of local students in the skills needed for a high-tech economy. In 2009, the
AWI undertook a survey of industry partners on Maui and the Big Island of Hawai‘i
to develop an engineering technology skills framework that will guide curriculum de-
velopment at the U. of Hawai‘i – Maui (formerly Maui Community College). This en-
gineering skills framework builds directly on past engineering-education developments
within the Center for Adaptive Optics Professional Development Program, and draws
on curriculum development frameworks and engineering skills standards from the lit-
erature. Coupling that previous work with reviews of past Akamai Internship projects
and information from previous conversations with the local high-tech community led
to a structured-interview format where engineers and managers could contribute mean-
ingful commentary to this framework. By incorporating these local high-tech com-
panies’ needs for entry-level engineers and technicians, a skills framework emerges
that is unique and illuminating. Two surprising features arise in this framework: (1)
“technician-like” skills of making existing technology work are on similar footing with
“engineer-like” skills of creating new technology; in fact, both engineers and techni-
cians at these workplaces use both sets of skills; and (2) project management skills are
emphasized by employers even for entry-level positions.

1. Overview of the Akamai Workforce Initiative

The Akamai Workforce Initiative (AWI)1 partners high-tech industry, astronomical ob-
servatories, cutting-edge research, and inventive education to meet needs in astronomy,
remote sensing, and other technology industries in Hawai‘i. The AWI provides train-
ing in electro-optics for a diverse student population through an innovative, culturally-
relevant curriculum, designed to meet workforce needs. At the heart of the AWI are

1http://kopiko.ifa.hawaii.edu/akamai/
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two internship programs that use a model developed by the Center for Adaptive Optics
(CfAO) to retain and advance students into science and technology careers. The Maui
Internship Program places students at Maui sites, primarily high-tech companies, for
a seven-week research experience. On Hawai‘i Island, the Akamai Internship uses the
same model, but places students at astronomical observatories. Through a carefully
designed set of programs and activities, the AWI advances akamai — smart, clever, ex-
pert — students into the technology workforce on Maui, and more broadly in Hawai‘i.

The AWI is headquartered at the U. of Hawai‘i Institute for Astronomy (IfA) on
Maui, and partners the IfA with the CfAO at UC Santa Cruz, the U. of Hawai‘i – Maui
(formerly Maui Community College, or MCC), and the Air Force Maui Optical and Su-
percomputing Site (AMOS). In addition to the Akamai Internship Programs, AWI also
includes the development of a new electro-optics curriculum at UH–Maui, the develop-
ment of science/engineering education expertise through the Teaching and Curriculum
Collaborative, and recruitment activities in Hawai‘i’s high schools. These components
are interwoven and all serve the goals of: preparing local students for high-tech ca-
reers; increasing the capacity of and building partnerships among the local technical
and educational communities; and increasing the participation of diverse populations
in technology and technology education. The Teaching and Curriculum Collaborative
includes participation from Hawai‘i’s early-career scientists, engineers, and educators
in the Professional Development Program (PDP) developed by the CfAO and now part
of the Institute for Scientist & Engineer Educators (ISEE) at UC Santa Cruz. In the
PDP, engineer-educators who will teach in AWI projects develop curriculum and activ-
ities that teach students technical content and reasoning processes simultaneously, in
authentic and inclusive inquiry settings. For more description of the PDP, see Hunter
et al. (2008, and see also Hunter et al., this volume).

The AWI was launched in September 2007 and builds on years of partnership ac-
tivities on Maui, including the Akamai Internship Program, curriculum development for
MCC, and extensive partnering with industry. Past work was funded by the CfAO in
partnership with MCC, the IfA, Maui Economic Development Board (MEDB), AMOS,
and many industry partners. On Hawai‘i Island, the AWI is built on a long-term part-
nership of the CfAO, W. M. Keck Observatory, Hawai‘i Community College, U. of
Hawai‘i – Hilo, and many Mauna Kea observatories.

2. Introduction

Throughout years of previous work, the Akamai Workforce Initiative has long been in-
terested in improving students’ skills in science and engineering processes, in addition
to teaching them science and engineering content. In 2009 we took up a synthesis of
our past work, external recommendations and others’ work, and the needs and wishes
of the technology communities of Maui and the island of Hawai‘i.2 This paper reports
on taking those syntheses and advancing them into a new skills framework to guide
curriculum development within the internship programs and at UH–Maui.

2Hereafter we will refer to the “Big Island” as “Hawai‘i” and we will be clear when we refer to the entire
state.
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The skills that engineers and technicians employ fall on a spectrum. On one end
of the spectrum, some are hands-on or purely technical skills: soldering or knowing
a particular programming language, for examples. Teachers and mentors can usually
imagine how to demonstrate or teach these skills; there are textbooks, lessons, or sim-
ple tasks that help. On the other end of the spectrum are engineers’ reasoning skills:
designing within constraints or prototyping, for examples. There is a great deal more
uncertainty about how to teach these skills. Yet, most agree that these are the most
critical and transferable of engineers’ skills. For example, while programming lan-
guages may change, the skills of debugging and testing can take an engineer to the next
generation of problems.

This paper focuses on engineering and technology skills, and even more narrowly,
on the reasoning skills end of that spectrum. We will discuss the broader implications
for curriculum content, student attitudes, and broader skills considerations, but let it
be noted that this paper has a narrow focus on the technological reasoning skills them-
selves.

3. Our 2009 Skills Assessment

3.1. Inputs Into This Work

The current work is a synthesis and re-visiting of our own past work, external refer-
ences, and community input. The authors first studied engineering process skills —
as distinct from the process skills of scientific inquiry — when the CfAO’s Profes-
sional Development Program developed education professional-development compo-
nents specifically for engineers. This initial effort was led by our PDP colleagues Barry
Kluger-Bell and Jason Porter (personal communication). Resources that our colleagues
introduced to us then, which AWI has continued to utilize, and whose considerations
significantly influenced this work, include the ABET engineering and technology ac-
creditation criteria (ABET 2008a,b); the ITEA Standards for Technological Literacy
(ITEA 2007); and the Massacusetts Technology/Engineering Curriculum Framework
(Massachusetts Department of Education 2006).

When the AWI began to consider an electro-optics curriculum for the state of
Hawai‘i, we also consulted the National Photonics Skills Standards for Technicians
(CORD 2008).

Our rich understanding of Maui and Hawai‘i’s technology communities, and their
needs, comes from years of experience with Akamai internship projects, and interviews
with engineers that partner with Akamai. Summaries of pre-2009 Akamai internship
projects are available in AWI technical reports (Hunter et al. 2009 and Seagroves,
Hunter, & Armstrong 2009). This prior knowledge of the types of technology work
going on in the state of Hawai‘i — and what is needed of interns and recent college
graduates — factored significantly into this work.

3.2. The Communities Involved

For years, as part of the Akamai Internship Programs, we have sat down for meetings
and interviews with Maui’s and Hawai‘i’s companies, observatories, and other insti-
tutions to discuss appropriate internship projects and the skills undergraduate interns
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need to be successful. For our 2009 skills assessment, we augmented those interviews
with specific questions about our putative skills framework. We would like to thank
the institutions involved, which are shown in Table 1. This paper reflects significant
interpretation by the authors of the community’s primary-source data. While we hope
we have fairly represented the thoughts of those we have worked with, this paper is
the work of the AWI and should not be construed as the official position of any of the
institutions.

Table 1. Companies, institutions, and observatories that contributed to this work.
All of the below have hosted Akamai interns whose projects contributed to the skills
inventories in Hunter et al. (2009) and Seagroves et al. (2009). Those skills inven-
tories informed interviews for the work described in this paper. The interviews took
place with all those marked (*); where interviews did not take place it was typically
for scheduling/logistical reasons.

Maui Hawai‘i
Akimeka* Canada-France-Hawaii Telescope*
Boeing Gemini Observatory
HNU Photonics* Institute for Astronomy, Hilo*
Institute for Astronomy, Pukalani Subaru Telescope*
UH–Maui (formerly MCC) Submillimeter Array ( + AMiBA)*
Maui High Performance Computing Center* UH–Hilo
Northrop Grumman W.M. Keck Observatory*
Oceanit*
Pacific Disaster Center*
Textron*
Trex Enterprises*

3.3. The Interview Handout and the Interviews

Using the engineering-education standards mentioned and cited in §3.1 and years of
compiled internship skills discussed in Hunter et al. (2009) and Seagroves et al. (2009),
we developed a handout which may be found in Seagroves & Hunter (2009, Appendix
A). The handout was a tentative identification of the engineering technology reasoning
skills that seemed to come up most frequently in our past work in these communities.

We brought this handout with us to meetings with over forty engineers at a dozen
of Maui’s high-tech companies and Hawai‘i’s observatories. During the meetings, we
explained some context: that we were particularly interested in transferable engineering
skills; that we were already aware of the importance of communication skills (they are
already an integral part of the Akamai program); and that we were looking for the
technical community’s feedback on the document we had prepared. We asked them to
consider what tasks and processes they themselves spend their time on, and what skills
they wished entry-level people brought with them from school.

At each meeting we then had an open discussion of engineering technology skills.
We took notes on the conversations and accepted written feedback from the intervie-
wees on the handouts. The “raw data” — what was said, how many times each item
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came up, our notes, their written feedback on the handouts, etc. — may be found in Sea-
groves & Hunter (2009, Appendix B). These raw data were then manipulated to reduce
the number of individual entries by grouping similar statements together. For complete
transparency, every transformation from raw data to “reduced” form is documented in
Seagroves & Hunter (2009, Appendix C).

Even after reducing the number of items by combining similar ones, the remaining
items still needed to be placed into some broader, more abstract categories. To do this,
we again revisited other skills frameworks mentioned in §3.1.

4. Engineering Technology Skills Framework

What results from this process is a categorized “framework” of engineering technology
skills. As we will discuss, the recommendations that follow are not meant to stand
alone. They are a framework that should be integrated with other frameworks such as
those related to accreditation and institutional needs. They are meant to supplement
the considerations of other resources listed in §3.1 and to draw out elements that are
particularly emphasized in the local context of the institutions listed in Table 1.

The framework, shown in Table 2, consists of three major groupings. Critical
Engineering Technology Skills and Experiences are similar to the tasks that graduates
will perform in the workplace; the college curriculum is the obvious time to provide
students with training and practice with these skills. Engineers’ Ways-of-Thinking are
habits that skilled engineers employ while pursuing their work; these habits should be
learned and utilized in projects and assignments. Engineers’ Professional Skills (very
similar to a sub-set of ABET’s “professional skills”) are ways of communicating and
managing technology work that must be learned in the authentic technology context.

4.1. Detailed Discussion of the Framework

We will discuss the three major groupings in the framework, the sub-groupings within
each grouping, and we will briefly elaborate on each item in the skills framework.

4.1.1. Critical Engineering Technology Skills and Experiences

The first major grouping in the framework is most easily recognized as “engineering
processes” or “process skills”. Many curricular frameworks emphasize only the engi-
neering design process, or draw a sharp division between engineering programs (which
emphasize design) and technology programs (which do not). Yet our work in Maui and
Hawai‘i indicates that many “engineers” do intellectually rigorous work not usually ac-
knowledged as part of the engineering curriculum — and likewise many “technicians”
are expected to do design engineering. Indeed, our experience in these workplaces is
that the divide between these two roles is not strict at all. As an example, when an ob-
servatory asks an intern to take an off-the-shelf scintillometer, which is built to measure
ground-layer turbulence at airports, and make it work instead as a dome-turbulence in-
strument, is the intern working as a “technician” because the device is already designed,
or as an “engineer” designing a new process for using the device? The processes of
characterizing such a device, determining its limits, and shoehorning it into a new role
do not fit easily in the engineering design process emphasized in other frameworks.
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Table 2. The 2009 Akamai Workforce Initiative Engineering Technology Skills
Framework. This does not stand alone but is meant to be considered in conjunction
with such sources as ABET (2008a,b); CORD (2008); ITEA (2007); Massachusetts
Department of Education (2006), etc. Within each sub-category, the order that items
are listed in is not strict, but those that came up the most or seemed most emphasized
during our interviews are higher (Seagroves & Hunter 2009, Appendices B&C).

Critical
Engineering
Technology

Skills &
Experiences

Making Existing Technology Work (Or Work Better)
Troubleshooting
Characterizing

Optimizing & Improving
Installing, Integrating, & Compiling

Maintaining & Operating
Calibrating

Improvising / Devising Workarounds

Creating/Selecting New Technology
Analyzing Tradeoffs

Clarifying the Problem or Need
Researching Other Solutions

Brainstorming Solutions
Prototyping
Simulating

Designing Within Requirements
Breaking the Problem Down

Considering “Good Enough” or 80% Solutions

Engineers’
Ways-of-
Thinking

Analyzing Technology as Systems
Systems Thinking

Understanding/Considering Protocols, Interfaces, & Standards
Understanding/Considering Processes & Procedures

Considering Controls

Other Critical Thinking Skills
Lateral Thinking

Estimation (Back-of-the-Envelope & Order-of-Magnitude)

Engineers’
Professional

Skills

Communication
Communicating Work Informally

Presenting Formally
Documenting Work for Self and Team

Writing for Publication and Presentation

Managing Technology Projects
Planning

Estimating Effort & Time
Recognizing Resources

Project Management
Considering Cost Constraints
Breaking the Problem Down

Considering “Good Enough” or 80% Solutions
Prioritizing
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Our framework acknowledges a distinction between engineering design and these other
skills normally ascribed to technicians, but places them on equal footing as a reflection
of what Maui’s and Hawai‘i’s engineers actually do, and what they expect of entry-level
hires. We believe our emphasis on this skill category — “Making Existing Technology
Work (Or Work Better)” — is a unique feature of the AWI work, and we believe it
would add value to any engineering or technology curriculum.

Making Existing Technology Work (Or Work Better). This set of technician-like
skills includes installing technology, getting it to work and determining what it can do,
and improving upon it. Nearly everyone we spoke to emphasized how ubiquitous and
universal these tasks are in their work. These apply to both hardware and software
contexts — for instance, “troubleshooting” is simply called “debugging” in a software
setting.

Troubleshooting Troubleshooting includes determining the symptoms of a misbehav-
ing piece of technology, and crucially, diagnosing the root cause of the trouble.
We have incorporated hardware and software (debugging) flavors of the same
tasks here.

Characterizing Characterizing is among the richest of the skills in the Making Exist-
ing Technology Work (Or Work Better) category. As in the example given above
in §4.1.1, in many entry-level positions, people are asked to determine whether
some piece of technology — originally designed to do X — can do Y instead.
This usually means measuring what exactly the technology does, how it behaves,
what its limitations are, etc. We have pulled all of that under the umbrella of
characterizing. Characterizing may also include measuring the properties of a
system that is somehow malfunctioning, as a pre-requisite to troubleshooting.

Optimizing & Improving Sometimes, upon characterizing a piece of technology, it is
apparent that it does not perform as well as it ought or as well as would be liked.
The skills of optimizing and improving are related to the skills of troubleshooting
but involve working, rather than malfunctioning, technology. Here, refining and
considering efficiency may become important.

Installing, Integrating, & Compiling In both hardware and software, installing ele-
ments of technology, integrating technological pieces together, and the software-
specific compiling are sometimes non-trivial tasks.

Maintaining & Operating Maintaining and operating technology may include skills
such as running defined startup and shutdown procedures (for both hardware and
software), hardware-specific skills such as aligning, and so on.

Calibrating While running a well-defined calibration procedure may be considered
part of maintaining/operating, the concept of calibration is itself important. To
be able to devise a calibration (say for a new or changed piece of equipment) is a
skill not necessarily “picked up” simply from running other calibrations.

Improvising / Devising Workarounds Improvising around malfunctions and limita-
tions, and devising workarounds when a proper fix is not possible, are creative
processes requiring skill, imagination, practice, and experience.
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Creating/Selecting New Technology. This set of skills more closely aligns with
others’ recommendations on the engineering design process. The engineering design
process is sometimes presented as a linear set of steps (see, e.g., Massachusetts De-
partment of Education 2006, p. 84). Indeed, some workplaces use a fairly regimented
style of engineering process, while the largest engineering firms have the resources to
even define their own processes and train their own employees to work within them.
However, it is also true that engineering is sometimes less linear, more iterative, and
requires recognizing the skills and processes needed at any point to jump to some other
point in the process.

Analyzing Tradeoffs Considering tradeoffs when designing or choosing solutions is
perhaps one of the defining characteristics of engineering as opposed to science.
Tradeoffs can be technological or intrinsic to the problem — there may be no
way to be good at everything or satisfy all requirements equally well. Or, trade-
offs may be extrinsic and involve considerations such as the environment, impact
on society, cost, or ethical considerations. Recognizing all such tradeoffs is a
start; considering them and how they interact with a design’s requirements and
constraints constitutes “analyzing” them. In the Hawaiian context, cultural, envi-
ronmental, and socio-economic considerations are worth emphasis.

Clarifying the Problem or Need Real-world problems are not always neatly defined;
sometimes it takes a great deal of work just to determine what constitutes “better”
in a given situation. Likewise, smaller tasks within an engineering or technolog-
ical problem are not always well-defined or explicit. Determining just what is
needed and determining what the relevant tradeoffs may be is included here.

Researching Other Solutions Product and market research, to determine if there are
off-the-shelf solutions, and/or researching how others have designed solutions to
a problem are included here.

Brainstorming Solutions Brainstorming is often characterized as generating tentative
ideas and solutions without much analysis or consideration for details of con-
straints. From brainstormed ideas, potential solutions that are worth refining
(may) emerge.

Prototyping An important skill is the ability to quickly build a model or proof-of-
concept that functions — partially or fully — and allows further engineering to
proceed directly on a “real” solution. Sometimes the protoype is useful only for
a limited time, and informs the manufacture of the “production” model; other
times, the prototype may simply grow into the final solution. Particularly at
observatories, which are usually not selling products or fulfilling contracts, the
latter case occurs frequently.

Simulating Similar to prototyping, it is important to be able to model or simulate
aspects of a solution within hardware or software. Particularly in the case of
a computer model, simulation may conserve considerable materials and effort
by allowing options to be investigated and explored without building multiple
prototypes.

Designing Within Requirements We do not want to give the impression that the tra-
ditional “engineering design process” defined in other standards did not come up
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in our interviews. On the contrary, everyone we spoke with agreed that students
must learn to identify requirements, constraints, and tradeoffs, and proceed sys-
tematically through a process of proposing a solution, refining it, building and
testing a prototype, evaluating the prototype, and re-iterating if necessary.

Breaking the Problem Down Novices are sometimes overwhelmed by engineering
problems but, usually, such problems can be broken down into many smaller
problems, each of which may be considerably simpler.

Considering “Good Enough” or “80%” Solutions In our discussions with employ-
ers, something interesting came up which does not come up in more academic
treatments — the importance of determining the “80%” or “good enough” so-
lution. By this, most engineers seem to mean the solution which does well and
would take too much time, effort, or money to improve greatly upon.

4.1.2. Engineers’ Ways-of-Thinking

The second major grouping in the framework is also “process skills”, but less like the
tasks that engineers do and more like the ways that engineers think. The major skill
category here is analyzing technology as systems. Students and interns have difficulty
knowing at what level of abstraction to view an engineering problem or an engineering
system — when they need the levels of abstraction and detail that come with a layout
diagram, a schematic diagram, or a block diagram, for example. Other critical thinking
skills came up in our discussions as well.

Systems Thinking Systems thinking is a set of skills for analyzing technological sys-
tems at the proper level of abstraction or detail. There are many contexts in
which one does not need to understand the inner workings of components, but
it is critical to understand the roles of various components and the ways that
they interact, including the system behavior that is not simply the sum of each
of the parts (“emergent behavior”). Systems thinking is typically associated with
a block-diagram abstraction of components’ inputs, outputs, control loops, and
other relationships.

Understanding/Considering Protocols, Interfaces, & Standards Part of analyzing
technology with systems thinking is understanding how components of a system
communicate, interface, and interact with one another. Specific communication
protocols or standards are frequently required. The design of modular compo-
nents that can be re-used through standardized protocols is a consideration here
(both in hardware and software). These considerations apply also to how a sys-
tem may interact with other systems.

Understanding/Considering Processes & Procedures Another important part of an-
alyzing technology with systems thinking is considering whether there are spe-
cific processes and procedures that define a system’s use; examples include start-
up process, a shutdown procedure, a calibration sequence, etc.

Considering Controls When technology is considered at the level of systems, aspects
such as feedback, open-loop and closed-loop operation, and other issues of con-
trol become important.
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Lateral Thinking Sometimes more colloquially called “thinking outside the box,” lat-
eral thinking means using an idea from a different context — either literally, or
by analogy or metaphor — in the context of the current problem.

Estimating By quickly performing back-of-the-envelope and/or order-of-magnitude
calculations, engineers and technicians are able to eliminate possibilities and con-
serve effort.

4.1.3. Engineers’ Professional Skills

The third major grouping in the framework consists of professional skills. These are not
strictly technological skills, but they are extremely important to employers and an in-
tegral part of success in science and engineering disciplines. Communication skills are
one important set in this group. We already knew from past experience how important
skills of writing, formal presentation, informal presentation (the “elevator talk”), etc.,
are to employers. They did not come up in the 2009 study because they were already
assumed for context. We re-insert them here so that they are not forgotten. What did
come up in 2009 was the importance of the related skill of documenting.

Communicating Work Informally Reporting at routine meetings, interacting at the
water cooler, and giving the “elevator talk” (quickly summarizing one’s work to
a [potentially important] stranger) are all commonplace workplace events that
require being comfortable with technical communication in an informal context.

Presenting Formally Likewise, presenting formally, in internal meetings, to outsiders,
at conferences and meetings, etc., is an important skill.

Documenting Work for Self and Team A form of communication that came up often
in our interviews was documentation. Sometimes documentation is communica-
tion with oneself — so that a problem can be returned to after a long time and
one’s previous progress is preserved. But often, documentation is important for
one part of a team to communicate aspects of its solution to another part of the
team, or for the designers of a solution to communicate with that system’s users.

Writing for Publication and Presentation Just as formal presentation is important,
so also is formal writing. As opposed to documentation, here we refer to formal
writing for “outside” audiences.

Of new interest to us in 2009 was the importance of project management skills to
Maui’s and Hawai‘i’s technology employers. We had assumed that “middle manage-
ment” level positions required these skills but that entry-level positions did not. On the
contrary, many engineers we spoke with emphasized the need for all employees to have
these skills, regardless of whether they will ever formally take on the role of a project
manager. Employees work on small projects that do not necessarily need the full array
of project management tools, but would benefit from some of the basic tools and skills,
such as defining milestones and benchmarks, and estimating effort. In addition, when
employees work on large projects, they are better able to work with a project manager
when they have familiarity with project management.

Planning Defining milestones and benchmarks along the process of engineering a sys-
tem helps progress to be measured. In some cases, the effort and time spent
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on planning is recouped by the increased efficiency and more directed nature of
subsequent work.

Estimating Effort & Time Being able to estimate how many people, working for how
long, and at what level of commitment, will be needed for a given task is a skill
that many engineers mentioned entry-level people need more experience with.

Recognizing Resources Recognizing what resources are available — in particular,
who has expertise that would save time and effort, or whether off-the-shelf com-
ponents would save time and effort — was emphasized as an important skill.

Project Management Employees often work with or under a project manager, and are
more effective if they know some of the basic skills, tools, and terminology of
project management in general.

Considering Cost Constraints Effort and time are not the only resources to consider
in project management — cost is an important constraint as well.

Breaking the Problem Down Mentioned previously in §4.1.1, breaking a problem
down also helps in the processes of defining milestones, estimating effort and
time, etc.

Considering “Good Enough” or “80%” Solutions Mentioned previously in §4.1.1,
an important project management skill is knowing when a project has progressed
enough to quit, when the returns on continued effort are diminishing.

Prioritizing Given that money, time, and effort are limited resources, it is important to
prioritize what is most important to get done and/or what must be finished first.

5. Discussion: Applications of This Framework

The engineering technology skills framework described in this paper was developed to
inform curriculum design for a four-year electro-optics degree program at UH–Maui
and for short courses and activities associated with the Akamai internship programs.
Early-career scientists and engineers who participate in the Professional Development
Program (Hunter et al. 2008, and see also Hunter et al., this volume) think about what
skills are important to teach and support in the activities they lead; for those PDP partic-
ipants who teach in AWI venues, this skills framework is meant to guide their thinking.
So, in this section we discuss the applications of the framework.

We propose that the Critical Engineering Technology Skills and Experiences
(§4.1.1) should be tasks, projects, and assignments that students engage with through-
out an engineering or technology curriculum. No single assignment needs to address all
(or even many) of these items; indeed it is likely better for a particular activity to have
a tight focus. For instance, a course in optics could include an assignment to align and
characterize a typical laboratory optical bench; a course in data analysis could include
an assignment to design an automated software pipeline to perform routine reduction
and analysis of detector/sensor data.

We propose that the Engineers’ Ways-of-Thinking (§4.1.2) are engineering skills
that should be explicitly taught somewhere in the curriculum and then reinforced
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throughout. While some standalone assignments related to these skills may be appropri-
ate, we recommend these skills should be necessary for success within the projects and
activities that come under Critical Engineering Technology Skills and Experiences. For
instance, in order to characterize an adaptive optics system, students should consider
whether they need to understand in great detail the electronics of every component,
or whether a block diagram understanding of the relationships between the wavefront
sensor, computer, and deformable mirror in closed-loop operation is appropriate.

The Engineers’ Professional Skills (§4.1.3) are difficult enough, and different
enough, from technological skills that they warrant being treated separately. We rec-
ommend explicit instruction in communication skills and project management skills.
Indeed, the Akamai Internship Program has for years had a concurrent, separate, but
well-integrated Science/Engineering Communication course. “Well-integrated” is an
important and difficult point. While these skills warrant separate treatment, we do not
advocate that student work in these areas be completely divorced from other student
work. That is, we do not recommend a project management task (e.g., a Gantt chart)
for its own sake, or a writing or presentation assignment for its own sake. Rather, we
recommend that these “layers” be added to the first category of projects and activi-
ties over time. By the time students are near graduation, “capstone”-like experiences
should require project management, writing, and presentations, as well as a compre-
hensive suite of technology skills.

6. What Must Be Considered In Addition to This Framework

This proposed framework is not all-inclusive and does not stand alone. It was orig-
inally designed to be a focus on the reasoning process skills of engineers. With this
initial focus we discovered the importance of the “technician-like” skills that are de-
emphasized in engineering design frameworks. In response to emphasis from the Maui
and Hawai‘i communities, this framework also expanded beyond strictly technological
skills to include some professional skills. However, the study remains tightly focused
and there are a number of other considerations that must be brought to bear in any
serious curriculum development work.

6.1. Content

The first, most obvious category of considerations missing from this framework is con-
tent. This framework makes no attempt to define which programming language should
be taught, or what optical principles are the most important, and so on. On the one
hand, we believe that a deep focus on engineering and technology skills will improve
students’ abilities to adjust to rapidly-changing technology — making specific choice
of content less critical to their future success. But on the other hand, we still believe
it is the responsibility of any program to continually improve and update to provide
students with current, relevant technology experiences.

6.2. Necessary Pre-Requisite Math and Science

Likewise, this framework has little to say about the necessary grounding in math and
science that students need. As much as possible, engineering technology programs
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should try to influence the design of these other courses so that they also emphasize
reasoning skills.

6.3. Other Professional Skills

While our framework has called out two sets of important professional skills (com-
munication and project management), we do not mean to give the impression that this
is a comprehensive set. The other so-called ABET “professional skills” — an under-
standing of ethics, an understanding of the broader cultural, societal, economic, and
environmental impacts of engineering, and teamwork, are critically important. While
the broader impacts of an engineering project can, in principle, be treated within our
skill of “analyzing tradeoffs”, we applaud the ABET criteria for calling these issues
out separately. For more on the ABET professional skills, see ABET (2008a,b) and
Shuman, Besterfield-Sacre, & McGourty (2005).

6.4. Attitudes

Many engineers that we spoke to emphasized the importance of attitudes in addition to
skills. One commented that he could teach skills, but only if the intern was motivated
and wanted to learn. The distinction between some skills and attitudes is difficult to
discern; the ABET criteria discuss ethics and teamwork as skills, while our interviews
revealed “responsibility” and “teamwork” as responses for attitudes.

It is worth considering how to build — and perhaps more importantly, how to
maintain — positive and productive attitudes when designing a curriculum. Presumably
students enter engineering technology programs with some interest, motivation, and en-
thusiasm to learn — else they might have chosen a different program. Programs should
consider how students might maintain those attitudes in the face of difficulty. Other
attitudes — maturity, creativity, perseverance, ownership, responsibility, thoroughness,
and a sense of self or identity as an engineer — may not be present in students when
they enter a program but should be built up for students to succeed and be retained.
Programs should adopt a “growth mindset” (Dweck 2006) about their students — the
notion that their skills and attitudes can be built up and improved rather than being
intrinsic and fixed — and project such a mindset to the students themselves.

7. Discussion: Limitations of this Framework

A striking feature of this skills framework is that it seems to place “technician-like” and
“engineer-like” skills on equal footing. This feature is not present in other curricular
frameworks. Yet in our conversations with over forty engineers at a dozen of Maui’s
high-tech companies and Hawai‘i’s observatories, there was broad consensus that em-
ployees need to be familiar with both these sets of skills and need to able to move flu-
idly between tasks in either grouping. Here we briefly discuss possible reasons for the
discrepancy between the Akamai community’s perception of the technician-engineer
dichotomy and the more traditional view.

First, our own biases are no doubt coming into these discussions. The Akamai pro-
grams have, for years, advocated for “entry-level” positions both for university-trained
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and community-college-trained students. Our broad concept of what constitutes “entry-
level” has probably led to some conflation of positions typically for two-year graduates
and positions typically for four-year graduates. The companies and institutions we part-
ner with are typically supportive of our workforce-development efforts and so may also
have broad construals of “entry-level.”

But, we also heard time and again that both engineers and technicians perform
all these tasks. Therefore it is not simply the case that we have just conflated two-
year technicians with four-year engineers; the employers themselves are telling us that
everybody has to be able to do all these jobs (to some extent).

So this leads us to another consideration: On average, the companies and observa-
tories we have been working with are relatively small firms, and do not mass-market or
mass-manufacture products for sale. Instead, they are concerned with operations and re-
search (e.g., observatories, contractors operating defense installations) or with research
and development (e.g., contractors developing for defense or energy applications). In
these settings, with fewer people and with fluid roles, the lines between technical op-
erations/maintenance and engineering design become blurred. Perhaps this is easiest
to see in the observatory setting. An observatory must be maintained — “technician-
like” — but also must be improved upon and upgraded — “engineer-like” — and often
there is a very small staff handling all these tasks.

At larger firms and/or those with a more direct product-manufacture mandate (say,
large computer manufacturers, software coorporations, or car companies) it is likely
there is a more strict hierarchy between engineers and technicians.

In addition, the largest engineering design firms even define their own engineering
processes internally.

8. Summary

We have presented our synthesis of engineering and technology skills relevant for
college-level study, specifically situated in the context of high-tech employment on
Maui and Hawai‘i. However, since we have not discussed any particularly specific
technology content, much of this framework should be applicable to other settings. The
general method of integrating disparate inputs into the framework should apply.

In particular, we have found that “technician-like” skills have been neglected in
other treatments; this sets up a stricter dichotomy between engineering programs and
technology programs than is reflected in the “real-world” workplace setting. Possibly
this finding is related to the relatively small size of engineering firms and observatories
on Maui and Hawai‘i and may not reflect parity between engineers and technicians
across settings.

Also, we have found that communication skills and project management skills,
which are already emphasized in existing curricular frameworks, are nevertheless still
important points for improvement in the eyes of employers.
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Abstract. I present a model for designing student research internships that is in-
formed by the best practices of the Center for Adaptive Optics (CfAO) Professional
Development Program. The dual strands of the CfAO education program include: the
preparation of early-career scientists and engineers in effective teaching; and changing
the learning experiences of students (e.g., undergraduate interns) through inquiry-based
“teaching laboratories”. This paper will focus on the carry-over of these ideas into the
design of laboratory research internships such as the CfAO Mainland internship pro-
gram as well as NSF REU (Research Experiences for Undergraduates) and senior-thesis
or “capstone” research programs. Key ideas in maximizing student learning outcomes
and generating productive research during internships include: defining explicit con-
tent, scientific process, and attitudinal goals for the project; assessment of student prior
knowledge and experience, then following up with formative assessment throughout
the project; setting reasonable goals with timetables and addressing motivation; and
giving students ownership of the research by implementing aspects of the inquiry pro-
cess within the internship.

1. Background

Undergraduate research experiences have been shown to benefit students and increase
their retention rates within science programs (ResCorp 2000; Russell, Hancock, & Mc-
Cullough 2006). Authentic research experiences further serve students as a bridge
between science as presented within the traditional classroom setting and science as
practiced by scientists. On a programmatic level, mentors want to integrate undergrad-
uates within existing research programs with an eye toward advancing the mentors’ own
research. This is especially true at primarily undergraduate institutions, where under-
graduates may form the sole source of research assistants. The purpose of this paper is
to present a model of student research internships that implements best practices using
insights from the Center for Adaptive Optics (CfAO) / Institute for Scientist & Engi-
neer Educators (ISEE) Professional Development Program (Hunter et al. 2008, also see
Hunter et al., this volume), hereafter designated the PDP.

The CfAO/ISEE education programs use a “crossed-strands” approach to sup-
port the development of graduate students and post-doctoral scientists and engineers
as educators (PDP, Strand 1) while also providing training and research experiences
to undergraduates (Strand 2). In this paper, I present a model that is informed by my
participation and an adjunct-staff role in Strand 1, as well as my role as a research men-
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tor in Strand 2 (at the University of California, Santa Cruz), and my later experiences
mentoring student research as an Assistant Professor at Sonoma State University.

Developing a model for student internships comes directly from applying the
lessons of Strand 1, or the PDP. During my participation and staff roles within the
PDP, I was introduced to two key ideas that form the basis of this model. The first
is the application of the Scholarship of Teaching and Learning (henceforth SoTL) to
the practices of teaching and mentoring. A central tenant of Strand 1 may be summa-
rized colloquially: “as a scientist you have been trained to research and evaluate the
best methods to attain a measurement or result, you should apply those same princi-
ples to the implementation of teaching and mentoring.” We spend time researching best
practices within our individual scientific disciplines and we should correspondingly re-
search best practices within the scholarship of teaching and learning in our roles as
educators and mentors.

The scholarly basis for this model of internship comes from two main sources.
The first is a text I was introduced to through the PDP, “Learning and Understanding:
Improving Advanced Study of Mathematics and Science in U.S. High Schools” (NRC
2002). This report constitutes the published results of a two-year study undertaken by
the National Research Council (NRC), with support from the National Science Foun-
dation (NSF) and the U.S. Department of Education. Chapter 7 in this report presents
the “Seven Principles of Learning”, which I use as a foundation of the internship model
(see §3.1). The second foundation for the internship model is the use of inquiry (see
§3.3). The use of inquiry in learning environments can encompass many practices
(Kluger-Bell 1999). For this paper, I adopt the definition of inquiry put forth in Hunter
et al. (2008), that inquiry based learning is “learning science and engineering the way
science and engineering are done”, using the content and processes of the discipline.

Another aspect of this research internship model is the inclusion of several assess-
ment components. Like the CfAO/ISEE Strand 2 structure, which holds mini-courses
at an internship inception and includes a culminating event where students present their
work, it is important to have opportunities for formative and summative assessment of
the students’ progress. In the model I present here, I outline a series of formative as-
sessments from initial student-mentor interactions through weekly research meetings. I
also stress the importance of a final research presentation (e.g. poster, talk) to both serve
as a culminating event as well as a motivating focus of the students’ efforts through the
research experience.

I have used this method for mentoring three CfAO PDP undergraduate research
interns, as well as more than a dozen other undergraduates for various internships and
research projects. Specifically, I have adapted this model to the senior capstone re-
search experience required for Sonoma State University Department of Physics and
Astronomy majors.

2. Goals

An important aspect of this design are well-defined and explicitly stated goals. Goals
for undergraduate research experiences come in two flavors, those of/for the student and
those of the program/mentor/institution. The aims of this research experience design
are to maximize student learning outcomes and generate productive research during
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internships. We will first address how to form the institutional goals and present them
to the student.

2.1. Institutional or “Big Picture” Goals

Student research provides value for an advisor’s research program when the student’s
tasks are well defined and formatted to support larger-scale projects. It is important to
consider what the long-term and intermediate-term goals for the project are and then
decide what fragment a student can produce during the limited time of the internship.
As I discuss in §3, it is important to structure the internship to both: scaffold the student
as they develop their skills and add their body of work to your research; and produce
tangible products such as reports, posters, papers and talks. Figure 1 is illustrative of
these student contributions.

Figure 1. Student research makes concrete contributions to faculty research.
Sonoma State University student Orion Leland’s (right) research with advisor Scott
Severson (left) culminated in a solar power feasibility study for an observatory de-
velopment project and landed the student an internship with a local business.

As research is a complex endeavor, a suitable way to have the students provide
value to the ongoing research effort is for them to prepare archival documents. A basic
structure may be a “lessons-learned” report. This can serve as a start-up document for
the next round of student researchers. It is my experience that time spent by the student
processing their work for the “next” student is both beneficial to their understanding
of their work, as well as a strong motivator for mastery of the subject. A real example
of how this may benefit the mentor’s research on a longer timescale is the production
of well-commented computer code. When the stipulation is made to a student that
further students will work on and adapt the code they produce, the current student is
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held accountable for clean software design and well-commented code. Many aspects of
research benefit from this student-generation to student-generation knowledge transfer.

As you identify segments of your work that are achievable on the student research
timescale, it is important to make tangible connections between these projects and your
“Big Picture” goals. If a small-scale experimental set-up and some diagnostic tests will
eventually allow you to measure “Property X of the Universe”, it is vital to convey this
goal to the student. It is an important motivator that they know the “Big Picture” goals,
as we will discuss in §3.1. It is also a critical step for a student to connect the day-to-day
struggles within a research environment to the actual purpose of that work.

A final comment about setting your programmatic goals: it will often, and prefer-
ably, be the case that your goals are aligned with those of the student. For example it
may be that student authorship within your research is an important part of your Reten-
tion, Tenure, and Promotion process. In such ways your programmatic goals are met
by supporting the student goals you set.

2.2. Defining Student Goals

Your programmatic research goals will often specify the substance of the student’s re-
search. It is critical to then define student-centered goals. These should be be a set
of clear objectives for their work and advancement under your mentorship. These will
serve to motivate and drive the student. It is useful to generate these goals and explic-
itly communicate them to the students. You may have these set in advance, but it can
be empowering for the student to have a voice at a goal-setting session early in the
internship.

There are three conceptual areas to consider: content goals, knowledge you want
the students to learn; process goals, scientific skills you want the students to develop;
and attitudinal goals, how you want the research experience to change their perspec-
tives. As a general guideline, the content goals should be built around the underlying
principles of your research.

2.2.1. Content Goals. Content goals are based on knowledge and conceptual under-
standing central to the specific discipline. Within research experiences I have mentored,
examples of content goals would be to understand: the principles of adaptive optics;
high-contrast imaging; the performance of micro-electro-mechanical deformable mir-
rors; stellar occultations; principles of wavefront sensing; etc. Though specific to my
research, one can see that a class of them are “Big Picture” concepts to understand.
These provide a foundation which sets the context of the students’ specific tasks. One
can imagine the student using this knowledge to speak confidently about “why” their
research is important. There are also content goals specific to their research tasks. By
this, I mean the content over which they should be expected to gain “mastery”. If the
student is to provide useful advancement to your program by testing wavefront sensing
algorithms, they will indeed have extensive knowledge of their specific experiments by
the end of their research. Students may end up quite comfortable speaking about these
“what they learned” concepts. I have found that it is crucial to keep directing them to
the broader goals of the program so they may speak effectively on “why it is important.”
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2.2.2. Process Goals. Scientific process goals may be be more difficult to define
owing to their unspoken ubiquity within the broad research community. By this, I
mean that we might often define our work by its content, as mentioned in the preceding
paragraph. But the transferable skills to be developed by the student may not garner
the same mention. They are nevertheless extremely important, and by specifying them
explicitly we give value to the struggles that the student encounters in the process of
completing their research. At the broadest level, examples of these goals may be: good
lab procedures; posing their own research questions; data analysis; experiment design;
scientific communication; etc. More specific examples, mentioned as a reference, in-
clude: optical alignment; programming; astronomical data reduction; poster layout;
talk preparation; public speaking; etc. One can consider the process goals as the “what
they did and how they did it” portion of their goals. When we value unambiguously
the process skills the student acquires during the research experience, we honor their
efforts. These process learning objectives are often the most transferable to other en-
deavors.

2.2.3. Attitudinal Goals. Attitudinal goals may be even harder to define than pro-
cess goals, but can be more transformative than the concrete content and process goals.
To draw up the attitudinal goals for your students, consider how you would wish the
research experience to change them. For example, you may want to broaden their per-
spective, enhance their self-confidence, and promote career opportunities within the
Science, Technology, Engineering and Math (STEM) fields. An attitudinal shift that I
consider fundamental to the undergraduate research experience is the transition from
passive to active learner. For details on active learning in the sciences see Michael &
Modell (2003). Students who excel in standard classroom environments may have dif-
ficulty transitioning to science practice, where lines of inquiry are self-generated. This
is discussed further in §3.3. Once again, making these goals evident to the student sets
the expectation that they are responsible for their development during the program.

3. Structuring Student Research

Undergraduate research experiences come in a variety of formats and timescales; e.g.
summer internships, semester work-study, and multi-semester culminating experiences
as part of the baccalaureate. The CfAO Mainland summer internship, for which I served
as a mentor three times, was a ten-week program. It was structured to commence with
a one-week “short course” put on by the CfAO, followed by eight weeks within a spe-
cific research group, and ending with a week-long culminating event. Those bookend
experiences are incorporated more generally in a model which can serve the variety of
research experience formats. The model contains an early period of assessment and
strengthening of the students’ conceptual knowledge of the subject of their research,
and a late period which is centered on a culminating presentation (see Figure 2). The
general structure, applicable to all student research experiences, is informed by the
Seven Principles of Learning (NRC 2002, also see §3.1), and is presented in Table 1.
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Table 1. Student Research Structure

Component Description

Interview and Discussions Preliminary interactions with student to assess the student’s
prior knowledge and learning strategies. It is important to
introduce programmatic and individual student goals at this
stage.

Assign Readings with
Discussion

Early research experience interactions that serve to introduce
student to the material she or he will need to know. This ad-
dresses the student’s conceptual knowledge.

Daily Interactions Structures such as morning meetings or daily logging of un-
dertakings and outcomes (often done via wikis) serve to as-
sess progress and develop student meta-cognition and self-
monitoring. In these interactions, mentors may wish to use
formative assessment to gauge and correct the student’s path.
By responding to the student’s progress and helping them gen-
erate new tasks, the mentor demonstrates the learning practice
within the discipline.

Weekly Interactions Students should present their work in low-barrier group inter-
actions, introducing them to the research community. This is
a good time to bring together several students, whether within
your group, or perhaps a larger community, to present to each
other. They should be mindful of communicating large and
small scale goals as they present their work. These meetings
may involve the presentation of figures, interim reports and
similar work.

Culminating Presentation Student research should culminate in a capstone experience
(e.g., poster, talk, paper). Building support of these efforts into
the weekly meetings is critical to scaffolding their preparation
of these larger products.

3.1. Seven Principles of Learning

The report “Learning and Understanding: Improving Advanced Study of Mathematics
and Science in U.S. High Schools” (NRC 2002), constitutes the published results of
a two-year study undertaken by the National Research Council (NRC), with support
from the National Science Foundation (NSF) and the U.S. Department of Education.
It provides the rationale for the structure of this internship model. I summarize the
findings of Chapter 7 of that work in Table 2. This is a useful list of the concepts to
consider during the intentional design of an undergraduate research experience. These
concepts are specifically mentioned in Table 1, which describes the structure of the
model.

3.2. Setting Research in Context

It is critical to connect the student’s work to the “Big Picture” goals of your research
effort in order to address student motivation and to train the student to set their work
in its proper context. One way to achieve this is to discuss the various scales of the
work. What is the student doing day-to-day? What is their goal for the duration of
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Figure 2. CfAO intern Layra Reza is shown describing her poster at the 2005
SACNAS conference. A culminating event such as a poster presentation at a con-
ference or a talk at a student symposium is an important component of this model.
These events serve as a motivator and reward for the students and produce tangible
contributions to the ongoing research effort.

Table 2. Seven Principles of Learning. Adapted from NRC (2002).

Principle Description

Conceptual Knowledge Effective learning is enabled when understanding is built upon
core concepts of the discipline.

Prior Knowledge Learners construct their understanding using previous experi-
ences and knowledge.

Metacognition Learning is assisted by metacognitive strategies that recognize,
make explicit, and guide the learning process.

Learning Strategies Learners have different learning styles. Identifying and engag-
ing the students’ existing strategies and strengthening others is
crucial to effective learning.

Motivation Learners’ motivation and confidence affects what is learned. Mo-
tivating students is a part of mentorship and teaching.

Learning Practice How people engage in the learning process affects what is
learned. Examples of learning processes include lecture, read-
ing, small-group discussion, inquiry, etc.

Research Community Learning can be a social process. Learning is facilitated by in-
volving students in the community of the discipline.
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the project? What are the larger research goals you have and how does their project
fit within this “Big Picture”? A common mistake a student will make when asked to
describe their work, either in response to their project advisor or an outside party, is to
start at the very smallest scale. For example a student may respond “I spend my time
coding in a language called IDL”, rather than “I am developing algorithms to assist in
the detection of planets around other stars . . . by coding in a language called IDL.” The
latter response demonstrates that the student understands the larger context, as well as
expressing a greater sense of purpose to their work.

A related problem is when the student does not identify their specific contribution.
Perhaps more comfortable describing “known results”, some students find it difficult
to specify the skills they are building in their work. The student who talks in broad
generalities about their work should be asked to enumerate their contributions to the
research. If we, as advisors, get our students to talk effectively about the skills they
are developing, the work they are accomplishing, and the science they are enabling, we
provide them with communication tools to help them succeed in the STEM community
beyond their undergraduate research experience.

3.3. Role of Inquiry

Facilitation of the inquiry process as taught in the CfAO Professional Development
Program mirrors the mentoring of student research. The mentor facilitates the stu-
dent through their research project within a well-defined framework, a framework that
gives students ownership over the process. Students gain important content knowledge,
process skills and attitudinal changes in an environment that allows: exploration; the
formation of research questions and goals; focussed investigation on the part of the stu-
dent; the communication of the student’s results; and a synthesis of the work to place it
within the broader scientific context.

There are several keys to bring this inquiry process, learning science the way sci-
ence is practiced, into the research experience. The first is to give some choice to the
student in the area of study they pursue. It may be as simple as conveying your institu-
tional research goals during the early Interview and Discussion stage (see Table 1) and
letting the student select from the several projects you have. The sense of ownership
of the research question will motivate the student during the project. Another way to
bring in the inquiry process is to task the student with creating their own research plan.
Asking them to list the steps they think it will take to achieve their research goals, and
guiding them through that process, builds the student’s confidence and metacognitive
skills (see Figure 3). Finally, the presence of a culminating presentation serves as a
motivator and capstone experience to the project, similar to the standard PDP inquiry
structure.

4. Assessment

Assessment of the student’s progress is critical to the success of their research.
Throughout the experience we can use formative assessment to inform how we guide
the student to meet the specified goals. Are they writing clear agendas and summaries
in their daily logs? We can use these assessments to look for students that are stuck,
lacking motivation, or lacking clear goals. The weekly interactions, where a student
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Figure 3. Sonoma State University student Blaine Gilbreth in the Adaptive Optics
Laboratory. The SSU capstone experience guides students through the development
of a project that integrates with ongoing faculty research. A key aspect is the devel-
opment of the student as scientist and the growth of metacognition.

presents their work to the mentor and their peers, are another place to assess and give
feedback to the student. Building these constructs into the schedule of the research ex-
perience gives natural places for formative assessments. Examples of things that I look
for from students include: Are their lists of daily and weekly goals matching up with
their accomplishments? When they present findings, do they understand the context?
Do they know how to proceed next? Are plots and axes labeled? Are uncertainties
calculated? Are they researching the literature to understand the discipline? Are they
coming to me with their own ideas for feedback rather than “what do I do now”-type
questions?

The summative assessment is where we gauge how far the student has come and
how much they have achieved. It is often centered on the deliverables of the research.
These can be the research presentations, and the discipline specific products: the work-
ing code; data pipelines; optical or mechanical designs; measurements and findings. I
have transitioned from working with CfAO summer interns to working with majors as
they complete their required capstone projects for their Physics degrees. Correspond-
ingly, the summative assessments have taken on the more concrete form of grades and
senior assessments. One may look at productivity, originality, independence, commu-
nication ability and the like as metrics of success in these research endeavors. I have
found this work offers students a very different experience than standard classroom
learning.
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5. Considerations for Future

Adding this model at Sonoma State University has resulted in the creation of a capstone
support course that serves as the basis of faculty-student meetings focussing on research
and student development. We have made the transition to a higher-stakes senior re-
search seminar as a culminating experience. The student response has been to view the
research experience with more gravity, more motivation, and to see it as more integral
to their undergraduate experience. A lesson learned from the CfAO PDP program is to
incorporate the Scholarship of Teaching and Learning into the practice of teaching and
mentorship. As I move forward in developing research and mentorship methodologies,
I am looking toward the incorporation of other effective pedagogies. Two near-term
goals are the inclusion of learning styles surveys in the assessment of student learn-
ing strategies and the incorporation of Universal Design for Learning pedagogies (HEP
2008) to enhance the experience for students with and without disabilities.
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Abstract. The quality of science teaching is of growing importance in Mexico.
Mexican students score well below the world mean in math and science. Although the
government has recognized these deficiencies and has implemented new policies aimed
to improve student achievement in the sciences, teachers are still encountering in-class
barriers to effective teaching, especially in public colleges. This paper reports on the
utility of inquiry based exercises in Mexican classrooms. In particular, it describes
a two-day professional development workshop with science teachers at the Instituto
Tecnologico Superior in Felipe Carrillo Puerto in the Mexican state of Quintana Roo.
Felipe Carrillo Puerto is an indigenous municipality where a significant majority of the
population speak Maya as their first language. This alone presents a unique barrier to
teaching science in the municipality, but accompanied with other factors such as student
apathy, insufficient prior training of both students and teachers, and pressure to deliver
specific science curriculum, science teachers have formidable challenges for effective
science teaching. The goals of the workshop were to (1) have a directed discussion
regarding science as both content and process, (2) introduce inquiry based learning as
one tool of teaching science, and (3) get teachers to think about how they can apply
these techniques in their classes.

1. Introduction

The emphasis on effective teaching of science is of growing importance in many coun-
tries, as student competence in science is increasingly considered one of the main
indicators of a nation’s capacity to compete in the global economy. A study by the
International Association for Student Assessment found that Mexican students score
consistently lower in math and science than students in 40 other countries, 100 points
below the world mean (Cisneros-Cohernour, Avila, & Bustillos 2007). Although the
government has recognized these deficiencies and has implemented new policies aimed
to improve student achievement in the sciences (SEP 2001), teachers are still encoun-
tering in-class barriers to effective teaching, especially in public colleges.

This paper discusses the utility of inquiry based exercises as a tool to increase
the effectiveness of science teaching in Mexican classrooms. In particular, we review
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a two-day professional development workshop with science teachers at the Instituto
Tecnologico Superior in Felipe Carrillo Puerto, a town located in the central part of
the Mexican state of Quintana Roo. Felipe Carrillo Puerto is the economic center of
the municipality of the same name, which is considered an indigenous municipality
– more than 85 percent of the population speak Maya as their first language (INEGI
2005). This statistic is even more extreme in rural villages, where entire populations
are Maya-speaking. Students that come from these villages can thus be considered
Spanish-language learners. This alone presents a unique barrier to teaching Spanish-
language science at a higher level, but when accompanied with other in-class obstacles
such as student apathy, inadequate training of both incoming students and teachers,
and pressure to adhere to specific science curriculum standards, science teachers have
formidable challenges. Based on these hurdles, the goals of the workshop were to (1)
have a directed discussion regarding science as both content and process, (2) introduce
inquiry-based learning and communication as one tool to increase teaching effective-
ness and (3) get teachers to explore different ways they can apply these techniques in
their classes.

The workshop was held during January 24-25, 2007, as part of a teacher training
week that typically precedes the start of the semester. It was held at the local tech-
nical college (Instituto Tecnologico Superior of Felipe Carrillo Puerto, or ITS-FCP)
the only degree administering academic institution in the region. ITS-FCP is part of
a national system of colleges called the Instituto Tecnológico Superior de Educación,
which has campuses in many cities across the country. Each campus is administered
differently. Still relatively young, ITS-FCP is going through its own growing pains: for
example, it still requires no entrance exam for admission, although it has opted to start
with an exam once students register to determine entry level knowledge. ITS-FCP is
also considering expanding their degree program – currently, they only offer four de-
grees: Industrial Engineering, Food Science, Administration, and Computer Science.
Most students (except students in Administration) are required to take general biology,
physics, and chemistry. A total of fourteen professors attended the workshop, although
two professors did not attend both days. In attendance both days there were three bi-
ologists, two chemists, two physicists, four professors in math or engineering, and one
administrator.

2. Workshop details

Workshop design

The general format of the workshop was inspired by the first author’s (AR) participation
in the 2006 Professional Development Program (PDP) of the Center for Adaptive Op-
tics (CfAO) held in Maui, HI (Hunter et al. 2008). Attendees were asked to participate
in several inquiry activities designed to illustrate the educational value and instructional
utility of such exercises in science classrooms. In addition, AR recieved training in in-
quiry through his participation as a Science Fellow for the Center for Informal Learning
and Schools and through workshops at the Exploratorium’s Institute of Inquiry in San
Francisco, CA. Thus, when we were invited by ISTC-FCP to aid in professional devel-
opment of science and engineering teachers while serving as visiting faculty, we used
the examples provided by the PDP and the Institute of Inquiry to model this workshop.
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Workshop introduction and starter activity

After a short personal introduction and a brief preamble to the workshop, we had the
participants take five minutes to write about: (a) what the term science means to them,
(b) the best part of teaching science, and (c) the most challenging aspect of science
teaching. This somewhat unstructured, open-ended activity was one of the first key
challenges of this workshop, since there was no way that we could predict the responses
to these prompts. We had planned to introduce inquiry based exercises and their utility
based on our expectations for the responses to these prompts. This was the departure
point for the rest of the workshop and was specifically designed to address our first
workshop goal (discussion of science as both content and process). We opened up a
small discussion around these topics and fortunately, the responses tended toward what
was anticipated. In response to the first question, the participants’ responses mirrored a
classic dichotomy on the definition of science: about half defined science as a process
of knowing, while others cited science to be a body of knowledge. Attendees generally
agreed that one of the main challenges of science teaching is that “students are not moti-
vated to learning science, do not want to be scientists, nor do they have the appropriate
level of prior knowledge to learn science.” This set the stage for introducing inquiry
based exercises and their potential to help motivate the students and address some of
the concerns voiced in the first discussion/activity.

Inquiry activity as a professional development exercise

To showcase the usefulness of inquiry based exercises in science teaching and how they
relate to different learning goals and learning principles, we borrowed from a parachute
inquiry activity designed by the Exploratorium’s Institute for Inquiry in San Francisco,
CA. This exercise is also used for second-year and other returning participants to the
PDP. Instead of following the inquiry activity as a student exercise, we modified the
design and instead stressed the professional development aspects of the exercise, de-
emphasizing the content, and instead highlighting the phases of inquiry design. The
inquiry was divided into three phases: (1) a period of questioning based on observation
of engaging materials, (2) planning and investigation, and (3) thinking about (reflection)
and communicating learned material (IFI 2005). To begin the inquiry activity, we had
participants work in pairs to follow instructions to build a basic parachute, using pre-set
materials. In this initial phase, we reminded the participants to record any questions or
observations as they followed the directions (Phase 1, see Figure 1A). From these notes,
they were then instructed to formulate questions on sheets of paper, which were then
posted on the wall. Then, they were asked to work in groups of four to select a question
and develop it and investigate its potential answer (Phase 2, Figure 1B). Finally, after
conducting the experiment, groups were instructed to summarize their findings and
present their results to the rest of the participants (Phase 3, Figure 1C).

Reflections on the utility of inquiry exercises in the classroom

After running the three phases of the inquiry, which included set periods of reflection as
part of the professional development aspect of the workshop, we summarized the expe-
rience in a short discussion. By showing participants a picture slide show of themselves
engaged and involved throughout the three phases of inquiry, we could highlight how
inquiry based exercises can relate to a multitude of learning goals and learning princi-
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ples. For example, as evidenced by their own engagement in the exercise, these types of
activities can be used to provide an environment for building communities of learning
through group work and collaboration. Teachers even admitted that they themselves
were apathetic about pre-semester professional development workshops, and were sur-
prised at their own engagement in the exercise. In addition, inquiry exercises can pro-
vide motivation through curiosity, hands-on engagement, and empowerment to learn
and promote deep understanding. Finally, if properly designed with time for reflection,
inquiry based exercises help accelerate learning. These aspects underline the utility of
inquiry based exercises as a tool for teaching science, since they incorporate many key
principles of how people learn (see for example Gollub, Bertenthal, & Laval 2002), and
include many aspects of authentic scientific inquiry (see for example Chinn & Malhotra
2002).

Figure 1. (A) Participants begin initial phase of inquiry activity by observing en-
gaging materials and recording questions. (B) Participants begin the second phase
of inquiry with planning and investigating questions selected from Phase 1. (C) Par-
ticipants conclude the third phase of the inquiry exercise by reflecting on results and
reporting them to peers.

At the close of the workshop we had the participants complete a voluntary five
question survey. The survey was specifically designed to assess whether or not the
workshop goals were reached (see discussion below). For example, we re-asked, How
would you define science? to see how their responses might have changed as part of their
experience. Other open-ended questions included: What have you learned from this
workshop? In what way can you apply the lessons from this workshop in your classes or
work? What did you like about this workshop? What would you change? Finally, space
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was left requesting open comments. All responses were written in Spanish, translated
into English, and the key responses are quoted below.

3. Workshop assessment

The initial assessment of the workshop goals was entirely qualitative. We list select
responses from the completed surveys below, along with a short discussion.

Goal 1: A directed discussion regarding science as both content and process

The open initial discussion about science was fruitful in presenting the dichotomy of
defining science as a process or as content. After the workshop, attendees seemed
more inclined to cite the process of science when prompted by the survey, as 10 of
12 respondents incorporated the words process, way, dynamic, or procedure in their
revised definition of science.

Goal 2: Introduce inquiry based learning as one tool for teaching science

A couple of the questions on the survey elicited responses which suggest that the work-
shop as an introduction to inquiry was effective. For example, when asked What have
you learned from this workshop? participants replied:

� One can generate, design strategies using simple materials and every once in a
while allow formal play, because “playing” also generates understanding. (IE)

� Inquiry is a tool that one can use in any subject. (M)

� [Inquiry is] a method that one can use so that students become interested in the
content. (C)

� In addition to being something dynamic, this is a technique to involve and invite
students so that their curiosity becomes part of the knowing, as well as [to teach]
how to plan and present. . . (C)

� A new form of motivation for the student to generate questions without being
boring; it motivates their curiosity (B)

(Respondents were from the following disciplines: IE= Industrial Engineer, M=Math,
C=Chemistry, B=Biology, A=Administrator)

When asked What did you like best about this workshop? What would you
change? respondents wrote:

� That you embarked on a theme of investigation that was different, and that there
was time for sharing. I might change the timing, more time, with more tools (IE)

� The fact of awakening interest in the student so that they are curious, participa-
tory, and that they work. All there is to do now is to apply it [inquiry] to my
subject. (M)
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� I liked group work and the development of a plan, even though it was something
very simple. I would like this to go even deeper for a longer time. (A)

� The easiness of involving us in scientific analysis for a physical phenomenon.
For the moment, I wouldn’t change this methodology. (IE)

� The process by which we went generated self interest about parachutes. I hope
that all of us can apply what we learned (B)

� The openness and disposition of the instructors and the time. I would incorporate
in the planning someone who spoke (wrote) Spanish better (B)

These responses indicate that participants were interested in inquiry as a tool for
teaching by engaging students and involving them in the process of science. Teachers
were pleased to discover a new technique that piques interest as well as engages students
with disparate levels of prior knowledge. As noted above, teachers had mentioned that
this was particularly challenging. One participant mentioned in the final discussion
session that they were impressed to see themselves (teachers) from various disciplines
equally engaged in the exercise, and he hoped to see his own students so excited.

Aside from these comments, there was other evidence of the effectiveness in ac-
complishing this workshop goal. For example, after the workshop some teachers asked
to take home their parachutes to give to their kids, reinforcing the utility of these types
of exercises in capturing fascination and engaging the target audience. Also, as we
were packing up, participants stood around afterwards, waiting to ask for other re-
sources available in their own fields. All of these seemingly minor details can be used
as qualitative assessments of the effectiveness of the workshop in attaining professional
development goals.

Goal 3: Get teachers to think about how they can apply these techniques in their
classes

This final goal was particularly challenging. First, we did not (could not) plan enough
time in the workshop for this goal. We could only organize a short session where
participants went around the room with some basic ideas and thoughts, but this sharing
was fairly unstructured and did not go much farther. Providing other examples of
inquiry exercises (i.e., coming prepared with inquiry designs for other disciplines)
may help the participants come up with ideas for their own classes. Also, providing
a more structured format for brainstorming and discussion would have been helpful.
However, this was not possible given our time constraints, so more planning or another
follow-up workshop would be helpful in accomplishing this goal. Some teachers
voiced frustrations, while others expressed a glimpse of how they could incorporate
aspects of this workshop into their classes, as illustrated in the responses below:

In what way could you apply lessons of this workshop in your classes or work?

� By making my student be the constructive protagonist of his own learning. (IE)

� Although I can’t think of one [way] for microbiology, I have some ideas, I just
need to look up some material. (B)
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� I have thought to use this method for beginning students in the Research Work-
shop class (B)

� I think I could reproduce the workshop and use the method for my own projects
(C)

� I would apply [this] in classes or subjects that require labs/practicals· · · so that
the students generate their own questions and later they themselves can answer
them. (M)

� In my class, [I can] design activities for investigation in the simplest form, and
also to give time to the students to be able to question and respond. (IE)

Overall, we consider the workshop a successful introduction to the utility of inquiry
based exercises in the classroom. Workshop participants expressed value in the exer-
cise, and suggested that employing such tools might allow them to in part address some
of the more major hurdles to teaching, such as student apathy. Participants acknowledge
that exercises that allow for engaging interaction, personal observations, ownership, and
communication also have greater societal implications. Based on the apparent interest
of the participants, school administrators expressed interest in doing a more in-depth
workshop. Addressing some of the suggestions mentioned above would be helpful in
planning future workshops of this kind. For example, incorporating a more diverse set
of example exercises, as well as including a designated time for planning and pilot-
ing participant-designed exercises, would make the workshop more comprehensive and
immediately useful.
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Abstract. Formal organizations have become ubiquitous in contemporary society
and since so many of us spend so much of our daily lives working, learning, and social-
izing in them it is important to understand not only how they govern our interactions
but also how we can incite (and sustain) organizational change. This is especially true
for STEM education; learning about science, technology, engineering or mathematics
rarely occurs outside of formal settings and educators need to be aware of how learning
goals, priorities and practices are permeable to the institutional processes that struc-
ture sponsoring organizations. Adopting a historical perspective, this paper reports on
organizational changes at the Center for Adaptive Optics in relation to an emerging
emphasis on inquiry learning. The results of our analysis show how the inquiry model
functioned as a boundary object and was instrumental in transforming members’ expec-
tations and assumptions about educational practice in STEM while securing the insti-
tutional legitimacy of the CfAO as a whole. Our findings can inform the advancement
of educational initiatives within the STEM research community and are particularly
useful in relation to concerns around accommodating and integrating individuals from
non-dominant backgrounds.

1. Introduction

In recent decades priorities at the National Science Foundation (NSF) have shifted.
Where previously awarded funding was primarily justified by discoveries that advanced
knowledge in the natural sciences or could be used to safeguard national security, more
recently awards have prioritized programs that have humanitarian applications or di-
rectly benefit the American citizenry. The funding criteria established for the collection
of Science and Technology Centers (STCs) sponsored by the NSF’s Office for Integra-
tive Activities are one example of these shifting priorities. This paper reports on orga-
nizational changes that took place in one STC, the Center for Adaptive Optics (CfAO)
following its foundation in 1999. In particular we show how an emerging emphasis
on education and diversity within this organization gained stature and influence over
the lifespan of the organization. We explore the motivations for introducing an empha-
sis on education into a community of professional astronomers, engineers and vision
scientists, as well as some of the challenges of doing this in an organization aligned
with different and sometimes opposing priorities. Viewing these changes through a the-
oretical framework that combines Cultural Historical Activity Theory with the “new
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institutionalism” in Organizational Theory (CHAT, Ogawa et al. 2008), we provide
evidence that the unique design of CfAO education programs with their overlapping
emphasis on inquiry learning were critical for sparking debate and challenging norms
but at the same time functioned as an adapted response to ideological changes in the
surrounding environment. We show that educational training and activities based on the
principles of inquiry learning met incongruous organizational and institutional demands
represented by different stakeholders affiliated with the CfAO. We argue that in meet-
ing these demands the inquiry model operated as a boundary object (Star & Griesemer
1989; Kerosuo & Engeström 2003) that simultaneously legitimized education programs
as necessary and valued pursuits within the CfAO, while stimulating changes through-
out the organization. These findings also suggest how the adoption and adaptation of
the inquiry learning model was pivotal in not only positioning the CfAO as a leader in
STEM education but for increasing the overall legitimacy of this organization, securing
funding, and building its legacy. Finally, in moving beyond the “individual-social an-
timony” that has plagued philosophers and theorists since Descartes (Cole & Wertsch
1996), this case study illustrates the efficacy of a combined CHAT-Insitutional Theory
(CHAT-IT) lens for understanding why some institutional practices go unchallenged
while others are disrupted, transformed, or expanded.

1.1. Background and Context of CfAO Education Programs

The CfAO is one of five research organizations in the original cohort of Science and
Technology Centers (STCs) that was approved for funding by the National Science
Foundation’s (NSF) Office for Integrative Activities in 1999. STCs are unique orga-
nizations funded as integrated, multidisciplinary partnerships charged with carrying
out innovative, and potentially transformative, research and education. With an ex-
pected budget of almost $40 million over ten years, and the prestige of being one of
approximately five STCs funded every few years, obtaining STC funding is extremely
competitive. The science and technology of the partnerships that get funded must be
world-class to in order make it past the preliminary review phase. Raising the bar even
further, the NSF expects STCs to also develop a unique and innovative education pro-
gram that is integrated with the center’s research. Each STC is expected to demonstrate
significant educational leadership while developing and disseminating initiatives that
“broaden participation” in science and engineering to more accurately reflect the di-
verse population of the U.S. These are all tall orders, but the NSF provides significant
funding, oversight, and ten years to accomplish the goals.

The development of an educational program within an STC is a challenging en-
deavor. The community that makes up an STC primarily consists of scientists and
engineers who are leaders in their field who are ambitiously pushing into new areas
of technology and driven to make new scientific discoveries. Once funded as an STC,
these same leaders are required by the NSF to engage in education and to do something
significant about the lack of diversity in their fields. The NSF stipulates the serious-
ness of the task and makes continued funding contingent upon it. Leaders within the
STC must design an education program that meets NSF expectations and takes advan-
tage of the center’s unique challenges and attributes and that, within ten years’ time, is
established as a sustainable “legacy” for the STC.

The inclusion of an education program within a science organization has become
fairly commonplace, often driven by regulative measures and funding agencies, or in
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some cases driven by an organization’s appeal for community support or acceptance.
Certainly individual scientists care about education, too, but they are often held more
accountable for other demanding organizational priorities. As a center focused on adap-
tive optics, a technology used to improve imaging capabilities of telescopes (along with
other applications), a large fraction of the CfAO is from the astronomical community.
Astronomy and telescopes have a long history with“education and public outreach” (or
E/PO), which is typically aimed at K-12 communities and the general public. E/PO
often includes public talks and demonstrations, observatory tours, astronomy days for
children, short workshops for teachers, and educational materials such as kits and web-
published curricula. Many CfAO researchers expected the STC education program to
emulate their prior experience with E/PO, and understood the aim to bring the excite-
ment of their research into classrooms, curricula, and public forums as primary. Thus
the CfAO faced an additional challenge in resolving the divergent views of the NSF
and of the CfAO community around the educational responsibilities expected of re-
searchers.

When the CfAO was funded in 1999, expectations, assumptions, and experience
related to education were not well aligned among different stakeholders. The CfAO
community was prepared to launch new areas of research and technology development,
along with some outreach of the E/PO brand, and the NSF expected something new,
innovative, and risky yet based in educational research. Furthermore, the NSF expected
that the CfAO would address diversity or “broadening participation” in a substantial
way. It is within this context that the Center for Adaptive Optics education program
emerged.

1.2. CfAO’s Education Program: Two Strands with Inquiry as a Core Practice

The CfAO developed an educational model that simultaneously prepares early ca-
reer scientists/engineers to be educators and advances undergraduates into sci-
ence/engineering career pathways. The model includes two interwoven strands. In
the first strand, early career scientists participate in a series of workshops on teaching
and learning inquiry, then design and teach their own inquiry activity, and finally reflect
on their experience (the Professional Development Program, or PDP). Their inquiry
teaching takes places in the programs and courses in the second strand, and provides
undergraduates with an enriching experience in inquiry learning. The PDP and the
two-strand model are fully described in Hunter et al. (this volume).

The word “inquiry” is used in various ways by different communities, but has a
particular meaning within the CfAO PDP. The PDP defines inquiry as a learning ex-
perience in which the learners practice and improve STEM reasoning processes, while
simultaneously gaining an understanding of scientific concepts. Through scientific in-
quiry, learners use evidence and reasoning to explain their understandings, while re-
taining a high degree of ownership over their learning. The experience closely mirrors
authentic research, and is intended to help learners gain skills that can be applied to
doing their own research. At the same time inquiry learning is different from authen-
tic research practice in so far as explicit learning content and process goals have been
established in advance. Inquiry learning activities rely on the introduction and gradual
removal of strategic curricular scaffolds, instruments and materials as well as instruc-
tors’ responsive learner-centered facilitation moves to allow learners to formulate and
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explore multiple solution paths while ensuring that their methods and conclusions are
valid.

2. Theoretical framework

A growing body of educational research recognizes that all learning takes place in par-
ticular settings and moreover that the attributes of different settings – including the
historical norms and expectations that govern social interaction – will shape learning
outcomes in powerful ways (Lave 1988; Cole 1995; Barab & Plucker 2002). This study
was designed to address and illuminate rather than obscure the theoretical and empirical
relationships that link learning activity to a larger sociocultural context – including its
history. To do this we draw on a combination of methodological principles identified
by scholars using the “socio-genetic” framework known as Cultural Historical Activ-
ity Theory (CHAT) to understand human development and knowledge (re)production,
as well as Institutional Theory (IT), which sociologists use to study the outcomes of
decision making and social interaction in formal organizations. Here we give a brief
overview of both CHAT and IT and then explain why it is useful to combine the two.

2.1. Cultural Historical Activity Theory

Building on the work that Vygotsky and his colleagues began in the early 20th century
CHAT has emerged as a framework that explains human development and cognition in
terms of our cooperative ability to socialize and communicate through symbol systems.
CHAT also recognizes that any individual’s activity (including cognitive actions) must
be understood as part of a larger system or network that integrates material, social,
and historical dimensions. From this perspective, cognition is not separate from but
rather is “situated” by the particular cultural-historical activity leading to its production
(Engeström & Cole 1997; Barab & Plucker 2002). Learning is said to occur through
changes in the ways people participate and interact with each other and through the
co-construction of shared meanings. Thus the “content of learning” is treated not as
given, but rather as emergent, nondeterministic, and contingent. As Ratner explains,
“Activity and psychological phenomena are different forms of a common medium; they
are not separate entities. Their unity is what accounts for their ability to affect each
other” (Ratner 1997, p. 117). While respecting its fundamental unity, CHAT is most
often used to parse what is a multifaceted “activity system” into component “variables”
and to analyze the dynamic interplay among them.

According to CHAT, human interaction is always organized around a shared (al-
beit evolving) purpose or goal (the object of activity), and collaborative action is by
its very nature productive in so far as it always lead to particular outcomes – includ-
ing cognitive outcomes and skill development (Vygotsky 1964; Kaptelinin, Kuutti, &
Bannon 1995). For instance, a discussion among researchers about which statistical
method is optimal for treating a given data set will result not only in the selection of
one method over another but will somehow transform the discussants’ understandings
of the different methods under consideration. The particular nature of these outcomes
(among others) will depend on – or, to be more exact, be mediated by – the dynamic
interrelationships between other component parts of the system including the material
(e.g., whiteboard and markers) and symbolic (e.g., language, drawings, mathematics,
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graphics, etc.) tools that people employ, the implicit and explicit rules governing the
interaction (e.g., “don’t interrupt a superior”, or “statistical methods are required to
verify experimental results”). The outcomes of any interaction will also be mediated
by the multiple unique subjectivities (perspective and prior knowledge) and personal
histories of each of the participating individuals as expressed through the particular
contributions they make (e.g., frequent verbal comments or non-verbal participation)
as expressed through the positional roles/power those individuals assume/exert during
the interaction (e.g., “expert statistician” or “graduate student”). Thus as a transac-
tional theory of learning, CHAT presumes that the content of learning is “heteroglossic”
(Bakhtin, Emerson, & Holquist 1986); in other words it represents access to different
ways of knowing and embodies the multiple (and possibly conflicting) subjectivities of
participating interactants.

2.2. Institutional Theory

While research on STEM education is shifting to account for critical relationships be-
tween student learning and the “learning environment”, few studies document empirical
links that reach beyond the conditions of the immediate setting. CHAT is advantageous
because it can account for the changing relations and variable outcomes of social in-
teraction, but it does less to illuminate why or how some social practices endure and
prevail over others in the long term. This latter consideration is particularly important
for investigations of learning activity that occur in formal organizations. As research
has shown, organizational forms are permeable and adapt to historical and normative
pressures of the broader ideological or “institutional” environments that they operate
in. Over time organizations adopt and stabilize divisions of labor, routines and other
conventions that members rely on to delineate roles, form coalitions and accomplish
joint-purposes. Organizational theorists point out that the advantage of establishing
and maintaining organizing conventions is that tasks are compartmentalized and stan-
dardized while procedures are streamlined and mechanized so that members are less
likely to have overlapping responsibilities and are able to work more efficiently and
with more accountability (Durkheim 2008; Weber & Parsons 1997).

The importance and relevance of the “new institutionalism” in organizational the-
ory (IT) lies in its ability to predict and explain the sustainability of organizations with
contested, contingent (or in the most extreme cases counterproductive) procedures and
ambivalent goals where rational theory falters. Bypassing rational conceptualizations
of organizations, IT can also explain why some organizational forms are upheld as le-
gitimate despite rampant inefficiencies and highly uncertain operating technologies.

IT has been able to show how organizations, such as schools, have increased
their legitimacy and survival by ceremoniously adapting to prevailing “cultural log-
ics” (Rowan 1990; Meyer & Rowan 2007) independent of the actual efficacy of the
adopted practices and procedures. IT describes the process of institutionalization as
a process whereby organizations “infuse themselves with value beyond the technical
requirements of the task at hand” (Selznick 1984, p. 17). By strategically conforming
to the priorities of an existing ideological system, new organizational forms introduce
less uncertainty into the institutional environment where they are seeking acceptance,
and thus are less likely to be contested by stakeholders (Scott 1998; Tosi 2008). In
other words, the value, relevance and persistence of organizational forms may have as
much (or more) to do with the influence of perceived needs, dominant ideologies, and
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familiar social scripts manifest in an organization’s surrounding environment(s) as with
its capacity to efficiently produce a definitive rational outcome.

Despite their ubiquity and pervasiveness as tacit social forces, the prevailing cul-
tural logics or institutions that give credibility to organizations are not straightforward
or easy to see because participants do not often articulate or call attention to the im-
plicit assumptions or “enduring dilemmas” (Ogawa, Crowson, & Goldring 1999) that
tacitly guide their actions unless they are somehow disrupted or conflicting. Moreover,
both CHAT and IT predict that disruptions resulting from the intersection(s) of compet-
ing ideologies and purposes (e.g., educational concerns and professional science goals)
have the potential to become integrative opportunities for the growth and “expansion”
of an organization or network of organizations (Engeström 1987; Kerosuo & Engeström
2003).

Although the intersections of activities organized around incongruous purposes
have the potential to motivate transformation and growth, the tensions that result from
these intersections can also lead to withdrawal, polarization, or conflict. One way that
analysts have theorized the difference between institutional intersections that lead to
integrative expansion as opposed to those that do not is through the concept of bound-
ary objects (Star & Griesemer 1989; Kerosuo & Engeström 2003; East 2006). Star &
Griesemer (1989) originally introduced the term “boundary objects” to describe arti-
facts that participants aligned with different communities of practice (Wenger 1999)
used to ensure cooperation – such as the instructions provided by professional biolo-
gists to amateur collectors made responsible for returning field specimens and data to
a natural history museum. While Star & Griesemer reserve the term boundary object
for tangible items such as inscriptions or sets of instructions, the term may also be pro-
ductively used to describe a process or idea (East 2006) and even larger analytic units
such as the training programs and curricular designs implemented by CfAO educators.
In any case, boundary objects embody and represent multiple histories of the hetero-
geneous systems they intersect. They do not represent or require full consensus (i.e.,
complete intersubjectivity) between different collaborators, so do they not require mem-
bers of different communities to sacrifice their identities (Kerosuo & Engeström 2003).
Boundary objects do not fully belong to any one system but rather are marginal objects
that are partially held by different stakeholder groups who each have partial jurisdiction
in the management and use of those boundary objects. In this sense, boundary objects
must simultaneously satisfy different sets of concerns and serve different (yet overlap-
ping) purposes. in so far as boundary objects are successful in doing all of this, they are
critical for managing complex situations that involve multiple perspectives, needs and
interests.

The advantage of combining IT with CHAT is that while they are “conceptually
congruent” each framework emphasizes complimentary concerns and scope (Ogawa
et al. 2008). By extending and reformulating previous discussions of boundary objects,
this study brings CHAT and IT together in an attempt to account for both the enduring
and dynamic outcomes of CfAO programs. We demonstrate how CfAO educational
initiatives, with their emphasis on inquiry learning, were both permeable to the pres-
sures of different institutional environments and yet effective in motivating “expansive”
cycles of organizational change (Engeström 2001) that shifted educational programs
from the periphery to the core of this STC’s mission. While IT offers powerful analytic
tools to understand how CfAO educational programs developed, stabilized and gained
influence over the span of a decade, CHAT helps explain how the emergence, survival,
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resiliency, and eventual deference to “inquiry” as a valued framework for training in-
structors and introducing undergraduates to research depended on particular interac-
tions and learning experiences within the organization.

3. Methodology

The application of a CHAT-IT framework has several methodological implications. The
combined framework calls for a shift away from analyzing individual actions (includ-
ing cognitive actions) as separate from the sociocultural environment in which they
occur and stipulates the analytic importance of the history leading up to the interaction
in question. This requires defining a “supra-individual” unit of analysis (Cole 2006)
such as an organization or activity system. Since the concept of an organization incor-
porates a temporal dimension it is important to make choices about what time periods
or events in the history of an organization to focus on. In his seminal study of in-
dustrial organizations, Stinchcombe (1965) offered persuasive evidence that the basic
features of the organizations vary systematically with the time of their founding. While
there have been relatively few empirical studies of this “imprinting process,” the idea
that organizations tend to derive and retain prevailing cultural scripts from a broader
institutional environment at the time of their founding continues to impress analysts
with its potential to predict an organization’s surviving features (Tosi 2008, p. 277). As
with foundational periods in an organization’s history, CHAT-IT predicts that periods of
contest, major transformation or other disruptions in the normal flow of organizational
activity will reveal institutional pressures that might otherwise be “invisible” (Hasan
2002) or “taken for granted” (DiMaggio & Powell 1983; Meyer & Rowan 1977). Con-
tested periods of organizational change expose institutional processes because they are
made explicit by the participants themselves (for example in proposals for new funding,
budget justifications or in the re-writing of an organization’s mission statement) and/or
because the contrast of apparently miscreant or idiosyncratic actions with more familiar
behavior helps to tease apart the larger institutional practices being challenged (Scott
1998; Ogawa et al. 2008).

CHAT-IT offers guidelines that not only help us know when to look at an orga-
nization’s history but also where to look. Specifically, organizational theorists using
IT have identified three major sources of institutional credibility including governing
bodies, the professions, and the media (Scott 1998). Meanwhile CHAT reminds us that
any social structure is ultimately produced through the everyday interaction of people
and depends on tensions between the particular “agent(s) and means” (Wertsch 1998)
deployed to accomplish various tasks. Accordingly, for this study we reviewed news
media, funding documents, program solicitations, meeting minutes, public speeches,
architectural plans for the structure housing CfAO headquarters and other records re-
vealing a national agenda for science and engineering education that were in circulation
from the time when the proposal for funding was submitted in late 1997 until opera-
tions were underway in late 1999 and early 2000. Interviews with individuals who were
involved in formulating, writing and revising the original funding proposal, as well as
educational leaders at the CfAO added depth and complexity to interpretations of insti-
tutional themes expressed in archived documents. We also focused on applications for
funding, progress reports, program evaluations, administrative documents and media
produced in 2001-2002, a period when the CfAO went through a substantial restruc-
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turing process. Respondents in all interviews were asked a) to describe and comment
on their training and experience as STEM educators, b) challenges or tensions they had
encountered around educational issues in STEM, c) about their views and understand-
ing of “inquiry” as an educational method, d) whether or not they had any personal
experience with inquiry learning designs through the CfAO, and e) their opinions on
the advantages or disadvantages of emphasizing education within the organization. Fi-
nally these second-hand accounts were supported by first-hand observations of graduate
students enrolled in the 2005 and 2006 PDP winter workshops.

4. Findings

4.1. Historical perspective on the founding of the CfAO circa 2000

The years surrounding the approval for CfAO funding from the NSF represented a
high point and expanded influence in the Foundation’s own historical trajectory. As
the NSF prepared to celebrate its 50th anniversary and the turn of a century, it enjoyed
record-breaking increases in funding from the federal government, strong alliances with
members of Congress and other governing bodies, and the support of a Democratic
President (Bill Clinton) who valued the advancement of research and development in
STEM. In 2000, Congress approved the largest budget increase in the NSF’s history –
13.6% – raising NSF’s total budget to $4.4 billion, only to be outdone the following year
by a 17% increase. This came at a time when the federal deficit had been vanquished,
the Cold War had ended, and a relatively peaceful international era meant that resources
were being shifted from national defense abroad to a focus on social applications for the
advancement of civilian life at home. The formation of the NSF Office of Integrative
Activities, along with entities such as the CfAO that it sponsors, can itself be seen as an
effort to respond to institutional dilemmas that emerged as the Cold War was ending.
Where in previous decades, investment in science and technology had been justified
by concerns about national security, new measures were emerging in debates among
NSF leaders about how evaluate returns on this investment in the absence of military
imperatives.

Amidst shifting goals and priorities in the national agenda, projects with clear
domestic, humanitarian, or social implications gained favor over technical projects
viewed as primarily advancing military objectives in the global arena. Consequently,
those preparing drafts of the original CfAO proposal were explicitly recommended to
find ways to expand what was already an interdisciplinary plan between engineers and
astronomers, by collaborating with researchers working in vision science, and giving
more importance to education. At the time, vision scientists were beginning to explore
ways to implement adaptive optics technology in their own research, opening up a new
application for adaptive optics with clear clinical and thus social and humanitarian im-
plications. The resulting collaboration greatly extended the interdisciplinary scope of
the proposed organization, the implications of which are discussed further below.

During the same period, concerns about the adequate preparation of a next genera-
tion of scientists and engineers were surfacing. Acknowledging that “people constitute
the NSF’s greatest resource,” leaders working at the foundation at the turn of the 21st

century were concerned by reports indicating that the historical advantage the U.S. had
maintained in producing vanguard thinkers in science and engineering was starting to
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slip. A report released by the NSF Division of Science Resources Statistics (NSF 1993)
indicated that enrollment in U.S. science and engineering graduate programs increased
in 1999 after five consecutive annual decreases, but that international students with tem-
porary (H-1 B) visas accounted for the entire upswing. Meanwhile disturbing results
of the Third International Mathematics and Science Study (TIMSS, released in 1998),
which indicated that K-12 students in the U.S. were not performing as strongly as their
international peers, served as what NSF Director, Rita Colwell, described as a “wake-up
call” for NSF leadership and its governing body, the National Science Board (NSB).

These issues remained a primary concern for Dr. Rita Colwell throughout her
tenure as the 11th Director of the NSF, beginning in 1998. Of the forty-two of Dr.
Colwell’s 1997-2001 speeches reviewed for this study, thirty-four emphasized science
education and the preparation of a “21st Century Workforce” as top priorities for future
work. Dr. Colwell was not alone with her concerns over the future of STEM in the U.S.
A review of NSB meeting minutes from 1999 to 2001 revealed that discussions about
planning and funding for educational initiatives, as well as strategies for monitoring
the progress of these initiatives, dominated the agendas of consecutive board meetings
during this period. For example, in 2000, consecutive board discussions focused on
merit review criteria for a new budget initiative, The 21st Century Workforce Initiative.
Approving this initiative the board articulated strategies, created regulative measures,
and provided funding for (1) the science of learning, (2) activities that link research and
education from high school through graduate studies, (3) ensuring diversity and broad-
ening participation in STEM, (4) information technology, and (5) interdisciplinary NSF
partnerships with other agencies and sectors.

As theorists using IT would predict, the campaign at the national level to invest
more research dollars into science education was not based only on “rational” decision-
making nor did it entice compliance only through regulative fiscal measures. This cam-
paign also used language invoking a moral imperative as leverage to control funding
and motivate members and modify organizational goals. For example in one speech
Dr. Colwell quoted comments President Clinton made during a 1999 commencement
speech at MIT and credited him for bringing attention to issues around broadening
participation in programs funded by NSF. The moral imperative underlying Clinton’s
comments is clear: “We can extend opportunity to all Americans or leave many behind.
We can erase lines of inequity or etch them indelibly. We can accelerate the most pow-
erful engine of growth and prosperity the world has ever known, or allow the engine to
stall.”

These efforts and concerns were joined with a renewed interest in and focus on “the
study of human thought and action,” which shaped the plans for another major initiative
in the Social, Behavioral and Economic Sciences, which Dr. Colwell presented to the
House Committee on Science in 2000. One result of this renewed attention to education
and the “study of human action and thought” was an educational agenda that prioritized
an “inquiry based, hands on approach to learning – one that integrates education with
the excitement of research” put forward in a policy report that was endorsed by the
House Science Committee in 1998 (NSF 1998). Disparaging an “underinvestment” in
science education at the time, this report underscored strategies for refining perceptions
about how people learn and provided a progressive view of learning and knowing as a
collaborative endeavor that requires the active participation of learners and combines
rigor with creativity. Our analysis of speeches and policy reports circulating at the turn
of the century, during the period the CfAO was being founded, provides evidence of
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a national campaign calling for significant changes in STEM education. During this
time policy was being formed to address what was framed as a pressing need to address
both the content of STEM education as well as how it was being taught. Additionally,
acknowledgments of the current educational system’s inability to equitably advance
students of all backgrounds into STEM was being discussed as a dilemma that would
ultimately impact U.S. economy, economic security, and democracy. These sources
also reveal intellectual and ideological shifts in the way leaders in the field conceived
of human development, our unique ability to understand the world we live in and to
build a knowledge base. They also reveal changing views about the validity of the
measures and methods predominantly used to learn about these human propensities.

4.2. Motivations for organizational change at the CfAO

Despite concerns at the federal level and within the NSF at the time, interviews with five
of the CfAO members who were involved in the founding of the new research center re-
vealed that an emphasis on “social applications,” much less educational initiatives that
aimed to broaden participation in S&E research, was “not envisioned” by all members
of the original team that wrote the proposal. One informant involved in early planning
meetings confirmed that as far as he remembered, education may have been mentioned
in passing but was not a focus of the proposal; rather suggestions for education “just
sort of came along” and “management let it happen.” As told by another informant
involved in drafting the original plan for the CfAO, the initial motivation among re-
searchers to form the center derived primarily from “pure competition, especially with
Europe.” Recalling tenuous funding prospects at the time, he described the fact that
vision scientists could use adaptive optics technology to study human glaucoma as a
“pure stroke of luck.” From the perspective of this informant a primary justification for
the collaboration was to facilitate a kind of “tech-transfer” from “hard science” over to
the research in vision science funded by the NIH at a time when there was a national
mandate to double the NIH budget. Another informant, who had been a graduate stu-
dent when the CfAO was first being proposed, confessed that at this earlier stage in
his career education was for him “merely a box you had to check off,” and though he
gradually came to acknowledge the importance of efforts by the Education and Human
Resources staff (EHR), he admitted that for a long time “there was a clear perspective
that it was not related to my work, which I know I shared with many of my colleagues.”
This informant went on to say his general feelings in the early days included a “willing-
ness to tolerate what the Associate Director of the EHR was trying to do” but that it was
several years before he became convinced that the EHR agenda was actually “working”
and making an impact.

When asked about early views around the issue of “diversity” in the organization,
the latter informant responded by describing a lack of concern over demographics of
researchers attending early CfAO conferences and meetings: “When CfAO was being
formed there could be a hundred people in a room, and maybe one minority and one
woman in the same room, but this was not seen as a cause for alarm.” At least two other
senior researchers who have been with the CfAO since its inception confirmed they
did not remember feeling in any way distraught by such demographics when the CfAO
was forming. They also suggested that in the absence of the NSF stipulation requir-
ing all center proposals to include plans and a budget that addressed issues of diversity
and education, these responsibilities might well have been overlooked completely. At
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the same time the leadership originally responsible for envisioning and founding the
CfAO was somewhat unique in that at least two of about ten members of that team
were highly respected women researchers who appreciated educational reform efforts
and were concerned with the under-representation of women and members of different
ethnic and socioeconomic groups in STEM. Confirming the influence of their leader-
ship, eight out of ten informants interviewed at the 2006 CfAO Fall Retreat credited
the willingness and determination of the (female) Director to publicly address the in-
equitable access and opportunity for advancement for women and minorities and her
determination to push these issues forward while the CfAO was still in its infancy.

4.3. An emerging emphasis on education and diversity at the CfAO

Given what was at stake in the national agenda at the time, it is not surprising that
NSF officials reviewing the progress of the CfAO in its nascent years pressured mem-
bers in this organization to be more innovative in their educational initiatives and take
more concentrated steps to broaden undergraduate participation and support their ad-
vancement. In 2000 a report issued by NSF officials after their first site visit to CfAO
headquarters gave mixed reviews overall, but was noticeably critical of the “incoher-
ent” plan for CfAO educational programs in particular, suggesting that “the Center must
create new and innovative [education] programs inspired by the field of adaptive optics.
The Center must be a leader rather than a follower.” Other remarks focused on pro-
moting diversity: “The diversity of the Center’s participants need serious attention and
could benefit from creative thinking. The lack of a meaningful plan to attract and retain
minorities is particularly striking.”

Several key informants described palpable fears among the organizers that the
CfAO would lose funding if they did not act quickly to respond to recommendations in
this initial review, and confirmed that this sense of urgency was directly linked to the
initial NSF disparagement of their plans for education and diversity. Consequently, the
CfAO executive committee hired a strategic planning consultant to help with the reorga-
nization of the Center at about the same time that a permanent EHR Associate Director
was hired. The result was a new mission statement that emphasized collaboration and
cooperation within the Center coupled with the reorganization of Center programs into
four themes:

Theme 1 - Education and Human Resources

Theme 2 - Extremely Large Telescopes

Theme 3 - Extreme Adaptive Optics

Theme 4 - Vision Science

According to documents describing this new internal structure, the reorganization of the
CfAO into four themes was intended to help members move past the “commuter culture
of the independent PI” and integrate their plans for individual science projects into the
overall structure of the Center. Thus, re-positioning Education and Human Resources
(EHR) in the foreground (as indicated by its new status as Theme 1) appears to initially
have been as much a strategy for using EHR activities to connect individual researchers
and build community across the Center as it was a strategy for improving educational
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practice or strengthening the legitimacy of these efforts within the organization. This
was recognized by one of the inaugural EHR staff members: “It is usually the case that
[CfAO researchers] first get involved in and appreciate our programs for the ‘commu-
nity’ aspect. At first they treat [EHR-sponsored] workshops more like a place to learn
about each other’s work and build community than to learn about education theory –
emphasizing ‘outreach’ over ‘education’ so to speak.”

Despite some evidence of continuing resistance in the CfAO research commu-
nity, other evidence reveals how the emphasis on education (re-instantiated as Theme
I) gained momentum within the organization. By 2001, after several more planning
retreats and under the leadership of the new EHR Associate Director, some substan-
tial educational initiatives had been developed and launched at the CfAO, including
the first Professional Development Workshop for graduate students interested in im-
proving their teaching skills, which later became a component of the more comprehen-
sive Professional Development Program (PDP). It also included the development of the
Stars, Sight and Science and COSMOS programs designed to simultaneously help high
school students (prospective undergraduates) from non-dominant backgrounds develop
science process skills while providing venues for STEM graduate students to apply
their knowledge of learner-centered teaching strategies through curriculum design and
reflective practice. Also in 2001, the EHR began annually selecting 11-14 undergrad-
uates each spring to participate in a summer research apprenticeship program. Interns
were chosen from a competitive applicant pool that targeted community college ap-
plicants from non-dominant backgrounds who have often had to overcome significant
personal or social challenges in order to maintain their academic life. These programs
provided venues for CfAO graduate students and faculty to interact with students from
diverse cultural and socioeconomic backgrounds - opportunities that had the potential
to challenge existing assumptions and expectations about the qualities that constitute a
student’s academic potential.

As early as 2001, NSF officials described the newly formed educational initiatives
as “amongst the strongest components of the CfAO” and concluded that the organi-
zation and implementation of professional development activities “[the professional
development program] has had a profound influence on the graduate students and [ed-
ucational] developments in Hawaii have the potential to be a significant legacy for the
CfAO overall” (Daly, Burns, & Tyson 2000). The success of the two-strand model (i.e.,
integrating teaching labs for graduates with learning labs for high school and under-
graduate students) set the standard for the remainder of the CfAO’s ten-year funding
cycle. The model gained recognition and public acclaim across the UC system, and re-
ceived numerous endorsements from returning NSF site visit committees. The rapidly
expanding participation and successes of these programs ultimately led to the approval
of a 2003 site visit committee recommendation to increase funding for Theme 1 from
15% to 17.5% of the total CfAO budget. The NSF reprimand early on, followed by this
budget increase, are clear examples of the role of funding agencies in monitoring and
sanctioning the compliance of an organization with institutional rules and regulations.

By 2006, praise for the organization’s efforts to integrate, improve the quality and
extend the impact of their educational programs throughout and beyond the CfAO was
undisputed. The 2006 NSF site visit committee commended the CfAO management
“on their efforts to make EHR an integral part of CfAO rather than an add-on” and
noted the strong potential for these programs to continue even after the center was
dissolved through funding designated to support internships and graduate students. The
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committee strongly recommended that “[CfAO] teaching programs be institutionalized
within the UC and Hawaii educational systems.” Given the institutional environment at
the NSF under the leadership of Dr. Colwell, it is clear that this kind of public praise
and endorsement of the Center’s educational programs added to the legitimacy of the
CfAO as a whole and helped to secure to the approval of a second round of funding in
2005, which guaranteed the continuation of the CfAO through the year 2010.

4.4. Learning to appreciate the science of learning and the need for intentional
educational design

Despite official recognition and public regard for the initial successes of new educa-
tional programs some members of CfAO leadership remained unconvinced that the
EHR’s reliance on inquiry to inform curriculum design and as a principled approach
to learning and teaching was in and of itself all that crucial. As one informant con-
fessed, drives to develop educational initiatives and broaden participation in research
at the CfAO continued to be “tolerated as carrots” by some researchers who saw these
programs largely as a way to comply with NSF demands or gain favor with the public
rather than as efforts that were intrinsically valuable or beneficial to their own profes-
sional goals. As one member of the senior administration said, “It could have been
anything really, not just inquiry, anything that served our goal of coming together as a
community.” Indeed such views proved resilient; skepticism about the potential for any
educational design to prepare students to do research, if those students did not already
possess the “natural talent” that some believed was necessary for advancement in their
fields, was voiced by at least three of the senior researchers interviewed for this study
in 2006. Other senior researchers described how their views changed over time, but
only incrementally. For example, one executive member of the CfAO administration
described the conservative shift in views he shared with his colleagues regarding the
impact of CfAO educational initiatives this way:

The first change was not a renewed commitment to [the education di-
rector’s] efforts to redesign education, but rather a willingness to deal with
students from different backgrounds and populations. The second change
was [the recognition that] inquiry was important for getting grad students
excited about being educators – but not necessarily that it was a direct ben-
efit to [undergraduate] interns.

Similar perspectives were expressed in response to questions about the role of EHR
initiatives in successfully broadening participation in STEM. Four of the ten senior
researchers interviewed at the 2006 Fall Retreat attributed the early successes of the
EHR to improvements in student recruitment and selection processes. These informants
agreed that their perspectives on diversity had somewhat evolved over time, and yet
were surprisingly (and refreshingly) frank about just how far they could honestly say
they had come. For instance one informant admitted that he was now more “willing to
deal” with students “from different populations” and that he believed that this was also
where many of his colleagues were also “at”:

That’s where we’re at – most of us are more willing to work with these
kinds of students and I think that’s mostly because there’s been a strong
emphasis on recruitment and we’ve still maintained a strong recruitment
strategy.
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The remaining six informants echoed these sentiments insomuch as they all agreed that
the improved “recruitment” into STEM was a (if not the) major advantage of EHR pro-
grams and events. Thus, despite early endorsements of EHR initiatives and a gradual
recognition of the success of CfAO educational programs in broadening participation,
comments like this suggest that skeptics were not attributing these successes to curricu-
lar reforms or revised teaching strategies. Still by 2006, notwithstanding some lingering
skepticism, the model used by EHR staff to plan and implement educational programs
was stabilizing. Over the years a progressive set of new learning activity designs that
incorporated common features and congruent pedagogical strategies had been created
and implemented across numerous sites affiliated with or funded by the CfAO. At the
heart of these designs was an allegiance to the principles of “inquiry learning” as de-
scribed by the NRC (1999).

4.5. Inquiry as a fulcrum for change

To some extent the incorporation of inquiry at the center of the two-strand model that
now defines CfAO education was a rational decision. According to the EHR Asso-
ciate Director, the decision to focus on developing and implementing interactive learn-
ing designs that emphasized inquiry process skills and science communication within
the EHR, was largely motivated by a recognized need to provide a transition from the
classroom to the research environment. It also followed a conscious choice to conduct
educational practice informed by research in the social sciences. However, viewing
the evolution of education at the CfAO through a CHAT-IT lens reveals a more com-
plex version of this history than a purely rational account could. In particular, CHAT-
IT reveals the effectiveness of the inquiry model as the product of burgeoning inter-
organizational partnerships and through its ability to function effectively as a boundary
object.

In the wake of critical NSF reviews and under the guidance of the newly hired As-
sociate Director of Education the CfAO EHR sought to collaborate with the Institute for
Inquiry at the Exploratorium in San Francisco, which was already nationally renowned
for its unique approach in the world of science education. The perceived validity of
the approach to science education exemplified at the Exploratorium was reinforced by
additional collaborations with educational leaders at the Center for Informal Learning
and Schools (CILS, NSF Award #ESI-0119787) and professors in the University of
California, Santa Cruz (where the CfAO is headquartered), education department who
favored a comparable “brand” of inquiry learning for science education. These partner-
ships exposed the EHR staff to vetted models of science inquiry curriculum as well as
established strategies for creating and implementing inquiry learning designs through
professional development. The EHR’s allegiance to inquiry as a pedagogical approach
was strengthened by the commitment of a coalition of graduate students, united by their
interest in understanding and employing these principles. Several of these individuals
were eventually hired into EHR staff positions and were instrumental in developing
and implementing the PDP in the following years (for a full description of the PDP see
Hunter et al., this volume).

The EHR’s adoption, and later adaptation, of the Exploratorium inquiry model
and training structure is an example of the institutional “permeability” of organizations
with complex or unclear technologies to other organizations in the field as well as the
institutional environment lending credibility to those organizations. It should be rec-
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ognized however that the prestige of the Exploratorium would not have been nearly as
influential absent the ability of the inquiry learning model to facilitate the translation of
educational theory into terms that STEM researchers could appreciate. The reverse was
also true; the language of inquiry with its emphasis on reasoning about evidence pro-
vided a means for science educators at the Exploratorium promoting the model to relate
more closely to the priorities, logic, and belief structures that scientists and engineers
depend on to make sense of the world. In this sense the inquiry model, as it was used
for teacher training purposes, functioned as a boundary object that united these two or-
ganizations and the communities they served. This was possible because the model was
malleable enough to “adapt to local worlds” yet robust enough to retain a continuous
identity across different communities (Star & Griesemer 1989, p. 393).

A key feature of the PDP is the incorporation of exploratory inquiry activities that
thrust participants who identify primarily as professional researchers into the role of a
“learner” in several hands on inquiry activities before allowing them to resume their
roles as STEM educators. Following this experience PDP participants are assigned to
teams responsible for designing, developing and then “testing” curricular units (i.e.,
implementing the unit and then reflecting on learning outcomes) many of which end up
as part of one of several preparatory “short courses” linked to undergraduate research
apprenticeship programs sponsored by the CfAO. Returning PDP participants are given
opportunities to lead design teams and work towards improving and refining their first
year designs.

One reason that workshop activities focused on inquiry were able to function so
effectively as boundary objects was that they intentionally shifted participants between
different roles, awakening participants to unexpected perspectives. Attending two PDP
workshops as a participant-observer in 2006 and 2007, the principal author observed
how the re-positioning of STEM graduate students first as “learners” and then as cur-
riculum designers solidified their understanding of and investment in inquiry. For in-
stance, one graduate student described how he became frustrated during an inquiry
activity when he felt he was continually being misled down a faulty solution path by a
facilitator who did not understand his investigative methods. Later on in the workshop,
when the same graduate student was charged with the responsibilities of a curriculum
designer, he was able to reflect on his own feelings of frustration during his role as
“learner” and think about how he might guide and respond to undergraduates in similar
situations.

Ensuring that PDP participants had multiple structured opportunities to “exter-
nalize” or express (and thus produce) their own understanding of the advantages of
inquiry as a pedagogical model was another way that the CfAO EHR facilitated its
endorsement. By making PDP participants personally responsible for designing, im-
plementing, and then reflecting on inquiry-inspired curricula the EHR motivated PDP
participants to produce and articulate their own understanding of learning theory rather
than merely exposing them to intransient “expert” conclusions about the value of in-
quiry. For example in 2007, PDP participants were asked to make and share “bumper
stickers” showcasing slogans that summarized key insights from round table discus-
sions about the idea that instructors need to pay more attention to “where students were
coming from.” The idea that it is important to help students to develop the metacog-
nitive ability to “self-monitor” emerged as a common area of interest for participants.
After explaining her table’s slogan, one graduate student admitted that learning how
to pay attention toher students’ ideas and perspectives, much less develop their aca-
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demic skills had initially frustrated her. She explained that prior to her enrollment in
the PDP she did not assume that it was or should be part of her responsibility to “teach
undergraduates how to learn.” She then proceeded to tell how her views of her own role
as an instructor had expanded now that she understood that students “don’t develop
metacognitive skills by default”:

I mean these were Berkeley students, so I made the mistake of assum-
ing that they could use their logic skills and philosophy skills and apply
them to astronomy. But were they self-monitoring? No! Then I realized it
was not obvious to the students what I was trying to do in terms of help-
ing them learn how to learn, because they were focused on the fact that
they were in this class to learn astronomy, not that they were in this class
to become better problem solvers. ...I felt like they were transferring their
‘student responsibility’ onto me. But now I see that is part of my job really.

This example illustrates the principle in CHAT-IT that expansive transformation and
growth occurs when people can perceive the ambiguities or contradictions that arise at
the intersection of different social/belief systems and are compelled to engage in a more
purposeful and active form of sensemaking in order to resolve feelings of uncertainty,
contradiction, or instability.

The function of inquiry activities as boundary objects was also apparent in 2006,
during a roundtable discussion about the theoretical application of a “community lens”
to educational practice. During this discussion, one participant spoke about how the
reflective application of this concept to her own instructional practice compelled her to
reconsider some of the learning goals and measures that her design team was including
in the redesign of a science inquiry activity on physics:

We interpreted ‘community’ as more than just classroom community
but knowing how that context connects to the outside world. We recog-
nized that there is learning happening in both places and we want [our
students] to be able to integrate that. And when I was teaching physics, I
learned it was not that [the students] were necessarily understanding things
incorrectly; but the way you are teaching in the classroom can be inconsis-
tent with some kinds of cultural behavior, in some sense almost prohibiting
students from participating the way I might have expected them to. So I
need to figure out how to respect that cultural diversity of the classroom.

This inquiry activity design functioned as a boundary object in so far as it allowed this
PDP participant to draw directly from her own personal history and experience to make
sense of the expert language of educational theory. It also helped her to communi-
cate with her peers. Continuing the discussion of the meaning of using a “community
lens” another returning PDP participant offered this reflection on her experience as an
instructor:

Something that was really interesting and eye-opening for me was actu-
ally [that] just rewarding positive answers can actually degrade that [class-
room] community. If you really just reward answers that are correct it
keeps you both from sort of taking the risks and answering things aren’t
fully formed. And that was just like wow! Ya! Totally! – But I’d never
thought of that. And it really is true.
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In deciding to shift her practice of “rewarding” right answers, this participant was not
passively following a set of how-to-teach instructions, but rather acting on a theoretical
rationale that she had generated through her own reflective practice. It was critical
that this participant was able to apply the concept of a “community lens” to her own
practice, and thus produce an understanding that was not fully dictated or “controlled”
by others.

It should be noted that while these two reflective interpretations were linked by an
overlapping theme (e.g., the focus on rewarding canonical answers) each individual was
also able to adapt and apply the concept of a community lens to discover and explain
different shifts in their own instructional practices (e.g., connecting the classroom com-
munity to cultural contexts outside the classroom vs. promoting risk taking). The fact
that each individual had their own distinctive stories to tell and yet could relate these
experiences back to a common theme is an indicator that the PDP motivated the kind
of “dialogic overtones” characteristic of boundary objects and which Bakhtin et al.
(1986) and other CHAT theorists suggest are necessary for the integrative work that
promotes new understanding and characteristic of transformative activity (Engeström
1987; Gutiérrez & Stone 2000; Cole 2006).

4.6. First hand experiences with inquiry as boundary crossing events that incited
organizational change

PDP training activities provided crucial opportunities for STEM researchers to not
merely learn about the inquiry model but to experience it in person (either as design-
ers/instructors or as learners). The importance of first hand experiences for facilitat-
ing broader organizational changes should not be underestimated; this investigation
revealed stark and consistent contrasts between CfAO researchers who had personal
experience with inquiry and those who had only heard about EHR initiatives in pass-
ing. Interviews conducted at the 2006 Fall Retreat exposed conflicting views expressed
by member researchers who had been through the PDP training cycle and other af-
filiates who had not personally participated in CfAO education initiatives. Six out of
eight informants working at affiliate organizations expressed “tolerance” for or, in some
cases, “acceptance” of an inquiry-based approach, but continued to believe almost any
pedagogical approach would suffice. In contrast, eight of the twelve respondents who
identified themselves as having experienced the inquiry model first hand were con-
vinced that this approach was essential, even though three of them were doubtful as to
whether they possessed the “special talent” they earnestly believed was needed to enact
these principles effectively in practice.

This divided perspective was again evident in a debate that took place during a
seminar at the 2006 Fall Retreat that included a discussion on the dissemination of
advanced techniques and concepts included in the Adaptive Optics Summer School, a
graduate-level course in adaptive optics. The program was widely viewed as a success
and those attending the seminar were anxious to provide wider access to its content. Af-
ter hearing some opening testimony regarding the overall success of the program one
audience member suggested that if this course was as valuable as others were claim-
ing, the curriculum should be uploaded to the CfAO website. This suggestion was
immediately met by heated critiques from the dissenting voices of those who had ac-
tually attended the summer workshop. Nearly ten minutes of debate ensued. Skeptics
still doubted that inquiry was an efficient means of introducing complex topics at the
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forefront of such a technical field as adaptive optics. Those who had witnessed the cur-
riculum design first hand maintained that the success of the AO Summer School was
predicated as much on the worth of the advanced content as on the process of going
through activities that required people to “figure this stuff out” for themselves. For
example, one promoter tried to explain why simply uploading the curriculum would
actually be counter-productive:

But that [uploading the content to a web server] would be missing the
point entirely! The value of the Summer School was not that it just exposed
people to challenging content in our field – people actually had the chance
to work with a Shack-Hartmann Sensor and think for themselves about
how it measures wave front information, or how to account for changes in
the point spread function. We could put the lectures on the web but the real
value of the program for our graduate students was due to the design of the
labs that forced them to figure this stuff out.

At least two more faculty members who had witnessed learning activity during the AO
Summer School echoed these sentiments. They maintained that the inquiry model was
not only capable of introducing advanced content but were adamant in their belief that
it was actually a superior method of instruction. For many senior members and affil-
iates of the CfAO, the AO Summer School was their only opportunity to experience
or observe inquiry first hand and so, to alleviate their lingering doubts – doubts that
continued to undermine second hand testimonies offered by students returning from the
PDP. The positive reception of inquiry by top researchers and the more general admis-
sion that it could be used to introduce advanced content represented a major turning
point for the EHR as was later recognized by a graduate who had worked on designing
a lab for the AO summer school:

Well I guess people sort of always thought that inquiry could work for
COSMOS and things like that, but they didn’t see it as appropriate, or even
possible to use for more advanced topics like the content we were working
with for the AO summer school. So they just sort of tolerated it, and saw
it as kind of extraneous. Yeah – and so I don’t think they really valued
this approach previously. To be honest, I wasn’t even sure how we were
going to pull it off at first, but once we did I really saw that inquiry can be
incorporated at all levels. And I think this was a big step forward because
I think a lot of people who thought inquiry activities either take to long or
focus too much on just one topic were able to see some of the value of this
approach that is not so obvious at first.

Comments like the above demonstrate the extent of institutional (and ideological)
change that was necessary for inquiry to be accepted as appropriate and effective within
the CfAO. At one extreme were those who believed that it was (at worst) impossible.
Others believed it was (at best) “extraneous” but “tolerable.” Given the radical changes
involved in accepting inquiry as a legitimate and valuable educational practice within
the CfAO, this comment is another reminder of why it was so important that the EHR
provided opportunities for members and affiliates to actually experience the model to
understand it – or to be more precise – to produce and apply their own understanding
of it.
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5. Conclusion

This paper illustrates how the inquiry model worked as a boundary object to connect
multiple overlapping yet distinct communities of practice. For the NSF it advanced a
range of “best practices” backed by educational research and was aligned with their
expectations for STCs to innovate in STEM education. Among CfAO researchers it
was aligned with the need to prepare students to participate in research and valued as a
means of building community. For PDP participants it was a means of connecting the-
ory to practice while providing opportunities for them to innovate and gain ownership
of new curricular designs and instructional models. For the EHR staff it was a means
of implementing an instructional method that was based on research and that priori-
tized an inclusive learner-centered approach that could serve the highly diverse needs
and backgrounds of students served by their programs. Meanwhile, as demonstrated in
another paper in this volume (Ball & Hunter, this volume), these new activity designs
helped undergraduates enrolled in programs sponsored by CfAO to access a vanguard
research community and created more opportunities for them to take responsibility for
their own learning than are usually available in a classroom setting.

The application of a combined CHAT-IT lens demonstrates that despite the regu-
lative power of the NSF as the funding agency responsible for the oversight and man-
agement of CfAO programming, mandates and sanctions issued by the NSF could not
alone explain the heightened status of educational programs or increasing concerns over
broadening participation within the CfAO, especially given the negligible attention –
even confessed resistance – to this focus at the organization’s inception. Using CHAT-
IT to examine the history of the CfAO we found that the EHR was largely successful
in using inquiry to create hybrid spaces and common purposes that in some instances
enabled individuals with different interests and concerns to overcome contradictions as-
sociated with incongruent histories. IT revealed the transition of CfAO education from
a criticized, to a tolerated, to a valued activity within the organization and helped us
to identify the sources of legitimacy including private endorsements within the organi-
zation and public endorsements from the broader communities that came into contact
with EHR programs. CHAT informed our analysis by revealing the importance of cre-
ating practical opportunities for skeptics to confront their assumptions and appropriate
new knowledge about the “science of learning and teaching” through reflective practice.
The combined framework helped to reveal and explain the importance of the capacity
of the inquiry-learning model to facilitate organizational change through its function as
a boundary object. As predicted by CHAT-IT, this study showed that boundary objects
are most effective in transforming the practices of intersecting communities when the
meaning of the boundary object is not set by one group for another but “cross popu-
lated” with a hybrid of local meanings emerging from the different communities and
purposes they serve.

The PDP emphasis on curriculum design and reflective practice and the substan-
tial role the AO Summer School curriculum played in legitimizing inquiry as an in-
structional strategy among a broader constituency can be contrasted with other teacher
training programs that simply provide instructional demonstrations and teaching mate-
rials. PDP training activities were crucial because they integrated three processes that
Engeström (2001) argues are central to the function of boundary objects that promote
expansive cycles of activity:



488 Ball and Hunter

1. Reflective analysis of the existing activity structure;

2. Reflective appropriation of advanced models and tools that offer ways out of
internal contradictions and,

3. Creative externalization in the form of discrete innovations.

Rather than enabling participants to “expand” their own practice, more authoritative
approaches involve training and socializing newcomers to the profession of education
to become competent “purveyors” of established teaching strategies. However, as a
transmission process, tasks or assignments that are used to simply pass on information
from one group to another do not function effectively as boundary objects. The special
affordance of the inquiry activity as a boundary object was that it was rich enough
to satisfy different agendas simultaneously. It posed an interesting enough problem
that graduate students could fully immerse themselves in the role of learner and at the
same time included enough structure and facilitation that participants could later reflect
on the effectiveness of different teaching strategies and curricular scaffolds to think
theoretically about learning styles and educational practice. It was flexible enough to
accommodate a range of conclusions and personal histories and yet durable enough to
satisfy curricular standards.

And yet, the boundary crossings that the inquiry model facilitated between the
STEM research community, educators, and students only partially explain the extraor-
dinary story of organizational change that took place over a ten year period culminating
in the CfAO’s emergence as a leader in the field of STEM education. The inquiry
model was critical not only for involving research scientists and engineers in educa-
tion but for linking the CfAO with members of another community that was to become
highly involved and influential in EHR programming: the local people living in the
islands of Hawaii. Future papers will report evidence of other important “boundary
crossings” that involved tensions between the research community and the island com-
munities that host many of theobservatories that CfAO researchers depend on for their
work. For the purposes of this paper, it should at least be acknowledged that these ten-
sions also had a profound influence on the changing status of educational programming
within the CfAO because ultimately, the need to mitigate relations between the research
community and local island communities was another significant source of increased
legitimacy and status for CfAO educational programs. Moreover the challenge of inte-
grating the interests of both the local communities in Hawaii and visiting researchers
compelled EHR staff to be even more innovative and reflective in their educational de-
sign work.
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Abstract. This paper confirms and complicates claims that undergraduate research
experiences are critical for the advancement of key science and engineering reasoning
skills. We use descriptive statistics and narrative vignettes to report on the frequency
and quality of opportunities for six participants in a research apprenticeship program
to engage in scientific argumentation. The results of our two year study suggest that,
on average, these interns were more likely to engage in scientific argumentation dur-
ing preparatory learning activities carefully designed to mimic research practices than
while working at their appointed research sites. Our findings include examples of par-
ticular curricular elements and pedagogic strategies that supported and advanced intern
participation.

1. Introduction

1.1. The Efficacy of Undergraduate Research Experiences

Creating more opportunities for undergraduates to gain authentic research experience
is a popular recommendation among researchers, educators, and funding agencies in-
terested in broadening and advancing participation in STEM (science, technology, en-
gineering, and mathematics) fields. Research experiences (or apprenticeships) are ex-
pected to give students an authentic experience in science or engineering and provide
students with a wide range of cognitive and social benefits. Reported benefits include
effects on career aspirations, learning about the nature of science, confidence, enhanced
conceptual knowledge, research skill development, and the development of reasoning
skills (Hunter, Laursen, & Seymour (2006), Sadler et al. (2009)). Outcomes have been
categorized in various ways, but an interesting and important outcome is the develop-
ment of critical thinking, problem solving, or scientific reasoning skills (Hunter et al.
2006). Scientific reasoning is intimately entangled with research processes (or what
some would call scientific inquiry processes), thus students who engage in a research
experience have the opportunity to develop their reasoning skills through their engage-
ment in the processes of science or engineering research. For example, students en-
gaged in an engineering research experience could have an experience where they have
an opportunity to work independently on real world problems in so far as they are ill de-
fined, and do not have a singular or obvious solution path. Over the course of a summer,
the student would be able to clarify the problem, brainstorm potential solutions, pilot
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and test solutions, and finally find a solution that meets requirements and constraints.
Ideally the student would be able to explain their solution, using evidence and rea-
soning, demonstrating their understanding of trade-offs, and using the communication
norms used within engineering fields. The student would experience real world engi-
neering design, something that is generally lacking in undergraduate courses. However,
not all research experiences are alike, and the idealized student experience described
above does not automatically occur by dropping a student into a research lab.

This paper reports on a study of a program, sponsored by the Center for Adap-
tive Optics (CfAO), that was intentionally designed to bolster and improve undergrad-
uate research experiences through a curricular emphasis on inquiry and communica-
tion. Monitoring students’ participation in explaining practices, an important and val-
ued inquiry process in science and engineering, we followed students throughout an
eight-week program to learn about their experience. Drawing on the analytic prin-
ciples of Cultural Historical Activity Theory (CHAT), we were interested in learning
about attributes of the learning environments that promoted and constrained explaining
practices among interns and their mentors. We begin with a vignette that illustrates a
situation that from our experience is not uncommon, and highlights a conflict or tension
that can be explored more closely with CHAT.

In an open-ended interview conducted during the third week of an eight-week
internship program, Harvey was asked about the goal of his research project, Harvey
declared that he saw his time as being divided between two unrelated activities: what
he considered to be his project and what he interpreted as routine practice in testing a
device.

Vignette O

Interviewer: Did you know – err I mean, so [virtually adding two springs
to a simulated actuator] wasn’t just using the software to practice changing
the design? You really did make a real design?

Harvey: Yeah, yeah that was real. That was actually my project.
((pauses to think)) So yeah I guess that’s my project the design – I am
supposed to do it using this other software in 3-D. And you can simulate
the whole voltage thing with this software. But then this testing that I am
doing is part of some other things. I am just testing random actuators. So
basically –

Interviewer: Sorry – you mean just to make sure if [the actuators]
are working right?

Harvey: Yeah, but that’s not part of my “project” – like [the testing]
basically like me getting experience with the machines and like how to
test and all that.

Reflecting on his work in this interview, Harvey concluded that much of the time
he spent “just testing” had little to do with what he considered to be his actual project.
Continuing, Harvey realized that he had not actually been involved in doing any engi-
neering design work himself but rather that he had simply been following instructions
– doing what he was “told to do”:
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Interviewer: But how did you know it would be good to add those things
or not?

Harvey: I didn’t, he just told me to add...

Interviewer: He said to add whatever you want?

Harvey: No. He said add two springs to the sides because you
know when you pull down it will make it more uniform.

Harvey’s comments during this interview revealed that whether he was measuring
voltages, entering metric data, or working with simulation software, he was spending
the bulk of his time routinely following explicit instructions rather than directly par-
ticipating in science reasoning or problem solving activity. Harvey’s responses also
revealed that he was fairly confused about the relationship (or lack thereof) between
what his mentor expected of him, and the expectations of the program he was partici-
pating in. Specifically, Harvey was confused about how it would be possible for him to
make conclusions about the outcomes of his work, much less support his claims using
evidence and scientific reasoning if he was not personally involved in any of the engi-
neering design or problem solving work related to those claims. This interview with
Harvey suggests that undergraduate research experiences may not always afford the ed-
ucational benefits that they are so often credited for. However, we will return to this
vignette later and show how Harvey’s training and participation in other components
of the CfAO program helped him to productively confront the constraints and contra-
dictions he came up against during his research experience. Harvey’s case provides
interesting insights because he was eventually able to transform his experience (as we
will see later in this paper), and because his case represents an extreme trend it provided
us with clues for a closer analysis of the data, and the various elements of the program
– or activity systems – he was participating in.

1.2. The CfAO Undergraduate Research Internship Program

The CfAO set out to design a program that would engage students in research early
in their college education, and include students from a broad range of backgrounds, in-
cluding students from community colleges. The program had a specific goal to increase
participation from groups underrepresented in science and engineering. Knowing that
the students targeted for the program would likely have had less exposure, fewer role
models, and a range of educational experiences that would not give them the advantages
of students from dominant groups, the CfAO designed two program components: 1) an
introductory five-day lab intensive “Short Course” and 2) a “Communication Curricu-
lum” integrated across the entire length of the program.

In preparation for their upcoming research experience, all of the interns spend their
first week of the CfAO summer research internship program in what the CfAO calls the
“Short Course.” The course is a weeklong series of intensive lab activities that was
collaboratively designed and taught by graduate students and postdoctoral researchers
participating in the CfAO Professional Development Program (PDP, see Hunter et al.,
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this volume)1. The emphasis of the PDP is on teaching and learning through “inquiry.”
Although called for widely in science education (NRC 1996) inquiry learning is rarely
integrated into classrooms. Barriers to implementing inquiry learning have been de-
scribed and categorized (Wilson et al. 2009; Crawford 2007). The Short Course is
an intensive experience in inquiry learning, with nearly back-to-back inquiry activities
designed to give students practice in answering questions and solving problems in a
way that mirrors authentic research processes. Short Course activities rely on the care-
fully timed introduction and removal of strategic curricular elements (or scaffolds) and
learner-centered facilitation strategies. Rather than following a single uniform solution
path, these activities are carefully designed to support groups of interns in devising and
executing original solution paths – much like a researcher would. At the same time in-
quiry learning is different from authentic research practice in so far as explicit learning
goals have been established in advance.

In addition to the series of inquiry activities, the Short Course includes various
community building, role-play and goal-setting activities to familiarize interns with
the professional standards, conventions and norms that characterize the fields they are
entering. The CfAO internship program was designed as an alternative to traditional
research experience (internship) programs, which are aimed at junior and senior level
university students, and often follow a “sink or swim” philosophy – students are thrown
into an intense academic research environment and those that are cut out for research
will succeed.

Following the Short Course, the interns depart from the CfAO headquarters for
various research sites around the country, which are primarily university research labs,
but also national laboratories and observatories. Interns spend the better part of the
next seven weeks at these research “Host Sites” working on projects under the supervi-
sion of professional scientists and engineers. During the selection process, interns were
matched with their site/mentor based on their interests and background. Typically a
faculty or senior-level researcher acts as the overall advisor and the day-to-day supervi-
sor while a graduate student or postdoctoral researcher serves as the day-to-day mentor.
The CfAO emphasizes to mentors the importance of giving interns their own project
that fits into the work of the bigger research group/effort, rather than shadowing or
just completing tasks. Guidance to help interns define and learn to communicate effec-
tively about their projects, along with other guidelines, are conveyed through the CfAO
Communication Curriculum, which is orchestrated through weekly cohort meetings in
weeks two through seven. This component is intended to build a sense of community
among the interns while motivating them to produce a number of deliverables including
a ten-minute technical oral presentation, a technical poster, a resume updated with their
recent experience, and a personal vision statement. More details about the Communica-
tion Curriculum and how it affected the interns’ experience will be reported in a future
paper.

1The PDP includes a series of workshops followed by a practical teaching experience. This practical
teaching experience is specifically required to include lab activities in which the learners will gain an
understanding of important scientific concepts, while simultaneously getting practice in the processes
of science or engineering. Thus the Short Course serves simultaneously as a “teaching lab” for CfAO
graduate students and as a “bridge” program for undergraduates learning about research practice.
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2. Theoretical Background

In recent decades Vygotsky’s ideas about human development have transformed the
way researchers in the learning sciences think about the relationships between culture,
community, communication, and cognition. Building on Vygotsky’s seminal ideas,
theorists using Cultural Historical Activity Theory (CHAT) have shifted the focus from
the individual to the collective and portray cognition as dependent on the particular
attributes of the socio-cultural contexts we inhabit (Cole 1999). This framework em-
phasizes the contingencies of human interaction and works on the assumption that cog-
nition and understanding are derivative of, rather than antecedent to, social exchange.
From this perspective, ideas and cognition do not exist independently of the lived-in
world but are instead seen as the emerging products of social interaction, which is in
turn situated in and mediated by the specific social, historical, and physical circum-
stances organizing that interaction (Engeström & Cole 1997).

Since its inception, CHAT has been used to reveal the laws by which individuals
learn to participate in cultural activities, communicate with each other and thereby en-
gage in knowledge-production (Nardi 1996; Daniels 2005; Barab & Luehmann 2003).
CHAT maintains that it is through their collective or joint participation in purposeful
activity that people learn to use cultural tools (Wertsch 1993), develop what Vygotsky
(Vygotsky 1978, 1964) called “higher mental functions”, and thereby appropriate new
understanding. The concept of appropriation (see Mercer 1994 for a review of the liter-
ature on this term) emphasizes that understanding is not a passive process but a creative
meaning making one. It describes a twofold process that balances the uptake of new
information or imitation of specific skills (internalization) with expressive knowledge
production and performance (externalization). This concept was developed with under-
standing that meaning making always requires the agency and activity of the knower
and that knowledge exists only in so far as it is in use (Wertsch 2008; Wells 2001, 1999).
This marks a major distinction between CHAT and other theories of human cognition
that position individuals as passive consumers of knowledge that can presumably be
transmitted from one mind to another.

CHAT can be used to discern, dissect, and analyze the component parts of human
activity systems including the tools or artifacts that people use to accomplish partic-
ular tasks, the unique subjectivity and personal histories of the actor or actors in that
system, the object or organizing purpose motivating the action, the cultural norms and
rules that govern routine behavior and the different positional roles or divisions of la-
bor that structure interaction. For the purposes of this study we use CHAT to uncover
the constraints and affordances of different learning environments (or activity systems)
present in the CfAO internship program and understand how they mediated opportuni-
ties for interns to participate in scientific argumentation. For instance, the concept of
an activity system could be applied to analyze an intern’s participation in a lab meeting
among researchers trying to decide which of two statistical treatments to apply to their
data. According to CHAT, activity systems are primarily defined and delimited by the
organizing goal or purpose that brings people together – which in this case would be
the need to agree on a statistical treatment. The products or outcomes of this interaction
would include (but are not limited to) both the decision itself and the understandings
that participants took away regarding the different methods and why one was considered
to be superior. Other outcomes might include shifting interpersonal relations, a greater
sense of camaraderie, improved science communication skills, etc. To understand these
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outcomes and why/how they came about, we would need to consider how the use of
particular tools/artifacts (e.g., a whiteboard) and concepts (e.g., statistical significance)
mediated the interaction that led up to them. We would also consider how the different
roles that participants assume (e.g., speaker vs. listener, or team leader vs. visitor) over
the course of the meeting influenced which arguments were made, what criteria were
considered, which examples were accepted as valid, etc., along with the implicit norms
(e.g., don’t interrupt the team leader) and explicit rules (e.g., we aren’t leaving until
we make a decision) governing the interaction. Each of the participants in the meeting
would rely on their own prior experiences and knowledge to make sense of the options
and arguments being put forward, and the “hybridity” (Gutierrez, Baquedano-Lopez,
& Tejeda 1999) and interweaving of these different individual histories or subjectivities
would also mediate the outcomes of the meeting (Leander 2002). Finally we would
need to consider the nature and strength of the community surrounding this interaction.
What is their history together? How invested in solving this problem are they? Do they
share similar values and assumptions about the validity of the processes they are using
to make this decision? All of these considerations would lead to a richer understanding
of how this experience impacted the participants involved, what they were able to take
away from it as well as how their individual contributions shaped the dynamics of the
system as a whole.

Early applications of CHAT focused primarily on the immediate or internal dy-
namics of a single activity system. More recently, research in CHAT has begun to
explore how multiple diverse activity systems (e.g., home vs. school) are socially and
historically coordinated in practice (Leander 2002; Kerosuo & Engeström 2003) and
how the contradictions and boundary crossing that takes place at the intersections of
different activity systems can lead to the reorganization or expansion of either or both
systems and thereby the growth and development of the individuals participating in
expansion activities (Engeström, Engeström, & Kärkkäinen 1995; Engeström 2001).
As we will demonstrate, the management of these intersections (and their potential to
incite conflict or ambiguity) can have important implications for the sustainability or
transformation of a system and the developmental outcomes that result, including the
development of individual participants.

3. Methodology

3.1. Participants and Data Collection

The principal data for this study were collected in 2006 and 2007 and include interview
transcripts, ethnographic field notes and video and audio archives of recorded learning
interaction for six interns – three in 2006 and three in 2007. The interns were part of
a larger cohort of students accepted into the program through a committee selection
process. Decisions about which of the interns enrolled in the CfAO program to shadow
throughout the summer were based on the willingness of his or her mentor and faculty
supervisor to be involved in this study (also see full description in Ball 2009).

The video and audio data collected for this study represent only a proportion of
the total time that interns were actually participating in program activities, ranging from
just under 15% in two cases to about 30% in the most extensive case. Since our focus
was on the conditions that mediate opportunities for interns to publicly (interactively)
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participate in scientific argumentation2 the data set was reduced from an archive that
included both recordings of time the interns spent working alone as well as of time the
interns spent interacting with at least one other person to focus only on those recordings
that captured interns in interaction with others. The final data set consisted of digital
archives representing approximately 15.25 hours of recorded “interaction time” in the
most abbreviated case (Valerie) to approximately 43 hours of recorded interaction time
in the most extensive case (Holly).3

3.2. Analysis Approach

Our analysis focuses on scientific argumentation as a means of tracking the quality
of intern participation because argumentation has been recognized as a comprehensive
skill that drives other valued STEM reasoning skills such as questioning, hypothesizing,
interpreting, etc. Our focus on learner explaining practices is also congruent with the
emphasis in CHAT on learning as a process that requires a combination of the uptake of
existing knowledge content with creative/productive processes. Our analysis of intern
participation in scientific argumentation relied on the analytic principles of Systemic
Functional Linguistics as described in Halliday’s seminal thesis (Halliday 1978, 1994),
and on the conceptual framework that Berland & Reiser (2008) use to distinguish utter-
ances involved in scientific argumentation from other forms of “science talk.” For this
analysis, give moves that functioned to offer information were distinguished from other
solicit and acknowledge moves that open and close discursive exchanges (Mehan 1979;
Sinclair & Coulthard 1975a; Nassaji & Wells 2000; Wells 1993). Verbal and demon-
strative give moves were then divided into intern informing versus explaining moves
based on the extent to which the move was involved in sense making, articulating, or
persuading as defined by Berland & Reiser (2008). Descriptions of the difference be-
tween intern give moves that were considered only informative as compared to those
that were considered explanatory are given in the list below:

Science Inquiry Explaining Moves:
Indicate - Speaks or gestures to draw attention to data that may qualify as evidence in
some aspect of a visual scene display.
Define Evidence - Instantiates or categorizes data point or observation.
—
Engineering Design Explaining Moves:
Pose (Define) Problem - Identifies or articulates specific parameters of problematic
events or observations.

2While acknowledging that the rhetorical practices of argumentation can and do exist as “intrapersonal“
functions of an “inner dialogue” (Vygotsky 1971) this analysis assumes that these rhetorical practices
ultimately begin and end as an interpersonal communicative exchange.

3The total duration of recorded interactions can be interpreted as loosely illustrative of the total proportion
of time that each intern spent interacting with others in every case but Harvey’s. Harvey was observed
(but not recorded) spending much more time working in isolation than what is represented the digital
archive. Conversely, field observations and interviews suggest that both Maureen and Simone spent a
major proportion of their time at the research site working closely with their mentors, however it is likely
that the data presented here underestimate the relative proportion of time these two interns spent working
alone. Due to the comparatively remote location of their host sites with respect to CfAO headquarters,
decisions to record Maureen and Simone were biased towards occasions when interaction was expected.
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Define Function or Procedure - Describes the relationship of a function and/or its
parameters to outputs.
—
Informing Moves:
Report - Recounts past actions/events or articulates plans for the future. Recapitulates
existing understanding rather than generating new understanding.
Narrative - Provides storyline connecting contextual information, background infor-
mation, etc. Recounts established meaning rather than generating new meaning.

Our analysis also took account of intern initiating moves. Research in classrooms
has shown that teachers typically use initiating moves to solicit answers from students
(Sinclair & Coulthard 1975b; Cazden 2001), but when learners initiate talk or action the
ensuing dialogue is more likely to include exploratory discourse and debate (Barnes &
Todd 1977; Barnes 2008a). Other studies have shown that it is rare for students to make
initiating moves when interacting with a superior, and that when they do it is an indica-
tion that they are becoming more engaged with a topic (Nystrand et al. 1997); or that
student initiating moves often function as attempts to resolve a problem or gap in their
own understanding, either by soliciting more information or by proposing further steps
in an investigation, design or other collaborative meaning-making process (Wells 1993;
Hiruma, Wells, & Ball 2007; Barnes 2008b). Thus, although intern initiating moves
were not necessarily indicative of instances when interns were involved in scientific ar-
gumentation, initiating moves were interpreted as plausible indicators that interns were
more actively engaged in sense making activity that could lead to argumentation, and
so instances of initiating moves were coded as a separate category.

In order to compare intern engagement in scientific argumentation from one day
to the next and across different program components such as inquiry activities in the
Short Course (Short Course Activities), the research experience (Host Site Only), and
interactions at the research site organized around the CfAO Communication Curriculum
(Host Site + CC), we coded and counted instances of intern explaining and initiating
moves occurring within designated analytic units, which we call sessions. Different ses-
sions occurring on the same day were delineated when the interaction was organized
by different program components. For the purposes of this discussion we focus on a
comparison of results representing intern participation in Short Course inquiry activi-
ties versus intern participation at their respective research Host Sites. Dividing streams
of recorded interaction into sessions made it possible to compare the unit frequencies of
intern explaining and initiating moves across different components of the program and
to examine the chronological progression of intern participation in scientific argumen-
tation from one day to the next. The duration of each session was measured in minutes
and this interval was used to express the frequency (i.e., total counts per unit) of intern
explaining, informing, or initiating moves in each session as a rate4. In addition, three
grand averages, or baseline rates – one for each of the three move types – were estab-
lished for each intern by dividing the total number of moves in a given category by the
total interaction time recorded for that intern. Baseline rates were compared with the

4An alternative to comparing intern move “rates,” which rely on standard units of time, would be to
compare proportional frequencies. However, proportional frequencies were not considered practical for
this analysis since it would entail coding and counting all intern moves observed in over two hundred
recorded hours.
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mean rate for groups of sessions associated with the same program component (e.g.,
the Short Course vs. Host Site). Differences between mean rates were considered im-
portant if they were at least one standard deviation apart5. We used these differences as
a reference to make standard comparisons across cases, where each case represents the
unique propensity of a particular individual to participate in scientific argumentation
under the equally unique circumstances of different research settings.

In addition to comparing rates across program components, we plotted daily rates
for each intern, which showed explaining and informing rates across time. Plots for all
interns are included in the full study (Ball 2009), and along with rate comparisons and
qualitative findings, provided many interesting insights about the details of the research
experiences. The peaks and valleys of individual cases provided a different view of
interns’ explaining and initiating rates, and also gave us clues for where to look more
closely through our qualitative data.

In order to make sense of these quantitative differences we found that it was im-
portant to look in more depth at the multiple conditions structuring these learning en-
vironments, including the nature of face to face interaction, the sequencing of different
Short Course activities relative to others, as well as the broader institutional contexts
and history shaping of the learning activities we observed. To do this we triangulated
our quantitative analysis with interview data, field observations and detailed transcripts
of learning interaction within individual sessions.

4. Findings

4.1. Quantitative Findings

The tables included below (Tables 1 and 2), summarize the baseline explaining and
initiating move rates and includes associated standard deviation values for each of the
six interns (as indicated by a “±” sign). As these results indicate, we found substantial
variation among the magnitudes of the baseline rates associated with each of the six
cases. However the data also revealed some consistent trends. The most obvious trend
indicates that there were more frequent opportunities for interns to make explaining
moves during the Short Course activities than in other venues. In every case but one,
the mean explaining move rates associated with Short Course activities was at least one
standard deviation greater than the baseline explaining rate established for that same
intern – as indicated in the tables by upward arrows (“↑”). Additionally, in all six cases,
mean intern explaining move rates associated with the Short Course were higher than
mean rates associated with research activity at the interns’ research Host Sites (Host
Site Only and Host Site + CC). Whereas Harvey’s case exaggerates this trend with a
Short Course explaining rate that is more than two standard deviations greater than his
baseline rate, Simone’s case represents the exception; Simone was the only intern who
made nearly as many explaining moves, on average, in a research setting as she did
during Short Course inquiry activities.

5It was not possible to test for statistical significance of these differences because the number of entries in
each category was unequal.
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Table 1. Explaining move rates.

Explaining Maureen Harvey Simone Laurie Abu Holly

Total # sessions 30 32 29 26 33 36
Baseline Expl. rate .16±.16 .31±.28 .55±.31 .20±.29 .48±.54 .44±.37

Short # sessions 4 5 5 5 5 5
Course Expl. rate .39↑ 1.02↑ .56 .60↑ 1.27↑ .98↑

Host
Site # sessions 12 11 13 9 15 14

Only Expl. rate .09 .17 .53 .41 .36 .43

Host
Site # sessions 8 11 6 7 7 12

+ CC Expl. rate .24 .18 .73 .22 .37 .30

The results presented in Table 2 also suggest that the Short Course motivated in-
terns in positive ways. In all six cases mean initiating rates associated with Short Course
Activity sessions were consistently higher than baseline initiating rates, and in three
cases (Harvey, Laurie, and Abu) mean initiating move rates were at least one standard
deviation greater than baseline rates.

Table 2. Initiating move rates.

Initiating Maureen Harvey Simone Laurie Abu Holly

Total # sessions 30 32 29 26 33 36
Baseline Init. rate .17±.19 .63±.46 .74±.51 .53±.29 .72±.53 .84±.32

Short # sessions 4 5 5 5 5 5
Course Init. rate .29 1.36↑ 1.05 .87↑ 1.32↑ .92

Host
Site # sessions 12 11 13 9 15 14

Only Init. rate .14 .55 .71 .39 .81 .82

Host
Site # sessions 12 11 13 9 15 14

CC Init. rate .39↑ .90 .92 .76 .78 1.24↑

The results presented in Tables 1 and 2 indicate that conditions prevalent during
Short Course inquiry activities promoted more opportunities for interns to take initiative
and engage publicly in the development of scientific explanations than the research
experiences that these activities were designed to mimic.
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4.2. Qualitative Findings

In the following sections we present findings from our qualitative analysis that sup-
port and extend our quantitative findings. In particular we use interview quotes and
transcripts of recorded interaction to a) illustrate some of the constraints on intern par-
ticipation in scientific argumentation and b) demonstrate how the intentional design of
specific curricular components and instruction implemented in the Short Course en-
abled participants to overcome these challenges both before and after embarking on
their separate research experiences.

We begin our presentation of qualitative findings by returning to the tensions Har-
vey experienced while working at his research Host Site. As our quantitative results
indicate, Harvey’s case represents an extreme in so far as it shows the biggest change
in participation: from frequent and avid participation in scientific argumentation dur-
ing the Short Course, to much more constrained participation at his research Host
Site (as indicated by comparisons of his baseline and mean explaining and initiating
move rates). Here we pick up the opening vignette illustrating the tensions Harvey
encountered during his research experience when he realized that his research project
amounted to little more than “following instructions”. The following vignette (Vignette
A) shows that Harvey’s situation initially prevented him from easily engaging in scien-
tific argumentation but also how Harvey was able to use what he learned in the Short
Course to resolve tensions and initiate changes at his research site. After exploring
the particular circumstances of Harvey’s case we return to a more focused analysis of
the Short Course curriculum to show how particular attributes of this design promoted
opportunities for interns to engage in scientific argumentation.

4.2.1. Motivating intern initiative and ownership during the research experience

As suggested by the interview excerpt in our opening vignette (Vignette O), Harvey
encountered a tension or contradiction the expectations that defined his role at the re-
search Host Site and what he had learned about working on a research project during the
Short Course. Later in the same interview Harvey explained that he was confused about
how all the testing he was responsible for completing related to the virtual simulation
work he was doing on the computer, and moreover how these seemingly unrelated tasks
amounted to a research project:

Vignette A

Harvey: Yeah so – it would be good if I will be testing that same design.
But see I am not going to be doing that. So I am doing – I am testing this
other stuff. So like – I asked [my mentors] about it this. Because I was
confused about this thing – how does this testing relate to what I am doing
on the computer you know?

((both laugh))

Interviewer: You weren’t getting that huh?

Harvey: Like, it’s not really related – its just something different
but...



Using Inquiry to Develop Reasoning Skills 501

Harvey went on to explain that emphasis on science communication in the weekly co-
hort meetings and the expectation that each intern should be able to present an argument
“got him thinking” about his predicament – so much so, that when he got back to the
lab he decided to go and confront his mentor regarding the scope of his responsibilities.
It was only after he prodded his mentor for clarification that Harvey realized that the
work he was doing to test and record voltage readings was really something different
from the simulated design work that he later considered to be his research project:

Harvey: And then he told me that – because like I started asking all these
questions – we’re just going to have you working like just testing and
doing all that work. But then my mentor knew that I needed like a project
so you know he let me do the – like make a design so that would be
my project, so like, but it’s not like, so basically it’s like I have two projects.

Interviewer: Well it seems like you have work and then...

Harvey: Yeah and [the work] is the testing and all that, and then the
actual [project] is the simulation...

Faced with the requirement to produce an explanation of his research project, Harvey’s
contention here was that in order to participate in formulating an argument he first
needed opportunities to participate in formulating and articulating – and thus making
sense of – the problem which that argument was meant to satisfy:

Harvey: It would have been good if I would of – have tested the ones that
I modified. Because if I tested the one that I modified and I modify it –
because then I start from the beginning. I test this one, I modify it and then
when they build it I test it again. But see this one he tested it like a year ago
or something. So I am testing these other actuators, which have nothing to
do with the ones that I modified. So my project is like pretty much – it’s
pretty much impossible for me to have conclusions.

What is impressive about Harvey’s statements during this interview is that even as he
is in the midst of discerning and negotiating contradictory expectations, he is able to
articulate why the implications of his situation made it difficult to draw conclusions.
The strength of the CfAO program design is evident in that it not only provoked Harvey
to reflect on the implications of his role and responsibilities at his research host site
but also gave him both the incentive and the institutional legitimacy to challenge his
superiors. The effectiveness of Harvey’s training is also evident in the logic Harvey
uses to defend and maintain his position, despite repeated dismissals put forward by his
mentor, who essentially told him not only what to do, but why it needed to be done in
first place:

Harvey: You told me to add springs to the sides right? Because it will make
it pull more uniformly right? ((mentor nods and murmurs an affirmation))
Ok so how do I know to do that though? Like – I just did it because you
told me. So, so what is it that I did [for a project] – is it just that?
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Harvey’s mentor responded to Harvey’s challenge by suggesting that Harvey should
consider his project to be the work he had completed using software to apply prefigured
modifications to a simulated design. But Harvey persisted:

Harvey: So that’s – okay but – that’s a software. What if people ask me:
‘Like so why did you add two springs on the side?’

Mentor: You can just say, so that it will pull down more uniformly
instead of having a tilt.

Harvey: So that’s what I answer? Why – so – but if they ask: “Well how
do you know?”

Mentor: How do you know why?

Harvey: Yeah: Why is it going to make it more uniform?

Mentor: Because you know when you have only two springs on the
side they have a tendency to rotate – not properly.

Harvey: Ok but so – you came up with that design, without – so
like the testing and all that’s not how you [xxx inaudible xxx] The testing
– you didn’t tell me, or suggest me to do that right? You just –

Mentor: No we showed you them – that some of them tilt.

Harvey: Oh. So it was because of the testing then? But see I didn’t
test them!

Harvey’s reasoning during this confrontation was grounded in his understanding that
that he needed a coherent research problem to work on in order to a) fully participate
in the research process, b) be able to effectively and persuasively explain his project re-
sults, and c) comply with program requirements. Although later that summer his men-
tor did eventually concede Harvey’s point, it is evident here that at first he eschewed
prioritizing opportunities for Harvey to personally engage in “defining the problem”
or building a rationale that he could later use to defend modifications to the simulated
design. The mentor’s response alludes to his alignment with a set of professional prior-
ities and/or norms associated with the research setting (i.e., completing data collection
and “getting the job done” or perhaps even an assumption that completing routine tasks
prepares newcomers to engage in the cognitive aspects of research) over and above edu-
cational goals that prioritize learning how to reason scientifically and develop problem-
solving skills. These excerpts show that Harvey was able to identify the conditions that
were constraining his practice, and took the initiative to change the situation in ways
that opened up more opportunities to engage in scientific argumentation. This shift can
be seen in the qualitative findings, and an upward trend in the plot of his explaining rate
over time, despite a relatively low baseline rate due to the early constraints.

As we will demonstrate in a subsequent vignette (Vignette B), Harvey’s rationale
can be linked to an earlier experience in the Short Course when he learned to differen-
tiate between observations that can be used to define the problem and observations that
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can be used as evidence to support scientific claims. And yet, the changes that took
place during Harvey’s apprenticeship exemplify only one of the ways that the CfAO
curriculum impacted undergraduate research experiences and prepared interns to work
through challenges in a research setting. In the following sections we show that the
Short Course was instrumental not only in introducing interns to specific research skills
but that it included necessary organizational and curricular supports for enabling in-
terns to confront and overcome routine habits and tacit expectations carried forward
from their experiences in classroom settings.

4.3. Confronting habitual practices formed in classroom contexts

By the time they have graduated from high school many “good students” have become
familiar with routine “cookbook” science experiments that provide explicit protocols,
procedural instructions, and ready-to-check answers. As Ball & Wells (2006) argue,
accredited students who accumulate more scholastic accolades over time are often:

those who have successfully navigated systemic requirements for entry into
a major university [and are] those who have learned to play by the insti-
tutional ‘rules of the game’ (North 1990). However, more often than not,
such success means that the student has learned not to question the per-
spectives, rationale or conclusions presented during instruction, but rather
to align their own perspective with institutional expectations... (p. 191)

Under these conditions, many “good students” have learned that it is more advanta-
geous to arrive at an acceptable answer as quickly as possible (minimizing time and
effort) than it is important to understand the process(es) they used to find that answer.
Over the past two decades educational researchers have observed classrooms where the
ubiquity of evaluative moves by teachers reinforces their status as a central authority
and prioritizes didactic exchanges that reward canonical answers (Edwards & Mercer
1989; Mercer et al. 1999; Nystrand et al. 1997). More specifically, this literature sug-
gests that the combination of “known answer questions” (Mehan 1979) with evaluative
moves in classroom recitation scripts encourages and rewards students who endeavor
to make educated guesses about what is in the teacher’s mind, thereby undermining
the kind of dialogue that promotes opportunities for students to formulate, explore and
share their own developing ideas or respond to the ideas of others (Cazden 1988; Mer-
cer et al. 1999; Barnes 2008a).

In contrast to classroom or lecture hall settings where students often observe from
their seats while instructors are responsible for providing/performing demonstrations
that introduce a key concept or principle, the design of Short Course inquiry activities
hinged on expectations that the interns would be handling the materials themselves,
making changes and adjustments and developing exploratory questions along the way.
One activity begins by moving interns through various “starter stations” designed to
provoke investigations into the scientific properties and processes related to color, light,
and spectra. However, we noticed that during their first rotation, several of the interns
we shadowed appeared to be waiting for more explicit cues or confirmations from in-
structors that would indicate, less ambiguously, what they were supposed to be ob-
serving or doing, or whether they had provided the right answer. For example, before
venturing to manipulate the available materials himself, voice initial observations, or
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make suggestions for how the group might proceed, one of the interns, Amine, pressed
Elissa, a graduate student facilitating the station, for more explicit instructions:

Amine: I mean, what is the reason – Why are we putting the filter over the
bulb? Do we want to make it yellow – that’s why we are using that filter?

This kind of hesitance may, in part, be explained by prior experiences in school where
students are regularly rewarded for discovering what the teacher will confirm as the
right answer. Indeed, as another intern (Holly) admitted in a reflective interview, she
had become so accustomed to relying on others to direct her learning activity that she
found herself to more focused on discovering what was expected of her than on making
original observations of her own:

Holly: It was on my mind at times during the investigation, I was think-
ing about something we should be observing – what am I supposed to be
seeing? What is it we should be getting out of it?

On a similar note, when asked to reflect on her experience in the Optics Lens Lab
(the first in the series of inquiry Short Course activities), Laurie revealed a pre-existing
assumption that she likely shared with other interns coming into the Short Course;
namely that completing experiments typically amounts to little more than an exercise
in following directions. Thus her initial impression of the Optics Lens Lab was that it
was one where “you just do what you are supposed to and then the answer is there”:

Laurie: It [the Optics Lens Lab] was one of the ones where you just do
what you are supposed to and then the answer is there and that was more
like some the labs I’ve had before [in school] where there is a set of direc-
tions and it’s like do this activity and gives us some numbers or something.
They do ask you conceptual questions [in school], but you already have the
answers to think about - not the other way around.

Indeed, at least four of the interns interviewed for this study professed that the Optics
Lens Lab reminded them of the science lab assignments they were familiar with in
school and so they approached it initially using the kind of “guess and check” strategy
that so often worked in their role as “good students”.

By the third rotation through the starter stations most participants appeared to be
aligning more readily with the expectations underlying the curricular design of this and
other Short Course activities. Specifically, interns were more willing to manipulate
provided materials and make unsolicited modifications to displays while relying less
on a facilitator for instructions, demonstrations or other directives. This increase in
the interns’ initative was matched by an increase in the frequency of intern explaining
moves that were contributed in the absence of a leading prompt. For example, at one
station Simone decided to switch around different light bulbs in a display and grew
excited about her observations. Viewing the light with a hand held spectrometer, she
did not have to be prompted to announce her discovery that some light sources emit
light that appeared yellow but was actually composed of multiple wavelengths:

Simone: (looking through a spectrometer) Wow! This yellow is different.
It’s blue, green, yellow. Did you guys see the blue?! Because we didn’t
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have the blue in that one. Yeah it is definitely blue. The blue is bigger than
the green.

Simone’s observation was significant because it functioned as a preliminary move in
the development of more scientific claims about the different spectral compositions
of light that appears yellow in color. Yellow light is unique because it can appear
both as a monochromatic wavelength and as an additive combination of red and green
wavelengths.

As the week progressed and interns became more accustomed to the norms and ex-
pectations underlying the Short Course curricular design, the interns generally showed
more initiative and were more self-directed. In Vignette B, Harvey was attempting to
persuade Elissa that that he could explain how the glass interference filters at his station
worked. This created a productive opportunity for Elissa to help Harvey and his peers
discern the difference between a) observations that narrow the focus of an investigation
or help to define the problem and b) observations that relate evidence to explanatory
claims.

Vignette B

Harvey initiated the interaction by inviting Elissa to participate in what can be de-
scribed as an annotated demonstration: in order to “prove his point” Harvey instructed
Elissa to make several observations and then questioned her about what she was seeing.
This demonstration was Harvey’s attempt to communicate his understanding of why
the “blue light is missing” when an interference filter was positioned between a broad
spectrum (or “white”) light source and an observer:

Initiation Harvey: Ok so you see the full spectrum right?

Response Elissa: Uh-Huh [looking through spectrometer at a broad
spectrum light source]

Initiation Harvey: Ok what do you see right now? [holding the
“blue” interference filter in front of a broad spectrum light source]

Response Elissa: Well it’s different now.

Follow-up Harvey: How is it different?

Initiation Elissa: This is not me supposed to be testing things out.
This is supposed to be you!

Response Harvey: No! I am trying to prove my point

Far from being put off by Elissa’s comment, Harvey remained intent on persuading
Elissa of his understanding of how the filter worked. And breaking out of the recitation
pattern that is typical of classroom interaction, he maintained his initiating position
throughout (as indicated below), demonstrating that he had embraced the alternate set
of norms structuring the goals of the Short Course:
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Initiation Harvey: And that’s why when you do this [positions glass filter
behind the bulb] when you put in the back [makes an adjustment] you are
only going to see blue right?

Response Elissa: Right

Follow-up Harvey: and that’s because the light, is pass – all the
spectrum but the blue is passing through the filter and going over there
[points past the filter] but only the blue one is being reflected which is the
one the one that goes – that goes through this thing (spectrometer) which
is the one you see so that’s why it’s blue [smiles smugly in anticipation of
Elissa’s approval].

Ultimately, Elissa was able to use Harvey’s demonstration as a formative opportunity
to first assess Harvey’s comprehension of the phenomena he was investigating and then
help Harvey and his team members clarify the terms of their argument. Elissa did this
by refraining from directly evaluating what Harvey was presenting as his conclusions.
Instead, she acknowledged the thrust of Harvey’s statements and then engaged him in
a debate about whether he had truly answered his question:

Elissa: To me – I agree with what you said – but, that doesn’t actually
explain [to me] how it works. You’re actually, what you are doing there –
which is great and absolutely the best place to start – is you’re telling me

Harvey: the problem –

Elissa: what is happening

Harvey: (nods in agreement)

Elissa: or the problem. Yeah. You’re telling me the conditions of
the problem. You’re telling me what is happening and the conditions of
the problem: you didn’t actually tell me why. But that’s good because
now this is what you are supposed to be trying to find out. So that’s great
you don’t already know exactly what the answer is, but you know what
the conditions are.

Elissa’s approach helped Harvey realize and articulate his own attribution error. Rather
than reaching a final explanation for how an interference filter reflects and transmits
light, Harvey had essentially articulated the definition of the problem. Creating this
opportunity for Harvey to assess and comment on his own emerging understanding
was much more powerful than if Elissa had simply told him directly that he had yet to
articulate the kind of conclusion that defines a scientific explanation. This experience
enabled Harvey to develop/produce a personal appreciation for being able to distinguish
the difference between the conditions of the problem and observations that that justify
a proposed solution. As we demonstrated earlier in this chapter, Harvey continued to
develop his understanding of these relationships and used it to think critically about the
work he was responsible for during his research experience.
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4.4. Strategic Design of the Short Course Curriculum

Preparing undergraduate STEM research apprentices to engage in the kind of argumen-
tative reasoning practices that are required for the development of scientific explana-
tions can be all the more challenging when they have been previously rewarded, as
“good students”, for relying on whatever means require the least amount of effort and
most expeditiously produce the expected/canonical answer or sanctioned result. As de-
scribed earlier, there was a clear intention within the CfAO to create and institutionalize
a community of practice that valued inquiry-learning as a principled and innovative ap-
proach to education in science and engineering. Accordingly, inquiry activities in the
Short Course were carefully designed as departures from the kind of highly directive
“cookbook” science activities that students often complete in school. Here we discuss
some of the specific strategies implemented in the Short Course that we believe enabled
interns to productively confront and overcome challenges associated with adapting to
the unfamiliar expectations embedded in the Short Course curriculum.

4.4.1. “Setting the Context”

Graduate students responsible for facilitating Short Course inquiry activities (and who
were themselves just learning to apply the principles of inquiry-learning as part of their
PDP training) were careful to introduce these activities as a departure from usual class-
room practice. For instance when introducing the 2006 cohort of interns to the activity
on Color, Light and Spectra the lead Short Course instructor, Matthew, used deliber-
ate language to “set the context” for the planned activity. In this instance “setting the
context” involved making implicit or unfamiliar expectations more explicit while de-
marcating the contrasts between these expectations and those that usually shape other
formal learning activity:

This is an inquiry! ...So inquiries are a little weird. You may not be used
to this kind of activity but it strongly mimics what researchers do in their
research activities. ...And [researchers] don’t have any direction, really, as
to what they should do to understand those phenomena. And they make
models, they try to understand them using what tools they have in front of
them. We are going to give you as many tools as we can. But we’re not
going to tell you an answer. We now have a different role than before – the
instructors, or rather, the facilitators – there’s a little bit of jargon for you
– facilitators do not tell you the answer – they don’t even expect to be told
the answer that much. They are here to give you parts, to provide you with
materials to guide you, we are there to help you find your way and help
you figure out what is going on and how you want to investigate. So we
are just a kind of guide.

It is clear from this introduction that Matthew made a point of framing the upcoming
activity as “weird” and “different” while elucidating its relationship to research activ-
ity. He used particular vocabulary selectively (e.g., guide, facilitator) to distinguish the
role and responsibilities of instructors in this in this setting from other more familiar
educational settings (e.g., classrooms). Matthew also made several explicit cautionary
statements, stressing his perception that the activity would be different from what the
interns were used to in school. He warned the interns that they would be encouraged to
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be fairly self-directed and so they should not expect to be given many explicit instruc-
tions or to be given the answer.

4.4.2. “Sequencing”

Interview data and observations of interaction during Short Course activities in both
2006 and 2007 suggest that Matthew’s premonitions were not unfounded. That is, it
was not immediately easy for interns to adjust to the unusual set of expectations that
structured Short Course activities. Fortunately, in anticipation of the unfamiliar de-
mands and other difficulties undergraduates would be negotiating, the design teams
responsible for creating this curriculum were careful to include curricular scaffolds in-
tended to help ease the transition. One strategy involved the sequential order in which
activities that made different demands on interns were implemented. For example the
decision to start off the week with the Optics Lens Lab was deliberate: those responsible
for planning out the curriculum understood that this was an activity that more closely
approximated the look and feel of worksheet activities found in school science class-
rooms. The effectiveness of this strategy was not lost on the interns. In an interview
conducted at the conclusion of the Short Course, Holly made this comment:

So the optics one? That was the one where like it just like tells you what
to do, do it – like find this ratio. Oh yeah, that one was good. It was
more similar to the labs I was used to in physics. It felt more familiar. I
was definitely more comfortable during that activity and looking back I am
glad they started us with that, because if they had just gone right into the
inquiry activity [Color, Light and Spectra] it might have been too much to
deal with.

Like many classroom experiments this activity included a worksheet with a set of in-
structions and questions to guide interns through the activity. Furthermore this activity,
like so many school assignments, was bound by a clear end point and a singular solution
path. The strategic placement of the Optics Lens Lab served to ease the institutional
transition between the classroom and the research settings.

Another sequencing strategy that was applied in the Short Course was the gradual
withdrawal of pedagogical scaffolds from one activity to the next in such a way as to
enable the interns to practice inquiry process skills with increasing independence. One
example involves the withdrawal of scaffolds designed to help interns formulate inves-
tigable questions. Midway through the week the interns participated in a “gallery walk”
where students were encouraged to survey clusters of exploratory questions written up
on cardstock sentence strips, which the interns had generated as a group while making
observations of phenomenon at starter stations. By excluding some questions and or-
ganizing the remainder into topical themes, the facilitators helped the interns to launch
feasible investigations.

At the end of the week, fortified with a better understanding of what kinds of
questions are investigable, the interns faced the additional challenge of formulating and
selecting questions that were absent during the pruning heuristics used in the gallery
walk. One of the graduate students (Amy) facilitating an activity on galaxy morphol-
ogy observed that it was indeed more challenging for the interns to develop appropriate
questions independently and from scratch. Noticing that several groups of interns ap-
proached their facilitators to inquire about making sentence strips, Amy concluded that
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their concern with this task was a clear sign that the interns had come to appreciate the
importance of articulating relevant and succinct questions before launching an investi-
gation. The effectiveness of this pedagogical progression did not go unnoticed. When
asked to reflect on “what in the Short Course stood out in her mind”, Holly spoke about
the increasing capacity for initiative and self-reliance that she saw developing in her-
self and among her peers. To support her impression she singled out another activity
implemented toward the end of the week that compelled interns to formulate questions
without the benefit of a gallery walk:

The last one – the eye, the retina one. It was a different format than the
rest of them – we were just left with this – phenomena. We weren’t given
any direction. We hadn’t asked a question, and we were just observing and
formulating questions along the way. ...In the other activities we made a
bunch of questions and chose a specific one – we actually wrote down the
questions, and narrowed down to the one we wanted to [investigate] – and
for this [last activity] we had to make that leap ourselves.

As Holly recognized, the strategic introduction and then withdrawal of the gallery walk
as a process skill scaffold for activities implemented over the course of the week not
only enabled interns to engage in a practice that is crucial for conducting a successful
investigation (and thus for effectively engaging in scientific argumentation) but more
generally, enabled interns to rely less and less on an authority to preemptively define
the problem/question or provide a procedural script for finding solutions.

4.4.3. “Thinking Tools”

Other instructional strategies that Short Course instructors used to help interns navigate
the challenges of transitioning between a classroom and a research setting were specific
to the internal design of individual activities. Instructors working for the CfAO refer
to the strategic introduction of particular materials, technology or equipment during an
investigation as the use of “thinking tools” – and represent what educational researchers
would refer to as material scaffolds. Holly was appreciative of the careful timing and
strategic use of one such thinking tool during her group’s investigation of Color, Light
and Spectra:

We were dealing with [the question] ‘How do you combine filters?’. I
didn’t even think of it like that [at first] – I just thought of it as white or
black on the screen. At first we were limited to our tools. We got as far as I
think we could have gone – that opening day with what tools we had. But
when we used the spectrometer the next day to actually show what part of
the spectrum actually comes through the red filter – that really made things
click with me because – I guess that was where I experienced the most
growth because initially I thought a red filter only deals with the red. And
I realized I was being kind of close-minded and the [introduction of the]
spectrometer helped me to think about this differently.

Holly’s comments illustrate how the timely and strategic introduction of a digital spec-
trometer helped her to overcome an assumption that was impeding her ability to make
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sense of her observations. Of course those facilitating this activity might have intro-
duced the digital spectrometer as a tool for interns to think with from the start. How-
ever, the delayed introduction of this tool compelled interns to first articulate their ideas
(and so, directly confront their preconceptions) before discussing alternatives. The ef-
fectiveness of this design is evident not only in the fact that Holly and her partner were
able to transform their thinking, but that in retrospect, Holly was able to recognize
and appreciate (metacognitvely) how this strategy helped to transform her thinking and
explain her results.

5. Discussion

This study used quantitative and qualitative methods to examine explaining and initi-
ation moves of undergraduate students engaged in a program that included a research
experience bolstered by curricular program elements focused on inquiry and communi-
cation. Quantitative results indicated that explaining and initiating varied widely across
the six cases. This variation serves as a reminder that research experiences are not uni-
form, and that, like classroom learning, they can be more or less effective in reaching
the intended outcomes. The variation of baseline explaining and initiating rates among
individual cases and of mean rates across program components is indicative of the po-
tential for different settings to mediate human interaction and learning. We found that
mean rates of intern explaining and initiating moves tended to be higher in the Short
Course relative to the overall rates across the entire program. Short Course explaining
move rates were significantly higher in five of the six cases we followed. On the one
hand, this result was not surprising because the Short Course was organized around
a condensed series of back-to-back activities designed to model various research pro-
cesses, and most activities included explicit structural provisions to promote learner
explanation. On the other hand this result is interesting for several reasons. First, this
trend (which was most notable in Harvey’s case) is evidence of variation that coincides
with different learning environments, rather than with individual learners. Second, it
shows that subsequent to training and professional development in inquiry design and
instruction, the instructional team was successful in meeting their pedagogical goals.
Third, it challenges assumptions that the benefits presumed to follow from a research
experience are unlikely to be accomplished in a classroom setting.

The trends and variation of rates of interns’ explaining and initiating moves created
focal points for our qualitative analysis. We looked to extreme cases and points of
tension or conflict that we could explore further through analysis of observation and
interview transcripts. Harvey’s case was interesting in that his explaining move rates
had the largest difference of all the cases, when comparing Short Course rates to overall
rates. While participating in the one-week Short Course he had a high rate of explaining
moves that was in stark contrast to his overall eight-week experience. Our opening
vignette gives a glimpse into the early weeks of Harvey’s research experience, when
he realizes he is merely following instructions. Later in his experience, Harvey realizes
his assignments and responsibilities at the research site amounted to completing a set of
unrelated tasks, rather than a project he could call his own, and that it will be impossible
for him to have actual results that he can present at the end of the program. He explicitly
uses his experience with the inquiry activities from the Short Course to initiate a change,
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referring back to the important engineering process he learned there – defining the
problem.

The high explaining rates observed in the Short Course, and Harvey’s explicit use
of his Short Course experience to initiate a productive change in his research experi-
ence, led us to look more closely at the Short Course. Analysis of video and audio
recordings of the Short Course, as well as reflective interviews with several interns,
highlighted a number of interesting findings. First, the interns were not immediately
ready to engage in inquiry learning. Examples revealed the persistence of some of the
tacit practices and expectations that many “good students” have historically learned
to value in the classroom. Our analysis shows how these habitual practices can con-
strain opportunities for interns to engage in science inquiry or other problem solving
activities and limit the potential of these activities to bolster research skills. This study
demonstrates the potential for growth and development at the “intersections” of ac-
tivity systems defined by different purposes and priorities but it also demonstrates the
persistence of preconceived cultural-cognitive scripts if left unchallenged.

In our analysis of the Short Course, we also found that the instructors were able
to overcome the constraints posed by the interns’ expectations and classroom habits.
The disruption of triadic recitation scripts, role-reversals, and changes in intern initia-
tive in the Short Course are all signs that elements of the Short Course design were
sufficiently different and yet well enough supported to enable interns to transform their
learning practices. Some specific curricular elements and pedagogical strategies helped
interns negotiate challenging transitions while promoting opportunities for them to col-
laborate in the production of scientific knowledge. Specifically we found that it is
important for instructors to make a point of “setting the context.” As CHAT helps to
explain, it is important to make underlying learning goals, expectations, and tensions
explicit to learners because the power of these cultural-cognitive scripts to mediate our
activity continues whether we realize it or not. Instructors made use of “thinking tools”
to mediate knowledge-production, introducing new materials at key moments to help
the interns push through points where they were mentally stuck, and appropriate new
understanding of scientific concepts along the way. We also observed the use of cur-
ricular scaffolds in the Short Course, with the instructors planning for their strategic
(and sequential) removal. The scaffolds were an effective way to help learners master
skills and concepts that they were previously unable to use on their own. This finding
is congruent with the emphasis in CHAT on the power of cultural artifacts to mediate
the development of mental functions.

6. Implications for Practice

Findings from this study have implications for designing effective undergraduate re-
search experiences, as well as for designing and teaching inquiry learning experiences
in the classroom. Our study brings us to the conclusion that programs which intro-
duce undergraduates to research using only a “sink or swim” approach are unlikely to
yield the educational benefits they so often promise. Undergraduates need to be pre-
pared to face a variety of challenges that may otherwise curtail opportunities to practice
reasoning skills and develop the initiative or self-reliance that research experiences are
presumed to promote. The examples included in this paper demonstrate that, despite the
best of intentions, interns can end up in peripheral roles that require them to spend much
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of their time following instructions or completing rudimentary or routine tasks. The sig-
nificance of this tension was particularly evident in Harvey’s case where the pragmatic
needs of the electrical engineering lab he was working in were not necessarily congru-
ent with pedagogical goals that prioritized inquiry and science communication skills.
We do not want to downplay the challenges involved in defining a project that a vis-
iting apprentice can relate to as his or her own, and yet which also contributes to an
ongoing research agenda. We also understand that there are always a certain amount of
routine tasks requiring little cognitive reasoning skills involved in research. However,
the thoughtful design of an apprentice’s project could include these routine tasks within
the context of an overall project that they saw as their own problem to solve, or ques-
tion to answer. We are advocating that mentors think carefully about how to develop
in apprentices the types of reasoning skills that will make them successful researchers,
through project design and advising strategies. For example, a project that gives the
apprentice an opportunity to grapple with defining an ill-defined problem, then propos-
ing and testing solutions, might include a repetitive and highly directed data collection
phase, and is likely to be a more effective learning experience than starting the student
off with an out-of-context, routine data collection task.

Findings from this study also have implications for the classroom. With careful
design and attention to existing classroom norms, courses can be designed and taught
specifically to prepare students for research. Activities can be designed and sequenced
to give students practice in reasoning processes, such as explaining results, by engaging
them in inquiry learning. Our findings provide strong evidence that, in addition to
the design of the overall course and each activity, small curricular details such as the
strategic removal of scaffolds that support reasoning skills and particular facilitation
moves that foster exploratory debate and argumentation can have an impact on student
learning outcomes. These details can create essential turning points in the trajectory
of a student’s experience; without these changes even the strongest designs would fall
short of their educational goals. However, designing inquiry activities is by no means
straightforward or easy. The successes of this curriculum depended directly on the
investment of a coalition of committed and reflective individuals and their continued
interest in understanding their practice as STEM educators. Trained as researchers,
these individuals did not learn how to design or implement effective curriculum on
their own. This community was the product of an intensive professional development
program that created multiple opportunities for members to test their designs, practice
facilitation strategies and then to discuss and reflect on the successes and failures of
their various attempts to put theory into practice. As discussed elsewhere in this volume
(see Hunter et al.) designers require the resources, the time, and the endorsement of a
supportive community to work on creating and revising efficacious designs.

Finally, while this study provides evidence that the careful and intentional design
of curriculum grounded in inquiry can help students to confront constraining condi-
tions it should be recognized that transforming institutionalized routines is a significant
challenge that requires multiple opportunities to experience and engage with alternative
learning models, such as inquiry.
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Abstract. A major emphasis of the Center for Adaptive Optics Professional Devel-
opment Program (PDP) is training early-career scientists and engineers to teach more
inclusively as well as more effectively. To this end, the PDP includes workshops on
diversity and equity, and PDP participants are explicitly encouraged to weave inclusive
instructional strategies into the inquiry laboratory activities they design and teach. In
an initial effort to gauge the effectiveness of the PDP’s diversity and equity training,
we have analyzed 2008 and 2009 PDP participants’ responses to a survey knowledge
question that asks them to briefly describe how they would engage a diverse undergrad-
uate student population through their teaching and research. Each participant answered
the survey question before any PDP training, as well as after a series of intensive PDP
workshops. We developed a rubric to score and analyze participants’ pre- and post-
workshop responses, and have found that their response scores improve significantly
after PDP training. This indicates that PDP training does improve participants’ under-
standings about how to teach inclusively. Furthermore, survey respondents who par-
ticipated in the PDP in both 2008 and 2009 showed little decrease in response scores
between years, but continued increases with continued training. In this paper, we detail
our rubric development, survey response scoring, analysis, and results, as well as the
implications our results have had for refining our goals for PDP participants and for
further improving PDP workshops.

1. Introduction

The Professional Development Program (PDP; Hunter et al. 2008 and Hunter et al.,
opening paper in this volume) is at the heart of a suite of education programs developed
through the Center for Adaptive Optics (CfAO) and now continuing at the Institute
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for Scientist & Engineer Educators (ISEE)1 and Akamai Workforce Initiative (AWI)2.
Major goals of these programs include training early-career academic scientists and
engineers to teach more inclusively and effectively at the post-secondary level, and
broadening participation of undergraduates in STEM (science, technology, engineer-
ing, and mathematics) while improving their preparation. Through the PDP, graduate
students and postdoctoral researchers in STEM fields are trained to teach using inquiry
methods, and are explicitly instructed to consider diversity and equity issues as they
design and teach their own inquiry activities.

While many assume that the demographics have improved in the past few decades,
encouraging students of all backgrounds to pursue STEM degrees and careers is still
of vital importance to these fields. Roughly 30% of students in the U. S. aim to pur-
sue STEM degrees upon entering college, no matter their racial or ethnic background.
However, according to Hurtado, Eagan, & Chang (2010), only ∼20% of STEM majors
from underrepresented minority (URM3) backgrounds achieve STEM bachelor’s de-
grees within five years. The completion rate is significantly higher (30-45%) for White
and Asian American STEM majors, though the average five-year rate of degree comple-
tion, regardless of students’ background or their field of study, is ∼65%. The Hurtado
et al. results imply that STEM majors struggle to complete their intended degrees, and
that this affects URM students most strongly. The difficulties faced by URM STEM
majors include discouraging effects such as “stereotype threat” and “disidentification”.
These are areas of intense recent current study; see, e.g., Steele & Aronson (1995) and
Osborne (1995), respectively.

On another front, inquiry has been prominent in U. S. educational standards (NRC
1996, 2000) and hailed in both U. S. and international reform efforts (e.g., Osborne &
Dillon 2008) as a way of teaching and learning STEM that improves students’ abilities
and interest in these fields. Research shows that inquiry learning can also have a pos-
itive effect on diversity and equity in STEM fields. For example, Wilson et al. (2010)
find that high school science students receiving inquiry instruction reach a higher level
of achievement than students taught using “commonplace” instruction methods. Fur-
thermore, Wilson et al. measure lower achievement by non-White students (vs. White
students) who are taught with commonplace methods, but they do not find a detectable
achievement gap by race for students taught via inquiry.

Professional Development Program efforts to train scientists and engineers a) to
teach more effectively through inquiry and b) to address diversity in the classroom are
therefore clearly intertwined. Support for an explicit focus on diversity and equity in
the PDP comes not only from the research presented above, but also from National Sci-
ence Foundation funding of our program, which was awarded both for the intellectual
merit of our work and for potential “broader impacts”. To this end, the PDP staff and
community project a philosophy that broadening participation in STEM is not merely a
recruitment issue, but that there are strategies we can employ directly in the classroom,
with the students we already have, to create an inclusive environment for learning and

1See ISEE website at http://isee.ucsc.edu

2See AWI website at http://kopiko.ifa.hawaii.edu/akamai/

3In their paper, Hurtado et al. (2010) define URM to mean underrepresented racial minorities, including
Blacks, Latinos, and Native Americans.
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to encourage all our students’ success. In the PDP, we focus on diversity with regard
to race, ethnicity and gender (note that Hill, Corbett, & St. Rose 2010 report that men
still earn more bachelor’s degrees than women in nearly every science and engineering
field, with women earning as few as ∼20% of degrees in physics, computer science,
and many engineering fields).

As part of their training, PDP participants engage in workshops on diversity and
equity in which they review relevant demographic information and discuss topics such
as stereotype threat and how to project a “malleable mindset” (Dweck 2006), the idea
that one’s intelligence can grow and is not fixed. Participants then design and teach their
own inquiry activities. They are supported in making inclusive instructional choices
through input from PDP staff and through an activity “design template” in which they
must articulate the rationale behind each of their activity components. The CfAO and
now ISEE and AWI educational programs have intentionally created and plugged into
existing teaching venues that reach students of backgrounds that are not currently well
represented in STEM fields. PDP participants teach their activities in these venues, and
therefore gain valuable experience teaching students of many backgrounds.

The emphases of the PDP diversity-related training and a more complete descrip-
tion of that training are described in Hunter et al. (second paper in this volume). In this
companion paper, we give a preliminary report on the effectiveness of the diversity-
related training in the PDP workshops, which we have measured using data from pre-
and post-workshop surveys administered in 2008 and 2009. In the next section of
the paper, we discuss our methodology, giving background on the surveys and how
we scored participants’ responses. We present our results, which indicate significant
knowledge gains, in §3. Finally, in §4, we describe how this analysis has informed our
goals for PDP participants and helped us refine diversity-related workshops in the 2010
PDP cycle.

2. Methods

2.1. Participants, Surveys, and Initial Analysis Efforts

The year-long PDP cycle of activities begins with an intensive series of training work-
shops in which participants learn about inquiry teaching strategies, techniques for as-
sessing students’ learning, and diversity and equity considerations for the classroom.
Participants then design and teach their own inquiry activities in ISEE and/or AWI af-
filiated venues and reflect on the experience. Most PDP participants are science and
engineering graduate students, though many postdoctoral researchers and often a few
faculty members also participate in the program. The PDP has a layered structure so
that participants can attend more than one PDP cycle, learning something new about
inquiry, assessment, and/or diversity and equity each year. The PDP complements par-
ticipants’ science and engineering research preparation with training in inclusive and
effective teaching, which they can carry forward as they move toward future academic
positions. Of course, our participants are self-selected in that they already value teach-
ing, and many recognize the importance of addressing diversity in the classroom before
entering the PDP. We value their input on the program and constantly evaluate various
aspects of the PDP to discern whether we are meeting our goals for participants and ex-
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panding their understandings about effective and inclusive teaching. Participants’ input
pushes us to evaluate and expand our own understandings, as well.

As part of our evaluation of PDP training activities, we survey participants at three
points in the PDP cycle: before participation in any PDP activities (pre-workshop), after
the main series of training workshops (post-workshop), and after participants teach and
reflect on their experience (post-PDP). The surveys include self-efficacy ratings, ratings
of perceived accomplishments through the PDP, ratings of the value of specific work-
shops and the PDP as a whole, and prompts for open-ended responses to questions
regarding knowledge we hope participants will gain through their PDP involvement.
Multi-year participants are required to complete the surveys each year. In this paper,
we concentrate on measuring diversity- and equity-related knowledge gains from par-
ticipation in the PDP workshops, so we draw our data from the pre- and post-workshop
surveys but do not discuss the post-PDP surveys. More specifically, we report on our
analysis of responses to an open-ended prompt that is given in both the pre- and post-
workshop surveys:

You are applying for a faculty position, and are asked how you will
engage a diverse undergraduate student population through your teaching
and in your research. Please give at least 3 bulleted points that you might
include (include just the short bulleted points, we assume your actual re-
sponse would be in the form of a carefully written teaching statement).

To begin our analysis, we generated a list of 20 categories or themes that we
thought might come up in participants’ responses. These themes included “teaching
with exciting components”, “varying the types of instruction”, and “developing and
supporting a collaborative classroom structure”. We then read through a subset of 10
responses from the surveys administered in 2007. A colleague had entered these re-
sponses into a spreadsheet so that we were blind to the respondents’ names and whether
the responses were “pre” or “post”. We note that the 2007 pre-workshop surveys were
given to participants after they had already received PDP-related reading assignments,
so some participants’ pre-workshop responses are influenced by knowledge gained
from the readings. In this sense, the 2007 survey responses are somewhat “tainted”,
but they serve as a useful training set for our analysis. In subsequent years, partici-
pants have been required to complete their pre-workshop surveys before receiving any
readings, so their pre-workshop survey responses are more authentic gauges of their
understandings before participating in the PDP.

Four of us categorized the subset of 10 responses according to the 20 themes we
had generated, and then we compared our results. We found that several challenges
came up at this point. For one, we were unsure how to resolve the fact that different
raters categorized given responses differently. We also found that it was difficult to
avoid making inferences or adding interpretation to responses while categorizing them.
Lastly, although our list of categories accurately reflected many of the themes we found
in participants’ responses, these categories did not necessarily reflect the concepts we
hoped participants would learn from their diversity-related PDP training. For example,
the category “teaching with exciting components” was a common theme in responses,
but did not capture the fact that we hoped PDP participants would shift their focus from
what they thought was exciting toward engaging their students’ interests. We decided
that the latter was the sort of change we wanted to be able to measure.
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Ultimately, we did not proceed with our initial method of categorizing survey re-
sponses. However, we mention it here because it helped us to clarify what a “good”
response might look like, and what it might include. This early analysis helped us move
toward more directly evaluating whether or not the PDP diversity and equity workshops
were imparting the knowledge we had intended participants to learn, in part by helping
us more clearly articulate our diversity-related goals for participants.

2.2. Rubric Development and Scoring

Throughout the many years that the PDP has been held, we have collaborated with
several assessment and evaluation experts (see Goza et al., this volume, for more on
related social science activities) who have advocated using rubrics to measure knowl-
edge gains. In fact, we encourage and support our own participants in using rubrics to
assess their own students. Therefore, as we considered how to move forward with our
diversity-related evaluation effort, we decided to pursue a similar effort: We designed a
rubric. We began by identifying the five most important areas (or “constructs”) in which
we hoped our participants would demonstrate or move toward positive understandings.
These constructs are:

1. The way we teach directly in the classroom and/or research environment can have
a positive impact on diversity and equity in STEM.

2. Instructors can draw from the interests, experiences, and backgrounds of their
students in order to engage them.

3. Instructors can vary their teaching and assessment strategies in order to provide
effective learning experiences for students who learn in different ways.

4. Teachers’ and learners’ assumptions about one another can affect learners and
learning.

5. Creating a collaborative classroom environment can support students of all back-
grounds.

We note that the first construct above is much broader than the rest, and is meant
to convey a fundamental idea that underlies all of our diversity-related efforts through
the PDP. We consider diversity and equity in STEM an issue that can be addressed
directly in the classroom; it is not merely a recruitment issue, or an issue that students
should only seek outside mentoring and support for. Instead, we want PDP participants
to know that they can have a positive impact on all their students, in large part by
considering constructs 2–5 as they design and teach laboratory activities.

In Tables 1 & 2, we show our final rubric, based on these constructs. To fill out the
rubric entries, we considered what we would look for in participants’ survey responses
that would indicate they had met our expectations with regard to a given construct. We
also considered how they might exceed our expectations with their responses, or what
type of response would indicate that a participant had not met our expectations. We
allowed for the possibility that a participant might not write anything about a given
construct (a “neutral” response), as well. Categorizing possible responses in this way
later helped us avoid adding interpretation to what participants had written. We attached
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a number to each column of the rubric: “PDP expectation not met” (0), “neutral” (1),
“PDP expectation met” (2), “exceeds PDP expectation” (3). We used these numbers to
score responses.

Although we show our final rubric in Tables 1 & 2, we note here that we tested
the rubric and iterated through several drafts before arriving at the final version shown.
To test a draft of the rubric, two raters (LH and AJM) independently scored a subset
of responses from the 2007 “training” set described above, and then compared scores.
These scoring comparisons helped us articulate our expectations for PDP participants
with respect to each construct, and thus helped us refine each element of the rubric.
(Here we use the term “element” to refer to the descriptions of each of the five con-
structs and of each of the four levels of quality within each construct. In other words,
each blurb in Tables 1 & 2 is considered a rubric element.) When we felt we had a
near-final draft of the rubric ready, we conferred with an evaluation expert (BKG), who
led us in a training session in which we made final adjustments to the rubric, discussed
examples of each rubric element, and scored a subset of the 2008 survey responses. We
reviewed these scores in order to ensure that we were interpreting the rubric in the same
way as we approached the rest of the scoring.

Two raters (AJM and LH) proceeded to separately score the 2008 and 2009 survey
responses. Again, colleagues had entered the responses into a spreadsheet so that we
were blind to the names of the responding participants and did not know whether a given
response was from a pre- or post-workshop survey. For a given survey response, each
rater added the scores from the five rubric constructs for a “summed” response score
that could range from 0 to 15. We then compared our summed scores; if they differed by
more than 2, we discussed our scoring and came to “within 2” consensus. Our first-pass
inter-rater reliability, measured using Pearson’s correlation coefficient, was r = 0.78
for the 2008 response scores, and r = 0.82 for the 2009 response scores. In both cases,
this measure improved to r > 0.90 after we came to “within 2” consensus, and in
all cases (first and second passes, both years’ data) these correlations are statistically
significant with p < 0.01, or a less than 1% chance of finding such a strong correlation
if the null hypothesis were true. While our first-pass scores were probably sufficient for
this analysis, we felt more comfortable with the accuracy of our scores after reaching
near-consensus. In the analysis in §3, we use the mean of the two raters’ “within 2”
consensus scores for each response.

In Table 3, we give examples of responses that “met” PDP expectations for each
construct. When scoring, raters looked for thoughtful responses that indicated partic-
ipants’ understanding of diversity and equity issues and/or inclusive teaching strate-
gies. If a participant used relevant terminology in their response (e.g., “avoid stereo-
type threat”), but did not provide further narrative indicating that s/he knew what the
terminology meant, the response scored well (usually given a 2) for the pertinent con-
struct(s), but did not receive the highest score (3). Often, a participant would describe
how s/he might implement an inclusive teaching strategy, or would provide a motivation
for using inclusive teaching strategies. These responses also scored well (again, usually
given a 2 for the relevant constructs). A response that included both a motivation and a
description of how to apply an inclusive strategy was generally given the highest score.
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Table 3. For each construct, we provide a sample participant response that was
scored by both raters as having “met” the PDP expectation. Note that some examples
have been edited so that they only include the portion of the response that is most
relevant to the given construct.

Construct Sample participant responses meeting PDP expectations (score = 2)

1. Teaching can
impact diversity
and equity

“Engage a varied set of learner assumptions and cultural sensitivities
by building a participative and supportive classroom environment.
Motivate participation by providing multiple entry points to content
and support for varied learning styles. Teach science as science is
actually done in order to motivate and retain a wide variety of learners.”

2. Consideration
for learners’
backgrounds,
interests,
experiences

“Incorporate prior knowledge of students, work from that rather than
starting from scratch. Include topics relevant to them: research topics
they pick, projects they design (with help), etc.”

3. Varying
teaching and
learning

“In teaching I will utilize a diverse set of styles of learning (inquiry,
lecture, group work, labs, reports, etc. . .) to engage diverse students.”

4. Teachers’
and/or learners’
assumptions or
expectations
about students

“Competence and achievement is expected from all students. There are
clear learning objectives for all students, yet is there a differentiation in
instructions to meet individual needs.”

5. Classroom
and/or research
culture/
environment

“Make sure the classroom setting is safe and comfortable so that all the
students are willing to participate. Group students in different ways
throughout the semester so that they are comfortable working with as
many students as possible.”

3. Results

3.1. Knowledge Gains Demonstrated by “Pre” and “Post” Scores

In total, we scored 98 pre- and post-workshop responses from the 2008 and 2009 sur-
veys; 44 of these response pairs were from 2008 PDP participants, and 54 were from
2009 participants. In 2008, 24 participants were new to the program, and 20 were re-
turning; in 2009, 29 participants were new and 25 returned. Twenty-one of the returning
participants in 2009 also participated in 2008, so the 98 response pairs we scored cor-
respond to 77 individuals. Of the 21 people who participated in both 2008 and 2009,
10 were new in 2008, and 11 were already returners in 2008. Four of the returning par-
ticipants in 2009 did not participate in 2008 but had participated in the PDP in earlier
years.
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In Table 4, we show the average pre- and post-workshop response scores and
the standard deviations of those scores, separated by year. Individual response scores
ranged from 1.0 to 12.5. One can see that the scores for all participants, in both years,
increased. Using a paired samples t test (in which pre- and post-workshop responses for
a given participant were “paired” in the analysis), we find that the participants’ gains
are statistically significant: we find p < 0.01, or a less than 1% chance of finding such
a strong increase if the null hypothesis were true, for the 2008 sample and also for the
2009 sample.

Table 4. Pre- and post-workshop response scores for 2008 and 2009.

Pre-workshop Post-workshop

responses N Avg. score Std. Dev. Avg. score Std. Dev.

2008 all 44 5.35 3.03 6.58 2.55
2008 new 24 4.52 2.99 6.17 2.81
2008 returning 20 6.35 2.84 7.08 2.17
2009 all 54 4.93 2.50 6.35 2.41
2009 new 29 4.38 2.53 6.31 2.60
2009 returning 25 5.56 2.36 6.40 2.22

If we further divide the new and returning participants’ responses, we find that the
new participants showed a larger increase in average score than returners, indicating a
larger knowledge gain. This is probably because new participants come to the PDP with
less prior knowledge about the constructs we emphasize in the program. In 2008, new
participants on average scored slightly below the “neutral” score of 5.0 pre-workshop.
Through analysis of the variance of the scores, with new versus returning as the inde-
pendent variable, we find that the new participants’ average pre-workshop score was
significantly lower (p < 0.05) than the returners’ average pre-workshop score in 2008.
The difference between new and returning participants’ average pre-workshop scores
was also marginally significant (p < 0.10) in 2009. In both years, however, there was no
significant difference between new participants’ and returners’ average post-workshop
scores. The scores in Table 4 indicate that participants who have gone through the PDP
at least once generally meet our expectations for one or two diversity-related constructs.
This can be inferred from new participants’ “post” scores, and returning participants
“pre” and “post” scores, which average around 6.0–7.0.

It is encouraging to see that, on average, PDP participants demonstrate statisti-
cally significant knowledge gains about our diversity-related constructs. However, one
might argue that participants’ knowledge gains do not seem particularly large. We note
that there are some difficulties with looking at participants’ knowledge gains only by
analyzing their total pre- and post-workshop scores, summing across constructs. One
potential issue is that the first construct on our rubric, the idea that teaching can impact
diversity and equity, is a much broader concept than those covered by the other four
constructs. In the future, we may weight the scores for the first construct differently, or
we may separate out the analysis for that construct (see more on this in the Appendix).
We also note that the average scores in Table 4 do not necessarily convey how large we
think the knowledge gains were. To us, the PDP staff and researchers, there is not the
same knowledge gain “distance” between scores of 0, 1, 2, and 3 for a given construct
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on the rubric. Of most importance to us is movement from 0/1 (“PDP expectation not
met”/“neutral response”) to 2/3 (PDP expectation “met” or “exceeded”). Lastly, we
point out that on the survey, participants were prompted to list three bullet points about
engaging a diverse group of students, but we have rated them based on five constructs.
Keeping this in mind, movement from a pre-workshop score of 5.0 (neutral on average)
to a post-workshop score of 8.0 (expectations for three constructs met, others neutral)
is excellent.

3.2. Knowledge Gains from Analysis of PDP Expectations Met/Exceeded

Another way to look at participants’ diversity-related knowledge gains is to measure
how many constructs participants’ responses received a score of 2 or 3 for, indicating
that they met or exceeded PDP expectations. In this analysis, we look more closely
at response scores for individual constructs, rather than total summed response scores.
For a given construct, we divide between scores of 1.0 or less, which indicate that
participants’ responses did not meet PDP expectations for that construct, and 1.5 or
greater, which indicate that at least one of our two raters scored the response as having
met PDP expectations. In Table 5, we show some results from this analysis. Here, we
have separated out the responses that received a “met” score for two or more constructs
versus those that did not.

Table 5. Number of constructs for which participants’ responses met or exceeded
PDP expectations.

Pre-workshop Post-workshop

2008+09 0 or 1 2 or more 0 or 1 2 or more
responses constructs met constructs met constructs met constructs met

expectations expectations expectations expectations

all (98) 67 (68%) 31 (32%) 33 (34%) 65 (66%)
new (53) 42 (79%) 11 (21%) 19 (36%) 34 (64%)
returning (45) 25 (56%) 20 (44%) 14 (31%) 31 (69%)

Pre-workshop, only one-third (32%) of participants’ responses met PDP expecta-
tions for two or more constructs, whereas nearly two-thirds (66%) of responses met
expectations for two or more constructs post-workshop. These numbers appear to
be dominated by knowledge gains demonstrated by new participants, though return-
ers show gains, as well. In Figure 1, we provide histograms that further break down
the total number of constructs for which participants’ responses met or exceeded PDP
expectations. It is particularly striking that more than 50 out of 98 pre-workshop re-
sponses met expectations for no constructs. Again, this number is dominated by new
participants’ responses. Post-workshop, 77 of 98 responses meet PDP expectations for
at least one construct. In general, these numbers indicate clear diversity- related knowl-
edge gains made by both new and returning PDP participants, and some knowledge
retention by returners.
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Figure 1. A more detailed view of the number of constructs for which partic-
ipants’ responses met or exceeded PDP expectations. To the left, we show pre-
workshop responses, and post-workshop responses are on the right. All responses
from 2008 and 2009 are shown in the top two panels, new participants’ responses
from both years are shown in the middle two panels, and returners’ responses are
shown at the bottom.
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3.3. Indications of Returning Participants’ Knowledge Retention

In the analysis shown in §3.1 and §3.2, we can see some hints of knowledge retention
from the fact that returning participants generally have higher pre-workshop response
scores than new participants. In this section, we look more closely at indications of
diversity-related knowledge retention from the 21 participants who attended the PDP
workshops in both 2008 and 2009. In Table 6, we show these participants’ average pre-
and post-workshop response scores from both years. A linear model of the four average
scores (2008 “pre”, 2008 “post”, 2009 “pre”, 2009 “post”) for all 21 participants shows
little statistical significance between the scores, only a marginally significant difference
(p < 0.10) between the average 2008 pre-workshop response score and the average
2009 post-workshop response score. We acknowledge that the small number of subjects
in this analysis makes it difficult to detect significant results. However, it is worth
looking at the numbers more closely, as they provide practical implications that we can
build upon as we analyze participants’ responses in future years.

Table 6. Average response scores and standard deviations on those scores are
shown for participants who attended both the 2008 and 2009 PDP series of work-
shops.

2008 2009

Std. Std. Std. Std.
participants/ N Avg. Dev. Avg. Dev. Avg. Dev. Avg. Dev.
responses pre pre post post pre pre post post

all in both
2008 and 21 4.79 2.88 5.95 2.46 5.52 2.42 6.24 2.22
2009
new in 2008,
returned in 11 4.00 2.18 5.55 2.52 4.22 1.15 5.27 2.35
2009
returned in
2008, also 10 5.65 3.40 6.40 2.45 6.95 2.69 7.30 1.55
in 2009

From Table 6, one can see that there is an increase in the participants’ average post-
versus pre-workshop response scores from both 2008 and 2009. Furthermore, there is
only a small drop between the 21 participants’ average post-workshop score from 2008
and their average pre-workshop score from 2009. These numbers suggest that there was
little knowledge lost between PDP cycles, and there were continued knowledge gains
in both cycles. We can probe this further if we divide between the 11 participants who
were new in 2008 and the 10 participants who were already returners in 2008. Here,
we see that the returners’ numbers show a steady increase, even between PDP cycles.
On the other hand, the average pre- and post-workshop response scores for participants
who were new in 2008 were nearly the same in 2009 as in 2008. This hints at the
value of returning to the PDP for several years, and in particular the value of gaining
practical teaching experience through the PDP, as this experience can further cement
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the knowledge gained through the PDP workshops. However, we again acknowledge
the small number of responses involved in this analysis.

3.4. Considerations for and Limitations of this Study

Here we take some time to mention important considerations around this pilot study as
well as some limitations of the study. For one, we reiterate that our rubric was designed
to assess participants’ understandings related to specific diversity- and equity-related
constructs, or concepts, that we emphasize in the PDP. These constructs are informed
by research and by the support we see PDP participants needing as they design inquiry
activities and teach their own students. However, we do not claim that these constructs
cover the entire domain of diversity and equity issues, nor do we claim that our rubric
allows us to assess participants’ understandings of diversity and equity in general.

Our study relies upon the assumption that our rubric validly measures knowledge
gains related to our constructs. We have demonstrated the reliability of the rubric by
comparing two rater’s scores. Also, in Table 3 above, we showed some example survey
responses illustrating the “reasonability” of our rubric. However, we have not done an
extensive test of the rubric’s validity. Although we generally felt comfortable with our
rubric and analysis, one thing we might have changed, in retrospect, is the wording of
the diversity- and equity-related survey prompt. In the prompt, we asked PDP partic-
ipants to write about how they would engage a diverse population of students through
their teaching and in their research. While we ultimately want participants to connect
the way they teach laboratory activities in the classroom to the way they mentor stu-
dents in the research environment, the mention of research in the survey prompt led to
some responses that did not seem directly relevant to teaching and mentoring.

We also note that post-workshop survey response scores may be affected by “sur-
vey fatigue”. Participants receive pre-workshop surveys as part of their registration for
the PDP, and they are able to fill out the surveys on their own time. Post-workshop
surveys are much longer and are given at the very end of an intensive series of work-
shops. We have occasionally heard participants mention that they filled out their post-
workshop surveys very briefly because they were tired at that point. This type of fatigue
may have caused some participants’ post-workshop responses to score fairly low.

Lastly, although our results indicate that participants made gains in their diversity-
related understandings due to their participation in the PDP workshops, we understand
that this does not necessarily mean that participants apply their new knowledge when
they teach. Still, they need to have knowledge of the relevant issues and teaching
strategies that can mediate those issues before they can intentionally design activities
and teach them inclusively. This study demonstrates that the PDP workshops are
successful in imparting relevant knowledge. Furthermore, we suspect that the PDP
teaching experience serves to further cement and may even expand participants’
diversity and equity understandings. In the future, we will test this hypothesis by
carrying out further studies in which we will look more closely at participants’ activity
designs and teaching practices.
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4. Conclusions and Implications for Further Professional Development Efforts

Our analysis shows that PDP participants do demonstrate statistically significant knowl-
edge gains about diversity- and equity-related issues due to their participation in the
PDP workshops. Furthermore, returning participants’ survey response scores hint that
these knowledge gains may be lasting. However, we might have hoped that partici-
pants’ knowledge gains would be larger. Our results point to something that we sensed
but had no more than anecdotal proof of before this analysis: Although we have given
PDP participants a strong background understanding of the diversity- and equity-related
issues that may affect their students, we need to give participants more practical strate-
gies for addressing diversity and equity through their teaching. In particular, we need
to make the links between teaching via inquiry and teaching inclusively clearer.

Creating the rubric for this analysis helped us focus on the points that we, as PDP
staff, felt were most important for participants to learn about related to diversity and
equity. In other words, it helped us clarify our goals for participants. These points, or
emphases, in turn informed the rubric constructs. In the 2010 PDP cycle, we have drawn
from and further refined these emphases, and we have translated them into clearer ex-
pectations for PDP participants (see a more thorough discussion in Hunter et al., second
paper in this volume). In refining our goals for participants, we have brought forward
a new emphasis on identity and students’ feelings about belonging in the scientific and
engineering community. We have also dropped the first rubric construct, the idea that
we can effect a change by including diversity and equity considerations in our approach
to classroom teaching, as an emphasis and instead present it as an over-arching part of
our PDP philosophy.

Our refined diversity- and equity-related emphases within the PDP can now be
listed this way:

• Learners should be provided with multiple ways to learn, communicate, and suc-
ceed in their work.

• Learners’ goals, interests, and values should be engaged and leveraged in the
classroom.

• Learners and teachers develop beliefs about learning, achievement, and teaching,
and teachers should support an expectation of student success.

• Learners should have opportunities to collaborate with one another and equal
opportunities to participate in activities.

• Learners should be supported in gaining a sense of belonging in the science and
engineering culture.

We have written up a new document on these emphases which was required read-
ing for participants in the 2010 PDP cycle (again, see Hunter et al.’s more thorough
discussion). The document includes a description of diversity-related activity design
and teaching expectations and examples of how a laboratory activity could be designed
or taught with consideration for the PDP diversity and equity emphases. We have also
made more explicit references to these emphases when presenting the diversity-related
PDP workshops this year, and we are now making stronger, more explicit connections
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between inquiry and inclusiveness. We developed a new workshop session this year
in which participants discussed how the PDP diversity and equity emphases are high-
lighted when we look at the design and instruction of the Light and Shadow inquiry
activity (this is an activity that all PDP participants experience as learners during the
workshops). As we score and analyze participants’ responses to the 2010 PDP surveys,
it will be very interesting to see whether the changes we have made to PDP readings
and workshops result in larger knowledge gains for participants.

The data from a small number of participants whose responses are in both the
2008 and 2009 sets hint that new participants may retain and/or apply diversity and
equity considerations less effectively than returning participants. We are eager to see if
these hints persist with larger numbers of responses. We will then explore (with larger
datasets as well as through participant feedback) whether this may be because new par-
ticipants are overwhelmed by training in not only diversity/equity, but also in inquiry,
assessment, and effective pedagogy more generally. Another possibility is that new
participants make what might be called “awareness” gains but require a full PDP cycle
(including teaching experience) before they are ready for deeper gains in understanding
and application.

This evaluation effort has not only allowed us to demonstrate that our workshops
improve participants’ knowledge about diversity and equity, but has also helped us clar-
ify and refine our expectations for participants. Within the PDP community, this effort
has been an interdisciplinary collaboration between physical and social scientists who
are also PDP staff educators and researchers. We emphasize that internal evaluation
efforts like this one can be very effective in informing and refining program goals. We
hope that our results demonstrate to the larger community of science and engineering
educators that it is possible and worthwhile to build diversity and equity considerations
into college-level curricula.
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Appendix A. Knowledge Gains Per Construct

In §3.1 above, we noted that the first construct of our rubric for assessing PDP partici-
pants’ diversity- and equity-related knowledge gains is somewhat broader conceptually
than the other constructs. We have considered separating out our analysis of response
scores for the first construct, and in this vein, we show 2008 and 2009 PDP participants’
average response scores per construct in Figure 2. In the top panel, which shows all par-
ticipants’ average response scores, this figure does indicate slightly larger knowledge
gains related to the first construct (from an average pre-workshop score of 1.31 to an
average post-workshop score of 1.66) than for other constructs.

From the workshop designers’ perspective, it is helpful to look at the average
response scores for each of the constructs. This way, we can see whether participants’
understandings are improving in each of the diversity- and equity-related areas we have
designated as being most important in the PDP. In Figure 2, one can see the very positive
result that both new and returning participants made gains related to every construct.
Participants seem to have made the weakest gains related to the third construct (on
varying teaching and learning), which indicates that we could do more to bolster the
training participants receive in this area. Other things we can see from the figure: new
participants come to the PDP with less knowledge per construct than returners, but
make strong gains. Returning participants’ pre-workshop scores are higher than new
participants’, indicating that returners retain some knowledge in each construct area,
and returners continue to gain from repeated participation in the PDP.
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Figure 2. Average scores from 2008 and 2009 PDP participants’ responses are
shown for each construct. Red bars indicate average pre-workshop scores for a
given construct; blue bars indicate average post-workshop scores. All participants’
response scores are shown in the top panel, new participants’ response scores are
shown in the middle panel, and returning participants’ scores are shown at the bot-
tom.
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Abstract. While preparing a formal description of the CfAO’s Professional Devel-
opment Program (PDP), some of the PDP’s designers and instructors described its core
values and unique aspects, for internal reference. However, these ideas are worth shar-
ing, as they represent the insiders’ perspectives on what makes the PDP successful.
No single attribute described is completely unique to the PDP, but taken together these
values and aspects combine and inter-relate to strengthen and distinguish the program.
These attributes include: (1) the PDP’s main participants, who are practicing scientists
and engineers rather than pre-service teachers; (2) the importance of community among
these participants; (3) the interdisciplinarity of the participants and the interdisciplinary
nature of science/engineering education itself; (4) respect for education research and
best practices; (5) a focus on diversity and equity in science/engineering education; (6)
the university-level science/engineering lab (as opposed to the lecture) as a venue for
innovation; (7) a focus on inquiry as an exemplar of effective science/engineering ed-
ucation; (8) an emphasis on being intentional with one’s choices as an educator; (9)
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a cycle of experience-reflection-innovation-reflection; and (10) the agility of the PDP
program and staff to nimbly try new ideas and/or respond to participants’ needs. The
authors believe that the PDP’s unique combination of these values and aspects leads to
such successes as high return-participation and over-subscription rates, and contributes
to the program’s success overall.

Introduction

While preparing a summary and description of the Professional Development Program
(PDP; Hunter et al. 2008, and see also Hunter et al., this volume), we produced this
informal description of what we valued most about working on the project. Originally
this document was for internal use only — a reference so that we could make sure our
values made their way into the more formal description.

As of 2010, there have been ∼255 PDP participants, who have worked in teams
to design and teach ∼60 science and engineering inquiry activities. The PDP has been
significantly over-subscribed, with many more applicants than we can accommodate,
and significant numbers of participants returning (or wishing to return) year after year.
We see these as simple indicators of success. Formal research and evaluation of the
PDP is under way. This is a preliminary self-report from the PDP itself, giving our
perspectives on the confluence of values that contribute to the program’s success. It is
informally written and first-person, but is worth sharing in its own right.

We are the designers, developers, and instructors of the Professional Development
Program (which was originally developed under the aegis of the Center for Adaptive
Optics with National Science Foundation funding). We create tools, methods, and pro-
cesses, and we design the overall professional development curriculum, so that scien-
tists and engineers can develop as scientist- and engineer-educators. PDP participants
engage in a cycle of activities in which they experience inquiry, reflect, design and
teach inquiry activities, and reflect again, with the ultimate goal of creating innovative,
authentic inquiry experiences for a diverse population of future scientists, engineers,
teachers, and citizens. Our professional development curricula — and in addition, the
educational designs of our participants — demonstrate laboratory activities that authen-
tically reflect the practices of scientists and engineers.

More broadly, we are excited to be part of systemic changes in higher education
in science and engineering. These changes include reconsidering the traditional re-
lationship between teaching and research, reconsidering the traditional relationship(s)
between the natural and social sciences, and reconsidering the equity and inclusivity of
practices in science and engineering.

The PDP is a productive and interesting project for all of us, but it is not simple to
say just what keeps us so engaged in this work. When the PDP is taken apart into the
smallest units of its composition, it is hard to point at any particular element and claim
(with certainty) that it is absolutely unique to the PDP. Many colleagues and allies1

1“Colleagues and allies” include (but are not limited to): the Science Fellows Program of the NSF Center
for Informal Learning and Schools (http://cils.exploratorium.edu); the Exploratorium’s Institute
for Inquiry (http://www.exploratorium.edu/ifi/); NSF GK–12 projects (http://www.nsfgk12.
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do work that shares elements or that might appear superficially similar. With deeper
scrutiny and in gestalt, however, we feel that the PDP is unique.

What follows are ten emphases, attributes, and aspects that combine, inter-relate,
and amplify one another to strengthen and distinguish the PDP. They stand out to us as
features of the PDP that keep it so vigorous and engaging for us. These are the aspects
of the PDP that we value, and we believe they are values worth considering for any
science/engineering teaching/learning community.

1. The PDP’s Participants: Early-Career Scientists and Engineers

Many educational professional development activities focus on bringing current science
and engineering, or new science/engineering pedagogy, to educators — often K–12
teachers. Our focus, instead, is to bring systematic thinking on education to practicing
scientists and engineers within the context of higher education. So the target audience
for the PDP is early-career scientists and engineers who are growing into scientist-
educators and engineer-educators. They are mostly graduate students from a broad
range of science and engineering disciplines. They are at a phase in their careers when
they are still learning research skills themselves; they can be reflective about their own
training and their own learning of these skills; they can think about how to improve
their students’ research skills.

Because our participants are at early stages of their careers, their ideas about their
own teaching are still malleable. The PDP can have a large impact on them because
most have little-to-no previous education training, and most have little previous teach-
ing experience. Also, the PDP can have a very large impact on great numbers of under-
graduate students through the long future teaching careers of PDP participants.

Our participants are active, insightful, reflective thinkers who challenge them-
selves and challenge us. Their energy contributes enormously to our own.

2. The PDP Community

The community of past and present participants is all at once a goal, an outcome, and a
mechanism for PDP activity. We strive to provide layered participation models, where
participants can return year after year into ever increasing roles of leadership, responsi-
bility, and valued contributions. By designing and re-designing the PDP to continuously
update these layers of participation, we hope to show the value we place on our partic-
ipant community. Our participants, who are typically junior members of the research
enterprise, tell us they greatly appreciate the feeling that they are valued contributors in
this community.

Our community subverts (subtly) the hierarchies that participants bring with them:
seniority in the field, rank, or credentials count less (for us) than the simple metrics
of duration and level of participation in the PDP community itself. Where the PDP

org/); CalTeach (http://calteach.ucsc.edu); the Delta Program (http://www.delta.wisc.edu);
the Center for the Integration of Research, Teaching and Learning (http://www.cirtl.net/), and many
more.
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community is hierarchical, it is because we value leadership within our community.
We design the layers of participation so that returning participants gain training and
practice leading their peers — training that is sometimes missing from their graduate
programs.

Our community provides a safe environment for discussions — discussions that
are directly on-point about teaching and learning, but also discussions about science and
engineering, graduate school, career goals and other topics that weigh on participants’
minds. The community offers an environment for experiencing and experimenting with
teaching and learning, and a place to actively share and reflect on those experiences in
a way that provides critique, feedback, and fresh ideas.

The PDP’s emphasis on praxis (§9) depends on this community capacity for expe-
riencing, reflecting, experimenting, reflecting, critiquing, and experimenting again. So
successful is this community-as-environment that the PDP is actually designed to rely
on community discussions, reflections, and contributions as a mechanism for propelling
each yearly cycle forward. From the community we solicit speakers, discussion lead-
ers, team leaders, lead instructors, and other specific roles. There is even a history of
PDP developers/designers/instructors emerging from the participant community itself.
In a broader fashion, we trust that the community helps shape each year of the program.
Innovations in the participants’ educational designs (that come out of the PDP) derive
both from changes in the PDP’s design and from ideas generated in the community. As
a simple practical example, ∼50 participants per year teach over a dozen activities in a
myriad of venues, not because the PDP itself can coordinate and sustain all of that, but
because the community itself has momentum.

The PDP community is both empowered and empowering because participants
feel valued, they feel equal, they feel safe, and they collectively achieve so much.

3. The Interdisciplinarity of PDP Work

Interdisciplinarity exists within the PDP in multiple ways.

The “learning sciences” — the field concerned with understanding learning, de-
signing learning innovations, and improving learning — is itself interdisciplinary, in-
corporating and contributing to psychology, education, cognitive science, and other
fields mostly from (but not exclusively limited to) the social sciences.2 The core design
of the PDP is to engage participants from the natural sciences and engineering with
ideas and practices from these learning sciences. In this sense the PDP is interdisci-
plinary from the start, straddling the cultures of natural and social sciences.

The community (§2) of participants (§1) is composed of a great mix of disciplines,
including physical sciences, engineering, and life sciences. While the divide between
the natural and social sciences is typically portrayed as a chasm unmatched by any di-
vide within the natural sciences, we have been surprised at the heterogeneity of views
on science even among our participants. They come from fields that compare models
and experiments (molecular biology, chemistry), from fields that compare models and

2Resources for more on the learning sciences include NRC (1999, 2005b), Sawyer (2006), the Journal of
the Learning Sciences, and Instructional Science: An International Journal of the Learning Sciences.
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descriptions/surveys/observations (ecology, astrophysics); they come from basic sci-
ence and applied science and engineering fields. So even if we limit our view to the
participants’ expertise alone, they are incredibly interdisciplinary. And this is before
they also become excellent educators.

PDP participants are all excellent thinkers within their disciplines; they are all ex-
perts at organizing ideas within frameworks. The PDP provides the frameworks that
help these experts cope and progress in a different discipline — education. Explicit in
the design of the PDP is the notion that great scientists or engineers are not automat-
ically great educators of science or engineering. By extension, growing as a scientist-
educator or engineer-educator requires practice, and is by nature an interdisciplinary
endeavor.

Although the participants all come from different disciplines and different sci-
entific and engineering communities, they all have in common their interdisciplinary
struggle with the field of education. In this way the core interdisciplinarity of the PDP
fosters community (§2) by putting all participants in a similar position.

We (the authors) are also very interdisciplinary. The PDP’s developers/instructors
have always included members with significant experience in the theories and practices
of education. It is our belief that participants need to feel they are being instructed by
professionals who “know what they’re talking about.” On the other hand, we believe
that a set of experts only from a completely disjoint community (education) would not
design with our participants’ needs in mind. So, we also include on the staff members
with significant experience in science and engineering. We are trying to model inter-
disciplinarity by showing how we build expertise as science- and engineer-educators
ourselves. When we lack expertise, we seek it out from more experienced colleagues
(and introduce those colleagues to the PDP community). But also, we model for our
participants the processes of growing more expert ourselves — just as one might do
when pushing into a new area in one’s disciplinary research. Overall, this is a delicate
balance: our participants require the expertise of authorities from other disciplines, yet
we also want to empower them to build expertise on their own.

4. The PDP’s Respect for Research & Effective Practices

While we do not expect PDP participants to abandon their disciplines-of-choice to be-
come education researchers, we do project respect for that body of research. We project
an attitude that it is un-scientific to approach teaching and learning uncritically. Our par-
ticipants do not depend solely on intuition and anecdote in their disciplinary research —
likewise they should not in teaching (Handelsman et al. 2004). We hope that PDP par-
ticipants become informed, critical consumers of education research and innovations in
teaching. We provide frameworks from reviews of the learning sciences (such as those
presented in NRC 1999, 2005b), so that participants have an organizational structure
that supports new ideas they encounter. We bring education research to the partici-
pants so that they can take on the interdisciplinary endeavor of growing as scientist-
and engineer-educators.

Everyone involved in the learning sciences or innovative teaching/learning strug-
gles with the ambiguities of how assessment, evaluation, and basic research overlap.
We shield our participants (just a bit) from these ambiguities by helping them draw
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from successful practices as well as from education research. For instance, facilitating
rather than teaching — what has been coined being a “guide-on-the-side” rather than
a “sage-on-the-stage” (King 1993) — has elements of research support, but is better
thought of (in our opinion) as a practice that one improves at through the praxis (§9) of
experience, reflection, and mentoring from more experienced facilitators.

We model a respect for research and effective practices by attemping to draw on
them within the design and implementation of the PDP itself. Just as our participants
must build on learners’ prior knowledge and experiences, just as they must help their
learners employ metacognition to self-monitor their learning, just as our participants
should employ formative assessment in their facilitation (NRC 1999; Harlen 2003) —
so, too, do we build on PDP participants’ prior knowledge and experiences, we encour-
age participants to reflect and “metacognate” (§9), and we facilitate PDP participants
and are constantly employing formative assessment during the PDP.

Respecting research and effective practices requires respecting expertise. As dis-
cussed in §3, we model a respect for authorities in other disciplines, but also model
respect for expertise gained through experience.

We also draw on research & effective practices within our diversity & equity con-
centration (§5).

5. The PDP’s Focus on Diversity & Equity

We value diversity and equity, and we project that value to the PDP community. We
provide participants with a framework for thinking about diversity, pointers for further
thinking, and ways to approach and experiment with equitable practices. While diver-
sity and equity concerns are not unique to the PDP, we have a ripe, engaged audience
who are primed to consider and apply these concerns in university settings, and we
value the opportunity to make that contribution.

While many in this area focus on the “pipeline” — the input pressure from re-
cruiting into science/engineering, the “leaks” from attrition at every educational/career
transition, and the resulting output “flow” of scientists and engineers — we also help
participants think about what they can do “inside the pipe”. That is, given inputs and
previous attrition that may be out of participants’ control, what are the strategies and
practices that can improve conditions right here and now with the students we have?
This is not to say that we do not also recognize the importance of the pipeline — indeed,
many of the venues that PDP participants teach in are explicitly designed as pipeline
interventions. But such programmatic concerns are often beyond the scope of the soli-
tary teacher, and we endeavor to empower our participants with the feeling that there is
something they can do with the students they already have.

We help participants recognize that science and engineering disciplines are not
cultureless — that there is an academic culture, and within it cultures of science and
engineering. Simply putting participants from many different disciplines together helps
to make apparent that each field has its own culture of norms and practices. One of
the many things going on “inside the pipe” is that students are navigating and negotiat-
ing the many cultures they come from — family, peers, religion, nation, ethnic group,
and so on — and the cultures that they wish to identify with — science, engineering,
academia, classmates, etc. To recognize that these cultures exist and that code- and
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culture-switching are happening are first steps toward helping students with these con-
cerns. We help PDP participants understand how learners’ beliefs about learning, about
their own abilities, and about their own identities affect and shape their learning; partic-
ipants then consider how to account for (or possibly change) these beliefs within their
own educational designs.3

6. PDP Participants Design for University Lab Settings

We focus PDP participants’ educational designs and teaching at college-level laboratory
activities. This has two components.

We focus at the university level for many reasons. It is the last time that non-
scientist/non-engineer citizens take a course in science/engineering, and there is a
chance to leave them on a more positive trajectory than they otherwise might have
had. An extremely important subset of these non-technical citizens will become teach-
ers of science, and so giving them an authentic experience with science/engineering
pays dividends for future learners.

We focus on the university level because the university is the environment that
we and our participants are experts within. We value and respect the work of others
who concentrate on other grade levels in education. We do not believe that problems
in science and engineering education can be entirely fixed by a narrow intervention at
one level, so we are glad that there are experts working on educational innovation at
every level from pre-K to faculty and professionals. Despite some pressure and well-
worn pathways that might have steered us to the K–12 environment, we have instead
remained focused where we are, where we can make a unique impact, at the college
level.

Many avoid “messing” with college education as if it is immutable or sacrosanct —
but many of our participants will be college educators and will be well-positioned to
make an impact on the pipeline of scientists/engineers who move on to graduate school.
Attrition from science and engineering during college is substantial and is especially
alarming for under-represented minorities (see, e.g., Hurtado, Eagan, & Chang 2010).

The second component of our university lab focus is the lab instead of the lec-
ture hall. By “lab” we really mean laboratory experience, or field experience, or even
computer simulation — any interaction with the world or with data from the world. It
is probably impractical to give every college student a mentored research experience
in science or engineering, but lab courses are well-poised to get students close to such
an experience. Lab courses already exist — they are not a new element to be built
from the ground up, and they do not require faculty and administrator “buy-in” — but
somehow they have wandered away from their true potential as model experiences in
science/engineering, toward cookbook activities with step-by-step instructions.

3An excellent resource for understanding and addressing “stereotype threat” — a specific subset of issues
around learners’ beliefs — is Stroessner & Good (2010).
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7. Inquiry as the PDP’s Exemplar

Within the PDP, inquiry teaching and learning is broadly defined as pedagogy that re-
flects the activities of the practitioners themselves — learning and practicing science
and engineering as it is done by scientists and engineers. More specifically, in the PDP
we articulate inquiry as intertwining reasoning processes and foundational content, as
mirroring authentic research, as constantly requiring learners to explain their under-
standings using evidence, and as providing “ownership” to learners over what they
learn and/or how they learn it.

We devote many PDP resources and a great deal of time to inquiry. Inquiry pro-
vides an on-the-ground, practical example of many PDP ideas. It is a common experi-
ence that grounds the community (§2). Inquiry provides the subject for reflection and
discussion on research & effective practices (§4). For instance, participants consider
how frameworks from the learning sciences manifest themselves in inquiry; they con-
sider the role of assessment and diversity/equity concerns within inquiry activities; and
so on.

We focus on inquiry because it fulfills the potential of what university labs could
be. We focus on inquiry because our participants are apprenticing as researchers and
are well-positioned to reflect on the learning and teaching of research skills. We focus
on inquiry because it is such a verdant habitat for growing our ideas and for growing
scientist-/engineer-educators. We ask participants to experience and reflect on inquiry,
then to design, teach and reflect again on inquiry — that is, inquiry is the subject of
our community’s and our participants’ praxis (§9). It is the core task given to PDP
participants that they will design and teach an inquiry activity. Before they are able to do
that, however, we feel they must experience inquiry as learners. Most participants could
design a lecture without too much effort because this is the mode they are accustomed
to; for them to design an inquiry activity they must first intimately understand what one
is and what one feels like.

Some participants need to be convinced that inquiry can lead students to a deep un-
derstanding. Some participants need to be convinced that what may at first seem very
unstructured is actually very planned and choreographed. We give them an inquiry
experience to allay skepticism. After experiencing inquiry, participants must apply in-
tentional design (§8) concepts — drawing on research & effective practices (§4) and
keeping in mind considerations of diversity & equity (§5) — to try their own exper-
iments with inquiry in a university lab (§6) setting. Inquiry is the context in which
they practice their designing and teaching skills, and the setting for the praxis (§9) of
experimentation and reflection. Participants build on the community’s (§2) repertoire
of designs and effective practices, by sharing their ideas and experiences. Because we
leave inquiry broadly defined but give participants many specific tools, strategies, and
ways-of-thinking, inquiry provides a rich exemplar and fertile ground for the PDP’s
ideas and values.

There are many external rationales for focusing on inquiry that have been
summarized in such resources as Minner, Levy, & Century (2009), NRC (1996, 1999,
2000, 2005a,b), PKAL (2006), AAAS (1989), NAS et al. (2006) and the references
cited within those resources.
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8. The PDP Encourages Intentional Design

Although it could be argued that this is an example of research & effective practices
(§4), the notion of intentionality is embedded in many places within the PDP. We value
the act of approaching teaching and learning intentionally, having rationales for doing
things certain ways, and we project this value. We provide participants with tools —
a design template, specific areas to focus on, prompts at various stages of their work,
etc. — that guide them through a reflective, iterative, intentional design process. The
key idea of backward design (Wiggins & McTighe 2005, chapter 1) — that you should
start with goals and operationalize them into activities — recurs throughout the PDP’s
workshops and participants’ design work and teaching. We are constantly consulting
with our participants, “Well, what is your goal here?” and we are proud when they ask
this of each other. Workshops and other elements of the PDP are backward-designed;
we begin our own design (and re-design) work with careful, difficult articulation of
goals for PDP participants. We hope that this models intentional design for our partici-
pants.

We value experimentation — departures from and extensions to the models and
frameworks we provide. But we value them most when they come with some inten-
tionality: experiments as a response to previous problems or feedback; experiments as
a means to test a new idea from education research or diversity findings; experiments
with a rationale in mind.

9. Praxis: PDP Work as Cycles of Experience and Reflection

A recurring motif within the PDP’s design is that participants experience something,
reflect on it, apply or experiment with it, and then reflect again. This can be seen in the
highest-level cyclical design of the program, wherein participants who choose to return
year-after-year revisit the PDP itself, apply its ideals in activity designs, and reflect
on the experience. In particular, the way we use inquiry as an exemplar is to have
participants experience inquiry, reflect on it and analyze it, apply it in their designs, and
reflect again. At even finer levels of detail this motif appears even within the design
of individual workshops (such as those on engineering skills, on diversity & equity,
and on facilitation, for examples) through the use of role-plays, discussions, and other
strategies.

As applied to students rather than in a professional development setting, this might
typically be called the “experiential learning cycle” or praxis. Stephen Brookfield’s
discussion of praxis (Brookfield 1990, p. 50)

“Praxis means that curricula are not studied in some kind of artificial iso-
lation, but that ideas, skills, and insights learned in a classroom are tested
and experienced in real life. Essential to praxis is the opportunity to reflect
on experience, so that formal study is informed by some appreciation of
reality.”

is so reminiscent of our own design that we adopt the term as shorthand for “experience-
reflection-innovation-reflection” and similar wordy descriptions. For us, praxis means
that the values and ideas of the PDP are not studied in isolation, but experienced by
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participants-as-learners and tested by participants-as-activity-designers; essential to the
PDP is that participants have frequent opportunities to reflect on their experiences and
experiments, and that the community engages in a dialogue about its current achieve-
ments and challenges.

Praxis is related to our respect for education research (§4) in that it takes time
and reflection for PDP participants to process professional development in light of their
prior knowledge and experiences (NRC 1999).

10. The PDP’s Agility

The final PDP aspect we will discuss, agility, tends to refer not to the work of our
participants, but to the praxis of designing and re-designing the PDP itself. So here we
refer to ourselves. We value bringing in cutting-edge, new, perhaps untested ideas. We
try to stay abreast of research & effective practices (§4) and diversity & equity (§5) and
update those themes within the PDP. We see the PDP as a laboratory for us (whereas
the teaching venues are laboratories for our participants) where we can try out and test
ideas that may take more crystallized form elsewhere later.

Because the PDP has (so far) existed primarily outside the bounds of formal
coursework — graduate students who participate gain skills and experience but no for-
mal course credits — we are free to innovate, re-design, experiment, fail, and triumph
without seeking approval from curriculum committees or keeping a catalog description
up-to-date. This agility is rare in the bureaucratic setting of research universities and is
valuable to us.

We are formative in the sense that we continually monitor and update how the
PDP itself is working and we attempt to make adjustments. This is true down in the
minutiae — a workshop may need five more minutes here or a coffee break there —
and it is true at the biggest macro level — one year the community (§2) may need more
help with assessment or another year the community may be asking for more diversity
strategies.

We value the interdisciplinarity (§3) of our own work and our own team — we
straddle disciplines, modes of working, different collaborations and institutions. We try
to model agile movement between disciplines, “border-trading” on the boundaries of
science/engineering and education, in order to model what we mean by “scientist- and
engineer-educators.”

Summary

We hesitate to claim that we are absolutely unique in any one of the attributes described
here. Others work in higher education, others work on educator professional devel-
opment, others develop communities of practice, others work on inquiry or diversity,
and so on. But the PDP has value; it has grown a large community of scientist- and
engineer-educators who frequently wish to return and who oversubscribe our capacity.
We believe that the unique combination of features and values described herein con-
tributes to that success. The PDP remains a challenging and rewarding project for us,
and we can point to these values as what keep us engaged in this work.



Perspectives on Effective Professional Development 545

Acknowledgments. The authors would like to acknowledge the original National
Science Foundation Science and Technology Center funding of the Center for Adap-
tive Optics (managed by the University of California at Santa Cruz under cooperative
agreement #AST–9876783) which provided the generous funding environment to allow
risk-taking and experimentation. Within the CfAO, the support of principals — chiefly
Claire Max — encouraged and enabled the creative, supportive community of PDP
developers and participants to grow and thrive. Authors SS and CB received support
during this effort from the NSF Center for Informal Learning and Schools (#DRL–
0119787).

References

AAAS 1989, Project 2061: Science for All Americans (New York: Oxford University Press).
American Association for the Advancement of Science; editors F. James Rutherford
and Andrew Ahlgren, URL http://www.project2061.org/publications/sfaa/
online/sfaatoc.htm

Brookfield, S. D. 1990, The Skillful Teacher: On Technique, Trust, and Responsiveness in the
Classroom (San Francisco: Jossey-Bass)

Handelsman, J., Ebert-May, D., Beichner, R., Bruns, P., Chang, A., DeHaan, R., Gentile, J.,
Lauffer, S., Stewart, J., Tilghman, S. M., & Wood, W. B. 2004, Science, 304, 521

Harlen, W. 2003, Enhancing Inquiry Through Formative Assessment (San Francisco: Ex-
ploratorium Institute for Inquiry). URL http://www.exploratorium.edu/IFI/
resources/harlen_monograph.pdf

Hunter, L., Metevier, A., Seagroves, S., Porter, J., Raschke, L., Kluger-Bell, B., Brown, C.,
Jonsson, P., & Ash, D. 2008, Cultivating Scientist- and Engineer-Educators: The CfAO
Professional Development Program. URL http://isee.ucsc.edu/participants/
programs/CfAO_Prof_Dev_Program.pdf

Hurtado, S., Eagan, K., & Chang, M. 2010, Degrees of Success: Bachelor’s Degree Completion
Rates Among Initial STEM Majors (Higher Education Research Institute, UCLA). URL
http://www.heri.ucla.edu/nih/HERI_ResearchBrief_OL_2010_STEM.pdf

King, A. 1993, College Teaching, 41, 30
Minner, D., Levy, A., & Century, J. 2009, Journal of Research in Science Teaching, 47, 474
NAS, NAE, & IoM 2006, Rising Above the Gathering Storm: Energizing and Employ-

ing America for a Brighter Economic Future (Washington DC: National Academies
Press). National Academy of Sciences, National Academy of Engineering, and Institute
of Medicine; Committee on Prospering in the Global Economy of the 21st Century;
Committee on Science, Engineering, and Public Policy, URL http://www.nap.edu/
catalog/11463.html

NRC 1996, National Science Education Standards (Washington DC: National Academies
Press). National Research Council: National Committee on Science Education Stan-
dards and Assessment, URL http://www.nap.edu/readingroom/books/nses/

— 1999, How People Learn: Brain, Mind, Experience, and School (Washington DC: Na-
tional Academies Press). National Research Council: Committee on Developments in
the Science of Learning; editors J.D. Bransford, A.L. Brown, and R.R. Cocking, URL
http://www.nap.edu/html/howpeople1/

— 2000, Inquiry and the National Science Education Standards (Washington DC: National
Academies Press). National Research Council: Committee on the Development of an
Addendum to the National Science Education Standards on Scientific Inquiry; editors
S. Olson and S. Loucks-Horsley, URL http://fermat.nap.edu/html/inquiry_
addendum/

— 2005a, America’s Lab Report: Investigations in High School Science (Washington DC:
National Academies Press). National Research Council: Committee on High School



546 Seagroves et al.

Science Laboratories; editors S.R. Singer, M.L. Hilton, and H.A. Schweingruber, URL
http://www.nap.edu/catalog/11311.html

— 2005b, How Students Learn: History, Mathematics, and Science in the Classroom (Wash-
ington DC: National Academies Press). National Research Council: Committee on How
People Learn, URL http://www.nap.edu/catalog/10126.html

PKAL 2006, Report on Reports II: Recommendations for Urgent Action: Transforming Amer-
ica’s Scientific and Technological Infrastructure (Washington DC: Project Kaleido-
scope). URL http://www.pkal.org/documents/ReportOnReportsII.cfm

Sawyer, R. K. (ed.) 2006, The Cambridge Handbook of the Learning Sciences (New York:
Cambridge University Press)

Stroessner, S., & Good, C. 2007–2010, Reducing Stereotype Threat. URL http://www.
reducingstereotypethreat.org

Wiggins, G., & McTighe, J. 2005, Understanding by Design (Alexandria: Association for Su-
pervision and Curriculum Development)



Learning from Inquiry in Practice
ASP Conference Series, Vol. 436
Lisa Hunter and Anne J. Metevier, eds.
c©2010 Astronomical Society of the Pacific

The “Comparing Approaches” Workshop as an Introduction to
Inquiry-Based Learning, Curriculum Design, and the Professional
Development Program

Emily L. Rice

Department of Astrophysics, American Museum of Natural History,
New York, NY 10024

Abstract. The Comparing Approaches to Hands-On Science workshop was devel-
oped by the Institute for Inquiry at the Exploratorium and incorporated as a half-day
activity into the Center for Adaptive Optics Professional Development Program (PDP)
and other teaching venues supported by PDP participants and staff. The Comparing
Approaches activity builds upon the common assumption that “hands-on” learning ex-
periences develop deeper and longer-lasting understanding of material. It challenges
teacher-participants to reflect on why that is and to consider how hands-on learning
is most effectively incorporated into a science curriculum to meet the defined content,
scientific process, and attitudinal objectives. I have participated in the Comparing Ap-
proaches workshop at several venues and with a variety of roles, and in this paper
I describe how the workshop is effective as preparation for exploring the concept of
inquiry and inquiry-based learning and as an introduction to “backward” curriculum
design and to the PDP as a whole. I discuss challenges I faced as a participant, as a
facilitator (instructor) for the activity, and as a discussion leader and provide advice for
future implementations of the workshop.

Introduction

The Professional Development Program (PDP) of the NSF Center for Adaptive Op-
tics is “at the heart of an education program [to] ... [develop and advance] a growing
community of scientist- and engineer-educators” (Hunter et al. 2008). The Comparing
Approaches to Hands-On Science workshop was developed by the Institute for Inquiry
at the Exploratorium1, as the first of five professional development workshops on the
fundamentals of inquiry. More information on all five workshops, including facilita-
tor’s guides, can be found on the Exploratorium website2. The Comparing Approaches
workshop features two components: first participants rotate through three stations ad-
dressing the same science content in different hands-on ways, then they participate in
a reflective group discussion. The workshop is not designed to illustrate inquiry but
to serve as an introduction to hands-on learning and intentional curriculum design that
paves the way for a more comprehensive treatment of inquiry-based learning.

1With support from the National Science Foundation under Grant No. 9911834

2http://www.exploratorium.edu/ifi/workshops/fundamentals/index.html
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A version of the Comparing Approaches workshop was first implemented in the
week-long PDP workshop in 2001. From 2003 to 2007 Comparing Approaches was
presented as the Three Kinds of Hands On Science activity on either the first or second
full day of the PDP. After the PDP was split into three shorter workshops the Compar-
ing Approaches activity occurred in the first one-day workshop, for new participants
only, which also functioned as a recruitment event for the remainder of the PDP. Im-
plemented as the Three Kinds activity, the Comparing Approaches workshop served as
an introduction to the PDP by engaging participants as learners and encouraging team
work, thoughtful personal reflection, and equitable group discussions. It also func-
tioned as preparation for exploring the concept of inquiry and inquiry-based learning
and as an introduction to intentional curriculum design for the majority of first-time
PDP participants who had not previously been exposed to educational theory or the
study of teaching and learning.

My experience with the Comparing Approaches workshop began when I was a
first-time participant in the PDP in February 2006. In November of that year I facilitated
the activity and led the group discussion for the workshop as part of a recruitment
event for the California Teach Program at the University of California, Santa Cruz,3

that was supported by the Center for Adaptive Optics. At the following PDP (March
2007), I again facilitated the activity and led a group discussion. In November 2007
the Comparing Approaches activity was presented at the PDP recruitment event, and I
observed the activity portion of the workshop before leading a group discussion.

In the following sections I will describe the Comparing Approaches workshop as it
was typically implemented in the PDP, that is, split into two components: the hands-on
activities and the group discussions. I will then discuss advantages of the workshop as
preparation for exploring inquiry-based learning, curriculum design, and other aspects
of the PDP series of workshops. Finally I describe challenges to facilitating a successful
workshop, particularly for the audience of graduate student and postdoctoral scientists
and engineers who were the typical PDP participants. This discussion relies heavily on
the Comparing Approaches facilitator’s guide, Rankin & Kluger-Bell (2006), hereafter
referred to as IFI06.

Comparing Approaches: Hands-On Activities

The activity section of the Comparing Approaches workshop consists of three hands-on
stations with similar science content and materials but different approaches to learning.
The content of activities implemented in the PDP was either foam (primarily made
with dish soap and egg beaters but with other materials provided in one of the activity
stations described below) or tops (as described in IFI06). The following description is
a summary of the workshop as documented in IFI06 and implemented in the PDP. For
the purposes of professional development, the science content is ideally fairly simple
but unfamiliar to participants so that they can honestly engage in the activity as learners
without becoming unreasonably frustrated or distracted. Before the activity begins the
complete timeline should be described to participants (and ideally displayed in the room
for later reference). Participants should know that there will be time for reflection and

3http://calteach.ucsc.edu/
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analysis of the hands-on activities during the group discussion so they will be less
tempted (or more easily discouraged) from trying to determine the intended meaning
during the activities themselves.

The hands-on activities are presented in three stations. Participants rotate through
each station for a set amount of time, with Station C allotted twice as much time (40–60
minutes) as Stations A or B (20–30 minutes). The basic instructions to participants at
each station are as follows:

• Station A: Follow instructions and answer questions on a worksheet

• Station B: Address a series of quantitative challenges

• Station C: Learn what you can

The worksheet at Station A guides participants through a series of experiments
as a means of learning the science content (e.g., tops: placing different numbers of
pennies at different locations on the body of a top; foam: using a egg beater for different
amounts of time at different speeds to make foam from dish soap and water). At Station
B participants are presented with a series of quantitative challenges (e.g., tops: make a
top that spins for at least 10 seconds; foam: make a tower of foam at least six inches
high). At Station C participants are provided with a wider variety of materials and tools,
a short introduction to the science content by the facilitator (instructor), and told to “find
out whatever you can” about the science content (IFI06). At each station participants
are expected to work with a partner or in a small group of three to four at the most,
although no strict rules are imposed.

At this stage of the workshop it is important to provide neutral terms for describing
the stations (hence labeling them A, B, and C) so that value judgments are more easily
avoided during the later group discussion. However, although returning participants and
facilitators can more easily remember the basic characteristics of each station, first-time
participants may ask, for example, “Which one was Station B?”. Therefore the stations
can also be referred to as worksheet (A), challenge (B), and exploration (C). While these
words may have slightly positive or negative connotations depending on the person, it
is usually better to introduce these descriptive words for clarity than to only use the
neutral letter designations and have participants confuse the stations in their personal
reflections and the group discussions.

Comparing Approaches: Group Discussion

The goal of the group discussion is for the participants to “make meaning – to begin
developing a deeper understanding of their experiences, and to connect them to the
teaching and learning of science” (IFI06, handout M9). After the hands-on activities
participants are split into groups for the discussion portion of the workshop. The IFI06
facilitator’s guide suggests group sizes between 6 and 12 people, and I found seven to
nine people ideal for ensuring a variety of viewpoints but keeping the size manageable
enough for everyone to contribute. The groups can be determined during the activities
so that participants working together at the stations are separated into different discus-
sion groups, thus maximizing the variety of experiences reflected in each discussion.
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The group discussion has a detailed outline, handouts, and charts provided in the
facilitator’s guide (IFI06) to ensure that the goals of the discussion (and the workshop
as a whole) are addressed, but the participants do not need to be aware of the outline
or the goals ahead of time. The key to the discussion is guiding the participants toward
the goals with as little interference as possible so that they have ownership of what they
have learned about teaching the activities, which nicely parallels the ownership of and
responsibility for learning provided by inquiry-based activities.

I will briefly summarize the discussion outline here. For the first five minutes,
the discussion leader explains purpose and structure of discussion (to “make meaning”,
see above), then allows several minutes for the participants to write personal reflections
on a provided worksheet titled Identifying the Characteristics of Different Approaches
and providing a column for each station, labeled by its letter (IFI06). Before initiating
the discussion, the leader explicitly lays ground rules for the discussion to encourage
civility and equitable participation. The discussion leader can be recorder/timekeeper
or can assign these roles to other participants or back-up facilitators.

The content goals of the discussion are summarized as “Take Home Messages”
that can be provided to participants as a handout after the discussion (IFI06, handout
M1). The “Take Home Messages” are that:

• All approaches to hands-on science are not alike

• Different approaches support different learning objectives

• Effective science teaching requires matching a variety of approaches with specific
learning objectives

These messages are addressed by discussing the activities in three stages: 1) discussing
the identifying characteristics of the teaching/learning approach taken in each station
(aided by the worksheet for personal reflections), 2) comparing the approaches, and 3)
discussing using the approaches for teaching in a classroom or laboratory setting. If the
discussion is lagging or becoming distracted from the goals, the following questions
can be posed to the group (IFI06):

• What is the level of learner control at each station? Who asks questions?

• How is science content handled at each station?

• How does each approach affect attitudes toward science?

• What scientific process skills are practiced in each approach?

• What scientific process skills are required in each approach?

These questions reflect how the participants are expected to evaluate the different
approaches to hands-on science activities they have just experienced and ultimately
help them to make goal-driven decisions when designing their own science curriculum.

The Comparing Approaches workshop was developed for the professional devel-
opment of K-12 science teachers, and at the PDP it is implemented for an audience
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of primarily early-career scientists and engineers who may or may not have traditional
classroom or laboratory instruction experience. Therefore I discuss the advantages and
challenges I experienced with implementing the Comparing Approaches workshop in
the PDP and associated venues.

Advantages

First and foremost, the Comparing Approaches activity was developed by experts and
thoroughly tested and documented. The facilitator’s guide (IFI06) is publicly available
on the Exploratorium website and provides detailed descriptions of every component of
the workshop, both conceptual and logistical. Because of the extensive documentation
the activity can be adapted to a variety of venues, audiences, and purposes.

Importantly, the workshop is explicitly not a model of what participants would
exactly implement in their own classrooms or laboratories. Instead, the hands-on ac-
tivities and group discussion are designed to give participants a framework in which
to think about teaching, learning, and curriculum design. Therefore the workshop is
well-suited to many types of teaching and learning and not limited to the typical K–
12 classroom setting or to inquiry-based learning in the traditional sense of learning
by asking questions. This is ideal for science and engineering graduate students and
postdocs whose future teaching responsibilities are likely to extend beyond the typical
lecture-based classroom setting, e.g., laboratory-focused courses, discussion sections
with flexible curricula, or research mentorship programs. The lessons from the Com-
paring Approaches workshop can in fact be extended beyond the classroom to a con-
sideration of prior knowledge and experiences, of different learning styles, or even of
social interactions in general.

Nevertheless, the workshop is an excellent conceptual and practical introduction
to the idea of inquiry as learning science by doing science. Participants commonly
recognize that Station C is the most similar to actually doing research and often react to
that station very positively. This helps them recognize the importance of “learning by
doing” not just in terms of learning scientific content and process skills, but also in terms
of developing a positive attitude toward learning science. However, participants can
also recognize that a certain amount of structure prevents the exploration in Station C
from being aimless and meaningless. Having the hands-on activities as a set of common
experiences helps participants work together to articulate example content, process, and
attitudinal objectives that could be addressed in science and/or engineering curriculum
and how such a learning environment could be established in a different setting. These
are all important introductory steps toward a conceptual understanding of inquiry-based
learning and practical proficiency in implementing inquiry-based activities.

Furthermore, the Comparing Approaches workshop is well suited to be an in-
troductory activity at a series of longer workshops, particularly the PDP. Comparing
Approaches establishes shared values and attitudes like active engagement in learning,
teamwork, and thoughtful reflection, upon which the remainder of the PDP can build.
Aspects of the PDP that are not strictly inquiry related are nevertheless implicitly ad-
dressed in the workshop, including intentional and “backward” curriculum design and
the goal of constructing an equitable and diverse learning environment.
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As Preparation for Inquiry Activities in the PDP

It was not until I participated in the Comparing Approaches workshop as a facilitator
(instructor) and group discussion leader that I realized the activity serves a broader pur-
pose than simply guiding participants toward the take home messages. A considerable
amount of time at the PDP (nearly two full days) is dedicated to a full inquiry expe-
rience, the Light and Shadow activity. First-time participants complete this activity as
learners, and returning participants have the additional options of either shadowing (ob-
serving) or facilitating the inquiry. In preparation for this, the Comparing Approaches
activity establishes the importance of actively and honestly engaging in the activity as
learners. This can be especially challenging for graduate students and postdocs who
are considered very advanced students or even experts in their fields. I distinctly recall
being hesitant about participating at first and finding it difficult to suppress my instincts
to analyze the activity while it was in progress, but getting this out of the way helped me
engage more in the complete inquiry activity later in the workshop, which involved less
straightforward science content. The culture of science and engineering generally does
not make it easy for individuals to admit that they do not understand a phenomenon be-
ing demonstrated or experimental results being observed, especially when the science
content is seemingly simple. I experienced this first-hand with participants unwilling
to admit a lack of understanding during the inquiry activity, which can be counterpro-
ductive and disruptive for other participants. Upon reflection I realized the important
contribution of the Comparing Approaches activity toward creating a safe, respectful,
and friendly environment in which sincere effort and learning are valued and contribu-
tions from different perspectives are welcome. Applying the Comparing Approaches
workshop toward this goal was certainly a conscious effort of the PDP designers and
should be kept in mind by facilitators (instructors) and discussion leaders.

As an Introduction to Curriculum Design in the PDP

Another key component of the PDP is the idea of intentional or “backward” curriculum
design (Wiggins & McTighe 2005) that is discussed in more detail in a workshop ses-
sion after the Comparing Approaches activity. In this approach, learning activities are
designed by first establishing the objectives, which are best framed in terms of what the
students will understand or be able to do at the end of the activity. This ensures that
every aspect of a learning activity can be geared toward meeting the student learning ob-
jectives. For many PDP participants, myself included, our previous curriculum design
experience was limited to being a teaching assistant and determining the most efficient
way to “cover material” chosen by the professor for a particular class, often without
explicit regard for how well the students learn the material. “Backward” curriculum
design was an entirely new approach to teaching and learning that establishes the im-
portance of student outcomes and assessment. Because the Comparing Approaches
activity concludes with a discussion of how the different approaches to hands-on sci-
ence might be used to meet different learning objectives, it effectively motivates the
backward curriculum design method discussed in more detail later in the workshop se-
ries. For me this helped ground the more abstract discussion of “backward” design in
a recent learning experience that was shared by fellow PDP participants, making the
concept seem much more understandable and implementable.



The “Comparing Approaches” Workshop 553

As an Introduction to Group Discussions and Community Interactions in the PDP

The Comparing Approaches activity establishes the general format of and attitude to-
ward a group discussion, which occur frequently during the rest of the PDP. Explic-
itly stating the ground rules of the group discussion demonstrates the value of equity
among the participants, including their experiences, opinions, and their contributions
to the workshops. A related aspect of the group discussion is that it promotes the im-
portance of personal reflection and sharing of experiences. Participants soon realize
that their interpretation of even a common experience can be very different from that of
other participants. This nicely foreshadows the importance of eliciting prior knowledge
as well as the values and experiences of learners in order to create a learner-centered
classroom and to design effective curriculum.

Finally, the Comparing Approaches workshop is an ideal icebreaker for the longer
PDP workshop. The combination of hands-on activities and moderated group discus-
sions provide opportunities to work in small groups (potentially even two or three dif-
ferent groups). Participants can learn one another’s names, chat relatively freely during
the hands-on activities, and typically have a lot of fun with the simple but fascinating
science content.

Challenges

While the Comparing Approaches activity serves as an excellent introduction to in-
quiry-based learning, intentional curriculum design, and the PDP as a whole, there are
nevertheless substantial challenges to implementing the activity successfully. Many of
these challenges are addressed in IFI06.

One of the first things I learned about implementing this activity is that practi-
cal issues are extremely important. Many of the logistical considerations that must be
taken into account to ensure that the workshop runs smoothly are discussed in IFI06.
All facilitators and discussion leaders need to be operating on the same timeline with
the same goals, otherwise the confusion will transfer to the participants and they could
leave the workshop frustrated, discouraged, and unmotivated. This is particularly im-
portant for implementations of the workshop as part of the PDP because it is used as a
recruitment event and/or as an introductory activity in a longer workshop series. The
organization and availability of materials during the hands-on activities (e.g., having
plenty of pennies for tops and easy access to water for foam) are key to enabling par-
ticipants to engage as learners without unnecessary distractions. The purpose of each
station should be clear and distinct during the activity so that participants can keep them
straight in their minds during the personal reflection and group discussion. The timing
of the activities, including ample and well-placed breaks, is key to ensuring that partic-
ipants remain engaged but relaxed so that they are receptive to new ideas and actively
assessing their experience and understanding of the workshop.

Last and certainly not least, the physical space should be comfortable and con-
ducive to interaction during both the activity and the discussion. The tables for the
stations should be large enough to accommodate several small groups and their mate-
rials so that participants can easily work with their partner(s) as well as interact with
other groups. There should be enough space between stations that participants are not
distracted by what is being done at other stations, but without separating stations into
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different rooms so that there is still a sense of inclusion in a larger group. There is
a sample layout of tables and chairs for the activity in IFI06. Similarly, the discus-
sion groups should be separated so that noise from another group does not overwhelm
the discussion, but having all of the groups in distant earshot can help people feel less
self-conscious and encourage participation. There should be enough space for group
members to sit comfortably next to one another, address one another, and easily see the
poster charts being referred to and/or recorded on. In one particular discussion I led,
the group members sat on either side of half a high rectangular table and I stood next to
the poster chart hung on a wall at one end of the table. This set up proved very awkward
because participants could not easily address the group as a whole or respond to other
participants in a natural way, and my separation from the group seemed to make things
worse. In this situation I found it very difficult to maintain a natural discussion and
we made very little organic progress toward the “Take Home Messages”. Whether or
not the discussion leader is in or just outside of the group is a personal choice, but as a
discussion leader I preferred to remain in the group to help emphasize the equity of the
discussion because I also contributed as a participant.

A challenge for implementing the Comparing Approaches activity for scientists
and engineers is that they can be hesitant to actively and honestly engage as learners,
including being willing to be wrong, make mistakes, and admit they do not understand
something. This is certainly a result of the culture that typically dominates the fields
of science and engineering, which at least stereotypically sets very high expectations,
including complete dedication to work, a vast knowledge base, and sophisticated and
detailed understanding that can be applied to a new phenomenon very quickly. For
the most part, however, the workshop is designed to account for this and the hurdle is
overcome relatively easily through facilitation.

During the discussion it is essential to be prepared to handle the most common
misconceptions and misinterpretations of the purpose of the activities. The most im-
portant ones to avoid are: 1) value judgments about the different approaches and 2) at-
tempts to describe an ideal order of the stations for the classroom (IFI06). Value judge-
ments are tricky to handle because they need not be avoided entirely, but they should
at least be recast to address the goals of the discussion (see above). An example of
this is the likely reaction that Station A (worksheet) is “boring”. The discussion leader
can prompt the participants to consider why a learner might find a worksheet-based
activity boring by asking who controls the learning in that situation, or by asking what
type of learner might find worksheets boring (these and many other potential responses
and prompts can be found in IFI06). In almost every group discussion participants
instinctively react to the order in which they experienced the stations, e.g., “What I
learned from the worksheet provided the background I needed to meet the challenge
so Station A should be used before Station B” or “Exploring at Station C made the
completing worksheet especially boring so station A should be done first.” These state-
ments can also be refocused to apply to the discussion goals. The discussion leader can
ask what learning objective (content, process, or attitudinal) might be accomplished by
combining aspects of each station in a certain order. It can also help for the discussion
leader to explicitly acknowledge that value judgments and attempts at ordering the ac-
tivities without consideration of potential learning objectives for the activities should
be avoided during the discussion.

I found it especially challenging to act as a discussion leader in the Comparing
Approaches workshop. Effectively steering the discussion to address the take-home
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messages without being heavy-handed required very thorough preparation, and I had
underestimated the importance of internalizing the goals of the discussion and the ideal
timeline in advance. Even after several discussions it remained challenging because it
required simultaneously listening to what participants were saying, figuring out how to
relate their contributions to the goals of the discussion, and monitoring the progress of
the discussion along the timeline. I also experienced difficulty in cultivating a natural
discussion, which required waiting for other people to respond instead of immediately
stepping in, creating a volley between participants and the discussion leader. Having a
back-up facilitator, as is often the case in the PDP, to keep track and provide sugges-
tions can help, but can also be an added source of stress. I found it more helpful than
not to have a back-up facilitator who wrote down everyone’s names at the beginning
of the discussion according to where they were sitting so I could make sure everyone
contributed. The back-up facilitator also provided essential constructive feedback dur-
ing the debrief session after the workshop. Overall I found that extensive preparation,
immediate and thoughtful debrief with other facilitators, and, above all, opportunities
to practice make the most difference in becoming an effective discussion leader. Fur-
thermore, skills I had the opportunity to practice in these discussions have been useful
in other aspects of my career.

Conclusions

The Comparing Approaches to Hands-On Science workshop developed by the Insti-
tute for Inquiry at the Exploratorium provides an excellent introduction to the concepts
of inquiry-based learning, backward curriculum design, and the PDP series of work-
shops dedicated to these topics. The combination of engaging participants as learners
in hands-on science activities, providing time for structured personal reflection, and
then discussing the activities with the (implicit) goal of reaching important take-home
messages is an ideal combination of practical and conceptual experiences in prepa-
ration for the rest of the PDP. While there are challenges to implementing effective
activities and discussions, particularly for the scientist and engineer participants in the
PDP, proper planning and practice go a long way toward a successful workshop. The
PDP practice of debriefing the instruction experience with staff members and/or “back-
up” facilitators ultimately helps improve the skills needed to facilitate activities and
lead discussions.
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Abstract. Inquiry based teaching methods allow students to become engaged in
science by doing science as science is done by scientists. It encourages students to claim
ownership of their experience by having them ask a question and answer it without a
formal set of steps to do so. Adapting the inquiry method for the biological sciences has
a number of challenges. First, much of what goes on is not easy to observe because it is
either microscopic or contained within a living organism. Second, observable changes
often take long periods of time to appear so that many experiments take days to weeks to
complete. We have found that using either microbiology or molecular biology methods
gives us a setting in which biology inquiry can be productively done. In this paper
we reflect on a number of different inquiry activities in which we successfully adapted
inquiry for biology.

Biology Inquiry

The Professional Development Program (PDP) trains future and current science edu-
cators to design and teach inquiry based science and engineering (Hunter et al. 2008,
and see also Hunter et al., this volume). The PDP has evolved from a program initially
designed for the physical sciences, especially physics and astronomy. In recent years it
has expanded to serve a much broader community of scientists and engineers including
biologists, chemists and ocean scientists. Biology, like all scientific disciplines, faces
challenges of time and easily used materials when using inquiry to try and create an
authentic research experience for students within a classroom. Biology is the study of
living things, many of which are too small or big to study in a classroom setting. Much
of what people find interesting about living things occurs within cells and organs that
cannot be observed without sacrificing the animal, leading to potential ethical issues
and the need for specialized equipment. Additionally, the length of an experiment is
determined by the time scale of an organism’s development so that a single experiment
could take days, months or even years. Therefore, those of us in biology have had
to adapt the inquiry methods modeled for us in the PDP to create an experience for
students that allows them to do biology like a biologist within the constraints of the
classroom.
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Teaching venues provide the PDP participants with classrooms and laboratories
in which they can pilot or teach their inquiry activities. Depending on the venue, the
time frame allotted for a given activity can vary in length between a few hours and a
few days. Since we are focusing on changing the undergraduate learning experiences
within the classroom we become limited to the 2-3 hour time blocks in which classes
are offered. Keeping this short time period in mind, we have found two systems that
lend themselves to biological inquiry: microbiology and molecular biology. Each of
these systems has its own advantages and disadvantages.

Microbiology Inquiry

Microbiology is the study of microorganisms, commonly bacteria, archaebacteria and
viruses. Due to the short generation time of microorganisms, such as the bacteria E.
coli, microbiology allows students to use a living organism in experiments (Quan et al.
paper on astrobiology activity, Dorighi et al. and Yuh et al. papers on bacteria activities,
all in this volume). In microbiology inquiries designed by PDP participants we were
able to engage students in two different ways. In the Hartnell summer “bridge” pro-
gram (SUMS), students related to bacteria through their prior knowledge of antibiotic
cleaning products (see Dorighi et al. and Yuh et al.). Through use of common prod-
ucts that they have in their homes or may have seen on TV, students were motivated to
validate or dispel claims made by advertisers. As part of the inquiry, students got to
choose which cleaning products to work with and therefore were additionally engaged
by ownership of choice. Additionally in this inquiry students got to choose common
environments, such as a sink or cell phone, to test for bacterial growth. By becoming
familiar with how many bacteria were in their environment, students gained a better
understanding of the benign or helpful bacteria that are in the environment. The use of
prior knowledge made students confront their preconceived notions and gain the ability
to test their own knowledge in the future. A very different method of engagement was
used in the astrobiology activity (Quan et al.) taught in the COSMOS summer high
school program. Students were introduced to the many different and often harsh en-
vironments in which microorganisms can live and this was related to the potential for
life in space. Thus the activity appealed to the fascinating extremes of life as opposed
to the everyday. In both of these inquiries planning and enthusiasm of the instructors
were important in engaging students with a very different kind of life that is viewed as
foreign and sometimes hostile.

Both microbiology inquiries face the same challenge that microorganisms are in-
credibly small and therefore cannot be counted as individual cells. Therefore students
need to score the outcomes of their experiments by looking at colony growth. Because
these activities were done in an inquiry setting, students were given a lot of freedom to
design experiments and streak their own plates; thus quantifying colony growth presents
a few difficulties. One, it is often hard for students to understand that each individual
colony represents a single original bacterium regardless of the size of the colony. Thus
a big colony should not be counted as double the bacteria in a small colony. Second, in
the SUMS program students were taking samples from the environment such that the
growth on the plate was often hard to score and represented a combination of different
kinds of bacteria. This made quantification difficult and made it hard for students to
judge how efficacious some cleaning products were. Third, as seen in the astrobiology
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activity, when conditions such as temperature are varied, the same bacteria can grow
at different rates. This means that even though no growth is seen after one day the
bacteria might be there in the same numbers as another condition but need more time
to be seen. These challenges require that instructors carefully plan how quantification
is going to be done so that students will not get frustrated with an inability to interpret
their data. This was successfully done in the astrobiology activity such that students
decided before hand to use a semi-quantitative ranking method.

Inquiry based science teaching often begins with introducing students to phenom-
ena and then allowing students to generate questions to explore some aspect of these
phenomena. This system both provides the students ownership of the scientific process
and models the way in which much of science is done. In our experience, question
generation could be used successfully in microbiology inquiry settings. In the Hartnell
SUMS Biology week in 2008, students were presented with different types of cleaning
products and directed to ask questions about either how well the products work with re-
spect to claims or compared with each other (see Dorighi et al.). Even though students
were successful in generating questions, instructors had to guide the students towards
asking answerable questions about how well the products worked and not how or why
the products worked. This format was successful because the students brought previous
knowledge of cleaning products to the experiment. Due to the constraints of time and
availability of resources, question generation was much more closely directed in the as-
trobiology inquiry (Quan et al.). Students were given a “real life” research scenario and
variable (salinity or temperature) to test. Even though they were given their variable,
students were asked to generate a testable question before beginning experimentation.
Requiring students to create a testable question in their own words gives them owner-
ship of an experiment even though they did not choose their own parameters.

Molecular Biology Inquiry

Molecular biology is the study of the molecular components of life, most often proteins,
RNA and DNA. Molecular biology experiments do not rely on an organism’s lifespan
and so can often be carried out in a short time frame (Dorighi et al. paper on Polymerase
Chain Reaction activity, and Quan et al. paper on “Central Dog-ma” activity, both in
this volume). The recent pop-culture interest in forensic science means that students
often have heard of DNA analysis even if they have not yet encountered it in their
science classes. This popularity can be used to engage students in molecular biology
for its use in forensics or disease analysis. The tools used in molecular biology, such
as analysis on gels or spectrophotometry, are often unfamiliar to students. Additionally
these tools give one a readout of changes but do not allow one to visualize the actual
DNA or protein molecules being analyzed. This disconnect between what students
see in front of them and the models of molecules that they see in textbooks requires
instructors to provide clear knowledge content early in a inquiry. One example of an
inquiry where this was done was in the PCR (Polymerase Chain Reaction) inquiry
described in Dorighi et al. PCR is an important molecular biology technique that is
often covered in class but not well understood by students. In this inquiry substantial
time was spent having students physically model what was going on at a molecular level
in a test tube before students actually performed their own PCR reaction. The amount
of time needed to pour and run gels or get reagents for a molecular biology experiment
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means that instructors have to set up much of the experiment beforehand. Thus caution
is needed when doing molecular biology inquiry so that the students get enough hands-
on experience and intellectual stimulation to have ownership of the experiments.

In molecular biology inquiries we have found that having students create their own
question is not feasible either due to time constraints or because the goals of the venue
do not make question asking a crucial or necessary part of the inquiry. Instead we have
had students use knowledge they gain in the beginning part of an exercise to create
hypotheses, determine proper methods or create models. In the PCR inquiry, students
were presented with a scenario in which they needed to identify a mutation within a fruit
fly. They were asked to work in small groups to come up with two methods with which
to perform the analysis. Then the class as whole discussed the options and determined
to use PCR. Determination of a method took up a lot of time in this inquiry but it both
gave students ownership of their later PCR experiment and also modeled an important
process that scientists must do in real research. In the Central Dog-ma activity, students
first analyzed DNA, RNA and protein samples from a number of “dog patients” (Quan
et al.). They were then asked to use the knowledge they gained from this analysis
to propose a hypothesis of the underlying molecular cause for their patients’ disease.
They were given additional data that could indicate their hypothesis might be wrong.
Learning to integrate data into a hypothesis and then reevaluate are skills critical to
scientific research. Thus, although question generation is often an important part of
inquiry, we have found other useful methods of creating both ownership and critical
thinking skills if the goals or time frame of the setting are not amenable to question
generation.

Conclusions

Although interpreting the inquiry teaching method for biological sciences has its own
challenges, we have found that it is both possible and rewarding. The methods we have
described above have allowed students to learn scientific content and process skills
while experiencing science as science is done. The activities we designed did not vary
vastly from classical biology labs in content, but rather in method. For example, testing
the efficacy of household cleaning products is a classic microbiology lab section. By
allowing students a wide variety of products and requiring them to formulate their own
question and experimental method, facilitators improved student engagement and inter-
pretations of data (Dorighi et al. and Yuh et al. papers on bacteria activities). In another
example, having students look at DNA, RNA and protein samples from a series of in-
dividuals allowed students to derive the Central Dogma of biology (DNA makes RNA
makes protein) for themselves (Quan et al.). Thus they gained a deeper understanding
of a concept that students generally memorize from the textbook or lecture and then
forget after taking a written exam. Overall we have found that inquiry based instruction
requires structured facilitation and strong goal oriented planning, but results in many
positive long-term outcomes in student knowledge and attitudes.
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Abstract. This paper describes the interaction of four elements of social science as
they have evolved in concert with the Center for Adaptive Optics Professional Develop-
ment Program (CfAO PDP). We hope these examples persuade early-career scientists
and engineers to include social science activities as they develop grant proposals and
carry out their research. To frame our discussion we use a metaphor from astronomy.
At the University of California Santa Cruz (UCSC), the CfAO PDP and the Educa-
tional Partnership Center (EPC) are two young stars in the process of forming a solar
system. Together, they are surrounded by a disk of gas and dust made up of program
evaluation, applied research, educational assessment, and pedagogy. An idea from the
2001 PDP intensive workshops program evaluation developed into the Assessing Sci-
entific Inquiry and Leadership Skills (AScILS) applied research project. In iterative
cycles, AScILS researchers participated in subsequent PDP intensive workshops, teach-
ing social science while piloting AScILS measurement strategies. Subsequent “orbits”
of the PDP program evaluation gathered ideas from the applied research and peda-
gogy. The denser regions of this disk of social science are in the process of forming
new protoplanets as tools for research and teaching are developed. These tools include
problem-solving exercises or simulations of adaptive optics explanations and scientific
reasoning; rubrics to evaluate the scientific reasoning simulation responses, knowledge
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regarding inclusive science education, and student explanations of science/engineering
inquiry investigations; and a scientific reasoning curriculum. Another applied research
project is forming with the design of a study regarding how to assess engineering ex-
planations. To illustrate the mutual shaping of the cross-disciplinary, intergenerational
group of educational researchers and their projects, the paper ends with a description of
the professional trajectories of some of the researchers involved in this complex solar
system.

1. Introduction

Imagine, if you will, that you are looking at the night sky through the telescope at the
UC Lick Observatory. You focus on two newly-forming stars in close proximity to each
other. In their shared formation region, a disk of gas and dust is swirling around, and
celestial particles are beginning to form new planets, or protoplanets. Adaptive optics
instrumentation removes distortions in the images of this system as their light crosses
through the earth’s atmosphere, allowing you to see more clearly the dynamics of these
emerging celestial objects.

In this paper, we use that metaphor to describe social science at the Center for
Adaptive Optics’ Professional Development Program (CfAO PDP). Social science, like
adaptive optics, helps us see more clearly phenomena that are typically out of sight
and/or blurred—in this case, by expectations and interpretations. For example, it is im-
possible to view learning directly. Students, parents, and educators infer that learning
has taken place from available evidence such as test scores. Expectations and infer-
ences about these test scores may be shaped by role (student, parent, teacher, etc.), dis-
cipline (chemistry, psychology, education), cultural background, and history of experi-
ence with this type of test. Social science research helps make learning more visible,
less distorted by expectations and interpretations. Our task is to describe the synergies
among three kinds of social science research—program evaluation, applied research,
and educational assessment—and the pedagogy of social science at the PDP.

Why is this important to readers of this publication? Many of our readers will be
astronomers, vision scientists, physicists, chemists, and biologists who search for ma-
jor funding from agencies such as the National Science Foundation (NSF). The NSF
has articulated two criteria by which they evaluate proposals. The first criterion, in-
tellectual merit of the proposed research, is one for which researchers have prepared
for years if not for decades. However, the second criterion, “broader impacts,” is one
that is not typically included in coursework or research apprenticeships. To address
the latter criterion, proposal writers are likely to plan activities to promote teaching,
training, and learning; to broaden participation of underrepresented groups in science;
to enhance research and education infrastructure; and to benefit society through broad
dissemination. The outcomes of these activities must be evaluated, just as the outcomes
of the scientific research itself must be evaluated. However, the concepts and practices
of program evaluation, applied research, and educational assessment often overlap. We
believe that readers will find this paper useful to clarify distinctions and overlaps among
these social science activities, thereby improving communication with colleagues and
reviewers who use these terms. As will become evident as you read, in addition to
reporting on several collaborations, we are making a case for cross-disciplinary, inter-
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generational teams with which to consider social science in the conduct of physical and
biological sciences.

To that end, we first describe program evaluation, applied research, and educa-
tional assessment, generally. Then, using the astronomy metaphor depicted in Figure 1,
we document the interplay of specific ideas as the newly-forming stars PDP and EPC
progress in their orbits. In the surrounding disk of dust and gas made up of interacting
social science activities, new planets, or protoplanets, condense in the form of tools for
social science research and pedagogy. Readers who want copies of any of these tools
may write the first author. Finally, we describe the professional trajectories of some of
the researchers involved with these activities, in order to illustrate the mutual shaping
of the individuals and research projects within this solar system.

Figure 1. Protoplanet research and teaching tools condense from a disk of social
science activities swirling around the CfAO PDP and EPC.

2. Social Science in the Context of the Center for Adaptive Optics

2.1. Program Evaluation, Applied Research, and Educational Assessment:
Overlapping Social Science Activities

Program evaluation is the systematic collection of a broad range of information about
a program: organizational staff, participants, and resources; activities implemented;
and outcomes. The purposes of program evaluation are to improve program effective-
ness (formative evaluation), and/or to inform decisions about continuing the program
(summative evaluation). To develop a program evaluation plan, one must articulate the
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program’s theory of action, a model that describes how specific program activities are
expected to affect program participants, leading to intended short- and long-term out-
comes. Sociologists, psychologists, economists, social workers, and others use quali-
tative and quantitative research methods to test the theory of action. A quick internet
search of universities that provide training in program evaluation and of program eval-
uation consultants reveals that many describe their focus as “evaluation and applied
research” indicating considerable overlap between the two sets of activities.

Applied research, on the other hand, is the use of scientific knowledge, theories,
and methods to describe, understand, and manage practical problems; adding to the
generalizable body of knowledge about that problem. Like program evaluation, ap-
plied research is the test of a theory, in this case, a conceptual model with hypothesized
relationships among variables. Like program evaluation, applied research may use both
qualitative and quantitative methods and research designs. So why and how do we dis-
tinguish between the two? In order to protect the rights of human research subjects,
those who collect data hoping to produce generalizable results need to submit their pro-
posed data collection protocols to an Institutional Review Board (IRB), a committee
formally designated to monitor ethics in research. The University of California Santa
Cruz IRB makes this distinction: “Program evaluation, quality assurance and quality
improvement activities are considered research only when they are intended to con-
tribute to generalizable knowledge or when there is a possibility that the resulting data
will be used to contribute to generalizable knowledge.” Therefore any program evalu-
ation activity that is intended to result in publishable, generalizable knowledge would
be research and would require IRB approval, a process with which social scientists can
help.

Program evaluation and applied research may be conducted in the context of ed-
ucation. Educational research is the systematic investigation of any aspect of edu-
cation including the educational system as a whole, the learning community, teacher
training, instructional methods, and student learning. More specifically, educational
assessment is a process of making inferences about students’ knowledge, skills, and
attitudes, based on their responses to stimuli such as tests, surveys, and problems. Ed-
ucational assessment tests a theory of learning, “a model of how students represent
knowledge and develop competence in the subject domain” (Pellegrino, Chudowsky, &
Glaser 2001). It can serve both formative and summative purposes, informing instruc-
tional improvements and decisions regarding the continuation of instructional strate-
gies. Again, a quick internet search finds many university programs and educational
researchers who describe their disciplines/services as “education research, assessment,
and program evaluation.”

Thus among these three activities, there is a great deal of overlap. They share
common methodologies, practitioners, and purposes. They test theories (program eval-
uation, theory of action; applied research, conceptual model; educational assessment,
theory of learning). Research activities that focus on the systematic investigation of a
specific learning model, with a knowledge-building purpose, could be called program
evaluation, applied research, or educational assessment. These distinctions can be im-
portant, particularly in considering and maintaining a focus on the purpose of the re-
search. It is also useful in communication with colleagues to know that language varies
across disciplines both in the words used to describe similar phenomena and in the pre-
cision with which phenomena are considered. It can take time and energy to translate
meaning across disciplines. However, as individuals in cross-disciplinary teams share
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their use of language, they develop a shared, nuanced understanding of the phenomena
under study and of the most relevant research methods.

2.2. Social Science at the Center for Adaptive Optics

The two organizations that serve as the newly-emerging stars in our metaphor are units
of the University of California Santa Cruz (UCSC). Currently 16,000 students attend
UCSC, pursuing degrees in more than 60 undergraduate majors and 30 graduate disci-
plines. The university is distinctive in its uncommon commitment to both undergradu-
ate education and research.

The Center for Adaptive Optics (CfAO) is a National Science Foundation Sci-
ence and Technology Center, funded from 1999 to 2009 to “advance and dissem-
inate the technology of adaptive optics in service to science, health care, industry,
and education;” with an emphasis on astronomical and vision science applications
(http://cfao.ucolick.org/center/). Bringing together scientists in academia
and industry, graduate students, and postdoctoral fellows from many universities, cen-
ters, and companies, the CfAO sponsors exceptional adaptive optics research. In ad-
dition, the CfAO implements a number of educational programs meant to stimulate
increased participation in science and engineering, integrate research and education,
and foster diversity. Under the direction of CfAO Associate Director Lisa Hunter,
the Professional Development Program (PDP) is the core educational activity of the
CfAO. The PDP was developed to help early-career scientists and engineers, particu-
larly graduate students, become well-trained, innovative, and reflective scientist- and
engineer-educators. The PDP consists of annual cycles of workshops that teach partic-
ipants to use inquiry methods in their science and engineering pedagogy. Participants
work on design teams to develop inquiry-based curriculum for use in a wide spectrum
of science and engineering disciplines. With the aid of mini-workshops and expert
consultation, PDP participants refine their curriculum and put it into practice in a vari-
ety of educational settings, from traditional laboratory courses to less formal “teaching
labs”—PDP-affiliated educational programs or courses.

The other newly-emerging star in our metaphor is the Educational Partnership
Center (EPC), a unit within UCSC’s Student Affairs Division. The EPC also began in
1999, under the direction of Carrol Moran. EPC’s mission is to increase educational
equity and access in California by providing educational services to partners across
the Kindergarten through university pipeline, to help students become eligible for and
successful in university. The initial infusion of state funding has diminished during
the past decade, and current activities are primarily funded through grants. The EPC’s
success in obtaining outside funding has been made possible in part through the pro-
gram evaluation activities that have made the outcomes of EPC educational endeavors
visible. One of the still-state-funded programs is the California State Summer School
for Mathematics and Science (COSMOS), a summer residential program for highly
motivated high school science and mathematics students. COSMOS has served as one
of the “teaching labs” in which the PDP participants practice their inquiry teaching.
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3. Synergies Among Social Science Activities at the PDP and EPC

In this section, we tell a story of synergies among program evaluation, applied research,
assessment and pedagogy as these activities surrounded the PDP and EPC. We describe
the research projects’ methods and selected results in some detail in order to demon-
strate the changes in the social science projects as the PDP and EPC activities matured.
Staff members made decisions in iterative planning cycles, moving from global to spe-
cific issues, then back to global concerns. This pattern is mirrored in the social science
projects.

3.1. In the Beginning: Formative Evaluation and the Seed of an Applied
Research Project

From April 18–23, 2001, at Kona, Hawaii, Lisa Hunter and her colleagues staged the
first PDP intensive workshops titled “Integrating Research and Education.” The confer-
ence aimed to: 1) engage participants in the CfAO by building community, developing
student voice, and encouraging cross-disciplinary interactions among vision scientists
and astronomers; and 2) foster the integration of research and education by helping par-
ticipants communicate research to non-technical audiences, develop inquiry skills, and
build connections with educational research.

Ms. Hunter invited Barbara Goza to evaluate the conference for formative pur-
poses, to document the activities for future planning. In an informal needs assessment
at the beginning of the conference, participants commented on their background in the
areas to be addressed by the conference. Dr. Goza observed all conference activities and
informally interviewed participants and staff members. At the end of the conference,
participants completed a survey, describing their reactions to the conference as a whole
and its various elements. Observations, interviews, and survey results indicated that
the conference was a huge success for most of the participants. About 80% of the 23
participants who completed surveys indicated that the conference had been a good use
of their time, that it had met both their personal expectations and the conference goals,
and that they would recommend the conference to others in the future. Participants
really appreciated the location; some had attended primarily because of the promise of
a tour of the Mauna Kea observatories. The conference topics had also been chosen
well. Few of the participants had experience with using inquiry to teach science or with
research about teaching science, so this material was of great value to most.

Based on observations, surveys, and interviews, Dr. Goza made several recom-
mendations for change, two of which are related to this article. Dr. Goza recommended
that there should be fewer agenda items for the next conference, in order to delve more
deeply into content and still provide opportunities for networking. The conference re-
cruitment materials should then more clearly indicate the agenda so that participants
could choose to come if they were interested in experiencing that agenda. The broad
range of educational activities that graduate students might experience through their
relationship with the CfAO led Goza to consider the possibility of developing a set of
self-assessment tools, including both surveys and problems. When graduate students
became involved with the CfAO, they could complete the self-assessment and then de-
velop an educational plan, choosing from a menu of possible CfAO education activities
those that would best match their desired learning.
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In 2003, the National Institutes of Health National Institute of General Medical
Sciences (NIH NIGMS) announced a new initiative that provided an opportunity to act
on that idea. The “Efficacy of Interventions Promoting Entry into Biomedical Research
Careers” initiative aimed to test assumptions about how biomedical research support
programs work to increase the number of students, particularly underrepresented mi-
nority students, who enter and succeed in biomedical research careers. A team of UCSC
researchers including Goza and Hunter, led by Principal Investigator Martin Chemers,
submitted a successful proposal, Assessing Scientific Inquiry and Leadership Skills
(AScILS). The conceptual model described links between science support program
components (involving students in research, mentoring, community-building activities,
financial support, and academic support) and outcomes (commitment to a science ca-
reer, performance on science tasks). We hypothesized that science support program
activities such as research and mentoring would influence the outcomes, and that the
influence would be mediated through the psychological processes of self-efficacy (con-
fidence) and identity as a scientist. To test the model, we needed to develop surveys to
assess students’ involvement in program activities as well as their intended continuation
in science, science self-efficacy, and identity as a scientist. We also needed to develop
problem-solving exercises to measure one or more scientific skills such as generating
research questions, analyzing data, interpreting data, and explaining conclusions. Once
developed and tested, these problems could be used in a number of ways, including
students’ assessment of their own skills, knowledge, and attitudes as a springboard for
choosing educational opportunities.

Barbara Goza, then Director of Research and Evaluation at the Educational Part-
nership Center (EPC), served as project manager, so the research was administered
through the EPC. Lisa Hunter and Carrol Moran, Directors of the PDP and EPC, re-
spectively, served on the research team, bringing a wealth of information about science
support program management and research. Hunter and Jerome Shaw led the effort to
identify the specific science skill(s) we should measure with our problem-solving exer-
cises. We call these exercises “simulations,” referring to the aim of simulating a social
or behavioral process such as decision-making or team work. In our case, we aimed to
design exercises or simulations to assess scientific inquiry skills. All 14 UCSC science
and engineering support programs, including those administered by the PDP and EPC,
participated in the study. In working with support program directors, we frequently
reminded them that this is applied research, not program evaluation. To the extent that
the conceptual model was supported by the research, their program’s theory of action
was also supported. However, the AScILS project was not a direct test of program
effectiveness. Indeed, the model has been supported by empirical evidence, and a num-
ber of manuscripts are under review and in preparation. The project has shown that
involving students in research strengthens their commitment to a science career when
they experience increased confidence in their research skills and identity as a scientist
(Chemers 2006). A recently-begun renewal grant aims to understand more specifically
how mentoring influences the development of science self-efficacy and identity.

In summary, formative evaluation of the 2001 PDP intensive workshops helped to
shape the structure of subsequent conferences, which focused more precisely on inquiry
methods of science education. Furthermore, the evaluation stimulated the idea to de-
velop measures of scientific knowledge, skills, and attitudes for use as self-assessments.
This idea eventuated in the Assessing Scientific Inquiry and Leadership Skills (AS-
cILS) applied research project. As the PDP progressed through annual cycles, Lisa
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Hunter made it possible for AScILS researchers to make presentations at several PDP
intensive workshops, serving the dual purpose of teaching PDP participants some ba-
sics regarding social science research while testing measures for the AScILS project.
Several of these synergistic activities are described next.

3.2. Applied Research Intersects with Pedagogy

By April 2004, the AScILS team had learned that their proposal was likely to be ap-
proved. Organizers for the May 2004 PDP intensive workshops gave Goza time in
the schedule to try out a model for a science skills simulation while teaching partic-
ipants basic concepts related to planning and assessing organizational training. Goza
described Goldstein’s Instructional System (Goldstein 1992), a 3-stage model that in-
cludes: 1) Assess training needs, 2) Design and implement training to meet those needs,
and 3) Evaluate the training. The session participants reviewed some of the issues in-
volved with developing measures of training effectiveness, including the need to tap
into three domains of learning: knowledge, skills, and attitudes. Participants then
worked through a problem that had been designed to measure individual and group
decision-making skills (Chemers, Goza, & Plumer 1979). In this exercise, people read
information about a problem, and solve the problem as individuals. Then, in groups of
three, they share the information they have read and come to a group decision. Effective
group decisions require that all the information from each individual is communicated
in the group and used to make the group decision. Goza’s question to the PDP partici-
pants was this: How can we generalize this problem-solving exercise to a topic within
adaptive optics?

After this workshop experience, one of the PDP participants and later a PDP staff
member, astronomy graduate student Lynne Raschke, developed an “AScILS Adaptive
Optics (AO) Simulation Proto-Prototype.” She envisioned the problem to be used with
Center for Adaptive Optics undergraduate interns. In this adaptation of an existing
activity on Shack-Hartmann wavefront sensors and optimal subaperture sizes, three-
person engineering teams designed a new adaptive optics system for an existing 3-meter
telescope. The activity required students to clearly communicate the information each
was given about such a system and then, as a team, make a design choice that balanced
competing effects for an optimal solution.

After piloting this proto-prototype, we realized that we needed to develop a simu-
lation that did not require specialized knowledge. The science and engineering support
programs under study were quite diverse, with diverse knowledge bases. Although not
ultimately used in the AScILS project, the AO simulation proto-prototype was an essen-
tial intermediate step. After much information gathering, we chose scientific reasoning
as the research skill to test, and we developed and used two simulations. Principal
Investigator Martin Chemers wrote a simulation based on a malaria problem. Eliza-
beth Espinoza, a chemist and former CfAO participant and staff member, developed a
forensics simulation. Jerome Shaw led the AScILS team through multiple iterations of
developing the simulations themselves and the rubric to be used for scoring students’
responses.

By the 2006 PDP intensive workshops, the AScILS malaria scientific reasoning
simulation was ready for piloting. For the 2006 PDP, Shaw and Espinoza organized
a working session “Focus on Assessment.” The session had three major intended out-
comes for PDP participants: 1) clearer understanding of assessment, what it is and
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how it works; 2) deeper understanding of what makes a “good” scientific explanation,
and 3) first-hand experience using a rubric to score student explanations. Participants
learned that assessment is a process of reasoning from evidence; and more specifically,
that scientific explanations state a claim, cite evidence that supports that claim, provide
reasoning that links the evidence to the claim, and address assumptions and limita-
tions. Participants learned how rubrics are used to evaluate the quality of constructed
responses to a prompt or question, and then practiced using the pilot rubric for the AS-
cILS malaria simulation. This hands-on experience gave participants an opportunity to
use a rubric, and gave Shaw and Espinoza valuable information for shaping both the
rubric and the simulation. Shaw and Espinoza ended the session with a challenge to
participants to include a performance assessment in their own CfAO designs. During
the rest of the workshops, they provided participants with additional sample rubrics,
rubric websites, and professional consultation regarding how to implement rubrics and
performance assessments in their inquiry designs. Shaw emphasized an assessment
mantra: Standards (evidence of what?), Tasks (how to gather evidence), and Rubrics
(how to score the evidence). This early session influenced the subsequent development
of a number of PDP practice-based sessions that involve using explanation rubrics.

Thus protoplanet research tools developed through the synergy of pedagogy and
applied research. In 2004 and again in 2006, PDP intensive workshops participants
both learned about assessment and piloted simulations for use in the AScILS project.
These activities further influenced PDP program evaluation.

3.3. Return to Program Evaluation: Further Synergies with Pedagogy and
Applied Research

3.3.1. Learning while Doing: Involving Undergraduates in Program Evaluation

As is true in many universities that emphasize undergraduate education, UCSC spon-
sors internships in which undergraduates apply the concepts and techniques they are
learning in the classroom. In a two-quarter field experience, psychology undergraduate
Glenn Reyes worked under the supervision of Barbara Goza to evaluate PDP effective-
ness. After reading background information and observing a PDP workshop, Mr. Reyes
entered and analyzed data from the survey that participants completed after the 2008
PDP intensive workshops. In this process, he learned to organize, enter, and check
quantitative and qualitative data; to use the analysis software most frequently used in
psychology (Statistical Packages for the Social Sciences); to content analyze open-
ended responses; and to write an evaluation report. His work was very useful to the
PDP staff members, providing a good model for analyzing and reporting survey data.

The questions Mr. Reyes focused on addressed part of the PDP theory of action,
assessing how much participants valued the conference in four respects: 1) for their
development as science educators, 2) in feeling supported as graduate students, 3) in
being part of a community, and 4) overall. Participants judged these aspects of the
workshop using a 4-point scale (1 = not at all valuable; 4 = very valuable) and wrote
comments explaining their ratings. The participants’ responses were overwhelmingly
positive. The mean ratings for the four questions ranged from 3.46 to 3.94, averag-
ing 3.78, very valuable. In their open-ended comments about the overall value of the
workshop, participants most often mentioned new skills (15 of 65 comments).
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These survey data confirmed staff members’ beliefs that participants had positive
attitudes about the 2008 PDP intensive workshops. That is an important finding. An
initial step in many program evaluation efforts is to understand how participants react
to various aspects of the program. If participants’ reactions are negative, significant
program re-design efforts are called for, with subsequent program evaluation activities
that re-visit the issue of participants’ reactions. When program evaluation indicates that
participants are satisfied with their experience, evaluators can turn their attention to the
next question: what do participants learn? This is a question that often goes unasked,
because it requires time, resources, and courage to assess gains in knowledge and skills.

3.3.2. Using Rubrics to Assess Knowledge

One goal of the PDP is to help early-career science and engineer educators use teach-
ing strategies and foster learning environments that promote equity and inclusion. A
number of workshops aimed at accomplishing this goal focus on weaving inclusive in-
structional strategies into inquiry laboratory activities. A more thorough description
of the PDP workshops and philosophy related to diversity and equity can be found in
Hunter et al. (this volume). To assess potential changes in their knowledge of inclusive
strategies, participants are asked to respond, both before and after their PDP experi-
ence, to a question regarding how they would engage a diverse undergraduate student
population through their teaching and research. PDP staff members’ analysis of these
responses was heavily influenced by their collaboration with the AScILS project and
the Shaw/Espinoza presentations at the 2006 PDP intensive workshops. More specif-
ically, PDP staff members developed and implemented a rubric to assess responses to
the survey question; we consider this rubric another “protoplanet” in our astronomy
metaphor (Figure 1). Another paper in these proceedings (Metevier et al., this volume)
describes this evaluation in detail and shows that participants demonstrated more ad-
vanced understanding after PDP training than before. This careful analysis, completed
by PDP staff members with the support of program evaluation staff, provided in-depth
understanding of changes in knowledge, which would not have been visible from read-
ing a report of the pre- and post-PDP scores. PDP staff members found that developing
and using a rubric allowed for greater inter-rater reliability than other analysis tech-
niques that were attempted. Furthermore, use of the rubric helped the PDP staff clarify
goals for participants and better articulate diversity-related expectations to them. The
practice implications were therefore made much more visible, and immediate changes
in goals and workshop curriculum were implemented.

3.4. Pedagogical Implications: Piloting the Scientific Reasoning Simulation in
the Classroom

In the original AScILS proposal, Chemers and colleagues stated their intention that
the simulations developed through the project could be used productively as classroom
assessments, both to evaluate education needs and to develop skills. As an initial step
toward this goal, the AScILS team (including Goza and Shaw) invited a doctoral student
(Geaney) who was concurrently a high school AP Biology teacher to pilot one of the
simulations, the Malaria Epidemic Simulation (MES), in his classroom (see Geaney &
Shaw 2010).

Throughout the process, the team learned that using the MES for instructional
purposes requires a unique set of considerations that are typically not considered when
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used for strictly measuring purposes. For instance, Geaney was interested in the poten-
tial value of the MES as an instructional tool because of support for scientific reasoning
in National Science Education Standards (NRC 2000) and science education literature
(e.g. Jiménez-Aleixandre & Erduran 2008). His interest in supporting student learn-
ing, not just measuring it, led him to design several tasks during a week-long unit after
students individually completed the MES. These tasks and surrounding curriculum are
another forming “protoplanet” in Figure 1. Students (1) explained their MES responses
to 2-3 peers, (2) reported the consensus small group responses to the whole class, (3)
used actual responses from their peers to discuss criteria for quality scientific reasoning
articulated in the rubric, and then (4) individually revised their original responses based
upon the feedback they received via the scoresheet.

Given the dual purpose of the study—to determine if the MES could be produc-
tively used in a classroom setting and to use the MES to support student learning of
scientific reasoning, an important step was to decide how we would evaluate the pro-
ductiveness of the simulation as a classroom assessment. Guided by both teacher action
research methodology and affective processes, we relied heavily upon Geaney’s written
reflective field notes, student scores on the simulation, and the students’ attitudes as
measured through a series of questionnaires throughout the weeklong unit.

Overall, Geaney’s reflection of the experience revealed that he was able to translate
the MES into a productive classroom assessment after making several key decisions—
aligning the MES to the curriculum, considering appropriate modifications to the MES
(none was needed), supplementing the MES with instructional tasks, and deciding how
to give student feedback. Student scores on the MES and student responses to survey
items provided Geaney with evidence of students’ scientific reasoning and affect during
the simulation that he could use to inform instruction. Moreover, the same information
provided AScILS team members with evidence regarding the ability of the instructor to
distinguish patterns of student performance and comparisons with the performance of
other groups completing the simulation.

In summary, from both teacher and AScILS researcher perspective, the Malaria
Epidemic Simulation (MES) was productively used as a classroom assessment of sci-
entific reasoning, based upon Geaney’s reflections, student performance, and student
self-reported attitudes. Furthermore, we learned about the differences in using the MES
as a measuring tool versus an instructional tool and the requirements for translating be-
tween the two. As is highlighted in other stories throughout this paper, the study was
a collaborative learning experience in which research informed practice and practice
informed research.

3.5. A New Applied Research Beginning: Study of Engineering Problem Solving

As their assessment-related work with PDP participants progressed over the years,
Hunter and Shaw noticed a tension between explanations in the scientific sense and
explanations in the context of engineering. In recent years, the PDP has increasingly
focused on explanation/argumentation, and in 2009 implemented a generic “base ex-
planation rubric,” another “protoplanet” in Figure 1, which all PDP participant Design
Teams adapted to fit the content of their instructional activities. For example, a Design
Team developed an activity on telescopes in which the learners designed, prototyped,
and reported on a telescope with specified requirements. The accompanying rubric for
this task evaluated the learners’ ability to articulate their design (or solution) and evalu-
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ate the tradeoffs, such as resolution and field of view. Rubrics such as this were a good
first step, but PDP organizers and facilitators identified the need to provide additional
support to Design Teams with an engineering focus (as compared to science).

To address this need, Hunter, Shaw and colleagues developed a proposal to NSF
titled “Promoting Engineering Problem Solving Through Argumentation and Reason-
ing” or PEPSTAR. PEPSTAR’s overall goal is to improve engineers’ ability to gen-
erate well-conceived solutions to technological challenges and persuade others of the
merits of such solutions. The project supports the acquisition and enhancement of
these problem solving and argumentation skills by clearly articulating an “engineering
argumentation” framework—an engineering version of scientific argumentation—and
integrating it within instructional and assessment materials. The PEPSTAR project
uses a mixed methods design to (a) identify key components of engineering argumen-
tation [construct clarification], (b) determine the extent and ways in which engineer-
ing argumentation can be reflected in generic and task-specific rubrics and associated
educational materials and activities [construct representation], (c) reliably score engi-
neering argumentation-related events and artifacts [measurement of construct], and (d)
document the enhanced acquisition of problem solving skills resulting from the use of
engineering argumentation rubrics and associated educational materials and activities
[learning of construct].

Data gathered from focus groups, interviews, and surveys with engineering stu-
dents and practicing engineers as well as a comprehensive review of the literature will
undergo iterative content analysis to inform the articulation of the engineering argumen-
tation framework. In turn, this information will guide the standardized development of
generic and task-specific rubrics whose validity is established via expert reviews. The
rubrics will be used to evaluate emerging engineers’ performances of and products from
tasks that elicit elements of the engineering argumentation framework, both in formal
educational and workplace settings (e.g., college classes and industry internships, re-
spectively). Scores of individual performances and products done by multiple raters
will be statistically analyzed to determine reliability levels. Multiple scores of the same
individual’s performances and products over time will indicate changes in her or his
ability level.

Although yet to receive funding, the idea behind PEPSTAR—improving engi-
neers’ ability to generate well-conceived solutions to technological challenges and per-
suade others of the merits of such solutions—continues to receive attention in the PDP.
PDP staff and Design Teams continue to grapple with how to convey an engineering
version of the scientific explanation in a rubric that can be used to evaluate the quality
of participants’ engineering-oriented explanations. This topic is an ongoing area of in-
terest and development, and Hunter, Shaw and colleagues will continue to seek funding
to support this innovative work. Preliminary work is funded by the Akamai Workforce
Initiative, a partnership of the National Science Foundation, the Air Force Office of
Scientific Research, and the University of Hawaii.

4. Development of Researchers with Social Science at the PDP

In the following paragraphs, several researchers describe their professional trajectories,
the paths that brought us to the PDP/EPC research, and how that work influenced sub-
sequent professional movement. Because this section of the Conference Proceedings
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is titled “Perspectives,” we have taken the liberty to write in our own voices, outside
the boundaries of disciplinary scripts. We hope this section is useful to illustrate the
variety of ways that a cross-disciplinary group of researchers at multiple stages in their
careers affect and are affected by synergies in the interaction of social science research
activities such as these.

4.1. Barbara Goza

The set of social science research activities at the CfAO PDP represents the pinnacle of
my career, which had a shaky start. I switched to a psychology major after a chemistry
teaching assistant told me, “The lab is no place for singing, and it’s no place for girls.”
I didn’t believe him, but I also didn’t want to fight that particular battle. In my first
social psychology class, I was swept away by the potential of attitude change theories
to engage many problems I was interested in—social justice, effective learning, and
creative teamwork. Like a religious convert, I believed Kurt Lewin’s famous dictum
that there is “nothing so practical as a good theory” (Lewin 1951, p. 169). Through
further education and experience in social/organizational psychology, I developed a set
of theoretical perspectives, research skills, and attitudes that prepared me to integrate
theory and practice as a program evaluator and as a college professor. Theoretically,
I view organizations as systems and try to understand how people interact with each
other and organizational structures and resources to produce intended and unintended
outcomes. I use Michael Q. Patton’s (1997) “Utilization-Focused Evaluation” princi-
ples to frame my work in program evaluation. The bottom line in this approach is that
at each step in the evaluation process, from design to reporting, it is essential to keep in
mind the potential uses and users of evaluation results. I also embraced former Ameri-
can Psychological Association president George Miller’s challenge to “give psychology
away” (Miller 1969). As director of program evaluation in community mental health
and in educational outreach, and as a faculty member at California State Polytechnic
University Pomona, I developed strategies to involve undergraduate and graduate stu-
dents in program evaluation and applied research. As I now switch to semi-retirement,
my continuing work focuses on helping others develop social science skills, knowledge,
and sensitivities to make a difference in the same issues I started with: social justice,
effective learning, and creative teamwork. There is still more to do.

4.2. Lisa Hunter

In my professional life I have always gravitated to boundaries and borderlands—the
places that are in that gray area that is neither this nor that. I was educated as a chemist,
and found a research niche diving for marine sponges to study their chemistry, becom-
ing passionate about finding sponges by learning their preferred environment. After
hundreds of hours underwater, I left behind my identity as a chemist called “Sponge
Woman,” spent some time at home bringing two boys into the world, and then moved
on to a career that was once again at an interface. I took a position coordinating a
program that promoted the advancement of community college students from under-
represented groups into biomedical research careers. This turned out to be a change in
career paths that I have followed ever since. Embedded in an academic research envi-
ronment, working with students who had minimal access to research careers, and who
were faced with the tough transition from a community college to a research university,
and a radical change in their sociocultural environment, I started on a career trajectory
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that encapsulates many of my values, goals and interests. I moved from that position to
the Center for Adaptive Optics, continuing to design programs that promote diversity
and equity in science and engineering.

Over the years, I have engaged in evaluation, educational assessment, and re-
search, looking for ways to learn about the programs I manage, and to find compelling
evidence for their effectiveness. As Director of Education at the Center for Adaptive
Optics, I was given great latitude in determining what was needed and what would
be convincing. This freedom to be innovative (time, funding, and a funding agency
charge to become leaders) allowed our team to meander between educational research,
educational assessment and evaluation. The blurry edges became more interesting and
stimulated completely new ideas and projects, drawing me to collaborate with a broader
range of people. Questions about the implementation and effectiveness of a program
sometimes led to more basic questions that could lead to more generalizable results,
and thus moved us from evaluation into research. In other cases we realized that the
effectiveness of a program would best be established by assessing the learning of a par-
ticular outcome. The points where we crossed over between evaluation, research, and
assessment are for me the most interesting, challenging and rewarding. As a program
“practitioner” I find that this edge, where I lose sight of which world we’re in, is the
most interesting and rewarding. I dwell in these boundaries, occasionally uncomfort-
able with a sense of not quite belonging in one world or the other, but gradually learning
that this is where I learn and thrive.

4.3. Jerome Shaw

Spanning more than three decades, my work in education focuses on understanding and
improving the educational experiences of culturally and linguistically diverse students
in science. My own experiences as a classroom teacher, teacher educator and speaker
of Spanish as a second language inform and continually reinforce my desire to develop
and implement new ways to ensure that such students, typically under-served by the
U.S. educational system, are active participants in and contributors to science teaching
and learning that enriches their lives and communities.

My career as a formal educator began as a student in Stanford University’s teacher
education program (STEP). After completing STEP and earning a teaching credential,
I spent eleven years teaching in California public schools, at both the elementary and
secondary level. I taught multiple science disciplines (primarily biology) in a variety of
settings including typical schools and outdoor field schools, and in mainstream and
bilingual (English-Spanish)/multilingual classrooms. These varied experiences pro-
vided me with multiple insights regarding the challenges to and possibilities for eq-
uitable science education. I have firsthand experience with the struggles teachers face
in striving to engage students in science learning that is meaningful to those learners’
lives. I am disheartened by the neglect, even disrespect, some educators and educa-
tional policies display for the resources students from different cultural and language
backgrounds bring to learning. My research and teaching agendas are motivated by the
desire to make positive changes in these areas.

While a classroom teacher I participated in Stanford education professor Lee Shul-
man’s teacher assessment project. This experience caused me to reflect deeply on my
practice as a teacher and inspired me to pursue a doctorate in education. With guid-
ance from Ed Haertel, my advisor, my interest in improving educational opportunities
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and outcomes for underserved students led me to conduct my dissertation research on
performance assessment in high school science classrooms designed for and composed
of English Language Learners (ELLs, students whose native language is one other than
English). This study (Shaw 1997) documented ways in which performance assessments
are amenable to, yet challenging for, ELLs.

After receiving my doctorate in 1994, I worked for nine years at WestEd (formerly
Far West Laboratory), one of the nation’s premier regional educational laboratories.
While there I assisted science education reform efforts in several states—particularly
Arizona, California, and Texas—tackling issues such as the alignment of curriculum,
instruction, and assessment with content standards, and changing classroom practices
to improve student learning. I also maintained direct ties with academia by teaching
courses on content area instruction and student assessment in the STEP program and
presenting at meetings of research-oriented organizations such as the National Associ-
ation for Research in Science Teaching (NARST).

Since arriving at UCSC in 2003, I have pursued a research program whose uni-
fying theme is the improvement of science instruction for English Language Learners.
In particular, I have developed an explicit focus on the relationship of assessment to
this larger process. Consequently, my research agenda has four strands: (1) achieve-
ment gaps in science, (2) fairness in science assessment, (3) assessment development,
and (4) science teacher development. I have pursued this work through various means
including the statistical analysis of classroom-level and nation-wide data sets, the crit-
ical examination of assessment items from those two sources, the development of new
performance assessments, and the facilitation of professional development workshops
for teachers. My work documents and elucidates differential patterns of performance
and their related factors, highlights ways in which assessment practices can be im-
proved, provides models for assessing key scientific constructs, and develops empiri-
cally proven methods and materials that enhance teachers’ ability to provide effective
science instruction for ELLs. Given the increasing diversity of the U.S. school age
population, especially the continuous rise in the number of ELLs in K–12 classrooms,
this context heightens the need to investigate issues of diversity and equity with respect
to teaching, learning and assessment in science, an essential content area for human
literacy in the 21st century.

4.4. Anne Metevier

I enjoyed many different subjects in school, and had a very difficult time choosing a
major when I got to college. I chose physics because I liked using math to describe the
way objects move and interact in nature, and I was particularly motivated by the idea
that, as I moved forward in my education and career, I would learn more about how to
participate in the creative processes of doing science. (The other frontrunners among
my college major choices were creative writing and piano performance.) While these
“processes of doing science” were not necessarily taught intentionally in my college
courses, I was fortunate to work with a group of excellent mentors on a set of research
projects outside of my formal coursework. These mentors helped me focus my studies
toward the sub-field of astrophysics, in particular the study of galaxy evolution. As
I moved on to graduate school, I worked with another advisor who willingly spent a
great deal of time fostering my research process skills, pushing me to the very edge
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of my own thinking and urging me to develop new analysis techniques as I became an
independent researcher. He also encouraged my growing interest in teaching.

When the first PDP intensive was held in 2001, I was at the mid-point of my
graduate career. Though my advisor was encouraging, I did not know how to add the
teaching-related training and practice I wished for into my research-intensive career
preparation. The PDP experience was transformative for me as a participant. I began to
understand that research process skills could be taught formally, and need not depend
solely on working with a particularly effective advisor. As I began to think about teach-
ing process skills, I reflected more deeply on the areas where my own skills needed im-
provement, and I was able to have more fruitful discussions with my advisor and other
research collaborators. I developed long-lasting personal and professional relationships
with many other PDP participants who not only had strong research backgrounds, but
also placed great importance on teaching.

The PDP experience, including the opportunity to design and teach inquiry activ-
ities, helped me to secure prestigious postdoctoral and faculty-level job opportunities.
For family reasons, I have chosen not to take on a faculty position (for now), but instead
work as an independent researcher and education consultant. Much of my work is still
PDP-oriented: I am a PDP staff member and I support PDP program evaluation. This
work is incredibly fulfilling, as it combines the creative processes and interdisciplinary
approach that I have always found stimulating. I relish working with other PDP staff
members and collaborating researchers on brainstorming new ways to bring ideas from
the social sciences into our approach to teaching the natural sciences, and investigat-
ing new ways to use analysis techniques from many fields to look at the evidence of
whether our approaches to teaching and to training new educators are successful.

4.5. Edward Geaney

In Thomas Kuhn’s (1970) influential theory of scientific revolutions, he states that
“[i]n science. . . novelty emerges only with difficulty, manifested by resistance, against
a background provided by expectation” (p. 64). From undergraduate education to high
school teaching to graduate school, I have been fortunate to experience new approaches
to research and learning. Those experiences, in which I had to resist, negotiate, or em-
brace a new paradigm are what helped me develop intellectually as both an educator
and a researcher.

The pursuit of explaining the world around us is what led me to begin a major in
Biochemistry. I spent two years immersed in the natural and physical sciences before I
found myself shifting from an interest in explaining biochemical reactions to explaining
thought and behavior. Now as a psychobiology major, I first encountered a research
paradigm that attempted to explain what goes on in individual minds and between minds
to make sense of the natural world. These courses bridged the natural and the social
world and broadened my understanding of learning and thinking.

The next major intellectual step came when I took an undergraduate class in which
we observed actual secondary science classrooms. Science was now not just a way to
explain the natural world, but a process to learn—one that can empower students to
think about the world around them and be “critical consumer[s] of scientific knowl-
edge” (Osborne 2007, p. 177). I was hooked and enrolled in a teacher education pro-
gram, where I encountered multiple learning paradigms. My working biological defi-
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nition of learning as “a modification of behavior due to experience” would not suffice
in education. Learning could be conceptualized as socially constructed, as shifting in
participation levels, as internalization of cultural norms. I still embraced science, but
resisted some of its core epistemological stances.

My desire to explain and promote science teaching and learning led me to grad-
uate school where now I was learning about research in completely new ways. Once
again, I encountered multiple paradigms that advanced my thinking. I was invited to
pilot in my classroom a scientific reasoning assessment that was originally used for the
Assessing Scientific Inquiry and Leadership Skills project. Throughout this study, I
drew upon several learning and research paradigms to not only study student learning
of scientific reasoning, but also teach scientific reasoning. Both roles informed each
other. I continue to draw upon multiple paradigms as I develop as a science education
researcher and a science educator.

4.6. Glenn Reyes

When I chose Psychology as my major, I wanted to find a unique and important area of
psychology to pursue as a career. Through various research internships during my time
as an undergraduate, I developed a passion for the research process as well as the area
of Industrial/Organizational (I/O) Psychology, and I soon realized that this was my call-
ing card. No experience was more instrumental in helping me choose my career path
than my time as a program evaluation assistant for the Transforming Undergraduate
Laboratory Experiences in Science (TULES) project. Using the innovative work of the
CfAO PDP as a foundation, the TULES project aims to redesign and improve under-
graduate science and engineering lab courses by engaging undergraduate students from
diverse backgrounds in the process of science and/or engineering. Participants partake
in a series of training workshops aimed at designing and implementing inquiry-based
laboratory units in formal university and community college environments. As an un-
dergraduate program evaluation assistant for TULES, I feel very fortunate to have been
a part of this noteworthy project for several reasons. First, this internship allowed me
to work closely with several intelligent and well-respected individuals, notably Barbara
Goza, from whom I learned a great deal. Second, I was given an excellent opportunity
to make a positive contribution to this project and further develop my research skills.
Some of my responsibilities included participating in various aspects of planning and
evaluation, content analysis of open-ended responses, analyzing quantitative data us-
ing SPSS, and data entry of survey/questionnaire responses. Undoubtedly, these tasks
have given me significant experience which I continue to apply to this day. Third, this
internship has played an instrumental role in shaping my career goals. Due in part to
my experience working on this project, I have made it my ambition to attain a master’s
degree in I/O Psychology, which potentially would allow me to continue to work in the
field of program evaluation. Finally, my position as a program evaluation assistant has
been a stepping stone to future opportunities. Without question, this internship helped
me land my current occupation as a Research Assistant for Kaiser Permanente, and I
am positive that it will continue to open doors for me down the road.

4.7. Themes in these Trajectories

The essays in this section were written by a heterogeneous group of people. By disci-
pline, there are two from education, two psychologists, one chemist, and an astrophysi-
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cist. By career stage, we have three early in their careers, two at mid-career, and one
late-career. While they each played a specific role in the research at the PDP/EPC inter-
face, most have played the multiple roles of educator, researcher, and program manager,
often at the same time and in a number of settings. A common theme is the passion
for research shared by this group, with a particular passion for research that helps to
reduce the gap between the haves and have-nots in our society. We see a shared value
of working in multiple settings, with multiple paradigms, in order to more personally
experience and understand human dynamics. The stories also make visible the impor-
tance of early research experiences in shaping career trajectories.

These essays reveal how the lives of the researchers have developed along with the
social science at the Center for Adaptive Optics. While the PDP was being evaluated,
conceptual models tested, and assessment tools developed, these individuals and their
colleagues created a community of researchers dedicated to common goals and values.
Individual researchers used the experience to learn skills, knowledge, and attitudes that
shaped their own careers. The social science conducted by the group provided infor-
mation for improving program activities and for understanding the active ingredients
in science support programs. We believe this valuable confluence of group and indi-
vidual outcomes can be replicated in other settings. We describe below some of our
conclusions regarding what it takes to make that happen.

5. Conclusion

The synergies described in this paper relied on cross-disciplinary, intergenerational
teams with leaders who had strong convictions about the work and courage to go along
with those convictions. As seen in Figure 1, the teams from the newly-emerging stars,
PDP and EPC, were in close proximity. The shared location within the University of
California Santa Cruz provided relatively easy access for collaboration, as potential
partners met formally and informally to discuss common interests. The university’s
dual mission of research and education enriched this formation region with faculty, stu-
dents, libraries, and other resources. Social science activities swirled around the PDP
and EPC, leading to the development of research tools represented as protoplanets.
With current technologies to facilitate communication across long distances, it may not
be essential that potential collaborators be in close proximity. However shared goals
and activities are necessary. We believe it is also essential that some of the partners
function in a university environment, where learning – of disciplinary knowledge and
of individuals – is the primary mission.

The cross-disciplinary nature of the teams was necessary to ensure that the social
science research reflected realities of the science education being studied. For exam-
ple, an important step in development of the malaria and forensics scientific reasoning
simulations was to get input from experts in these areas to ensure realism. The intergen-
erational nature of the teams was also useful. Those who study Buddhist teachings learn
to bring a “beginner’s mind” to their daily experiences, to see the universe through fresh
eyes, un-blurred by previous history or expectations (see, e.g. Suzuki 2006); ready to
resist or embrace, open to experience and eager to learn. The early-career researchers
on the team helped us see the work with beginners’ minds, through their fresh com-
ments and questions. The mid-career researchers helped us stay focused on the task
at hand, as their personal career goals provided direction and energy. The late-career
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researchers provided wisdom of experience and patience that comes with greater focus
on succession planning for others than on promotion of their own careers. Both the
cross-disciplinary and intergenerational collaborations were facilitated by “boundary-
crossing” skills and attitudes: mutual respect as a foundation for communication, ne-
gotiating relationships, coordinating actions, resisting the gravitational pulls of a single
or higher status discipline or generation.

Lisa Hunter and Carrol Moran, the leaders of the Center for Adaptive Optics Pro-
fessional Development Program and the Educational Partnership Center, respectively,
were vitally important. Each had a vision for how social science activities could be
integrated with educational activities, and a clear commitment to obtaining rigorous
evidence about the value of the work being performed under their purview. Each had
the courage to “hold the space” in the context of short program time and budgets, to
assign resources for the collaborations. We hope that these examples can be useful to
others as they create their own solar systems, swirling with program evaluation, applied
research, educational assessment, and social science pedagogy; making decisions about
educational programs, improving education, and adding to the knowledge base about
science education.
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Jiménez-Aleixandre, M. P., & Erduran, S. 2008, in Argumentation in science education:
Perspectives from classroom-based research, edited by S. Erduran, & M. Jiménez-
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