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Preface

We live in turbulent but exciting times!

The U.S. economy is struggling to recover from a great recession. As we do so,
the circumstances within which we hope to rise are not those from which we came.
We are entering what some have termed “The Third Industrial Revolution.” In this
new world, what characterizes a leading economy is not factory production lines
producing well-designed machines. Rather, it is the ability to serve the informa-
tion and communication needs of populations approximating those of the entire
Earth. Specifically, the United States can no longer enjoy an unchallenged position
of leadership in this new world. Our preeminence is being challenged by many
countries and societies from both the developed and developing worlds.

In this new world, much depends on the capabilities of a nation’s citizens in
high technology. Those capabilities depend critically on the quality and levels of
education of those citizens, from kindergarten through graduate school. It is, thus,
not surprising that the performance of education institutions in the United States
has become the subject of national concern. Where once we could take pride in
being at the top of the world in education, comparative international studies show
that we are sliding down into the middle of the pack, not so much because we are
failing to meet our traditional standards, but because other nations are on innova-
tive and creative tracks that enable them to overtake and surpass us.

This is of particular concern because this new world requires a citizenry well
informed about technical matters and well educated in the STEM (science, technol-
ogy, engineering, and mathematics) subjects. It is not solely economic issues that
require such skills, but many political issues as well, including environmental and

Vii
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energy issues. For example, climate change (or disruption) has become a central
problem for all of us, including our children.

The first letter of STEM is for science. The component parts, including physics,
chemistry, biology, and Earth sciences, are not interchangeable. Physics is the
fundamental science that provides the foundation for all others. Education in
physics, at all levels, forms the gateway into technological competence and expertise
in almost everything of importance in our new world. Evidence indicates, however,
that the physics community remains in a traditional mode in which the primary
purpose of physics education is to create clones of the physics faculty. Yet there
are notable exceptions. Over the past several decades, active research by physicists
into the teaching of their subject has yielded important insights about what can
be done to heighten the quality of students’ understanding of the universe—at all
levels. But this new knowledge is slow to find significant adoption, nor is it fully
understood by physics faculty.

This report was commissioned by the National Science Foundation to examine
the present status of undergraduate physics education, including the state of physics
education research, and, most importantly, to develop a series of recommendations
for improving physics education that draws from what is known about learning
and effective teaching. Our committee has endeavored to do so, with great interest
and more than a little passion.

Our committee was composed of a broadly diverse pool of concerned physicists.
These individuals brought a considerable breadth of experience and expertise
and an understanding of the landscape of current physics education as well as an
appreciation for how education research has begun to transform understanding
of student learning. What they all shared is a deep dedication to physics and the
ways of thinking that characterize it. That’s where the passion came from. There
are two popular maxims about physics: “Physics is a social science,” and “Physics
is a contact sport.” Both were demonstrated in our work. I thank all the members
of the committee for their deep engagement in and devoted attention to meeting
our charge. It was a great pleasure to work with them.

Finally, let me thank the talented members of the NRC staff who supported us.
They include Jim Lancaster and Caryn Knutsen, who kept us on track, and Don
Shapero, representing the Board on Physics and Astronomy.

Donald N. Langenberg, Chair
Committee on Undergraduate Physics Education Research and Implementation
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Summary

The Committee on Undergraduate Physics Education Research and Imple-
mentation was established in 2010, under the auspices of the Board on Physics
and Astronomy, by the National Research Council. This report is the committee’s
response to its statement of task, which is given in full in Appendix A. Its central
charge is as follows:

The committee will produce a report that identifies the goals and challenges facing under-
graduate physics education and identifies how best practices for undergraduate physics
education can be implemented on a widespread and sustained basis. In so doing, the com-
mittee will assess the status of physics education research (PER) and will discuss how PER
can assist in accomplishing the goal of improving undergraduate physics education best
practices and education policy.

THEMES

In the course of the committee’s work several themes emerged:

* PHYSICS IS FUNDAMENTAL AND FOUNDATIONAL: Undergraduate
physics education provides students with unique skills and ways of thinking
that are of profound value to the students and to society.

a. Physics explores and answers the most fundamental of questions: the
origin of the universe, the nature of matter and energy, and symmetries
and laws that shape everything. It provides a framework and discipline
for probing these questions, whose range of applicability extends far
beyond the physical sciences.

Copyright © National Academy of Sciences. All rights reserved.
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AparTing TOo A CHANGING WORLD

. Physics students learn to develop conceptual and mathematical approaches

to models to help them understand complicated systems and solve com-
plex problems. As a result of learning the inquiry process and ways of
thinking used in physics, students with a physics education are prepared
for success in complex analytical professional programs such as medicine,
business, finance, and law.

Physics is concerned with topics that underlie most other branches of
science and engineering, and it is relevant to current societal concerns
such as energy, nanotechnology, and national security.

e SYSTEMIC TENSIONS: The familiar college environment in which physics
is currently taught is threatened by powerful, rapidly changing external
forces, and U.S. physics departments will either adapt and improve or fade.

a.

Although many students (~500,000/year) study introductory physics,
only about 1 percent end up with physics degrees. At many institutions,
the number of majors is so low that it invites merging of the physics
department with other science departments.

. Electronic communication and networking technologies are transform-

ing, in both positive and negative ways, all educational institutions and
programs, including physics.

Economic realities are pressing undergraduate physics education (and all
of higher education) to achieve reduced costs and improved outcomes.

. Universities and colleges, including their physics departments, have

generally been slow to make changes that adequately respond to these
challenges.

*  MAJOR CHALLENGES: Current practices in undergraduate physics educa-
tion do not serve most students well.

a.

b.

Important groups remain underserved by the current paradigm (women,
underrepresented minorities, prospective high school teachers).

As evidenced by pre- and post-testing, most students taking introductory
physics do not gain a genuine understanding of the concepts, practices
of inquiry, or mental habits used in the discipline.

Improvements are needed in the initial and subsequent professional
training provided to physics teachers, particularly those teaching in K-12.

. Impediments to needed change include economic constraints, tradi-

tional academic cultures, and institutional structures.

The subject matter and skills that undergraduates study have remained
largely static for more than 50 years. Students learn little about current
discoveries and research, which they might find exciting or relevant to
their lives.

Copyright © National Academy of Sciences. All rights reserved.
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IMPROVEMENTS EXIST: Substantial improvements in undergraduate
physics education have been made with existing knowledge and resources
in a variety of contexts; encouraging and preserving these gains requires
a symphony of efforts by many different participants, and improving on
them requires continuing research and development.

a.

Novel curricula, materials, and approaches to instruction exist that have
demonstrated improved results, not only in students’ conceptual and
quantitative knowledge of physics, but also in their ability to engage in
scientific inquiry.

. Some physics departments have demonstrated how to be attentive to

their student communities, attract more students to physics, retain them
through the major, and support them in a variety of career aspirations.
There is a substantial and growing research base on which institutions
can draw to improve educational practices.

. Implementing change will require concerted efforts at a range of levels,

from individual physics faculty and departments to top administrative
levels in universities, state and federal governmental agencies, research
funding sources, and professional associations.

SCIENTIFIC APPROACH TO PHYSICS EDUCATION: Future improve-
ment of undergraduate physics education depends critically on a vigor-
ous physics education research enterprise and effective application of its
findings.

a.

Physics education research has emerged relatively recently as an impor-
tant element of the broader academic exploration of the science of
teaching and learning.

. Physics education research has yielded findings that are being applied

in the development of better educational practices in some institutions
and that could be more universally adopted.

Education research in physics is a rapidly growing field and is still finding
answers to important questions about learning and pedagogy. Physics
education research needs systemic support to fuel future improvements
in education.

These challenges and potential solutions are explored in detail in Chapters 1
through 3.

RECOMMENDATIONS

In Chapter 4, the committee offers suggestions and recommendations to each
of the major audiences whose active and concerted engagement is essential to
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BOX S.1
Places to Start

Websites with easy-to-access information that discusses or provides links to sources that
cover many of the topics in this report include comPADRE (http://www.compadre.org) and the
PER Users’ Guide (http:/perusersguide.org/).

building a successful future for undergraduate physics education. Following is a
summary of key recommendations and related detailed recommendations. Addi-
tional detailed recommendations are presented in Chapter 4.

Recommendations for Individual Physics Faculty

Individual physics faculty should improve their courses, using objective
evidence to judge success. Faculty members should:

+  Become knowledgeable about educational innovation in physics and the
importance of active engagement of students in the learning process (see
Box S.1).

+  Engage colleagues in discussions of learning goals, measures of outcome,
and strategies for a scientific approach to teaching and evaluating students’
learning, and observe successful approaches to engagement in classroom
settings.

+ Review and modify courses to reflect the needs of different segments of the
student community, including those who might succeed in physics with
some additional or different types of help.

+  Assess the knowledge, skills, and attitudes of students by using research-
based instruments and methods.

+ Engage students in a discussion of why and how evidence-based methods
that engender effective learning require changing the teaching and learning
processes.

Recommendations for Physics Department Leadership

Department leadership should create a culture of continuous improvement
in which educational innovation is encouraged, sustained when it succeeds, and
tolerated when it fails. Departmental leaders should:

Copyright © National Academy of Sciences. All rights reserved.
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+ Discuss and consider how to implement physics-specific learning goals,
recognizing the needs of varying student constituencies, the needs of future
employers and teachers of these students, and the views of alumni.

+ Establish collective responsibility and a commitment to incremental
improvement, based on research on programs and courses.

+ Provide and participate in professional development opportunities for
faculty.

+ Provide leadership to implement and support reforms.

Recommendations for Higher-Level Academic Administrators

Academic leadership should encourage faculty groups to seek improvement
and should reward faculty and departments that are successful at implementing
positive changes. Administrators should:

+  Set the tone at the top.

+ Establish a teaching and learning group or unit to advise and support fac-
ulty engaged in pedagogical improvements.

+  Provide incentive funding to faculty who wish to implement evidence-based
pedagogical improvements.

+  Support faculty who conduct discipline-based education research and the
establishment of faculty lines and/or interdisciplinary units to help develop
the growth of education research in university science, technology, engi-
neering, and mathematics (STEM) departments.

+ Include, for all faculty who teach, education research and development
among the factors considered in reward structures, not just for those faculty
who conduct discipline-based education research.

Recommendations for Funding Agencies

Funding agencies should support positive change at all levels and should
support fundamental educational research, development, adoption, and dis-
semination. More specifically, agencies should:

+ Support a balanced portfolio that includes dissemination of good practices
as well as applied and foundational education research.

+ Educate principal investigators in all areas of physics research about how
PER methods and PER-based materials can help them build a relevant edu-
cational component for their research projects so that they have a broader
impact on the formal or informal education of broad and diverse popula-
tions of learners.
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+  Support development, validation, and implementation of new assessment
instruments and provide standards for their interpretation.

+ Promote dissemination strategies and research on such strategies that more
effectively help faculty and departments incorporate the results of educa-
tion research into their courses.

+ Support research into the impact of instructional improvements on stu-
dents from groups underrepresented in physics and the impact on capable
students who choose not to pursue physics.

Recommendations for Education Researchers

Physics (and other) education researchers should focus some of their efforts
on critical areas, including improving fundamental understanding of learning
and instruction, and developing and disseminating improved assessment tools
and instructional methods and materials. Researchers should:

+  Develop assessments to include all components of expert physics learning,
including physics reasoning, problem solving, experimental practices, effec-
tive study habits and attitudes, and other capabilities important for a good
education.

+  Develop and disseminate homework and exam problems that require and
assess desirable skills.

+  Study what makes effective teaching assistants and learning assistants and
provide guidance for those preparing and training them.

+  Apply physics education research more extensively to upper-division courses.

+  Continue and expand research on the impact of research-based instruc-
tional improvements on underrepresented groups and on students who are
capable but now drop out of physics.

+ Continue research efforts that develop a foundational knowledge base for
physics education.

Recommendations for Professional Societies

Professional societies should emphasize the importance of education research
and play a major role in the dissemination of its results, recognizing those who
successfully improve instruction. Professional societies should:

+  Publicize the results and endorse the importance of educational developments.

+  Collect, review, and make available Web-based resources for individual
faculty.
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+  Convene community leaders and practitioners on a regular basis to discuss
and share implementation of better practices.

+ Publish physics education research in the general physics journals (e.g.,
Physical Review Letters and Reviews of Modern Physics) and review in
society journals other types of teaching-learning applications in addition
to textbooks.

+  Expand at meetings the presence of sessions on educational innovations
and practices.

+ Help guide students’ expectations and improve students’ understanding of
pedagogical improvements.

We must all act, and now! In the words of Johann Wolfgang von Goethe:
“Knowing is not enough; we must apply. Willing is not enough; we must do.”
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Introduction:
Physics Is Amazing and Practical
and Must Be Taught Better

Physics is the curiosity-driven study of the inanimate natural world at a very
fundamental level that extends across all nature—from the extremes of empty space
itself, time, light, energy, elementary particles, and atoms through many orders of
magnitude to stars, galaxies, and the structure and fate of the universe. At all levels it
shares the objective of a deep conceptual and mathematical understanding. Physics
is widely appreciated for the beauty of its concepts, but it is valued for its immense
range of predictive power and life-improving applications.

People’s overall economic well-being is roughly measured by gross domestic
product (GDP) per person. Amazingly, this index was essentially flat from Egyptian
times up to the mid-18th century (Hansen and Prescott, 2002). Since then, GDP per
person has increased 20-fold in the United States and other “first world” countries
where circumstances allowed innovators to apply knowledge originating in various
subfields of physics to societal problems. From this perspective one sees that suc-
cessive revolutions in fundamental physics have been tightly interconnected with
technological advances that have each substantially improved our lives:

«  Newtonian mechanics—Industrial revolution based on engineered machines;

*  Thermodynamics—Steam engines to power machines, railroads, steamboats;

*  Electricity and magnetism—Electrical power distribution system, motors,
lights, telegraphs, electronics;

*  Quantum mechanics—Lasers, atomic clocks, chemistry;

*  Nuclear—Atomic energy, medical diagnosis and treatments;

8
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+  Condensed matter physics—Transistors and integrated circuits, computers,
fiber optics, materials like liquid crystals (e.g., liquid-crystal displays),
polymers, superconducting technology and materials; and

*  Modern physics research—Mining large data sets, the World Wide Web.

This vast amount of understanding resulted from a new way of thinking about
natural phenomena—the scientific method—in which hypotheses are expressed in
a precise, generally mathematical, form that enables exact predictions; then testing
these hypotheses and generally exploring nature with insightful and precise experi-
ments; and then refining those hypotheses or, when merited, replacing them with
new ones. Among the fruits of this process is the ability to make models of natural
processes that predict the behavior of things in advance, e.g., the number of looms
that can be powered by a particular waterfall, the effect of cross-connections on a
polymer or a highway system, the takeoff speed of an airplane, and so on.

The beauty of this intellectual approach and its remarkable cornucopia of
insights, knowledge, and applications has captured the imaginations of people for
centuries and attracted them to study, research, and develop applications in physics.

Some undergraduates are attracted to take and major in physics by the beauty
of its intellectual approach and finesse of the related experiments and apparatus.
However, many more take physics as a required course in another major’s cur-
riculum because of the foundational role it plays in developing an understanding
for other branches of science and engineering. In fact, only slightly more than
1 percent of students who take an introductory physics course end up obtaining
an undergraduate degree in physics.

Too often, introductory physics has been cast as a subject that only a tiny elite
could truly master. As a result, many students have viewed it as too difficult or
unpleasant, and so have chosen not to pursue physics and other STEM majors.
This has detrimentally affected not only the health of undergraduate physics and
other STEM programs, but also the intellectual health of the nation.

Currently undergraduate physics education is especially challenged by finan-
cial constraints and by limited success in appealing to many of the demographic
groups that represent an increasing fraction of today’s incoming students and in
providing enough physics teachers for high schools. Addressing these challenges
requires that the physics community take a close look at the issues related to under-
graduate physics education and pursue paths that can lead to improved student
understanding of physics, reasoning skills, and attitudes toward physics. As shown
in this report, recent developments in physics education research, computer-based
instruction, and social networking can guide undergraduate physics education to
more positive outcomes.
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UNDERGRADUATE PHYSICS EDUCATION IN
A RAPIDLY CHANGING WORLD

Higher education is beset by change on many fronts: changes in the student
populations, transformations in societal needs, financial pressures, and technolo-
gies that enhance and threaten to replace the college and its classrooms. Higher
education must prepare students for a world in which intelligent systems allow
anyone to find even arcane bits of knowledge, which greatly reduces the value of
knowing a large number of detailed facts. Robots and intelligent programs make
possession of specialized information and skills less valuable and have reduced the
number of routine, middle-skilled jobs, as well as some jobs thought to be immune
from automation, such as librarians, lawyers, and, potentially, teachers. In addition
to providing the basic scientific competency in physical sciences that is needed in
many professions (AAMC-HHMI, 2009), higher education must prepare its gradu-
ates to do nonroutine highly skilled work that

... cannot be reduced to an algorithm that is programmed into a computer or robot, or
easily digitized and outsourced abroad. These jobs involve critical thinking and reason-
ing, abstract analytical skills, imagination, judgment, creativity, and often mathematics.
They require the ability to read a situation, to extrapolate from it, and to create some-
thing new—a new product, a new insight, a new service, a new investment, a new way of
doing old things, or new things to do in new ways in an existing company. (Friedman and
Mandelbaum, 2011, p. 75)

While Friedman and Mandelbaum discuss the abilities needed for employment,
these aptitudes are essential if future citizens are to function effectively and to make
intelligent decisions about many aspects of life in a contemporary democratic society.
Today, higher education must prepare graduates for an international arena in which
being competitive requires the ability to learn new things, understand complex
systems, manage large sets of data, think creatively and critically, communicate, and
collaborate. As a discipline, physics has much to contribute, not only for the subject
matter—the phenomena, concepts, and theories—but also for the disciplinary prac-
tices of empirical and theoretical inquiry. As emphasized earlier, the former are of
foundational importance across all of science and engineering, while the latter are
non-routine skills of critical importance in our constantly changing modern society.

In STEM fields especially, these developments are forcing faculty to rethink
their roles as teachers and researchers. They must understand pedagogical advances,
identify the needs of current-day students, and effectively employ new technolo-
gies in all aspects of their professional lives. Higher-education faculty must also
understand the developments in distance learning, respond to external and internal
financial pressures, and above all, they must continually reevaluate their role in
educating a diverse citizenry and its future teachers.
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Recent research in physics education and cognitive studies has revealed far
more about the way humans learn physics than was known in the past. The
ability to mine data about detailed student performance and habits, conduct
relatively clean learning experiments in online environments, and process educa-
tional research data much more comprehensively could accelerate this educational
understanding. This knowledge can potentially enable the physics community to
constructively address the many new pressures on it and to better help students
enjoy the excitement of learning physics and its methods. However, doing so will
require that physics faculty become more aware of these developments and be
willing to adopt them.

The lecture-recitation-laboratory approach to physics education was developed
more than a century ago, when the student body was far more uniform than today
and the opportunities for students to learn using technology and via experiences
outside college were virtually nonexistent. Physics education will clearly need to
adapt and change in response to changes in the students and their experiences on
the one hand, and advances in the understanding of learning on the other. Together,
this will require changes that are foreign to most faculty members’ experience
and will challenge institutional inertia. At the same time, social, economic, and
governmental forces are transforming the environment in ways that are relentless,
unavoidable, and not always welcome.

The need for the physics community to engage the many challenges fac-
ing undergraduate physics education and to solve them using a research-based
approach that generates sustainable improvement is the driving force for this
report.

Technology—Engine of Change

Disruptive applications of technology to education offer both enhancements
and challenges to traditional ways of teaching, especially by offering novel learning
experiences that are inexpensive and scalable. As discussed in Chapter 2, online sim-
ulations can supplement or even replace traditional laboratories, and online home-
work tutorial systems such as MasteringPhysics.com or Andes.org have replaced
graded homework. Currently, both commercial organizations (Coursera and
Udacity) and a consortium of universities (edX) offer free online introductory
physics courses, which can ultimately be accompanied by a verified certificate of
completion. Additionally, new approaches to educational data mining and online
intelligent tutors show promise for providing assessments of student learning
habits and their relationship to their future rate of learning (Baker et al., 2011).
The combination of educational data mining with various types of complete online
learning environments offers an unprecedented opportunity to study and improve
free online learning and to blend it with on-campus learning.
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Building communities of practice or interest is a key component of these new
learning environments for both students and teachers. Such communities can exist
both in the moment (e.g., skyping together three students puzzled by the same
question) and as permanent means of support (e.g., teachers in different small
departments teaching the same course). While communities of 40 years ago were
often limited to individuals in our classes or on our campuses, communities of
learners today transcend boundaries of geography, culture, and language. At the
same time, these communities often form around interest rather than being con-
strained by geographic lines. Research has demonstrated that interactions (student-
to-student, student-to-teacher, student-to-content, and so on) are important to
learning and are critical to addressing learning disparities and underrepresentation,
and so these interactions must remain an integral part of even the most technologi-
cally advanced learning environment (Seymour, 1995; Seymour and Hewitt, 1995;
Springer et al., 1999; Brahmia and Etkina, 2001).

Economic Forces

Over the past dozen years, the United States has endured two major economic
downturns. For public higher education, these economic pressures have resulted
in major decreases in public support, with the net effect often being the transfer
of more of the cost of education to students. These pressures have also resulted in
significant cost cutting, which has often affected physics departments directly.
In private higher education, the rapid increase of tuition above the rate of infla-
tion has compelled many institutions to lower their standards of admission in
order to find paying students and to rely increasingly on adjunct faculty to provide
instruction. Many of these factors have combined to push college loan debt to more
than 1 trillion dollars,! where it raises general concern, especially in the face of the
inability of many recent college graduates to find well-paying jobs.

The deterioration of U.S. investment in undergraduate STEM education and
the resultant anticipated damage to the national economy have been well docu-
mented in other studies, such as Rising Above the Gathering Storm: Energizing and
Employing America for a Brighter Economic Future (NAS-NAE-IOM, 2007); its
sequel, Rising Above the Gathering Storm Revisited: Rapidly Approaching Category 5
(NAS-NAE-IOM, 2010); and Engage to Excel: Producing One Million Additional
College Graduates with Degrees in Science, Technology, Engineering, and Mathematics
(PCAST, 2012). These studies document that the other large and growing econo-
mies (for example, those of Brazil, Russia, India, and China) have chosen to increase
investment in higher education—especially in science and engineering—while the

! See FinAid Page, LLC, “Student Loan Debt Clock,” available at http://www.finaid.org/loans/
studentloandebtclock.phtml.
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United States has chosen to reduce these investments. Thomas Friedman’s series
of books—from The World Is Flat: A Brief History of the Twenty-First Century
(Friedman, 2005) to That Used to Be Us: How America Fell Behind in the World It
Invented and How We Can Come Back (Friedman and Mandelbaum, 2010)—have
brought this disastrous situation to the attention of a wide public audience.

To address these challenges the report by the President’s Council of Advisors
on Science and Technology (PCAST), Engage to Excel, advocates an increase of
1 million STEM graduates over the next decade. The report notes that “increasing
the retention of STEM majors from 40 to 50 percent would, alone, generate three
quarters” of this target (PCAST, 2012, p. 5). This retention goal must be achieved
for physics majors, of course, but even more important is that introductory physics
is required of nearly all STEM majors. Therefore, many of the students who drop
the course or fail it are forced to abandon their dream of a STEM career. Increasing
the retention rate while maintaining a quality education for future physicists and
other STEM majors is a necessity for our nation.

The risk inherent in the economic pressures of declining state resources was
illustrated by policy changes in Texas in the Fall of 2011. The Texas Higher Education
Coordinating Board decided to close physics programs with fewer than 25 majors
graduating in the past 5 years (Matthews, 2011; Luzer, 2011). An express motivation
was to increase STEM graduates by diverting students, and ultimately resources,
away from inefficient and inequitable programs, which happened to include many
physics programs. According to the American Physical Society, if such a policy was
applied nationwide, it would close more than 60 percent of all physics departments
nationally—forcing the closure of 174 physics programs in public institutions alone.
Of particular concern, implementation of this criterion would terminate the physics
programs of all but 2 of the 34 historically black colleges and universities, causing a
huge impact on the diversity of the physics community (Hodapp, 2011).

The committee notes, in passing, that the research enterprise as practiced in the
large research universities is also feeling the pressure of state cutbacks and draco-
nian cuts to federally funded research. As the American Institute of Physics (AIP)
reported in 2011, “the President’s Council of Advisors on Science and Technology
(PCAST) met to hear from experts about the future of research endeavors in the
United States. To open the meeting, PCAST Co-Chair John Holdren noted that
fiscal restraints created by the difficult budget environment will make it harder to
make the investments necessary in science and technology to maintain American
dominance in these fields” (Kronig, 2011).

This situation places physics higher education in a dilemma: the urgent need to
become more effective (in terms of learning and retention for both physics majors
and other students served by physics educators) without additional resources to
enable that change. Thus, the physics community needs to make bold changes in
direction that are needed to ensure the opportunity to thrive in the coming decades
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and to educate the next generations who will maintain a strong global science- and
technology-based economy. Dramatic advances to be made at unpropitious times
are not unprecedented in U.S. history. For example, at the height of the Civil War
in 1862, President Lincoln signed the Morrill Act to create the land grant colleges,
which have since developed into most of the flagship and other highly respected
public universities.

Is the physics community prepared to respond in a way that can forestall national
decline? Doing a much better job teaching the students that it touches is a crucial
aspect of an adequate response. These students include both future physics majors
and those who will enroll in a physics course while they concentrate in other fields.

Changing the Educational Paradigm

Traditional undergraduate physics education, as practiced in much of the 20th
century, centered on teaching facts and procedures using the lecture-recitation-lab-
oratory format to a student body largely made up of white males. The preeminent
goal now is to educate students in what are sometimes called 21st-century skills—
things like self-learning, complex problem solving, critical thinking, and collabora-
tion. Moreover, the students who must learn these skills today are representative of
current U.S. demographics, not the select group of the past century. Obviously, the
traditional educational paradigm for teaching undergraduate physics must change.

For much of the 20th century, physics was crucial to national defense, the
value of physics was accepted by most college students, and introductory physics
was often used as a filter to select the most desirable physics majors. Times change:
The Union of Soviet Socialist Republics became the former Soviet Union, the acco-
lade “nuclear physicist” for a smart person was replaced by “rocket scientist,” and
even experimental physicists can no longer repair their automobiles. Yet physics
has maintained its selectivity and, over the 40-year period from 1965 to 2005 (see
Figure 2.1), has limited itself to a 20 percent growth in numbers of majors, while
STEM majors overall have increased 200 percent. For many of the institutions
where physics is now taught, maintaining physics as a viable undergraduate major
requires that introductory physics courses attract more students to physics. For the
good of the country, introductory physics must also help to attract more majors
to STEM and other majors for which it is a required course. This is particularly
true with respect to women and minorities—a demographic that now comprises
around 73 percent of college students.? In fact, the declining fraction of college

2 According to the National Center for Education Statistics, in 2010 slightly more than 21 mil-
lion students were enrolled in degree-granting institutions, and approximately 5.6 million of them
were white males. Digest of Education Statistics 2011, Table 238. Available at http://nces.ed.gov/
pubs2012/2012001.pdf.

Copyright © National Academy of Sciences. All rights reserved.



Adapting to a Changing World--Challenges and Opportunities in Undergraduate Physics Education

Puysics Is AmMazing anp Pracricar anp Must Be Taveur BETTER

15

students majoring in physics these days is largely a reflection of the fact that only
a very small fraction of these demographics are attracted to the physics profession.
While many factors are at play, at least part of the reason why more students from
these demographics chose not to pursue physics is that they fail to see the excite-
ment and joy that physicists feel in the process of studying, experimenting with,
and understanding the natural world, seeing only the drudgery of performing
well on the next test (Krogh and Thomsen, 2005; Sharp, 2004; Scott and Martin,
2012). Students do not realize that appreciation of a sunset or a rainbow can be
enhanced by the explanation that physics provides for these phenomena. They do
not realize that a wide range of everyday devices—from an MRI to the scanner
at the grocery store—depend critically on the discoveries of physics, as do many
branches of science and engineering. While recognizing that many of the students
taught in introductory physics courses have specific physics knowledge goals that
must be met, those teaching such courses also should engage students in thinking
about physics in a broader context. Rather than simply memorizing answers for
the next test, they should be puzzling about some of the profound and unanswered
questions currently being addressed in physics, such as dark matter or relativity.
Some work (Treisman, 1992; Brahmia, 2008; Beichner, 2008) has demonstrated that
innovations that increase student engagement, whether pedagogical or technologi-
cal, are critical to all students and particularly important to retention of students
from underrepresented populations.

Over the past few decades, research in physics education and cognitive sci-
ence has helped to increase understanding and inform the process of learning
and teaching physics. In particular, physics education researchers—an inter-
disciplinary community centered predominantly in departments of physics—
have been engaged in complementary efforts to understand how students learn
physics and how to use that knowledge to improve physics teaching and learning.
Much of this knowledge has been translated into practices with demonstrated
improvements in student learning. (See Chapter 3.) The physics education com-
munity has also learned that the widely used lecture-based classroom instruction
is not nearly as effective in teaching students or creating positive attitudes toward
physics as many have assumed. Discovering the limits of the lecture-based para-
digm of instruction ironically coincides with a growing collection of excellent
lectures delivered by prestigious lecturers for free over the Internet. They may
render the traditional large university lecture classes obsolete more quickly than
the discoveries of learning theory. Much more needs to be learned, but researchers
are beginning to understand why some practices are more effective than others.
While some undergraduate physics educators have responded to this new flow
of information, ideas, and technologies, the community of physicists is in an
early stage as a formal discipline of both research in physics education and the
application of its results.
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An overarching theme has emerged from educational research: Learning
improves when students are interactively engaged with their peers, their instructors,
and the material being learned, and when they are integrating the newly learned con-
cepts with their previous ideas, whether learned in a formal classroom or in everyday
life. While this statement does not sound revolutionary, it does emphasize that
success in learning is more strongly determined by how successfully and frequently
students are engaged in the learning experience than by the content knowledge
or the delivery skill of the instructor. This research finding does not devalue an
instructor’s role, but it indicates the most accessible path to improving effectiveness.

To address these findings, some physics education researchers have focused on
the creation of new instructional tools that can be incorporated into conventional
course structures and then learning outcomes with these new tools are measured.
These efforts include student response systems (or “clickers”) that can help make
lectures interactive; interactive small group activities based on research about spe-
cific conceptual difficulties; structured collaborative group work; undergraduate
peer instructors or “learning assistants”; computer-based laboratory instruments
and software to facilitate real-time data collection and analysis; and Web-based
systems for simulations, class preparation, lectures, and homework. Other physics
education researchers have focused on wholesale course redesign, creating uni-
fied in-class activities where students work together to make sense of concepts,
problems, and experimental phenomena rather than maintaining the traditional
separation of lecture, recitation, and laboratories.

These new tools and courses, some of which are described in Chapters 2 and
3, have been evaluated and refined through extensive research in a large number of
undergraduate classes. As this report documents, they show evidence of significant
gains in student learning, in particular with respect to conceptual understanding.
Further, evidence indicates that retention of majors increases when students are
involved in active engagement during the beginnings of their undergraduate careers
(PCAST, 2012, p. 8). In these ways, physics education research has provided guid-
ance for significant, near-term improvement of physics instruction.

THEMES

During the committee’s extended deliberations, five basic themes recurred
frequently. These themes, discussed briefly above, permeate this report. They and
their components are listed below, along with some comments on where in this
volume they are discussed further.
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Physics Is Fundamental and Foundational

Undergraduate physics education provides students with unique skills and
ways of thinking that are of profound value to themselves and to society.

a. Physics explores and answers the most fundamental of questions: the origin
of the universe, the nature of matter and energy, and symmetries and laws
that shape everything. It provides a framework and discipline for probing
these questions whose range of applicability extends far beyond the physical
sciences.

b. Physics students learn to develop conceptual and mathematical approaches
to models to help them understand complicated systems and solve complex
problems. As a result of learning the inquiry process and ways of thinking
used in physics, students with a physics education are prepared for success
in complex analytical professional programs such as medicine, business,
finance, and law.

c. Physics is concerned with topics that underlie most other branches of sci-
ence and engineering, and it is relevant to current societal concerns such
as energy, nanotechnology, and national security.

These ideas are discussed above, and in Chapter 2.

Systemic Tensions

The familiar college environment in which physics is currently taught is threat-
ened by powerful, rapidly changing external forces, and U.S. physics departments
will either adapt and improve or fade.

a. Although many students (~500,000/year) study introductory physics, only
about 1 percent end up with physics degrees. At many institutions, the
number of majors is so low that it invites merging of the physics depart-
ment with other science departments.

b. Electronic communication and networking technologies are transform-
ing, in both positive and negative ways, all educational institutions and
programs, including physics.

c. Economic realities are pressing undergraduate physics education (and all
of higher education) to achieve reduced costs and improved outcomes.

d. Universities and colleges, including their physics departments, have gener-
ally been slow to make changes that adequately respond to these challenges.
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These dangers are both internal and external and must be addressed by physi-
cists and by all involved in undergraduate education. Some of these dangers have
been discussed in this chapter; others will be included in the discussion of the
present landscape in undergraduate physics education, Chapter 2.

Major Challenges

Current practices in undergraduate physics education do not serve most stu-
dents well.

a. Important groups remain underserved by the current paradigm (women,
underrepresented minorities, prospective high school teachers).

b. As evidenced by pre- and post-testing, most students taking introductory
physics do not gain a genuine understanding of the concepts, practices of
inquiry, or mental habits used in the discipline.

c. Improvements are needed in the initial and subsequent professional train-
ing provided to physics teachers, particularly those teaching in K-12.

d. Impediments to needed change include economic constraints, traditional
academic cultures, and institutional structures.

e. The subject matter and skills that undergraduates study have remained
largely static for more than 50 years. Students learn little about current
discoveries and research, which they might find exciting or relevant to their
lives.

This theme is discussed primarily in Chapter 2, which looks at the present
landscape of undergraduate physics education and issues that have been raised by
the changing content of physics, the nature of 21st-century students, and the skills
needed by those students for addressing modern societal issues.

Improvements Exist

Substantial improvements in undergraduate physics education have been made
with existing knowledge and resources in a variety of contexts; encouraging and
preserving these gains requires a symphony of efforts by many different partici-
pants, and improving on them requires continuing research and development.

a. Novel curricula, materials, and approaches to instruction exist that have
demonstrated improved results, not only in students’ conceptual and quan-
titative knowledge of physics, but also in their ability to engage in scientific
inquiry.
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b. Some physics departments have demonstrated how to be attentive to their
student communities, attract more students to physics, retain them through
the major, and support them in a variety of career aspirations.

c. There is a substantial and growing research base on which institutions can
draw to improve educational practices.

d. Implementing change will require concerted efforts at a range of levels,
from individual physics faculty and departments to top administrative
levels in universities, state and federal governmental agencies, research
funding sources, and professional associations.

These points are elaborated in Chapter 3.

Scientific Approach to Physics Education

Future improvement of undergraduate physics education depends critically
on a vigorous physics education research enterprise and effective application of
its findings.

a. Physics education research has emerged relatively recently as an important
element of the broader academic exploration of the science of teaching and
learning.

b. Physics education research has yielded findings that are being applied in
the development of better educational practices in some institutions and
that could be more universally adopted.

c. Education research in physics is a rapidly growing field and is still find-
ing answers to important questions about learning and pedagogy. Physics
education research needs systemic support to fuel future improvements in
education.

Chapter 3 gives a short review of physics education research and some of its
applications to undergraduate physics education. This research provides a foun-
dation on which to build the next generation of undergraduate physics education
programs. Chapter 4 concludes with suggestions and recommendations about
future directions for undergraduate physics education.

CONCLUDING THOUGHTS

The committee’s judgment is that substantial improvement of undergraduate
physics education will benefit the physics community, students, and our nation
and must be undertaken because of the many challenges facing physics education
today. Fortunately, physics educators have learned and continue to benefit from
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a robust and growing physics education research literature and community. The
insights gained through this scholarship, and through an increasingly sophisticated
set of assessments, allow evidence-based decisions on improving undergraduate
education. Furthermore, information technology, although just beginning to touch
physics education in profound ways, has the potential to significantly improve the
way students engage with and learn physics on both large and small scales. The
committee emphasizes that physicists and physics departments live in a broader
community that, if ignored, will bypass physics to find solutions to important
contemporary problems that are partially physicists’ responsibility to help address.
Included in this list are the effective preparation of high school physics teachers and
the education of a workforce whose competence requires critical thinking, abstract
analytical skills, and some knowledge of how physics relates to what they are doing.
If the solutions developed without the physics community’s involvement are of low
quality, then the community will be partially to blame.

Finally, student perceptions, attitudes, social networks, and the environment in
which they develop have changed profoundly over the last several decades, and the
U.S. population is increasingly diverse in ethnicity and socioeconomic class. Failing
to understand and address today’s nontraditional students threatens to undermine
our effectiveness in preparing scientists and a science-literate population for the
coming generations.

The committee recognizes the difficulty of implementing change in the current
environment of financial pressure and diminishing support for the physics enter-
prise. At research universities the intense pressure for research productivity leaves
the faculty member with difficult choices about how to devote time and effort, and
at many other institutions the requirement to teach several courses simultaneously
prevents devoting efforts to implementing even established reforms in some of
them. Often individual faculty members have little motivation to consider improve-
ments in the teaching environment while their departments are faced with pres-
sures to increase “efficiency” in order to save institutional resources. The committee
also recognizes the historical inertia that leads most to teach as they were taught and
to view with caution any proposed changes that require substantial effort. However,
in spite of these issues the committee believes that our community can improve the
undergraduate physics experience and that our community must make appropriate
changes before it is coerced by outside forces. Thus, this report strongly encourages
faculty, departments, administrators, funding agencies, and professional societies
to take a scientific approach to our own practice and to inform themselves of the
research and development that can help the physics community make measurable
and desirable improvements in undergraduate physics education.
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The Current Status of
Undergraduate Physics
Education

The first step in improving undergraduate physics education is understanding
the landscape in which the subject is being taught. Among the external forces that
are shaping higher education, some offer opportunities not available even a few
short years ago, while others constrain possibilities that could spur innovation.
Internal factors associated with curriculum, instructional practices, and diversity
also help define the challenges the physics community faces in trying to achieve
widespread and sustained improvement in undergraduate physics education. This
chapter surveys the landscape, identifying areas of concern, sources for optimism,
and strategies worth supporting.

Among the most predominant characteristics of the landscape is the existence
of change. Classes have gotten bigger, student demographics have shifted, and tech-
nology is transforming the way students communicate with each other and with
educators. Strong economic pressures are bearing down on educational institutions
such that discussions about “value added assessment” and “accountability,” which
have had a significant impact on K-12 public education, are now affecting post-
secondary education as well.

Change is also taking place in the way that undergraduate physics is taught.
In recent decades, researchers, many of them physicists, have been engaged in
efforts to understand the processes of learning and teaching physics. Some of that
knowledge has been translated into practices that have been demonstrated to have
positive impacts on student learning. Other techniques have turned out to be not
nearly as effective as may have been thought (or hoped).

23
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The first section of this chapter, “The Students,” addresses the most impor-
tant part of the evolving landscape—the students themselves. This section can be
thought of as the “who, where, and why” of undergraduate physics education, start-
ing by reminding readers of the variety of reasons that students take undergraduate
courses in physics. Basic data about enrollment trends are presented, including
figures relevant for physics majors, groups that are traditionally underrepresented
in science-based careers (women and certain minorities), and future K-12 teachers.
These data set the stage for the discussions in the following section.

The second section, “The Educational Landscape,” addresses the “what and
how” of undergraduate physics education. It is the committee’s judgment that the
future of physics depends on undergraduate programs that maximize the effective-
ness of instruction, educate students in both fundamental physics and contempo-
rary topics, recruit and retain the most talented students from all segments of the
population, and ensure that tomorrow’s K-12 teachers can prepare tomorrow’s
K-12 students for the challenges of higher education. Meeting these challenges in
turn relies on the existence of tools for gauging the extent to which changes produce
the desired outcomes, and on physics faculty who are both equipped to engage in
educational innovation and supported in doing so.

Throughout this chapter, recent national studies are drawn upon that have
examined a particular aspect of physics education in depth, such as teacher prepa-
ration, the status of women and minorities in physics, or characteristics of thriving
programs. A list of these studies and other resources can be found in Box 3.1.

THE STUDENTS

Undergraduate Education in General

Many of the changes taking place in undergraduate physics classrooms
reflect more general transformations happening across higher education. The
demographics of those enrolled in undergraduate institutions are shifting. Over-
all enrollment is increasing, as are the fraction of students who are part-time and
the fraction who are over 25 years old.! These “nontraditional” students may have
different experiences and expectations, and often they are seeking degrees while
working and raising families and, thus, have very different constraints than the
full-time, on-campus students that many of us think of as the norm.

The fraction of students from ethnic minorities is also increasing, especially
at two-year colleges (TYCs). According to a recent study, “these large percentage
enrollments among underrepresented students mirror the ethnic populations in
the geographic communities of the two-year colleges” (Monroe et al., 2005, p. 60).

! See National Center for Education Statistics, “Fast Facts,” available at http://nces.ed.gov/fastfacts/.
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College-level education is increasingly being offered in environments not
traditionally associated with undergraduate education. Almost one-third of all
higher education students now take at least one course online (Sloan Consortium,
2011). Organizations that collect and disseminate “open educational resources”
have grown out of the original “open courseware” movement. YouTube videos and
online discussion forums offer students a wide range of learning opportunities that
go beyond the curriculum offered by their instructors. Prestigious institutions are
among those offering free “massive open online courses” (MOOCs). Online courses
are of varying quality, but in some cases, test scores and student satisfaction are at
levels equal to or greater than traditional learning environments (Lovett et al., 2008;
Higher Education Funding Council for England, 2012; National Survey of Student
Engagement, 2008). While distance education is hardly new, the rapid growth in the
number of such courses being offered is forcing many educational institutions to
look seriously for the first time at both the educational and financial implications.

College-level instruction is also increasingly common on high school cam-
puses. The National Center for Education Statistics reported that in 2003 more than
800,000 students at public schools were enrolled in dual credit courses, including
Advanced Placement (AP) physics courses, in which they earn college and high
school credit simultaneously. About two-thirds of these students were taking the
courses at a postsecondary institution, the others at a high school. As these numbers
increase, the availability of highly qualified high school teachers becomes critical.

Undergraduate Physics Education

In any given academic year, about 500,000 students take an introductory under-
graduate physics course somewhere in the United States. Of those, 20 percent are
at a 2-year college (White, 2012). Students take introductory physics for a variety
of reasons. Some are attracted to the beauty and power of physics, which may lead
to a major or minor in the subject, often beginning with an honors-level introduc-
tory course. For students pursuing degrees in education, the arts, social sciences,
or humanities, their interests may lead them to enroll in a nonquantitative physics
course (as with titles like “physics for poets” or “physics for future presidents”).
However, the majority of students take physics as a foundation for other sciences
and engineering or as a foundation for training in the health sciences. The pro-
grams that require physics do so for a variety of reasons, but it is not strictly for the
content of introductory courses. Equally valued (or, in some cases, more valued)
is the sense that physics is where students can learn to appreciate the essence of
building predictive models of the world, verifying them, and using them to model
reality (Van Heuvelen, 1991; Greca and Moreira, 2002; NRC, 2003).

These goals and statistics are mentioned here because they are important to
keep in mind when discussing the current status of physics education and future
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directions. In particular, only 3 percent of all undergraduates are enrolled in an
undergraduate physics course at a given point in time;? of those, only a small
percentage, slightly over 1 percent, end up with a physics degree. These numbers
serve as a reminder that most students never take a physics course. Those who do
have mostly practical reasons for doing so and stop as soon as they have fulfilled
program requirements.

The diversity of students’ motivations and interests and the range of math-
ematical skills they bring to the study of physics complicate the selection of goals
and topics for any introductory course. The common practice is to emphasize a
wide variety of topics that differ little between algebra- and calculus-based courses.
This chapter later discusses a few innovative efforts that attempt to differentiate
introductory courses—tailoring them to suit the needs of different groups of stu-
dents, while preserving, or even increasing, the emphasis on the fundamental ways
of reasoning about the world that characterize physics.

Segments of the Physics Student Population

Different subpopulations of physics students present different challenges for
developing an effective strategy for improving undergraduate physics education.
Some brief statistics are given below about three such groups—physics majors,
students from populations that are traditionally underrepresented in science-based
careers, and future K-12 teachers. Other groups of students, such as those who take
physics courses to fulfill general education courses, are also important but are not
the focus of this report.

Physics Majors

For many physics faculty, physics majors are seen as the principal means by
which the field is perpetuated, and for many outsiders, the number of majors
enrolled in a department is viewed as the principal means for measuring that
department’s vitality. Thus, despite the fact that they represent a very small fraction
of the students who take physics courses, physics majors are crucial for the disci-
pline. Three statistics are important to note. First, a large minority (~30 percent)
of physics graduates earn degrees in departments that produce, on average, five or
fewer majors per year. While local factors, such as institutional size and mission,
help determine the “right” number of majors for a given department, as discussed
in “Economic Forces” in Chapter 1, those departments perceived as having low

2 According to the National Center for Education Statistics, in 2010 slightly more than 21 million
students were enrolled in degree-granting institutions (Digest of Education Statistics 2011, Table 238,
available at http://nces.ed.gov/pubs2012/2012001.pdf).
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enrollment may be vulnerable to cost-cutting measures that depend heavily on
the number of majors.

Second, while the number of physics undergraduates has increased in the past
decade, over the past 40 years that number has been relatively unchanged, in con-
trast to the number of graduates in all other science, technology, engineering, and
math (STEM) disciplines (see Figure 2.1). The President’s Council of Advisors on
Science and Technology recently called for producing 1 million additional college
graduates with STEM degrees to help retain U.S. preeminence in science and tech-
nology and to meet critical future workforce needs. In the committee’s judgment,
increasing the number of students holding physics degrees should be an important
component of the response to that call (PCAST, 2012).

Third, as noted in “Future K-12 Teachers” below, only one-third of those teach-
ing physics have a major in physics or physics education (Neuschatz et al., 2008).
Increasing the number of physics majors has been called out as an important step
in addressing this shortage (Mulvery et al., 2007).

The diversity of goals for students in introductory courses extends to physics
majors as well. About 35 percent of those who obtain a bachelor’s degree continue
to graduate study in physics or astronomy, with another quarter entering graduate
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FIGURE 2.1 Annual graduates in all STEM fields and physics for the past 40 years. SOURCE: Data
from the National Center for Education Statistics; graph from Ted Hodapp, American Physical Society.
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studies in other areas, while another 35 percent enter the workforce upon gradua-
tion (Tesfaye and Mulvey, 2012)in a wide variety of careers (see Figure 2.2). These
numbers have implications for the design of programs that prepare majors to
succeed in a variety of endeavors. However, for those physics majors who will be
responsible for teaching physics to future generations, the undergraduate courses
they take should serve as models for how the subject should be taught. Later in
this chapter, some strategies for taking these factors into account are mentioned.

Underrepresented Groups

There is a well-documented shortage of African American, Hispanic, Native
American, and female workers in physical science- and math-based careers (Huang
et al., 2000). The short supply of well-trained workers from diverse backgrounds
can be traced to both the racial/ethnic and the gender representation gaps among
STEM bachelor recipients (Chen and Thomas, 2009). Physics is an important
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FIGURE 2.2 Field of initial employment for physics bachelor’s in the private sector. STEM in this graph
refers to positions in natural science, technology, engineering, and math. SOURCE: C.L. Tesfaye and P.
Mulvey, Physics Bachelor’s Initial Employment—Data from the Degree Recipient Follow-Up Survey for
the Classes of 2009 and 2010, Focus On, September 2011, American Institute of Physics Statistical
Research Center, Figure 3, available at http://www.aip.org/statistics/trends/reports/empinibs0910.pdf,
accessed on September 20, 2012.
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feeder discipline into STEM careers, yet U.S. colleges and universities are not pro-
ducing a very diverse group of professional physicists.

The percentage of students from these demographic groups who take physics
in college is disproportionately small when compared with the demographics of the
population of students (Huang et al., 2000). Both females and underrepresented
ethnic minorities are less likely to pick a physics-based major initially, and if they
do, they are less likely to remain in that major (Chen and Thomas, 2009). Physics
majors have the lowest percentile representation of African American, Hispanic,
Native American, and female students in the liberal arts and science disciplines
(Figure 2.3; Native American representation is so low that it is not visible on the
scale shown).

The gender representation gap in physics initially appears late in high school.
There is gender parity during the first high school physics course: female students
are just as likely to take and successfully complete a high school physics course as
their male counterparts. But a disproportionately small percentage elects to take
the most challenging subsequent high school physics courses that prepare them
for physics in college (White and Tesfaye, 2011a). This differential in course-taking
during high school has been linked both to the gender representation gap and to a
proportionally lower persistence rate of female students in STEM majors (Griffith,
2010; National Science Board, 2007).

Research suggests that the affective domain, which includes factors such as
student motivation, attitudes, perceptions and values, can significantly enhance,
inhibit, or even prevent student learning in the sciences (Simpson et al., 1994). These
factors may partially account for female underrepresentation in physics. Although
many physicists see their discipline as a fun-filled, curiosity-driven endeavor, col-
lege physics courses are sometimes characterized as unwelcoming, and the average
course grades tend to be lower than in many other disciplines (Rojstaczer and
March, 2010). In a large-sample, multiyear study conducted at Cornell University,
researchers examined the effect of course grades and peer interactions on students’
persistence in science. While the researchers saw no effect on the male students and
the life science students, they found that these factors strongly influenced female
students’ persistence in physical science majors (Ost, 2010). Physics instructors
and curriculum designers have experimented with the affective domain to improve
student learning with some successes. We describe later in this chapter several pro-
grams that address the affective aspects of the physics classroom.

Just as there is no strong link between gender and mathematical ability, there
is no support for a biologically based explanation of racial or ethnicity gaps in
physics. There is strong evidence, however, that socioeconomic status accounts
for much more variation in SAT scores than race and ethnicity does (White and
Testaye, 2011b; Carnevale and Strohl, 2010). Given that high school math level
is a predictor for success in college physics (Sadler and Tai, 2001), students from
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FIGURE 2.3 The percentage of the bachelor’s degrees granted to women from 2001 to 2009 (fop). The
percentage of the bachelor’s degrees granted to select underrepresented minorities from 2001 to 2009
(bottom). SOURCE: Data from National Science Foundation, “Women, Minorities, and Persons with
Disabilities in Science and Engineering,” National Center for Science and Engineering Statistics, avail-
able at http://www.nsf.gov/statistics/wmpd/tables.cfm; accessed on June 20, 2012. Graphs courtesy
of Dean Zollman, Kansas State University.
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economically disadvantaged backgrounds (and correspondingly weak college prep-
aration) are understandably less inclined to choose a career path for which they
feel they are not prepared. The racial/ethnicity gaps are related, at least in part, to
a more fundamental problem—a gap in representation based on, and perpetuated
by, poverty (Marder, 2012).

For those who do intend to pursue a STEM major, it is less likely that students
from underrepresented groups will persist after the first year (Griffith, 2010).
Institutional characteristics can influence persistence in STEM majors. It has been
shown that STEM field students from underrepresented groups at selective institu-
tions that have a large graduate-to-undergraduate student ratio and that devote a
significant amount of spending to research have lower persistence rates than simi-
lar students at other institutions (Griffith, 2010). Thus, large research universities
are less likely than smaller institutions to retain students from underrepresented
groups in STEM majors.

Two-year colleges (TYCs) provide an opportunity to improve the racial and
ethnic diversity of the physics student population. Nearly half of the African
American college students and more than half of the Hispanic and Native American
college students start at a community college (White, 2012). But the percentage of
students at TYCs who take physics is still only a small fraction of the students who
attend TYCs. Given the overrepresentation of ethnic and racial minority freshmen
at TYGs, effective recruiting and educational transformations at TYCs may have
the potential to increase the diversity in the STEM workforce. In addition, policies
that encourage recruitment and eliminate barriers for potential transfers to 4-year
institutions could be especially fruitful.

Similarly, recruitment and educational transformations at minority-majority
4-year institutions could provide an opportunity for decreasing the ethnic repre-
sentation gap in physics. Some historically black colleges and universities (HBCUs)
are already excellent models, because they produce about 45 percent of all African
American B.S. physics graduates annually and about one-quarter of the Afri-
can American Ph.D.s. Of the institutions that averaged the most African American
B.S. physics graduates during 2004-2006, all are either an HBCU or a black serv-
ing institution (Mulvey and Nicholson, 2008). Successful programs at minority
serving institutions can inform improvements to current programs at majority
institutions, especially the large research universities.

Future K-12 Teachers

Undergraduate students who become teachers of physics or physical science
in K-12 schools present both special opportunities and considerations. As shown
in Figure 2.4, the percentage of students enrolled in physics at the high school level
has essentially doubled since 1990.
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FIGURE 2.4 Enrollment as a function of time for high schools physics. SOURCE: S. White and C.L.
Tesfaye, High School Physics Courses and Enrollments—Results from the 2008-09 Nationwide Survey
of High School Physics Teachers, Focus On, August 2010, American Institute of Physics Statistical
Research Center, Figure 1, available at http://www.aip.org/statistics/trends/reports/highschool3.pdf,
accessed on June 19, 2012.

This trend is significant for two reasons. First, the production of high school
physics teachers is not keeping pace with the growth in high school physics enroll-
ment. In fact, physics teacher education programs throughout the United States
are producing only about one-third of the number needed annually. According
to the 2010 report of the National Task Force on Teacher Education in Physics,
fewer than one-fourth of U.S. colleges and universities have graduated a student
certified to teach physics in the past 2 years, and only a handful of institutions
graduate more than one physics teacher per year on average: “Consequently, more
students than ever before are taking physics from teachers who are inadequately
prepared” (National Task Force on Teacher Education in Physics, 2013, p. xi). A
recent AIP report shows that only one-third of those teaching physics have a major
in physics or physics education (Neuschatz et al., 2008). Strategies at national and
local levels to improve this situation are discussed later in this chapter. The second
reason increasing high school enrollment is notable is that it has not translated into
increased numbers of students seeking to major in physics.
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THE EDUCATIONAL LANDSCAPE

The challenges of undergraduate physics education have been considered
before. In fact, many of the issues raised in reports dating back to the 1950s—and
many of the recommendations that emerged—are consistent with those found
in this report. For instance, a 1991 paper, “The Undergraduate Physics Major”
(Abraham et al., 1991), cited a shortage of high school physics teachers and the
underrepresentation of women and minority students among their concerns. The
paper also mentioned a deterioration in students’ mathematical skills and in their
oral and written communication abilities. Will the situation change substantially
before yet another group undertakes a major study? There are two factors that
suggest that it might: (1) the explosive growth of information and computer tech-
nology and (2) the emergence of research on the learning and teaching of physics.
Both were mentioned in the 1991 document, but that report did not anticipate the
degree to which these factors would transform the landscape in which physics is
taught. The role of research on learning and teaching is discussed explicitly below.
The role of technology permeates the discussion of instructional innovations. The
committee cautions that it is not implying that technology will, by itself, solve subtle
educational problems that have existed for decades. However, the coupling of a
range of tools now available with insights gained from the scientific study of physics
learning offers the strongest basis yet for sustained progress in physics education.

To organize the discussion below, the current status and trends in six areas are
considered: (1) the instructional methods in physics education, (2) the content and
structure of physics courses and degree programs, (3) the diversity of the student
body, (4) the preparation of future teachers, (5) the assessment of courses and
programs, and (6) faculty development. Interested readers will find that many of
the issues raised are addressed in greater depth in Chapter 3. Recommendations
for supporting the most promising emerging practices can be found in Chapter 4.

Instructional Methods

This section begins with perhaps the most difficult task: acknowledging the
shortcomings in the ways in which physics is being taught in many, if not most,
institutions. All of the members of the committee, and perhaps most readers of
this report, were educated in ways that worked for them and for the prominent
physicists who have shaped our discipline (and to a great extent, the world around
us). Sharp criticism of these methods is, thus, not always welcome, and claims about
their ineffectiveness should be treated with appropriate skepticism. However, it is
worth noting that only about 1 in every 500 students in introductory physics will
eventually enroll in a graduate program in physics. Students are not necessarily all
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the same. What worked (or worked well enough) for some does not necessarily
work for everyone.

As part of this study, committee members examined the extensive research
literature concerning undergraduate physics teaching, looking for robust findings
that have been replicated at different institutions and that have “stood the test of
time.” Given the complexity of the learning process and the large number of vari-
ables involved in any classroom, few studies are definitive in isolation. However,
the picture that emerges from the collective body of research is clear. Below, two
major studies are highlighted that were groundbreaking and are still consistent with
the current state of knowledge about physics teaching. These studies are meant to
motivate a discussion of some innovative practices that have resulted in improved
instruction. Further discussion of research findings on these and other topics of
physics education research can be found in Chapter 3. Most of the innovative
techniques mentioned in this report were developed by physicists, some of whom
devote their major scholarly efforts to physics education research (PER), and some
of whom maintain research programs in other areas. It is notable that some innova-
tions native to physics departments have spread significantly to other disciplines.

Research on the Traditional Lecture-Recitation-Laboratory Model

Traditionally, much of physics has been taught in a lecture-based mode in
which students watch, listen, and (presumably) take notes while the instructor
defines quantities, explains concepts, laws, and theorems (often with the aid of
demonstrations), and solves sample problems. This method of instruction has
a long history in education. However, for physics it was criticized as early as the
beginning of the 20th century (Mann, 1912). More recently, physics education
researchers have studied the learning that occurs in these lecture classes, as well
as the recitations and laboratories that frequently accompany them. These studies
have repeatedly shown over the past 30 years that students learn much less than
many instructors assume and much less than students who have other modes of
instruction.’

In particular, research (primarily at the introductory level) has documented
how traditional instruction reliably results in (1) limited or no gains in conceptual
understanding and (2) deterioration in students’ attitudes toward and beliefs about
science. Of course there are many other goals for physics courses, such as devel-
oping the ability to solve quantitative problems or to “think like a physicist.” The
research literature is not as clear on how to make progress toward many of these

3 This issue has been discussed in some detail in the literature. See, for example, the AAPT
Millikan Medal Lectures of McDermott, Zollman, Redish, and Mazur and the references
cited in Meltzer and Thornton (2012).
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other goals, as is discussed in Chapter 3. However, it appears that gains in concep-
tual understanding and attitudes need not come at the expense of achievement in
other areas. Nor do they necessarily involve an increase in faculty time devoted to
teaching. The following two studies demonstrate these findings:

+  Conceptual understanding. A study that was published in the 1990s pulled
together results from a wide variety of courses and institutions. Although many
other studies have followed, Hake’s seminal report on the effectiveness of interac-
tive engagement methods remains an important contribution to undergraduate
physics education (Hake, 1998). The article presents results from the Mechanics
Diagnostic (MD) (Halloun and Hestenes, 1985) and its successor, the Force Con-
cept Inventory (FCI) (Hestenese et al., 1992), given before and after instruction on
Newtonian mechanics in a variety of courses taught using different approaches.
The FCI is a widely used multiple-choice test that contains 30 items intended to
distinguish “Newtonian thinking” from thinking based on common misconcep-
tions. For instance, students shown a figure of a cannon ball fired horizontally from
a cliff are asked to choose the correct trajectory from among several possibilities.
The MD is similar, but not as widely used. The plot reproduced in Figure 2.5 shows
the average gain in score (the percentage of correct answers on the posttest minus
the percentage of correct answers on the pretest) against pretest score. Two main
features of the plot are that (1) overall, scores are low and do not increase much as
a result of instruction; and (2) in the courses in which the largest increases were
reported, some sort of interactive technique was used. The test used the calculation
of “normalized gain” and the categorization methods used by Hake, which have all
come under criticism in the research literature (Marx and Cummings, 2007). How-
ever, the conclusion, that more effective instructional approaches involve active
learning, has been supported by many other studies using different methodology
(Meltzer and Thornton, 2012; Hoellwarth et al., 2005).

+ Student attitudes toward physics and physics courses. Another study pub-
lished in the 1990s examined students’ attitudes and expectations about physics
(Redish et al., 1998). Redish and colleagues devised a survey—the Maryland
Physics Expectations Survey (MPEX)—in which students indicate the degree to
which they agree or disagree with statements such as “Physics is related to the
real world, and it sometimes helps to think about the connection, but is rarely
essential for what I have to learn in this class,” or “Problem solving in physics
basically means matching problems with facts or equations and then substituting
values to get a number.” Experts (undergraduate physics instructors) generally
concur on whether agreement with a given statement is favorable or unfavor-
able. When students are given the MPEX at both the beginning and end of an
introductory course, they typically regress toward more “unfavorable” responses.
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FIGURE 2.5 Gain versus pretest score on the conceptual Mechanics Diagnostic or Force Concept
Inventory tests for 62 courses enrolling a total N = 6,542 students. The courses included 14 traditional
(T) courses (N = 2,084), which made little or no use of interactive engagement (IE) methods, and 48
IE courses (N = 4,458), which made considerable use of IE methods.The slope lines for the average
of the 14 traditional courses, <<g>>14T, and the 48 |E courses, <<g>>48IE, are shown, as explained in
the text. SOURCE: Reprinted with permission from R. Hake, Interactive-engagement versus traditional
methods: A six-thousand-student survey of mechanics test data for introductory physics courses,
American Journal of Physics 66(1):64-74, 1998, Figure 1, Copyright 1998, American Association of
Physics Teachers.
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Like the Hake paper, these results have been supported by other studies using
different methodology.

Both of the studies mentioned above featured multiple-choice tests that drew
on a body of research on students’ ideas that had been published between the late
1970s and the early 1990s. The studies involved interviews and open-ended written
questions to probe student thinking in depth. This research base has since grown
substantially, as discussed in Chapter 3.

The results of studies such as those mentioned here have spurred changes
in instruction at many institutions, especially in introductory physics courses. In
upper-level courses, change has been much more limited. However, research has
been conducted among students in upper division courses, and the findings are
essentially consistent with those at the introductory level.

Research-Inspired Initiatives

Many of the instructional methods that have been introduced over the past few
decades are referred to as active or interactive learning methods. While the details
vary, a recent review by Meltzer and Thornton (2012, p. 479) identified a set of
non-prioritized characteristics common to all of them:

(a) Instruction is informed and explicitly guided by research regarding students’ pre-
instruction knowledge state and learning trajectory .. ..

(b) Specific student ideas are elicited and addressed.

(c) Students are encouraged to “figure things out for themselves.”

(d) Students engage in a variety of problem-solving activities during class time.

(e) Students express their reasoning explicitly.

(f) Students often work together in small groups.

(g) Students receive rapid feedback in the course of their investigative or problem-solving
activity.

(h) Qualitative reasoning and conceptual thinking is emphasized.

(i) Problems are posed in a wide variety of contexts and representations.

(j) Instruction frequently incorporates use of actual physical systems in problem solving.

(k) Instruction emphasizes the need to reflect on one’s own problem-solving practice.

(I) Instruction emphasizes linking of concepts into well-organized hierarchical structures.

(m)Instruction integrates both appropriate content (based on knowledge of students’
thinking) and appropriate behaviors (requiring active student engagement).

The list of instructional materials and tools that are consistent with these char-
acteristics is long. The following is an overview of some of the most important,
successful, and enduring innovations. It is not the committee’s intent to promote
or endorse any particular tool, method, or set of instructional materials. Rather, it
seeks to illustrate the range of approaches that are available, from adopting tools
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that support incremental change to comprehensive strategies that restructure how
a department teaches physics. The best examples are based on research on learning.
Perhaps more importantly, most have been evaluated and refined through extensive
research in a large number of undergraduate classes. While technology features in
many approaches, it is usually not the driving force behind the innovations, but it
enables research-based strategies that would be cumbersome, time consuming, or
even impossible otherwise.

It is also important to note that, as with any tool or method, the quality of
implementation is critical. It is possible for students to engage in shallow discus-
sions in class and to complete meaningless hands-on tasks. Learning is complex;
simple solutions are not realistic. Nonetheless, there are ample opportunities for
any instructor, department, or institution to provide students with better instruc-
tion while respecting local resources and constraints. Although the examples below
were chosen by the committee, the organizational structure from the Meltzer and
Thornton (2012) review is used facilitate use of that article’s extensive references.

1. Materials for use primarily in lecture sessions or lecture-based courses. Polling
students, using flashcards, or using personal response systems (sometimes known
as “clickers”) has become prevalent in large lecture classes as a mechanism for
motivating student engagement. Clickers (handheld infrared or radio frequency
transmitters, or networked devices) allow the rapid and convenient collection and
display of student responses to multiple-choice questions posed by the instructor.
These facilitate interactive engagement techniques, even in large lecture classes, by
encouraging discussion among peers and by giving real-time feedback to students
and instructors. Because these devices are easily used in most existing classrooms
and lecture halls as an adjunct to traditional learning environments, they have
found wide application.

2. Materials primarily for use in the laboratory. Laboratory experiments in
physics courses serve many purposes, one of which is developing conceptual under-
standing. For this purpose, computers equipped with data acquisition devices and
analysis software offer an advantage over more traditional techniques (e.g., using
meter sticks, timers, and so on) by allowing rapid, or even real-time, display of
results—Dbypassing the need to tabulate data and make graphs by hand. For exam-
ple, students can graph their own position, velocity, and acceleration in real time,
attempting, perhaps, to move in such a way that produces a particular graph—a
strategy that can help address specific student difficulties in relating position,
velocity, and acceleration. Sensors and entire laboratory activities exist for a broad
range of topics in introductory physics.

Sophisticated but easy-to-use video analysis tools allow students to make
direct measurements of the motion of objects in digital videos, which can be sup-
plied by an instructor, found on the Web, or made by students themselves using
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inexpensive digital or cell phone cameras. The rapid production of graphs and
other representations can help students focus on the physics concepts and enable
discussions among peers.

Modeling tool sets facilitate student participation in an important aspect of
physics: constructing a simplified model of a physical process, particularly a math-
ematical model, and subsequently exploring the relationship between the model
and the actual phenomena, while noting the limitations of the models.

3. Fully integrated courses. While many of the methods listed here can be incor-
porated into existing course structures as part of lectures, laboratories, recitations
or homework, at some institutions the entire traditional course structure has been
replaced. New courses that integrate direct instruction (if any) with laboratory
experiments, discussions, and problem-solving exercises allow the introduction
of different activities with different goals when appropriate, rather than accord-
ing to a predetermined timetable. Many of these fully integrated courses feature
“studio-style” classrooms with large tables equipped with computers, which facili-
tate discussions among students. These approaches also promote coherence and
consistency, which is difficult to achieve when different elements of a course are
developed and implemented independently, as is often the case.

4. Tutorials and problem-solving worksheets. The term “tutorial” in physics
education has become a generic term for research-based worksheets primarily
intended for use in small groups to supplement instruction in lectures and labo-
ratories. Tutorials are designed to lead students, working with small groups of
peers, through the reasoning processes involved in constructing, interpreting, and
applying fundamental concepts. Because many introductory physics courses have
a lecture-laboratory-recitation structure, the introduction of tutorials in place of
some or all recitations often requires little or no additional investment of faculty
or teaching assistant (TA) time. However, as with all research-based instructional
approaches that depend on them, TA preparation is critical for the effective imple-
mentation of tutorials.

5. Computer simulations, intelligent tutors, and pre-instruction quizzes. Carefully
constructed and tested simulations make visible what was previously invisible.
For example, students can watch microscopic models in action (electrical cur-
rent, magnetic fields, gas molecules, and so on); examine how electrical, potential,
and thermal energy changes during mechanical processes; and explore the shapes
of wave functions associated with different potentials. All of these can facilitate
instruction by helping students focus on the most important phenomena, giving
them access to richer representations (e.g., three-dimensional models) and allowing
them to explore the implications of increasing or decreasing friction, gravity, and
so on.

Online homework is now the norm in college physics. The two largest online
homework systems in physics, MasteringPhysics.com and WebAssign.com, have
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nearly 400,000 unique users in physics every year, and together these websites are
used in more than half of more than 300 U.S. colleges surveyed recently. Home-
work systems by various other publishers reach an additional 20 percent of these
colleges.* A large fraction of students complete and submit assignments online,
providing students with instant feedback and instructors with a report containing
a wealth of data for analysis. In many cases, the decision to adopt online home-
work systems is made for economic reasons, but many systems offer educational
advantages as well. Some systems primarily use standard end-of-chapter problems
drawn from popular texts, but others use specially designed problems that “tutor”
students and target their difficulties. Of concern is evidence provided by online
homework services which suggests that cheating does occur with online problem
sets (Palazzo et al., 2010).

Readings (sometimes using multimedia) and quizzes can prepare students for
in-class learning and allow instructors to tailor their lectures to target concepts
that are causing the greatest difficulties. These methods, along with pre-recorded
lectures, have been used in many physics classes for the past few decades and are
now a defining characteristic of the so-called “flipped classroom” in which the
presentation of facts and definitions occurs outside the classroom, and in-class
time is devoted to discussion and activity.

The rapid growth of online tools in particular raises questions about the valid-
ity of the material and the degree of quality control (see Box 2.1). Resources like
ComPADRE, the PER Users’ Guide, and Meltzer and Thornton (2012) provide
some guidance in determining which tools have been carefully validated. These
also serve as resources for techniques that are not delivered online.

Course Content and Program Structures

While physics itself has been evolving, with entire new subfields emerging in
the past few decades, the curriculum in most physics departments has remained
essentially the same. There are good reasons to approach change cautiously. The
traditional approach acknowledges the vertical structure of physics, in which most
concepts build on others. However, the range of careers now open to physics stu-
dents and the research efforts under way in many departments indicate that the
courses offered, and the structure of degree programs themselves, should be exam-
ined. Below, two related studies are cited that examine thriving physics programs,
and some examples of changes that have been undertaken are provided.

To understand the characteristics of departments that excel in attracting
majors and preparing a broad spectrum of students for both further study and

* Based on personal correspondence with representatives of the publisher of MasteringPhysics,
Pearson, and Web Assign.
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BOX 2.1
Incremental Change or Radical Restructuring?

In most physics departments in which some level of research-based instruction has been
adopted, the traditional structure of lectures, laboratories. and recitations has mostly been pre-
served. One or more of these components may be modified, and additional elements such as
online pre-lectures may be added, but the basic design remains the same. The net gain from this
sort of incremental change can be large and the (short-term) cost to a department may be mod-
est. Not insignificantly, faculty accustomed to a certain style of teaching and a certain division
of labor may only need to change their practices minimally, if at all. Change may, therefore, be
more palatable. However, there are missed opportunities with this approach. Coherence and
consistency are difficult to achieve when different elements of a course are managed separately.
Even concerted efforts by faculty to coordinate laboratory experiments with lectures may fall
short, leaving the content in laboratories, recitations, and lectures intellectually disconnected.
Moreover, many students continue to view laboratory sessions as subordinate to lectures, in
direct contrast to the practices of physics (and science more generally) in which the didactic
lecture finds a parallel only in talks, seminars, and colloquia, which play a different role for
the professional physicist than does a lecture for a novice. Finally, and perhaps most impor-
tantly, the learning strategies supported by decades of research are most easily implemented
in laboratory settings.

These considerations have led some departments to reinvent the introductory course from
scratch, asking, What environment is best suited to learning? Integrated courses with a minimal
(or nonexistent) lecture component where group work on complex problems and challenging
experiments takes center stage have become the norm in these departments. A few decades of
experience with these studio or workshop-style courses suggest that learning gains can outstrip
those of minimally modified courses (see Box 3.2 for an example), but there are challenges.
Redesigning classrooms to install large tables instead of fixed seats that face forward is not a
minor undertaking. Faculty members can no longer use familiar lecture notes (with or without
the addition of a few clicker questions), but instead roam the room monitoring progress and
intervening when necessary to help student groups keep moving forward. This style takes
considerable adjustment. However, for departments ready to take on these challenges, there
are several successful models to follow. Workshop Physics developed at Dickinson College,
the Student-Centered Active Learning Environment for Undergraduate Programs (SCALE-UP)
project from North Carolina State, the TEAL approach developed at MIT, and the Studio model
from RPI have all spread successfully beyond their original institutions.

the workforce, the American Association of Physics Teachers, the American Physi-
cal Society, and the American Institute of Physics sponsored the National Task
Force on Undergraduate Physics. The task force visited 21 thriving departments
and learned that “in all cases, the department as a whole took responsibility for the
undergraduate program. ... Most members of the department took part in discus-
sions of what changes should occur, and most took part in figuring out what was
working and needed repair” (Hillborn et al., 2003, p. 19). However, in many cases,
the actual revision of a course or curriculum was accomplished by a single faculty
member. (See Box 2.2 for the executive summary of the task force report, Strategic
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BOX 2.2
Executive Summary of the 2003 SPIN-UP Report

[The National Task Force on Undergraduate Physics, in writing its report,] Strategic Pro-
grams for Innovations in Undergraduate Physics (SPIN-UP), set out to answer an intriguing
question: Why, in the 1990s, did some physics departments increase the number of bachelor’s
degrees awarded in physics or maintain a number much higher than the national average for
their type of institution? During that decade, the number of bachelor’s degrees awarded in the
physical sciences, engineering, and mathematics declined across the country. Yet in the midst of
this decline some departments had thriving programs. What made these departments different?
What lessons can be learned to help departments in the sciences, engineering, and mathematics
that are—to put it generously—less than thriving? SPIN-UP, a project of the National Task Force
on Undergraduate Physics, set out to answer these questions by sending site visit teams to
21 physics departments whose undergraduate programs were, by various measures, thriving.
These visits took place mostly during the 2001-2002 academic year. In addition, with the aid
of the AIP Statistical Research Center, SPIN-UP developed a survey sent to all 759 departments
in the United States that grant bachelor’s degrees in physics. The survey yielded a 74 percent
response rate distributed broadly across the spectrum of U.S. physics departments.

The site-visit reports provided specific insight into what makes an undergraduate physics
program thrive. In very compact form, these departments all have

¢ A widespread attitude among the faculty that the department has the primary respon-
sibility for maintaining or improving the undergraduate program. That is, rather than
complain about the lack of students, money, space, and administrative support, the
department initiated reform efforts in areas that it identified as most in need of change.

¢ A challenging but supportive and encouraging undergraduate program that includes a
well-developed curriculum, advising and mentoring, an undergraduate research par-
ticipation program, and many opportunities for informal student-faculty interactions,
enhanced by a strong sense of community among the students and faculty.

e Strong and sustained leadership within the department and a clear sense of the mission
of its undergraduate program.

e A strong disposition toward continuous evaluation of and experimentation with the
undergraduate program.

SOURCE: R. Hilborn, R. Howes, and K. Krane, eds., Strategic Programs for Innovations in
Undergraduate Physics: Project Report, American Association of Physics Teachers, College
Park, Md., 2003, available at http://www.aapt.org/Programs/projects/ntfup.cfm.

Programs for Innovation in Undergraduate Physics, Hilborn et al., 2003, referred to
as the SPIN-UP report.) A similar investigation was conducted at 2-year colleges
where physics is thriving. The resulting report, referred to as the SPIN-UP-TYC
report (Monroe et al., 2005), provides profiles and recommendations for these
institutions. Previous studies have shown that because of their smaller size, TYCs
often are more flexible when it comes to implementing curricular change or adding
new courses or program activities (Neuschatz et al., 1998).
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A thorough evaluation of the efforts that have been undertaken to update
course offerings and programs was beyond the scope of this report, but a few cat-
egories are highlighted here, ranging from updating the content of introductory
courses to offering different “tracks” for majors with different career goals.

*  Updated introductory courses for life-sciences majors. The National Research
Council report Bio 2010: Transforming Undergraduate Education for Future Research
Biologists (2003) acknowledges the increasingly quantitative and interdisciplinary
nature of the life sciences and calls for changes in the physics courses offered
for future biologists. The AAMC/HHMI report Scientific Foundations for Future
Physicians (2009) addresses the needs of future health sciences professionals, who
increasingly rely on physics-based technology. In response, many departments have
rethought the content in introductory courses aimed at students in the life sciences.

*  Updated introductory courses for physics and engineering students. Some phys-
icists have questioned the traditional sequence of topics in introductory physics
(beginning with kinematics, dynamics, and so on) and have developed courses
organized around conservation principles and other “big” ideas. These courses typi-
cally introduce more modern topics at the expense of traditional topics such as
geometrical optics, dc circuits, and so on. Textbooks that take these approaches are
available from major publishers.

* New courses for majors. The SPIN-UP final report noted that “the ‘core’
upper-level courses (advanced mechanics, advanced electricity and magnetism,
and quantum mechanics) are even more homogeneous [than introductory courses]
with a relatively small number of standard textbooks used across the country”
(Hilborn et al., 2003, p. 2). However, some departments now offer new courses that
introduce students to areas and techniques that are important for current research
in physics, such as biological physics and computational physics, and incorporate
nontraditional instructional methods into traditional courses. These include efforts
at Oregon State University in its Paradigms in Physics program (Mclntyre et al.,
2008) and at the University of Colorado, Boulder (Pollock et al., 2010; Goldhaber
et al., 2009). The development of new courses represents a challenge to the exist-
ing curriculum, with its traditional requirements in quantum mechanics, electro-
dynamics, classical mechanics, statistical mechanics, and mathematical methods.
Few departments can require more credits for a degree; increased flexibility is
typically needed.

* Different “tracks.” The career choices open to physics majors are diverse,
but traditionally all majors have been prepared in essentially the same way, usu-
ally as if all would enter a graduate program in physics. In the past few decades,
some departments have begun to tailor degree offerings to prepare students with
specializations in, for example, applied physics, physics education, astrophysics,
or biological physics; or to structure programs to facilitate double majors with
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astronomy, engineering, applied mathematics, and so on. Other departments have
included in their offerings student enrichment opportunities such as research,
internships, and participation in international programs. Offering a B.A. as well
as a B.S. degree is another way that departments can acknowledge the different
aspirations of students who are interested in physics.

*  Undergraduate research. The opportunity to participate in forefront research
is often cited as important for recruiting and retaining students. National efforts
like the National Science Foundation (NSF)-funded Research Experiences for
Undergraduates program acknowledge the potential importance of such participa-
tion. Many universities encourage undergraduate participation in research through
Undergraduate Research Opportunities Programs, while some departments require
research experience as a graduation requirement.

Recruiting and Retaining Students from
Traditionally Underrepresented Groups

While interactive teaching methods improve student performance in general,
other aspects of the goals and culture of physics education also warrant consid-
eration (Hazari et al., 2010; Mann, 1994; May and Chubin, 2003). A surprising
example of the significant relationship between student performance and the affec-
tive domain is “stereotype threat,” which was first described by social psychologist
Claude Steele (1997). Steele and his collaborators performed experiments in which
members of an underrepresented group (i.e., women in one study, African Ameri-
cans in another) performed significantly worse on a math test when reminded that
their particular group is not expected to do well in math. The effect is well validated
and robust. Employing methods that reduce stereotype threat in the classroom
have been shown to reduce achievement gaps for underrepresented students in
mathematics (Beilock and Ramirez, 2011).

Another affective characteristic that relates to physics achievement is self-
efficacy, first described by Albert Bandura (1986). According to Bandura’s social
cognitive theory, people with high self-efficacy—that is, those who believe they can
perform well—are more likely to view difficult tasks as something to be mastered
rather than something to be avoided. Students from underrepresented groups have
measurably lower self-efficacy in physics than majority students (Kost et al., 2009;
Sawtelle, 2011).

Focusing on course modifications designed to improve these affective aspects
of the physics classroom has been shown to contribute to improved course grades,
persistence in engineering, and narrowing of achievement gaps for students from
underrepresented groups. What follows are five exemplary programs of reformed
instruction that have reduced the achievement gaps for underrepresented students,
implemented at a broad range of research universities. In all cases, students play a
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less passive role in their learning than they would in a traditionally taught lecture
course; they collaborate with each other while participating more actively in the
development of ideas. These features are consistent with recommendations for
creating a more hospitable workplace for underrepresented students (Hazari et al.,
2010; Mann, 1994; May and Chubin, 2003).

+ The Extended Physics program at Rutgers University was the birthplace
of the Investigative Science Learning Environment (ISLE) interactive teaching
method (Etkina and Van Heuvelen, 2007), which provides a student-driven learn-
ing environment. In addition, the program has been specially developed to create
inclusive classroom norms and has devised TA training and mentorship (Brahmia
and Etkina, 2001) that are consistent with reducing stereotype threat (Beilock and
Ramirez, 2011). This program has shown a narrowing of gaps for underrepresented
students in course grades and test scores and has shown longitudinally a strong
correlation with the elimination of the gender, racial, and ethnicity gaps in engi-
neering degree completion (Brahmia, 2008; Etkina et al., 1999).

« At North Carolina State University, implementation of the SCALE-UP
program has shown at least a 15 percent reduction in the failure rate for female
and underrepresented minority students when the program replaced traditional
instruction with a studio-style course that emphasizes interaction (Beichner,
2008).

+ At Harvard University, a highly interactive full implementation of Peer
Instruction (Mazur, 1997) is used in conjunction with Tutorials in Introductory
Physics (McDermott and Shaffer, 1998). Their combination has been shown to
eliminate the gender gap in final exam grades and concept inventory scores. The
researchers also found a significant relationship between pedagogy in an introduc-
tory physics course and persistence in science (Watkins, 2010; Lorenzo et al., 2006).

+ The University of Colorado at Boulder blends Tutorials in Introductory
Physics (McDermott et al., 1998, 2002) with their pioneering learning assistant
program (Otero et al., 2006) to create an environment that is both pedagogically
rigorous and student supportive. Researchers there have found that with specific
additional attention paid to developing self-efficacy (Bandura, 1986) and a strong
physics identity for their female students (Hazari et al., 2010), they have been able
to make a significant reduction in the gender achievement gap on concept inven-
tories (Kost et al., 2009).

* At Florida International University, a Hispanic-majority institution, its par-
ticular implementation of Modeling Instruction (Halloun and Hestenes, 1987),
together with its implementation of the Learning Assistant model, includes careful
crafting of the learning environment designed to improve self-efficacy (Bandura,
1986) and to reduce stereotype threat (Beilock and Ramirez, 2011). They have
measured significantly higher scores on concept inventories and 25 percent lower
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drop-fail-withdraw rates when compared to traditionally taught courses at their
institution (Brewe et al., 2010).

There are groups that are underrepresented in physics, not necessarily because
they cannot do it, but because they often have no way of knowing that physics exists
as a field of study and no indication that they can, in fact, participate. Reasons for
this are quite complicated; however, research is increasingly demonstrating that
interactive engagement methods of instruction improve the science experience
for high school, middle school, and elementary students. At universities, physics
faculty can think carefully about the education that is being provided for future
physics teachers, including the physics curriculum for future elementary teachers.

Preparing Future Teachers

As noted in the section “The Students,” the physics community is not produc-
ing enough highly qualified physics teachers to meet the growing need at the high
school level. The report of the National Task Force on Teacher Education in Physics
(2013; see Box 2.3) concluded that:

The potential negative consequences of maintaining the status quo are far-reaching, both
for physics as a discipline and for the U.S. economy and society as a whole. As interna-
tional competition for science and engineering talent continues to increase, the United
States’ ability to recruit foreign-born talent to fuel the nation’s technological innovation
will become increasingly threatened. Interested in STEM fields but uninspired by physics
instruction and unprepared for the challenges physics offers, an ever-smaller fraction of
U.S. STEM majors are pursuing physics, and many drop out of STEM completely. More-
over, at a time of unprecedented scientific and technological complexity, many U.S. citizens
are unable to participate in STEM-related economic opportunities or informed democratic
decision-making. (National Task Force on Teacher Education in Physics, 2013, p. xi)

BOX 2.3
National Task Force on Teacher Education in Physics

To prepare future citizens to tackle 21st-century multidisciplinary problems, teachers
need both a deep understanding of a discipline and of the teaching of that discipline. The
urgency in fulfilling this need in physics is as intense and pressing. In response to the shortage
of physics teachers in the United States and concerns over their effectiveness, the American
Physical Society, American Association of Physics Teachers, and American Institute of Physics
formed the National Task Force on Teacher Education in Physics. The task force was charged
with documenting the state of physics teacher preparation and with making recommendations

for the development of exemplary physics teacher education programs. ;
continued
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1.

O

6.

7.

8.

BOX 2.3 Continued

The recommendations given below are a selection excerpted from the full recommenda-
tions of the task force (National Task Force on Teacher Education in Physics, 2013, pp. xii-Xiii).
These recommendations reflect a synthesis of relevant results from the literature on science
teacher education and development and address the findings identified throughout the 2-year
investigation of the task force. The task force recommendations are organized in terms of
various stakeholders” commitment to physics teacher preparation and to the quality education
opportunities for future physics teachers.

Commitment

Physics and education departments, university administrators, professional societies, and
funding agencies must make a strong commitment to discipline-specific teacher education and
support.

Institutions that consider the professional preparation of science, technology, engineering,
and mathematics (STEM) teachers an integral part of their mission must take concrete steps
to fulfill that mission.

2. Physics departments should recognize that they have a responsibility for the professional
preparation of pre-service teachers.

3. Schools of education should recognize that programs to prepare physics teachers must
include pedagogical components specific to the preparation of physics teachers; broader
“science education” courses are not sufficient for this purpose.

4. Federal and private funding agencies, including the National Science Foundation and the
U.S. Department of Education, should develop a coherent vision for discipline-specific
teacher professional preparation and development.

5. Professional societies should provide support, intellectual leadership, and a coherent vi-
sion for the joint work of disciplinary departments and schools of education in physics
teacher preparation.

Quality

All components of physics teacher preparation systems should focus on improving student
learning in the pre-college physics classroom. Recommendations 9(a) and 9(b) are intended to be
implemented together to ensure that a higher standard for quality of preparation does not increase
the length and cost of the program nor decrease the number of teachers who are qualified to
teach more than one subject.

Teaching in physics courses at all levels should be informed by findings published in the
physics education research literature.

Physics teacher preparation programs should provide teacher candidates with extensive
physics-specific pedagogical training and physics-specific clinical experiences.

Physics teacher education programs should work with school systems and state agencies
to provide mentoring for early career teachers.

. (a) States should eliminate the general-science teacher certification and replace it with

subject-specific endorsements. (b) Higher education institutions should create pathways
that allow prospective teachers to receive more than one endorsement without increasing
the length of the degree.

. National accreditation organizations should revise their criteria to better connect accredi-

tation with evidence of candidates’ subject-specific pedagogical knowledge and skill.

. Physics education researchers should establish a coordinated research agenda to identify

and address key questions related to physics teaching quality and effective physics teacher
preparation.
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The task of producing a well-prepared physics teacher is complex. Physicists
who have been involved in teacher education for several decades point out that in
addition to knowledge of physics content and knowledge of general pedagogy, a
physics teacher must employ physics-specific pedagogical knowledge in the class-
room (McDermott, 1990; Etkina, 2010). In particular, teachers need a nuanced
understanding of the ways in which students think about specific physics topics.

The task force identified programs that focus on the development of physics-
specific knowledge and skills for future teachers; however, these are not the norm.
Within most universities, neither schools of education nor physics departments view
physics-specific teacher preparation as their purview. Physics departments rarely offer
prospective high school teachers more than the standard curriculum for majors, and
faculty in colleges of education, which are typically responsible for preparing physics
teachers, are seldom physics-trained. Collaborations between physics departments
and colleges of education are rare. Many programs that prepare physics teachers do
little to develop physics-specific pedagogical expertise. Thus, the typical experience
for future physics teachers consists of the courses leading to the physics major, plus
courses in general science teaching methods that are typically taught by science
teacher educators with little or no experience in physics. It has been pointed out that
the topics taught in typical high school curricula are those covered quickly at the
introductory level and that further study of more advanced topics does not necessar-
ily deepen understanding of topics covered earlier. Thus, the typical combination of
physics courses and science methods courses usually provides neither the necessary
depth of understanding of content nor foundations in physics-specific pedagogy
(McDermott, 1990, 2006; McDermott et al., 2006).

The preparation of future elementary teachers is also a source of concern.
While elementary school is where students first develop their ideas about science,
and K-5 science curricula are full of physics topics, future elementary teachers
typically take a small number of lecture courses for non-science majors and one
science methods class in which little or no physics is taught.

The Physics Teacher Education Coalition (PhysTEC) (http://www.phystec.
org/) was created by APS, AAPT, and AIP to help increase the number of well-
prepared teachers of physics. Since 2001, it has provided direct funding and other
resources to more than 25 physics departments that have launched physics teacher
preparation programs. It has also enlisted more than 250 institutions “dedicated
to improving and promoting physics and physical science teacher education.” The
program acknowledges that ensuring that students who choose to pursue K-12
teaching as a career are well prepared will not have enough of an impact if the
number of these teachers remains at current levels. Therefore, one of PhysTEC’s
goals is to help departments ensure that students with even a slight interest in
teaching have the opportunity to explore their interest and learn about their
options.
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Research-supported courses, curricula, and models that help physics depart-
ments become more deeply engaged in the preparation of future teachers are avail-
able. In particular, special physics courses that deepen teachers’ understanding of
the content and develop physics-specific pedagogical knowledge have been shown
to have positive effects for future high school and elementary school teachers
(McDermott et al., 2006; Goldberg et al., 2010; Harlow, 2010). Specialized content-
specific, pedagogy courses for future physics teachers have also been developed
(e.g., Etkina, 2010; Henderson, 2008). Among the efforts in this area are the mate-
rial for teacher physics preparation of elementary teachers found in University of
Washington’s Physics by Inquiry program and the Physics and Everyday Thinking
(PET) curriculum developed for elementary and high school teachers. A recent
book produced in conjunction with the National Task Force, Teacher Education
in Physics (Meltzer and Shaffer, 2011), is a compendium of research reports that,
together, represent the state of knowledge in physics teacher education. A review
of research contained within this volume concluded that:

Several program characteristics are key to improving teaching effectiveness, including (1) a
prolonged and intensive focus on active-learning, guided inquiry instruction; (2) use of
research-based, physics-specific pedagogy, coupled with thorough study and practice of that
pedagogy by prospective teachers; and (3) extensive early teaching experiences guided by
physics education specialists (p. 3).

Research indicates that the involvement of physics faculty in recruiting and
preparing teachers can have a large impact on the quality of physics teaching in
secondary schools, the interest of students in studying physics, and the preparation
of undergraduates who study physics (Mulvery et al., 2007; Otero et al., 2006). Some
physics departments have taken a two-pronged approach that improves education
for all students while improving the education of future physics teachers. The
Colorado Learning Assistant model is an example. Physics faculty transform their
courses to be more aligned with educational research through the help of under-
graduate learning assistants, some of whom choose to become physics teachers.
Such programs have shown to increase the number of physics teachers produced
as well as improving student outcomes in learning assistant-supported courses
(Otero et al., 2010; Hodapp et al., 2009).

Assessment

The decision to undertake changes should be based on careful consideration
of goals, an assessment of the degree to which existing structures are meeting
those goals, and plans to gauge the impact of any changes made. Without all of
these elements, systematic and cumulative progress is unlikely. Improvement and
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assessment are thus inextricably linked. The increase in online education poses
special challenges for assessment. Many educators assume that being on campus
offers benefits to students, but it is not clear how the on-campus experience can
be compared objectively to that offered by online courses.

In acknowledgment of this relationship between improvement and assess-
ment, the committee was charged with examining the current status of assessment.
It observed that while there is no shortage of suggestions for modifications to
instruction, from adopting new textbooks to restructuring entire degree programs,
in many cases there are no clear guidelines for evaluating the outcomes. The
measures currently available include concept evaluations, attitude assessments,
problem-solving assessments, course and examination grades, and retention rates.
Unfortunately, assessments can cover a very small portion of what is considered
to be education. Consequently, the limited number and limited breadth of these
assessment instruments fundamentally limits our ability to improve or even delin-
eate progress. There are no widely agreed-on measures for assessing the degree to
which courses and programs prepare students for future study, for making creative
contributions to research, or for the workforce in general.

One national examination does exist in physics, the ETS Major Field Test. How-
ever, like any standardized exam, this one has limitations and is primarily designed
to evaluate preparation for graduate school in the canonical areas of physics.
That said, it can be used to provide longitudinal information on a department’s
content preparation, but only in a fairly narrow band of skills. More broadly, the
skills and knowledge that collectively constitute “thinking like a physicist” are subtle
and difficult to define operationally in a way that would enable their measurement.
Without such measures, it is difficult to distinguish between innovations that have
a substantive impact on learning and those that do not. Accordingly, part of the
effort in the area of assessments should be to evaluate the relative value of the dif-
ferent forms of assessment and focus on what can be known or at least measured.
As resources become scarce, the ability to demonstrate the effectiveness of invest-
ment in education becomes ever more important.

Faculty Development

Faculty are the key to improvements in education, but many are hesitant about
change, even when it’s felt that the current system is not very effective (Henderson
and Dancy, 2009). The reward structure that prevails in many colleges and uni-
versities does not adequately recognize the professional effort and creativity that
is part of improving student learning. With little or no professional incentive for
change, in today’s climate of cutbacks, increasing class sizes, and dwindling grant
funding, the lecture-course paradigm with little student activity continues to be the
default practice. This issue is addressed in more detail in Chapters 3 and 4. Here,
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the committee points out that there are professional development opportunities
that can help physics faculty assess their teaching and implement new techniques,
even within the prevailing system.

Since 1996, the Physics and Astronomy New Faculty Workshops (NFW) pro-
gram, sponsored by AAPT, APS, and AAS, and supported by NSF, has offered 17
workshops, each lasting 3 or more days. As of the time of this report, more than
650 newly hired faculty at master’s and Ph.D. degree-granting institutions and
460 new faculty at bachelor degree-granting institutions have attended. In 2008,
these attendees represented 52.6 percent of the newly hired faculty in physics. A
primary goal of these workshops is to provide opportunities to learn about new
and successful pedagogical approaches in physics and how to assess the impact of
the implemented strategies.

There is strong evidence to suggest that the NFW program has been very suc-
cessful at increasing participant knowledge about research-based instructional
strategies and motivating participants to try these strategies (Henderson, 2012).
For example, in a national survey of randomly selected U.S. physics faculty, those
who had attended NFW had the largest correlation of 20 personal and situ-
ational variables indicating a respondent’s knowledge about and use of at least
one research-based instructional strategy (Henderson et al., 2012). See also a 2008
report on the effectiveness of the NFWs published in the American Journal of
Physics (Henderson, 2008).

Since 1991, the TYC community has provided several workshop programs at
the national level that provide opportunities to TYC faculty to learn about PER-
based instruction and to develop and implement PER-based instructional mate-
rials, techniques, and assessments. Paralleling somewhat the NFWs for universities
and 4-year colleges, the New Faculty Teaching Experience provides an 18-month
training period for new faculty at TYCs to learn about alternative teaching strate-
gies, laboratory activities, and assessments of course goals and student outcomes.

CONCLUSIONS

Undergraduate physics education is under a variety of stresses that cannot be
ignored. These stresses affect curricular goals, methods of instruction, the types of
students who are attracted to physics, and variables that are beyond the classroom.
Moreover, the evolution of the discipline itself, advances in research on learning,
and advances in technology all suggest that traditional courses and programs
should be critically examined. Many local efforts to do just that have produced
research-validated instructional strategies that provide opportunities for discus-
sion, argumentation, and scientific exploration on the part of the student. Through
implementation of these evidenced-based teaching practices, the learning process
can be improved for all students taking physics. Collectively, these practices have
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raised standards for what instructors can expect students to gain from instruc-
tion. None of the innovations mentioned here is perfect or applicable to every
setting. Local conditions, including course goals, resources, classroom design, and
the availability of faculty, are important in deciding which approaches may be
appropriate. In Chapter 3, some of the work being done to expand the range of
available methods and materials is described. Chapter 4 contains recommendations
for supporting both proven and promising innovations. It is also important to note
that, despite the clear evidence of their shortcomings, many courses (perhaps most)
continue to be taught in ways that fall short of what is currently possible, given
the range of empirically validated course designs, materials, and tools available.
This report points to many cases in which improved conceptual understanding,
problem-solving performance, and retention have been achieved. Some of the
barriers that impede more widespread improvements in instruction are addressed
in Chapter 3.

While significant progress has been made in improving conceptual under-
standing in certain topics in introductory physics, less progress has been made
toward other goals of instruction. For instance, even in courses that demonstrate
improvements in conceptual understanding, many students tend to continue to see
physics as unconnected to their everyday lives and as being concerned mostly with
verifying known principles and substituting numbers into formulas. It is perhaps
not a surprise that most students who take an introductory course do not pursue
physics any further.

Low numbers of physics majors are jeopardizing some programs—but are
enrollment trends a cause for concern at the national level? The committee believes
they are, for several reasons. One is the need to heed repeated calls for increasing the
number of STEM majors nationwide. Documents such as PCAST note that while
the numbers of STEM majors are increasing, the demand for them is increasing
more rapidly. While many students with talent and interest in STEM fields may
prefer majors other than physics, unless one considers a bachelor’s degree in physics
to be of little value to the student who earns it (or to society more broadly), the
physics community should be trying to increase the numbers of students who
study physics. There is no reason to expect that lowering standards will do so. Many
students who do well in introductory physics choose other majors for reasons that
may reflect their interests or their perceptions of the career opportunities offered
by other disciplines. This would not be of concern except that introductory courses
presumably play a major role in these students” decisions, and if introductory
courses do not accurately reflect the discipline, then students may not be making
informed choices. If introductory physics courses were a valid reflection of the
discipline, one could argue that physics is of innate interest to very few. The com-
mittee does not believe this is the case, but the rapid pace, rote problem solving, and
highly artificial laboratory experiments that typify introductory physics courses
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have little do to with upper-division courses or the problems that physicists tackle
today, which are as fundamental as the origins of the universe or as vital as novel
energy resources or the mechanics of cell division.

Even if sheer numbers of physics majors were not a concern, the physics com-
munity should consider the implications of low participation of underrepresented
groups on the quality of the physics student body. The discipline would surely be
strengthened by recruiting talented students from throughout the population and
not only from the groups that are traditionally well represented. The community
should also question the implications of participation and achievement gaps in
introductory courses (Sadler and Tai, 2001; Kost et al., 2009; Aud et al., 2010),
which may be deterring capable students from succeeding in other STEM fields.
Research results do not support common assumptions about ability and motivation
being the major causes of these gaps. Aggressively exploring strategies for making
introductory physics courses part of a pathway to success in STEM fields is essential.

The content of courses and the structure of degree programs play an important
role in recruitment and retention. Updating the curriculum while maintaining a
strong focus on fundamental concepts, scientific practices, and reasoning skills can,
in principle, better prepare students for the demands of further study, research, and
the increasing variety of careers open to them.

The issue of recruitment is also linked to the high school physics experience.
At all levels, physics instructors tend to teach in a manner consistent with how
they were taught. For too many high school teachers, their last physics course was
at the introductory level. The studies cited here indicate that it is essential that the
undergraduate experience of future teachers reflect what is known from research
on learning and teaching in general and on effective teacher education in particular.
Changing high school physics requires transforming introductory undergraduate
physics courses and creating mechanisms to ensure that future teachers are well
prepared in both physics and physics-specific pedagogy.

The landscape of physics education is growing in complexity. An increasing
number of nontraditional students (older, part-time) are enrolling, and increas-
ing numbers of students from all backgrounds are taking physics courses in non-
traditional venues, such as online or on high school campuses. A majority of
students from groups that are traditionally underrepresented in science-based
careers take their first (and too often their last) physics course at a 2-year college.
It is clear that providing quality education in physics requires concerted and coor-
dinated effort by faculty in 2- and 4-year colleges, research institutions, and high
schools. Regardless of where and how instruction is offered, systematic and objec-
tive assessment of educational outcomes is needed to ensure continuous progress.
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Physics Education Research
as a Foundation for
Improving Education

Many of the advances in undergraduate physics education that are highlighted
in Chapter 2 were the direct result of physics education research (PER). This
chapter places the studies mentioned earlier into a broader context of scholarship.
It must be emphasized that teaching is a complex process in which the intuition,
experience, and enthusiasm of individual instructors play an important role that
is not diminished by findings from research. Instead, systematic investigations of
how students learn provide instructors with essential information and tools, much
as fundamental research in the health sciences is a critical component of medical
care but is not a replacement for clinical judgment, compassion, and dedication.
PER can thus be thought of as one of the pillars that support physics education:
not sufficient on its own, but necessary for promoting effectiveness.

Since the field of PER emerged in the 1970s, the PER community has made
significant advances in understanding how students learn physics. Several hun-
dred researchers are now tackling problems with both immediate and long-term
implications for undergraduate physics education. As part of the preparation for
the recent National Research Council (NRC) report Discipline-Based Education
Research: Understanding and Improving Learning in Undergraduate Science and
Engineering (2012), both a history of PER (Cummings, 2010) and an extensive
synthesis of results (Docktor and Mestre, 2010) were prepared. The NRC report
also discusses the role that PER has played in advancing education research as a
scholarly pursuit for academic scientists in other disciplines.

The paper prepared by Docktor and Mestre (2010) includes 450 unique cita-
tions. A recent review by Meltzer and Thornton (2012) of findings related to active
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learning in undergraduate physics includes 173 unique citations. These reports are
not replicated or summarized here. Below, a very brief overview of PER sets the
stage for a discussion of key findings and current priorities in six major areas of
research. Taken together, these items constitute a research agenda that responds to
pressing needs in undergraduate physics education and also encourages founda-
tional research that may drive improvements in courses and programs in the future.

A BRIEF OVERVIEW OF THE FIELD OF PHYSICS EDUCATION RESEARCH

As afield of investigation, PER has grown significantly since the 1970s, a decade
in which the first Ph.D. degrees in physics in the United States were awarded for
research on learning and teaching of physics. Since that time, PER has produced
results that provide a foundation for improving both the efficiency and the effec-
tiveness of student learning. Perhaps the most important finding of the past four
decades of PER is that a variety of specific teaching methods can lead to improved
student understanding, compared to the frequently used lecture method.

The effectiveness of different teaching methods has often been established
by measuring what students are able to do at different points in instruction; for
example, giving students pretests and post-tests before and after a specific interven-
tion or an entire course. The pretests and post-tests typically consist of questions
that require students to apply what they have been taught to situations that are
not exactly the same as any they have seen before and that are not susceptible to
formula manipulation.

Methods for assessing the degree to which changes to instruction bring about
improvements in student understanding are part of a process of applied research
that leads to the development of methods and materials that can be adopted by
faculty at other institutions. Typically, initial design is based on a set of principles
such as those listed in Chapter 2, including knowledge of common student ideas in
the topic area. Successive refinements are suggested by post-test results, classroom
observations, and further in-depth research (e.g., interviews). Eventually, testing
takes place at other institutions to ensure that the methods or materials are trans-
portable and to determine the conditions needed for effective implementation.
While this is not by any means the only framework employed in PER, it is empha-
sized here because many of the innovative methods and materials mentioned in
this document resulted from some variation on this procedure.

A broad range of student audiences have benefited from the improvements
in instruction that have resulted from research-driven development so far. The
majority have been students in introductory calculus and algebra-based courses.
Research-based strategies for these courses are too numerous and too varied to
summarize here; a brief discussion is presented in Chapter 2, and a good recent
review can be found in Meltzer and Thornton (2012).
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Similar methods have been used to achieve improvements in upper-division
courses on electricity and magnetism (Chasteen et al., 2011; Pollock, 2009), classical
mechanics (Ambrose, 2004), thermal physics (Cochran and Heron, 2006; Meltzer,
2004), and quantum mechanics (Singh, 2001; Cataloglu and Robinett, 2002;
Zollman et al., 2002). Courses for elementary and secondary teachers have also
been addressed (Etkina, 2010; McDermott et al., 2006, 1996; Goldberg et al., 2008;
Zollman, 1990, 1996).

One of the difficulties of measuring improvements in instruction is that physics
faculty and physics courses represent a variety of instructional goals that are rarely
carefully articulated. Developing student understanding of physics concepts and
developing student problem-solving abilities are often the top-stated goals for
physics courses. Yet, the precise articulation and pursuit of these goals in terms of
measurable student outcomes is rarely done.

Additional information on PER and research-based instructional methods
can be found at PER Central (http://www.compadre.org/per/) and the PER User’s
Guide (http://perusersguide.org). Box 3.1 lists some short books that include
additional information on using research-based methods in instruction. A series
of articles published in the American Journal of Physics by winners of the AAPT’s
Oersted Medal and Millikan Award provides overviews of research and the develop-
ment of research-based instructional materials and methods and includes articles
by Lillian McDermott, Edward Redish, Priscilla Laws, Fred Goldberg, Frederick
Reif, Carl Wieman, and Alan Van Heuvelen, among others.

KEY FINDINGS FROM PHYSICS EDUCATION RESEARCH

One of the most robust findings from PER is that traditional, lecture-style
introductory courses have little long-lasting effect on students’ erroneous notions
about the physical world (McDermott, 1991; Hake, 1998). This can be assessed by
asking students simple questions such as making a prediction or drawing an infer-
ence about a physical situation. Memorization of formulas or even a relatively high
level of skill at solving traditional end-of-chapter problems is inadequate for rea-
soning in these situations. Further, research has determined that students’ responses
to such questions are typically not random and idiosyncratic. Instead, a small
number of erroneous reasoning patterns are documented among a large variety of
students. For example, when asked about the forces acting on a coin tossed straight
up (and told to neglect air resistance), many students cite “a steadily decreasing
upward force,” possibly reasoning that upward motion implies an upward force and
a decreasing velocity implies a decreasing force (Clement, 1982). Common student
ideas such as this have been identified in almost all areas of physics.

Early research seeking to identify such ideas typically involved one-on-one
interviews in which students were asked to apply the physics that they had learned
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BOX 3.1
Important Initial Resources

Practical applications of physics education research (PER) are numerous in the literature.
Authors of a few short books have collected a variety of research-based techniques and dis-
cussed how they can be used in the physics classroom. The books listed below provide appli-
cations of PER as well as references to many of the findings of the field.

Knight, R., 2002. Five Easy Lessons: Strategies for Successful Physics Teaching. Addison-Wesley,
San Francisco, Calif.

Experienced physics instructor and textbook author Knight discusses some of the core
findings of physics education research that directly apply to teaching an introductory quantita-
tive physics course. After a brief overview of some general instructional principles, the rest of
the book contains Knight's recommendations for teaching each of the core content areas of an
introductory physics course. His recommendations are based both on the available research
literature as well as his extensive teaching experience. Sample activities and homework and
test problems are provided.

Mazur, E., 1997. Peer Instruction: A User’s Manual. Prentice Hall, Upper Saddle River, N.J.

Peer Instruction and related techniques are widely known and use research-based instruc-
tional strategy for teaching introductory physics. In this book, peer instruction developer Mazur
describes the philosophy behind the technique as well as detailed instructions for its implemen-
tation. Much of the book contains ConcepTests (multiple-choice conceptual questions to be used
during lecture) and conceptually oriented exam questions that can be used by instructors. Mazur
uses peer instruction with electronic student response systems (clickers); others have successfully
used the strategy with flashcards (Meltzer and Manivannan, 1996).

Redish, E.F., 2003. Teaching Physics with the Physics Suite. John Wiley and Sons, Hoboken, N.J.

Experienced physics instructor and physics education researcher Redish discusses a vari-
ety of research-based tools for improving teaching and learning in introductory physics. After
summarizing some of the relevant findings from cognitive science, the majority of the book is
a discussion about what is involved in the implementation of 11 research-based instructional
strategies. Assessing instructional effectiveness and assessing student learning are emphasized.

to a new situation, often supplemented with short written problems that require
explanation. (See, for example, Goldberg and McDermott, 1987.) Researchers
continue to use this method, along with videotaped group discussions among
students or between students and a teacher, to draw inferences about how stu-
dents are thinking about physics. However, the development of multiple-choice,
research-validated conceptual evaluation instruments in the 1980s and 1990s
allowed the rapid gathering of data from different colleges and universities, help-
ing to establish the generality of earlier results. The most widely known multiple-
choice instrument, the Force Concept Inventory (FCI), was developed based on
students’ answers to free-response questions (Hestenes et al., 1992). An example
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of the use of the FCI in assessment was presented in Chapter 2. Assessments have
been developed in many other areas in physics, such as electricity and magnetism
(Ding et al., 2006; Maloney et al., 2001), graphical interpretation (Beichner, 1994),
and quantum mechanics (Zhu and Singh, 2012; McKagan et al., 2010; Cataloglu
and Robinett, 2002).

Many physics instructors were (and still are) shocked to find that students can
obtain high scores in their courses but, when faced with certain tasks (such as the
coin-toss problem mentioned above), still express ideas that directly contradict
what they have been taught. These results have been replicated in courses taught
by experienced professors at a broad spectrum of institutions, including com-
munity colleges, large public research universities, and selective private colleges
(McDermott and Redish, 1999; Duit, 2009) as well as at a range of universities
outside the United States. (See, for example, Schecker and Gerdes, 1999; Duprez and
Méheut, 2003; Hartmann and Niedderer, 2005; Bao et al., 2009a, 2009b; and Duit,
2009.) Moreover, similar results have been found in nearly every area of physics
taught at the introductory level.

Taken together, the results of systematic research indicate that many students’
success in introductory courses reflects the development of procedural skills with
algorithmic methods without an understanding of the physics that is the founda-
tion for those methods, the derivation of which they do not understand. Why do
carefully prepared and delivered lectures, well-written textbooks, and experiments
that validate the laws of physics lead to such disappointing results? The evidence
suggests that in general the fault does not lie solely with poor mathematical prepa-
ration or poor study habits. Instead, the findings point to an intrinsic weakness in
the methods of instruction employed in typical physics courses.

Significant improvement is possible. The second robust finding from PER
highlighted here is that student understanding and performance can be greatly
enhanced with approaches to learning that are more similar to the way scientists
learn and do science: (1) students must be actively engaged in their own learning
(an engagement that is often facilitated by classroom interactions with peers and
instructors) and (2) instruction must attend to students’ own reasoning (both their
preexisting ideas about how the world works and those that develop as they try to
integrate new ideas during instruction).

The validity of these two principles has been established in a variety of studies
(see Meltzer and Thornton, 2012, for a comprehensive collection), and they are
consistent with more general findings from cognitive science studies, as discussed in
the NRC report How People Learn (2000). Redish and Steinberg’s (1999) study also
showed that students who completed courses using one of two different research-
based curricula increased their scores on the FCI significantly more than students
in traditional classes. (See Figure 3.1.) Classes that used Tutorials in Introductory
Physics (McDermott et al., 1998, 2002) to supplement instruction in lecture and
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FIGURE 3.1 Gaussian fit to histograms of Force Concept Inventory gains in traditionally taught
classes, in classes using UW Tutorials (McDermott et al., 1991, 2002; Redish and Steinberg, 1999)
and cooperative group problem solving (GPS) techniques (Heller et al., 1992; Heller and Hollabaugh,
1992), and in classes using Workshop Physics (Laws, 1991, 1997). A total of eight institutions are
represented. The horizontal axis represents normalized learning gains (“h” = [post-test score — pretest
score]/[total possible score — pretest score]). The gain is higher in research-based learning environ-
ments than it is in traditional learning environments. SOURCE: Reprinted with permission from E.F.
Redish and R.N. Steinberg, Teaching physics: Figuring out what works, Physics Today 52:24-30, 1999,
Figure 4b, Copyright 1999, American Institute of Physics.

laboratories had greater learning gains than the traditionally taught course. Classes
that used Workshop Physics (Laws, 1991, 1997), a studio-style course in which all
instruction takes place in a laboratory-like setting, had still greater gains. Pollock
(2012) reported learning gains from 8 years of introductory courses taught by
a variety of instructors who used active engagement methods. Similar results
have been found in a large study of introductory astronomy courses (Prather et
al., 2009).

PER-based instructional methods have been tested extensively by faculty at
institutions other than those where initial development took place. For example,
Pollock and Finkelstein (2008) compared scores on conceptual questions on mid-
term exams for courses using Tutorials in Introductory Physics (McDermott et
al., 1996, 2002) and replicated results from the University of Washington, where
the materials were developed (Box 3.2). Francis et al. (1998) found that the same
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BOX 3.2
Tutorials in Introductory Physics

Tutorials in Introductory Physics, developed at the University of Washington, is a set
of research-based instructional materials that focus on active participation of students in the
learning of physics in introductory classes (McDermott et al., 1998, 2002). In one study of the
effectiveness of these instructional materials, student scores on conceptual questions in mid-
term exams of introductory physics classes at the University of Colorado (CU) and University
of Washington (UW) were compared. Figure 3.2.1 shows the percentage of correct answers
for students at the two universities who used the tutorials and those who did not. The students
who used tutorials performed about equally well at both universities and significantly better
than those students who had instruction that was not based on physics education research.

100
[TUW No Tutorials

90 - [UW With Tutorials —————]
80 - M CU With Tutorials

70

60

o ]
40

Post Instruction Score (% correct)

) T -
20
10
0
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FIGURE 3.2.1 Post-test results on conceptual questions asked on midterm exams for students
who used and did not use tutorials. Results from the University of Washington (UW) and Uni-
versity of Colorado (CU) are shown. SOURCE: Figure 4b from S.J. Pollock and N.D. Finkelstein,
Sustaining educational reforms in introductory physics, Physics Review Special Topics—
Physics Education Research 4:010110, 2008, Copyright 2008, The American Physical Society.

students can obtain high scores on the FCI several years after completion of a
physics course that used interactive engagement methods.

Although active engagement and attending to students’ reasoning is common
among the methods used in the research discussed here, no single method stands
out from this body of work as the definitive way to teach undergraduate physics.
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Differing goals, resources, constraints, and student populations all may require
subtle differences in approach. Nonetheless, taken together, the many studies that
assess the effectiveness of different research-based instructional approaches dem-
onstrate that there are general principles that work, and providing significantly
more effective instruction is a realistic goal for all physics departments.

Conceptual understanding has been an important but not an exclusive focus
in PER. Important findings address other aspects of education as well. As discussed
in Chapter 2, studies have revealed that students form attitudes and expectations
regarding knowledge and learning in physics courses that are at odds with those
of physicists (Redish et al., 1998; Adams et al., 2006; Halloun, 1996). These studies
have also found that introductory physics instruction generally exacerbates the
problem: students who complete such a course almost invariably express attitudes
that are less, rather than more, aligned with those of physicists, than when they
began the course (Box 3.3). Improving this situation is a matter of current investi-
gation, but seems to involve direct and explicit attention to students’ views about
learning science (Lindsey et al., 2012; Brewe et al., 2009; Redish and Hammer, 2009;
Otero and Gray, 2008; Elby, 2001).

In addition to having positive impacts on student achievement, methods of
interactive engagement have resulted in substantial improvements in the reten-
tion of underrepresented populations in physics. In particular, changes that have
replaced the lecture with active learning have measured improved retention beyond
the introductory course for both women and minority students (Brewe et al., 2010;
Brahmia, 2008; Beichner, 2008). Other studies have come to conflicting conclu-
sions about whether interactive methods alone can be responsible for a significant
reduction of the gender gap (Lorenzo et al., 2006; Kost et al., 2009).

AREAS OF CURRENT AND EMERGING EMPHASIS IN RESEARCH

Many of the research themes that have been discussed in this report so far con-
tinue to be vital, with greater depth of understanding being achieved even in areas
that have been under study for many years. At the same time, the field is diversify-
ing, with researchers tackling increasingly interdisciplinary issues. The seven major
areas of work in PER that are discussed below include applied research, with near-
term practical implications for instruction, and basic research, aimed at develop-
ing a foundation of knowledge about the mechanisms of learning and reasoning.
As in other areas of this report, this is not an attempt to include every topic that
is or has been the subject of investigation. The choices reflect the report’s overall
emphasis on improving undergraduate physics education; thus, some areas that
are more highly speculative are not discussed. (The committee also favors studies
conducted in U.S. institutions because of their more immediate relevancy.) How-
ever, as in other areas of research, it is often difficult to tell at early stages whether
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BOX 3.3
Improved Conceptual Understanding at What Cost?

As the discussion in this chapter makes clear, much of PER-based instruction emphasizes
the development of conceptual understanding. In some (but not all) courses that use PER-based
methods, the introduction of activities aimed at developing concepts came at the expense of
class time devoted to quantitative problem solving. In some laboratories, time spent on care-
ful experimental technique and calculating uncertainties gave way to time spent addressing
misconceptions. The question naturally arises: Do the observed improvements in performance
on conceptual assessments come at the expense of expertise in quantitative problem solving
or other important course goals? The few studies that have addressed this issue directly suggest
that the answer is no (Ambrose et al., 1999; Crouch and Mazur, 2001). That is, there is typi-
cally a net gain in ability. There is not, however, an automatic improvement in student ability
to solve end-of-chapter problems, either. These findings suggest that the methods traditionally
used to teach problem solving were not optimally effective (see Hsu et al., 2004 for more
discussion) such that reduction in time spent on them does not necessarily have a detrimental
effect on students. These findings also suggest that the reasoning involved in applying concepts
in qualitative problem solving and in quantitative problem solving are not as tightly linked for
students as they are for physicists. However, problem solving when taught using PER methods,
such as cooperative group problem solving, has been shown to be effective for both concep-
tual learning and problem solving (Redish, 1998; Cummings et al., 1999; Heller et al., 1992).
As discussed in Chapter 3, improving student ability to solve problems is an area of ongoing
investigation.

For some physics faculty, another concern raised is that the introduction of PER-based
instructional methods will be detrimental to the students who make up the current population of
physics majors (and by extension, the future leaders in the field). It has been suggested that these
students will be bored and/or alienated by the emphasis on basic concepts and collaboration
during class. There is no evidence that capable students who are initially intending to pursue
physics tend to change their minds as a result of exposure to PER-based methods, although this
issue has not been studied systematically. A relevant study in the context of an upper-division
physics course did not find students resistant to PER-based methods but found significant sup-
port for them (Perkins and Turpen, 2009). There is also evidence that the top students benefit
from these methods as much as, or more than, any other group of students (Ding, 2011; Heller
et al., 1992; Meltzer, 2002; Singh, 2005; Steinberg, 1996; Vokos et al., 2000).

certain lines of inquiry will prove to have practical implications. Therefore, this
report emphasizes that fundamental research is important, even if applications are
not immediately apparent.

Below are brief accounts of current priorities for the following areas:

+  Student conceptual understanding, reasoning, and problem solving;

*  How students learn how to learn—in other words, how they learn how to

“think like physicists”;

+ The impact of the physical and social environment on learning in physics

courses;
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+  Participation and achievement of students from groups traditionally under-
represented in physics;

+ The preparation of future teachers of physics;

+  The assessment of progress; and

+ Scaling and sustaining research-supported instructional strategies.

Student Learning: Understanding, Reasoning, and Problem Solving

Student understanding of fundamental physics concepts has been, and con-
tinues to be, a major focus for PER. A considerable body of research that serves as
a resource for instruction has been established (Docktor and Mestre, 2010; Duit,
2009; McDermott and Redish, 1999). The ability of students to do the reasoning
necessary to develop, interpret, and apply concepts, especially in solving quantita-
tive problems, is also a long-standing focus of investigation. Areas of current and
emerging emphasis include the following:

*  The nature and origins of conceptual difficulties in learning physics. Investiga-
tors are currently examining student understanding of physics topics at all levels of
undergraduate instruction. Even in introductory physics, many topics have not been
investigated as thoroughly as have the typical first-semester topics of kinematics
and dynamics. The fundamental nature of difficulties themselves continues to be a
topic of debate. In particular, the field has not yet reached consensus on the degree
to which common conceptual errors stem from the application of “misconceptions”
that are robust and stable or from the “in the moment” application of cognitive ele-
ments that exist at a much finer grain-size (Brown and Hammer, 2008; Minstrell,
1992; diSessa, 1993).

* The promotion of reasoning abilities. Since the earliest days of PER, reason-
ing skills have been an important focus (Reif, 1995; Renner and Lawson, 1973;
McKinnon and Renner, 1971). Research has demonstrated that solving traditional
end-of-chapter problems does not necessarily promote the ability to discuss or
reason with underlying physics principles, although evidence suggests that these
abilities are teachable (Leonard et al., 1996). Efforts to develop more effective strate-
gies and problem sets include designing instructional approaches that promote the
development of broadly applicable reasoning skills (e.g., Boudreaux et al., 2008)
and nontraditional problem sets that emphasize conceptual reasoning in realistic
scenarios. Such problem sets might be context-rich (Heller and Hollabaugh, 1992;
Ogilvie, 2009), based on experiments (Van Heuvelen, 1995; Van Heuvelen et al.,
1999), or related to real-world issues (http://relate.mit.edu/RwProblems/). The
impact of students’ initial basic reasoning abilities on their learning in physics
courses is also emerging as an important area of investigation (Bao et al., 2009a;
Coletta et al., 2007; Moore and Rubbo, 2012).
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* Factors affecting students’ ability to solve problems. A large body of research on
students’ solutions to traditional quantitative problems exists (see Hsu et al., 2004,
for a comprehensive discussion of problem-solving research). These studies reveal
a wide gulf between what most physicists consider to be appropriate approaches
to solving problems and the approaches taken by many students. Moreover, as
discussed in the previous section, solving many problems does not necessarily lead
to enhanced conceptual understanding (Kim and Pak, 2002). The converse also
appears to be true: an increased emphasis in instruction on conceptual understand-
ing does not automatically lead to improved problem-solving ability (although it
typically does not lead to a decrease). The University of Minnesota Cooperative
Group Problem Solving instructional strategy, however, has demonstrated that a
curriculum heavily based on having students solve problems can lead to improved
problem-solving abilities as well as improved conceptual learning (Redish et al.,
1998; Cummings et al., 1999; Heller et al., 1992). This work employs the use of
context (context-rich problems) and social learning (cooperative groups) and is
one of the most widespread pedagogies in physics, although it still spans only a
small fraction of physics classes. Explicitly modeling an organized set of problem-
solving steps and reinforcing this framework in the course itself has also shown to
result in higher course performance (Huffman, 1997; Heller and Reif, 1984; Wright
and Williams, 1986; van Weeren et al., 1982).

In upper-level courses, efforts to improve problem-solving capabilities include
adding laboratory experiments, more strongly linking mathematics and physics
in problems, and introducing computational examples and problems (McGrath
et al., 2008). These have been shown not only to improve problem-solving abili-
ties, but also to improve retention of physics majors in the program (Manogue
et al., 2001).

One area of current emphasis is the role of context. Evidence indicates that the
statement of a problem may strongly influence the reasoning students use to solve
it. For example, students often display appropriate conceptual understanding when
responding to one problem statement, yet a seemingly identical problem framed
slightly differently can trigger erroneous reasoning patterns (Brookes et al., 2011;
Dufresne et al., 2002; Steinberg and Sabella, 1997). Ability to apply knowledge
flexibly across contexts (broadly known as transfer of learning) has been a goal
in cognitive science and PER for decades but remains elusive (Mestre, 2003, 2005;
Nguyen and Rebello, 2011).

A second area of current emphasis is the role that mathematics plays in
problem solving and conceptual understanding. In physics courses, in contrast
to mathematics courses, mathematical expressions and symbols have conceptual
meaning and describe relationships among physical quantities. Studying how
students interpret and use those mathematical constructs provides a window
into understanding how students attempt to solve problems (Sherin, 1996, 2001)
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and how they learn, or fail to learn, the underlying physics (Hammer et al., 2005;
Tuminaro and Redish, 2007).

A more precise understanding of the role of interactive engagement on learning.
As reported earlier, the available evidence supports the conclusion that interactive
engagement methods lead to greater student learning. However, there are cases
in which instructional strategies that at least superficially would be considered
interactive have not led to significant conceptual learning gains (Cummings et
al., 1999; Loverude et al., 2003). As a result, researchers are still pursuing a more
precise understanding of the nature of interventions (and the critical elements of
learning contexts) that result in improved learning. Moreover, most studies have
taken place in actual classrooms with at least some uncontrolled variables.

There have not been many studies of the impact on students beyond the con-
text of the reformed instruction itself. One was a study (Pollock, 2009) showing
evidence of lasting benefits of conceptual understanding for students who took a
reformed introductory physics course in electricity and magnetism using Tutorials
in Introductory Physics (McDermott et al., 2002): In their junior year, students who
had used the tutorials as freshmen scored significantly higher on a conceptual exam
than students who had not. Another study (Etkina et al., 2010) showed evidence
that students’ work in ISLE design laboratories (Etkina and Van Heuvelen, 2007)
helped them in subsequent, non-ISLE novel experimental tasks.

Learning to Learn Physics

While much progress has been made in the area of conceptual understand-
ing, far less is known about the broad and less well defined objective of helping
students learn to “think like physicists.” That is, much more is known about how
to help students develop an understanding of concepts than about how to help
them address open-ended, novel, challenging questions in ways that build toward
professional expertise. Many physics faculty would agree these are important goals,
and AIP surveys indicate that they are for employers. Yet such goals are seldom
primary targets of physics instruction until students conduct research in later
undergraduate years or in graduate school.

Evidence suggests that even instructional approaches that produce conceptual
gains may leave students reliant—and expecting to be reliant—on guidance from
instructors (Redish et al., 1998). Students do not expect to be able to address situa-
tions they have not encountered before or to judge for themselves when an answer
makes sense. Instead, students’ principal method for assessing their understanding
is to check that their answers to exercises align with the published solutions. In
these respects, what students take away from physics courses systematically con-
tradicts practices within the discipline. The enterprise of physics is learning about
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the physical world; physicists are professional learners. Physicists do their work
without the benefit of an authority who can tell them when they have things right.

Abundant evidence from surveys, interviews, and observations of students in
introductory courses shows that most students think of learning physics as a matter
of remembering and rehearsing facts, formulas, and computational techniques
(Adams et al., 2006; Halloun and Hestenes, 1998; Hammer, 1994; Kortemeyer,
2007; May and Etkina, 2002; Van Heuvelen, 1991). These findings are in contrast
with research that extensively documents young children’s abilities and inclina-
tions to have and express their own ideas, to assess their ideas for consistency and
fit with evidence, and, in general, to seek a coherent, mechanistic understanding
of natural phenomena (Gopnik and Schulz, 2004; Koslowski, 1996; Lehrer, 2009;
Metz, 2011; NRC, 2007).

Why would a pursuit of understanding that begins with such promise in
young children all but disappear in students by the time they get to college physics
courses? A likely conjecture is that science instruction guides students to focus
on achieving fidelity to a canon of ideas specified by teachers and textbooks, but
as yet no strong evidence supports that conjecture, such as might be provided by
longitudinal studies. Accounts of science instruction have highlighted how goals of
students learning to reason for themselves and goals of their arriving at particular
conclusions may be in tension (Hodson, 1988), but little research provides guidance
on how to improve the situation.

Increasing attention within PER is being paid to how students may learn to
adopt and develop facility in disciplinary practices of learning—of having and
articulating their own ideas; assessing the quality of those ideas for explanatory
and predictive power; designing and conducting their own experimental tests; and
identifying and reconciling theoretical inconsistencies (Elby, 2001; Hammer et al.,
2005; Etkina, 2010).

The Role of Physical and Social Environments in Learning Physics

The recent emergence of new technologies, including newly pervasive social
and informational media and online courses, as well as more specifically pedagogi-
cal online simulations, tutoring, homework, and interaction systems, are changing
the environment for learning and instruction. Lectures can be recorded on video
and published; texts can be interactive; classes can meet and interact in virtual
spaces, and massive online open courses are finding a presence in the lives of
students and teachers. The pace of this change is rapid. It affects both the design
of instruction and the expectations of students with respect to how they obtain
knowledge and skills. Yet little is known about its implications for learning complex
material. One thing is clear: schools are no longer essential as sources of informa-
tion. Many educators argue that their role needs to shift toward helping students
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learn how to assess and make use of the information they can access through the
Internet (which is for many available on the mobile devices in their pockets).

Understanding how physical and social spaces for learning (both online and
onsite) are best organized to meet the needs of today’s students has become an
important research priority. Research has been done on how physical classroom
arrangements (e.g., seating arrangements, the use of clickers or dry erase white-
boards, and so on) can influence learning (Price et al., 2011; Beichner et al., 2007).
This research connects closely with research on social arrangements, both designed
and emergent, in which students speak with each other, for example, rather than
only to the instructor; have the privilege (or obligation) to influence what questions
and ideas the class will discuss; or participate in assessing their own learning or
that of their classmates. Previous research shows how physical and social aspects of
the environment interact with each other as well as with progress toward learning
goals (Otero, 2004; Duit et al., 1998). For instance, some environments are more
conducive to students engaging in scientific behaviors (such as making sense of
physical phenomena, making inferences on the basis of evidence, argumentation,
asking empirical questions, and so on) than others (Goldberg et al., 2010; Driver
et al., 2000). Other studies have found that some environments are more inclusive
than others (Ross and Otero, 2012; Brahmia and Etkina, 2001; Lee and Fradd,
1998) and suggest that some environments actually alienate a significant fraction of
the students enrolled in the class (e.g., Lemke, 2001). Cooperative group-learning
instructional environments have been shown to be capable of improving student
learning for a broad range of students and are an important component of many
PER-based instructional strategies.

A meta-analysis of studies that compared face-to-face and online instruction
concluded that online environments are at least as effective as face-to-face class-
room environments, but environments that combined face-to-face with online
instruction showed statistically significant higher learning outcomes than those
with only face-to-face instruction (see DOE, 2010, for meta-analysis). Less work
has been done in combining what is known about effective active-engagement
strategies with social aspects of online instructional environments.

Participation and Achievement of Students from Groups
Traditionally Underrepresented in Physics

As an academic discipline, physics has a significant underrepresentation of
women and ethnic/racial minorities as faculty, graduate students, undergraduate
majors, and students in calculus-based courses (NCSES, 2011). Therefore, many
of those entrusted with designing and teaching physics courses often have little
or no experience in physics contexts involving a heterogeneous and diverse group
of students. It is perhaps not surprising, then, that the largest participation and
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achievement gaps observed in science occur in introductory physics (http://www.
aip.org/statistics/). Yet, as noted in Chapter 2, a growing number of students from
diverse racial and ethnic backgrounds are enrolling in introductory physics, in part
because populations in other disciplines that require a physics course are becom-
ing increasingly diverse. Thus, the number of students from groups traditionally
underrepresented in physics courses is greater than ever before and increasing.

A variety of studies have explored why achievement gaps continue to exist in
science and why various groups of students continue to be underrepresented
in physics (Kost et al., 2009; Hazari et al., 2007). Evidence shows that the achieve-
ment gap is not explained by student-specific characteristics, such as attitudes,
motivation, or family support, nor is the achievement gap fully explained by poor
academic preparation (Kost et al., 2009; McCullough, 2002).

Increasing evidence indicates that “self-efficacy,” or the belief in one’s own
ability to succeed in a subject, is an important component to success in other
science fields (Bandura, 1986; Zeldin and Pajares, 2000; Miyake et al., 2010). Spe-
cific activities, such as participating in learning communities and participating
in undergraduate research, have been shown to greatly impact the retention of
underrepresented students in science and engineering (Watkins and Mazur, 2013).
Physics-specific research publications in these areas are few but are starting to
appear. As mentioned earlier, evidence suggests that active learning environments
increase performance for students from groups traditionally underrepresented in
science (Brewe et al., 2010). Increasing attention in PER is being paid to studying
how external characteristics, such as course format and participation in university-
based activities, impact the performance and retention of students traditionally
underrepresented in physics.

Preparation of Future Physics Teachers

Colleges and universities have long been the locus of physics teacher prepara-
tion. However, at a majority of U.S. universities, neither the college of education
nor the physics department typically takes full responsibility for the preparation
of physics teachers (National Task Force Report on Teacher Education in Phys-
ics, 2013; Buck et al., 2000). This lack of clarity concerning where physics teacher
preparation should take place has led to a set of challenges both in the preparation
of physics majors to teach physics and in the research associated with this prepara-
tion. Research on physics teacher preparation has proven to be challenging, due to
the relatively small number of programs that prepare physics teachers specifically
(National Task Force on Teacher Education in Physics, 2013); a lack of consensus
on how to determine high-quality teaching and teacher preparation (NRC, 2010);
and the great diversity of students, the variety of contexts, and the rapidly chang-
ing environments in which teachers work (NRC, 2010). Nonetheless, evidence
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from physics education research points to features of programs that are effective
for preparing physics teachers (Meltzer, 2011). Current research emphasizes how
classroom teaching is affected by the instruction and experiences of teacher candi-
dates in their physics and teacher preparation programs (NRC, 2010). While more
research is needed, key points for physics and other science teachers are that they
need college-level study in the field that they will be teaching that is suitable to
their students’ age groups, an understanding of the objectives for students’ learn-
ing science and developing science proficiency, and a command of the various
instructional approaches designed to meet those objectives.

Related research concerns the preparation of teaching assistants (TAs) for their
roles in instruction, both in their graduate programs and in their future roles as
faculty. The development of TA attitudes toward teaching and their parallel devel-
opment of expertise have been the focus of programs at several institutions, such
as the University of Colorado and the University of Minnesota, and is the subject
of current research by several groups.

Assessing Progress

As faculty and departments move more toward improving their courses,
nationally normed assessment instruments for specific learning objectives provide
convincing motivation for change as well as evidence that change is successful.
Researchers also rely significantly on assessment instruments when developing
new instructional methods. It is clear that assessment instruments like the FCI
and FMCE—and more recently the MPEX and the Colorado Learning Attitudes
about Science Survey—have brought conceptual knowledge and student attitudes
into common discussion among physicists, revealing deficiencies in conceptual
outcomes of traditional courses and motivating the adoption of many of the
pedagogical innovations discussed throughout this report. Along with basic data
on demographics (e.g., recruitment of majors, retention of underserved groups in
an introductory course, and so on), these assessments provide the majority of the
quantitative evidence cited in this report.

The tremendous impact of the few nationally normed assessment instruments
currently available underscores the imperative for education researchers to develop
and validate assessments that are easy for nonspecialists to administer and inter-
pret. It is particularly important to develop ways to assess problem-solving ability,
critical thinking in physics, scientific communication skills, student engagement,
and so on, as well as developing assessments for other desirable objectives, such
as predicting future learning or measuring teacher or TA preparation. In some of
these areas there exists very little conclusive research on which to draw, implying
the need for new basic research, some of which may involve novel approaches to
assessment (e.g., Baker et al., 2011).
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Scaling and Sustaining Research-Supported Instructional Strategies

To aid in the process of putting research results into practice, the PER com-
munity has engaged in substantial dissemination and implementation efforts.
Curriculum developers frequently prepare publications—both for peer-reviewed
journals and for classroom use—to make presentations and present at workshops.
With respect to introductory algebra and calculus-based physics, currently almost
all physics faculty (87 percent) say that they are familiar with one or more PER-
based instructional strategy, and approximately half (48 percent) say that they
currently use at least one PER-based strategy (Henderson and Dancy, 2009). The
Workshop for New Physics and Astronomy Faculty, mentioned in Chapter 2, is a
special effort to disseminate the results of PER to new physics faculty. Workshop
participants report large increases in knowledge about and use of PER-based mate-
rials (Henderson, 2008; Henderson et al., 2012).

PER-based efforts have made significant headway into undergraduate physics
education, but at the same time, they are not as broadly implemented as they
could be. Research has shown that PER-based strategies are frequently not imple-
mented as described by developers, and many faculty who try a PER-based strategy
eventually discontinue use for a variety of reasons (Henderson and Dancy, 2009).
Research is just beginning to shed light on the complex dynamics that are required
for implementing, scaling and sustaining instructional changes (Yerushalmi et al.,
2007; Henderson, 2007; and Henderson et al., 2012).

Establishing and maintaining effective practices and curricula in physics
departments is currently a poorly understood challenge. Historically, change agents,
usually curriculum developers, would work with individual faculty to support
them in adopting various curricula with the expectation that the curricula would
be adopted with minimal changes. However, factors that impede adoption of
research-based materials seem to depend on a range of issues, including the type
of institution and the orientation of the department. The size of classes, the sup-
port of colleagues, and the pressures to conduct research and obtain external fund-
ing for that research are all variables that affect the commitment to making changes
in instruction. At some research-oriented institutions, tenure-track faculty might
be discouraged from spending “too much time” in teaching innovations while
establishing their research credentials. At others, innovative teaching could be part
of the expectation for tenure. These issues increase the complexity of the models
for development and dissemination of research-based instructional materials and
practices. Thus, research aimed at the development of models of how to go from
evidence-based knowledge in PER into practice is beginning to be recognized as
important for the future.
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CONCLUSION

While a few physicists may be naturally talented teachers who can reach a broad
spectrum of students using instinct alone, most physics faculty can improve their
teaching just as they improve other scholarly efforts, by incorporating practices
based on scientific evidence. Over the past few decades, physics education research
has provided a new perspective on issues related to the teaching and learning of
physics. This research, which uses as a foundation the methods of physics and is
conducted primarily by physicists, has collected data and built models to help us
begin to understand what is happening in our classrooms, including why talented
students turn away from physics. By incorporating research-based practices into
teaching efforts, the physics community can reach a broader, more diverse audience
and make the learning of physics a more productive and enjoyable experience for
all students.

While research indicates that no easy or best teaching methods exists, it con-
tinually returns to one fundamental conclusion: Faculty need to actively engage
students in the learning process, paying attention to their spontaneous ways of thinking
and the models of the natural world that they obtain from everyday life. With this
fundamental principle in mind, PER has developed a number of strategies that can
help fix some of the problems that are faced. However, PER as a discipline is quite
young. As it develops, and as students and society change, one can expect the need
for research on issues that are only beginning to emerge as important or that are
not yet anticipated.

The lines of research identified in this chapter have both short- and long-term
implications for undergraduate physics education. The increasing availability of
technological tools—ranging from systems for collecting high-quality classroom
video to tracking eye movements and fMRI—are opening up previously unex-
plored areas for investigation. Talented faculty, graduate students and postdoctoral
students are being attracted to the field of PER and are motivated by the discovery
potential common to all fundamental research and by the prospect of conducting
research that can have a powerful impact on people’s lives. The successes outlined
in this report demonstrate that PER has established a viable model for transform-
ing insights about how people learn physics into significant improvements in
classroom instruction. On this foundation the field is poised to help address the
urgent problems facing physics education identified in this document. However, a
number of practical challenges, some of them common to all research fields and
others specific to discipline-based education research, threaten to hinder progress.
Chapter 4 offers recommendations for promoting the vitality of the field of PER
and thereby supporting advances in physics education.
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In spite of the numerous challenges facing undergraduate physics education,
a realistic future includes introductory physics courses that students view as an
opportunity to exercise their thinking rather than their memory; learn approaches
to solving problems that transfer to other science, technology, engineering, and
mathematics (STEM) courses; improve their expertise in and attitudes toward
learning science; and see the relevance of physics to their future lives and to the
world around them. In this future, more students, especially women and minori-
ties underrepresented in physics, will decide to major in physics and teach others
about it.

The major result of this committee’s deliberations, expressed in more detail in
the recommendations below, is that the physics community pursue this vision by
making significant changes in undergraduate physics education that are grounded
in scientific evidence. To achieve this transformation at scale, the community must
undertake a systematic process that draws on discipline-based research on student
learning and on rigorous assessment of the degree to which students are acquiring
the knowledge, skills, and attitudes that are needed to solve 21st-century problems.
Change in the academic culture is required in order to encourage, enact, spread,
and sustain these improvements.

Achieving the necessary rate and scope of change will require coherent, coor-
dinated action among many different groups at different levels—both inside and
outside educational institutions. In this chapter each group is offered specific
suggestions, based on research, where possible, and on successful practice, or on
the judgment of the committee where it is not. To augment the specific examples
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and sources of organized research findings given in the preceding chapters, several
general sources for materials and ideas, as well as summaries of related national
reports, are included. Broadly speaking, the key recommendations for each of the
major audiences, whose active and concerted engagement is essential to building
a successful future for undergraduate physics education, are as follows:

+ Individual physics faculty should improve their courses, using objective
evidence to judge success.

+  Departmental leadership should create a culture of continuous improve-
ment in which educational innovation is encouraged, sustained when it
succeeds, and tolerated when it fails.

+ Academic leadership should encourage faculty groups to seek improvement
and should reward faculty and departments that are successful at imple-
menting positive changes.

+  Funding agencies should support change at all levels and should support fun-
damental educational research, development, adoption, and dissemination.

+  Physics (and other) education researchers should focus some of their efforts
on critical areas, including improving fundamental understanding of learn-
ing and instruction and developing and disseminating improved assessment
tools and instructional methods and materials.

+  Professional societies should emphasize the importance of education
research and play a major role in the dissemination of its results, recogniz-
ing those who successfully improve instruction.

Change in undergraduate physics education is long overdue. Advances in
research on learning and in technology have given us new insights and opportuni-
ties to change the way students learn physics. The committee’s suggestions can be
used as a launching point to increased awareness of developing findings through
publications, workshops, and seminars produced by the growing corps of education
researchers and instructors who are discovering and developing more effective ways
for students to learn. The detailed recommendations presented below for each major
audience group identified in the key recommendations provide a guide to each of
the constituent groups on ways that they can contribute to the important task ahead.

PHYSICS FACULTY

Key Recommendation A. Individual physics faculty should improve their courses,
using objective evidence to judge success.

Physics faculty can improve learning, prepare students for further work
in science and engineering, broaden participation of students from groups
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underrepresented in physics, increase the numbers of majors, minors, and high
school physics teachers, and augment the stature of their departments via inno-
vative teaching and creative use of resources. However, priorities and challenges
vary tremendously in institutions of different sizes, overall objectives, and student
demographics. Therefore, the committee is not giving prescriptions but is urg-
ing faculty to adopt the very approach that the physics community employs in
conducting experiments or developing theories: know the underlying principles
that have been established by systematic research, apply what seems relevant to
the problems at hand, observe and quantify the results, and repeat this process
if further improvement is desired. Sustainable improvement results from incre-
mental changes, continual renewal, and long-term commitment.

Educational change has historically begun with the dedicated efforts of a
single faculty member who realizes the status quo is inadequate and decides to
take action. Frequently, it is a motivated individual who realizes that students are
not learning as intended and has heard about novel physics pedagogies or assess-
ment instruments or has attended a workshop or meeting on physics education
research. Such an individual can be a catalyst for change, motivating others to
get involved.

Detailed Recommendations for Individual Physics Faculty

Recommendation Al. Faculty should become knowledgeable about educational
innovation in physics and the importance of active engagement of students in
the learning process.

Box 3-1 summarizes several useful resources that provide accessible introduc-
tions to educational innovations in physics. Attending a talk or workshop about
a new instructional strategies (e.g., as at an American Physical Society [APS] or
American Association of Physics Teachers [AAPT] meeting) can be a very efficient
way to learn enough about a new strategy to judge if it is worth investigating in
more depth. Attending intensive workshops, when available, visiting other institu-
tions to see interesting advances, or inviting individuals whose knowledge can assist
in this learning process may also be useful steps.

Recommendation A2. Faculty should engage colleagues in discussions of learn-
ing goals, measures of outcomes, and strategies for a scientific approach to
teaching and evaluating students’ learning and observe successful approaches
to engagement in classroom settings.

Faculty members can share ideas and class materials and help each other
solve problems that arise as they redesign their instructional activities. They could
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consider including in these discussions interested colleagues from neighboring
units or departments, including education departments, and encourage feedback.
Many commonalities exist between STEM disciplines in terms of effective teaching.

Recommendation A3. Faculty should review and modify courses to reflect the
needs of different segments of the student community, including those who
might succeed in physics with some additional or different types of help.

All students can benefit from attention to general learning goals, including
developing a better understanding of physics topics, solving quantitative problems,
communicating effectively orally and in writing, designing experiments to answer
specific questions, working effectively in groups, solving problems where the path
is not clear, building models, learning how to learn, and so on. However, many
students have additional specific needs that should be accommodated. Some are
interested in eventually participating in scientific research. Others are interested in
activities related to physics, for example, in technology, chemistry, medicine, engi-
neering, environmental science, or businesses dependent on science. A significant
number are interested in becoming teachers, science writers, or other professionals
for whom a physics background can be useful. Courses and programs should be
designed to reflect these diverse outcomes rather than being focused on only pre-
paring students for graduate school.

Recommendation A4. Faculty should assess the knowledge, skills, and attitudes
of students by using research-based instruments and methods.

Many research-based assessment instruments are readily accessible. Commonly
used instruments for measuring conceptual understanding in an introductory
physics course include the Force Concept Inventory and the Conceptual Survey
of Electricity and Magnetism. Other instruments, such as the Colorado Learning
About Science Survey, exist for measuring student attitudes and expectations. These
are just a few of the research-developed assessment instruments that can be used
by instructors to gain an understanding of what is actually happening as a result
of instruction. For a more complete list, see the collection at http://www.ncsu.edu/
PER/TestInfo.html. The results of these instruments should be treated as a start-
ing point for discussions, not the definitive measure of learning. Recommended
practices for using these assessment instruments can be found in many places (see,
for example, Redish, 2003, Chapter 5).

Recommendation A5. Faculty should engage students in a discussion of why and

how evidence-based methods that engender effective learning require changing
the teaching and learning process.
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Students are frequently resistant to new teaching ideas because of uncertainty
and the perception that they will have to do more work. Some are wary of group
work or of methods in which they may not be told the answers but are expected
to determine them by themselves. By focusing on the scientific basis for the peda-
gogy being used, faculty can show students that the same type of reasoning was
applied to the way they are learning as is applied to the science concepts that they
are learning. Thus, an instructor can clearly explain to students what is expected
from them and how evidence shows that this type of instruction improves learning.

DEPARTMENTAL LEADERSHIP!

Any useful discussion of undergraduate education must begin by making it clear what it
is that colleges are trying to achieve.
—Bok (2006, p. 57)

Key Recommendation B. Department leadership should create a culture of con-
tinuous improvement in which educational innovation is encouraged, sustained
when it succeeds, and tolerated when it fails.

In order for any changes in a department’s educational program to benefit
the department and its students—and indeed for these changes to be more than
ephemeral—department leadership should support and enable this as an ongoing
process. Research indicates that leadership that emphasizes teaching and manages
it collaboratively with faculty correlates positively with teaching that is focused on
students and their understanding (Ramsden et al., 2007).

Department leadership should act to foster a culture that encourages evidence-
based instructional changes and a collective approach toward improving the overall
physics program. Creating this culture requires facilitating an ongoing discussion
among key players in the department that acknowledges the mission of the institu-
tion, academic unit, and department.

Detailed Recommendations for Physics Department Leadership

Recommendation B1. Departmental leadership should review and implement
appropriate ideas from relevant reports.

! Note that “department leadership” is used in this section to indicate the chair or head
of the physics department, or of the physics and astronomy department, the head of the
science faculty unit, and so on.
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A number of studies have outlined issues facing departments. Several are given
below for various sizes of departments and departmental contexts. These reports
clarify, and in some cases codify, actions that can be taken at the departmental level.

« Strategic Programs for Innovations in Undergraduate Physics: Project Report
(Hilborn et al., 2003; see Box 2.2), known as the SPIN-UP report, was the result
of an intensive study of how some undergraduate programs thrived in a period of
falling enrollments nationally.

«  Strategic Programs for Innovations in Undergraduate Physics at Two-Year Col-
leges: Best Practices of Physics Program (Monroe et al., 2005), known as the SPIN-UP/
TYC report, is a complementary effort to SPIN-UP that focuses on 2-year colleges.

* Gender Equity: Strengthening the Physics Enterprise in Universities and
National Laboratories (APS, 2007) relates information gathered from Ph.D.-grant-
ing departments on techniques to improve climate and promote gender equity at
research universities and national laboratories.

+ Engage to Excel: Producing One Million Additional College Graduates with
Degrees in Science, Technology, Engineering, and Mathematics (PCAST, 2012), issued
by the President’s Council of Advisors on Science and Technology, provides a
national perspective on and recommends significantly increasing the number of
high-quality STEM graduates in the United States.

*  Transforming the Preparation of Physics Teachers: A Call to Action (National
Task Force on Teacher Education in Physics, 2013; see Box 2.3), from APS, AAPT,
and AIP, documents successful programs of high school teacher education in
physics and provides an analysis and recommendations for building and improving
such programs.

Recommendation B2. Departmental leadership should discuss and consider how
to implement physics-specific learning goals, recognizing the needs of varying
student constituencies, the needs of future employers and teachers of these stu-
dents, and the views of alumni.

Physics departments need to be aware of and respond to the needs of the many
different groups of students who enroll in introductory courses. For all students,
physics education should help develop skill sets that prepare the student for further
learning, for future employment, and for participation in the broader scientific
enterprise.

Important goals for physics majors include the following:

+ Participating in an undergraduate research experience. Programs should

encourage students to apply for Research Experiences for Undergraduates
and other off-campus undergraduate research experiences (see Box 4.1),
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BOX 4.1
Professional Society Statements on Undergraduate Research

e American Physical Society:'

The Committee on Education of the American Physical Society calls upon this nation’s
physics and astronomy departments to provide, as an element of best practice, all under-
graduate physics and astronomy majors a significant research experience.

e American Association of Physics Teachers:?

American Association of Physics Teachers urges that every physics and astronomy depart-
ment provide its majors and potential physics majors with the opportunities and encour-
agement to engage in a meaningful and appropriate undergraduate research experience.

e Society of Physics Students:?

We advocate that every student majoring in physics and/or astronomy engage in a mean-
ingful undergraduate research experience.

e Council on Undergraduate Research Statement, Physics and Astronomy Division:*

We call upon this Nation’s physics and astronomy departments to provide, as an element
of best practice, all undergraduate physics and astronomy majors a significant research
experience.

T American Physical Society, “Statement on Undergraduate Research,” 2008, available at
http://www.aps.org/programs/education/undergrad/faculty/ug-research.cfm.

2 American Association of Physics Teachers, “AAPT Statement on Research Experiences for
Undergraduates,” adopted by the AAPT Executive Board on November 1, 2009, available at
http://www.aapt.org/Resources/policy/ugresearch.cfm.

3 Society of Physics Students, “SPS Statement Regarding Undergraduate Research,”
approved on December 1, 2008, available at http://www.spsnational.org/governance/
statements/2008undergraduate_research.htm.

4 Council on Undergraduate Research, Physics and Astronomy Division, Letter from
Vijendra Agarwal, Chair, CUR Division of Physics and Astronomy, to the Chairs of Physics/
Astronomy Departments, dated May 19, 2009, available at http://www.spsnational.org/
governance/statements/cur_undergrad_research.pdf.

+  Becoming effective in oral and written communication of scientific ideas,

+ Achieving a basic understanding of statistical methods,
+ Learning about numerical simulations, and
+  Becoming familiar with current physics research.

Recommendation B3. Departmental leadership should recognize in the overall
program the role of activities outside the classroom.
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One of the key findings of the SPIN-UP report (Hilborn et al., 2003) is that
thriving physics departments do more than just offer a series of high-quality
courses. Thriving physics departments create an environment with significant
out-of-class interactions among students as well as between students and faculty.
Examples of ways to promote out-of-class interactions include:

+  Offer active and personalized advising and career guidance.

+  Sponsor and support a campus chapter of the Society of Physics Students
and encourage students to participate.

+ Create a comfortable student lounge or common room.

+ Work with students to develop community outreach activities.

* Maintain a tutoring program matching upper-division students with intro-
ductory students needing help.

+ Involve students in existing invited speakers programs with opportunities
to interact and dine with these and other visitors.

Recommendation B4. Departmental leadership should establish collective respon-
sibility and a commitment to incremental improvement, based on research on
programs and courses.

Establish a faculty working group to formulate a set of realistic goals for the
overall program and especially the introductory courses, consider how to reach
these goals, and decide on what evidence will be used to assess progress. The result-
ing plans will need to consider the structure of courses and programs, the processes
of teaching and assessment, and the structures that affect cohesion and motivation
of students (such as advising and informal interactions between students and fac-
ulty). This group should utilize education research findings in their deliberations.
Plans should include the following:

*  Identify specific evidence to help assess learning objectives for each course.

«  Consider pedagogies that can help to realize these objectives. As discussed
throughout this report, the specific pedagogies that are appropriate will
vary from one department to another. There exists a vast array of pub-
lications and websites that can help faculty select appropriate strategies,
materials, and methods.

« Work with interested department faculty members and groups of faculty to
implement the agreed-upon changes. This is one of the most difficult aspects
of successful improvement programs. Faculty members who welcome expe-
rienced observers into their classes, and who consider their advice, can be
more successful in implementing change. Conversations and resources
should be extended to all interested faculty, including fulltime, adjunct, and
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individuals who have special roles within the department (e.g., lecturers,
laboratory preparation, and so on).

+ Involve students in the process of improvement. New techniques often con-
fuse students when they challenge them to think or act in ways different
from their established patterns. Engage students from the beginning to
help them understand the reasons for change and how the newly defined
roles of instructor and student interact within the course. Regularly solicit
student input to understand their concerns and assess how the innovations
are working.

«  Assess the results of these efforts regularly. Use the results to update the plan
for continued reform and work to maintain successes when reforms are
successful. Assessments that have been developed through research methods
are helpful.

*  Document and share successes and instructional materials. Organizing the
concepts and writing about the results provides a focus and critical analysis
of goals, methods, and outcomes that can lead to incremental improve-
ments and lasting changes to departmental culture, particularly if the result-
ing publications are valued in the faculty rewards system.

Recommendation B5. Departmental leadership should provide and participate
in professional development opportunities for faculty.

Ideas and methods for improving undergraduate education are being refined
continuously. In just the same way that scientific research requires continual
renewal, faculty and staff members must be exposed to new ideas in order to imple-
ment incremental changes to the department’s programs. Examples of professional
development include the following:

+  Send all new faculty members to the APS/AAPT/AAS new faculty work-
shops and have existing faculty members attend these or similar faculty
workshops;

+ Take advantage of research-based online resources for individual faculty
(e.g., ComPADRE.org, which is described in Box 4.2 and the PER Users’
Guide, http://perusersguide.org/);

+ Establish regular physics education seminars or colloquia (speakers are
available on the APS PER speakers database; see http://aps.org/programs/
education/speakers); and

+ Implement professional development programs for all educators, including
adjunct faculty, lecturers, lecture-demonstration staff, teaching assistants,
and learning assistants, and including travel support for professional devel-
opment workshops and seminars.
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BOX 4.2
ComPADRE

The National Science Digital Library project of the National Science Foundation (NSF)
began as an ambitious effort to bring together and enhance electronic resources to benefit
science, technology, engineering, and mathematics (STEM) education. From the beginning,
it became obvious that larger thematic collections would provide an advantage over indi-
vidual projects by assembling and evaluating related resources, providing specialized tools
for searches and content management, and interacting with broader audiences. A number of
“pathways” projects emerged under the second round of NSF funding, among them ComPADRE
(Communities of Physics and Astronomy Digital Resources for Education) for physics and
astronomy educators.

ComPADRE, like other discipline-based collections, was sponsored by leading professional
societies (in this case, the American Association of Physics Teachers [AAPT], the American
Physical Society [APS], and Society of Physics Students [SPS]). The combined ComPADRE col-
lections now index more than 12,000 items from high school physics to undergraduate quantum
mechanics and include portals (websites) covering introductory courses, computational physics,
relativity, advanced laboratories, and statistical physics, among others. In the 2010-2011 aca-
demic year ComPADRE hosted visits from about 2 million faculty and students from colleges
and universities and about 6 million high school teachers and students. Today, it has become a
centralized and recommended repository for outcomes of NSF-sponsored physics educational
resources, collections of materials from joint society projects like the Physics Teacher Education
Coalition, and indexed databases of items with topics ranging from summer research opportuni-
ties for undergraduate students to results from physics education research groups.

The most popular of ComPADRE's assets is its online physics tutorial/textbook that aver-
ages more than 1.8 million visits each month during the school year. Popularity aside, important
niche audiences, like those seeking information on how to teach quantum mechanics, can
find resources specifically vetted and indexed. An educator can locate materials specifically
relevant to narrowly defined topics within physics and astronomy education and tailored to a
specific course and grade level.

SOURCE: ComPADRE, available at http://www.compadre.org.

Recommendation B6. Departmental leadership should provide leadership to
implement and support reforms.

The SPIN-UP report (Hilborn et al., 2003) found that sustained departmental
leadership was critical to establishing and maintaining departmental improve-
ments. Changes can be encouraged and sustained in a variety of ways, including
the following:

+  Encourage individual faculty and staff to use research-based assessments
and techniques to adapt, reject, or adopt pedagogical changes;
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+ Establish a system for propagating and improving successful changes in
courses and/or the curriculum;

+ Encourage experimentation that includes well-defined assessment of progress;

+  Provide support for faculty willing to experiment and practice new tech-
niques and ideas, including letters of support for tenure/promotion files,
discussions within the department, and explanations to administration,
other faculty, and students;

+ Consider and discuss with faculty the role that PER faculty might have in
the department;

+  Keep administration, faculty, and staff informed about the value of research-
based educational improvements and the role played by discipline-based
educational research in developing and validating these changes; and

+  Implement regular classroom visits by colleagues to promote discussions
of pedagogy among faculty members in a framework analogous to visiting
laboratories or group seminars of colleagues engaged in similar research.

ACADEMIC ADMINISTRATORS

Key Recommendation C. Academic administrators should encourage faculty
groups to seek improvement and should reward faculty and departments that
are successful at implementing positive changes.

General university support for improvements in the teaching and learning of
physics is essential both for departmental programs and for maintaining or improv-
ing an institution’s educational reputation. As emphasized in the previous section,
leadership for and implementation of change tend to come from individuals or
small groups within the faculty, but making those changes systematic and persistent
is a social process in which departmental and college or university-wide admin-
istration plays an important part. Grassroots reform is unlikely to be successful
in the long term if the administrative structures are not in place to nurture and
support it. At the same time, top-down efforts at reform will rarely work unless
they are adopted and led by the faculty doing the teaching. This requires incentives
for change that include powerful motivational ideas and resources that provide
incentives and support.

Setting the tone from the top does not suggest that the leader give detailed
prescriptions for change, but instead communicate the urgency for change and the
broad directions. However, the results of research in physics education and other
work in cognitive sciences, as discussed elsewhere in this report, provide ample
evidence that improvement is both urgently needed, and also possible, in under-
graduate physics education. Leadership needs to create an environment that nur-
tures, recognizes, and institutionalizes change.

Copyright © National Academy of Sciences. All rights reserved.



Adapting to a Changing World--Challenges and Opportunities in Undergraduate Physics Education

RECOMMENDATIONS

93

Detailed Recommendations for Higher-Level Academic Administrators

Recommendation C1. Administrators should set the tone at the top.
Important first steps are to

+  Empower and fund the physics department to perform an in-depth self-
assessment based on the contents of this report, commit to carefully review-
ing those findings, and work to implement the changes that this assessment
might motivate.

+  Declare publicly and consistently to other administrators and faculty within
and beyond the walls of the college or university why changes are needed
and how they will improve student learning and in turn the quality of the
college or university.

+  Emphasize that undergraduate student learning is part of the core academic
mission and devote adequate resources to educational models shown by
research to improve student outcomes, even if these models are not the least
expensive available. Also assume an appropriate share of responsibility for
the improvement of K-12 science and mathematics education, for example,
by supporting disciplinary faculty in the preparation of high school teachers
or the science and mathematics education of elementary school teachers.

+ Finally, provide campus recognition for faculty and programs that have
demonstrated an evidence-based approach to undergraduate teaching and
learning. Recognition should identify and value the individuals and orga-
nizational structures that have made these improvements—especially those
that implement changes that address paradigm shifts within the academic
culture.

Recommendation C2. Administrators should establish a teaching and learn-
ing group or unit to advise and support faculty engaged in pedagogical
improvements.

Dedicated organizational units can advise and assist faculty with pedagogical
improvements, techniques, and structures. These organizational structures (often
called Centers for Teaching and Learning) can also provide interdepartmental
opportunities such as education-oriented colloquia for faculty to learn about and
discuss pedagogy and educational change. One strategy that some institutions have
found to be successful is to establish “teaching and learning seminars” to provide a
mechanism for regular discussion groups about educational change.
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Recommendation C3. Administrators should provide incentive funding to fac-
ulty who wish to implement evidence-based pedagogical improvements.

Incentives should

+  Offer financial resources to faculty who wish to implement evidence-based
improvements and couple those grants with assistance in seeking external
funding and outreach to other colleagues.

+ Reward a faculty member’s obtaining external grants for educational activi-
ties in the same way as that faculty member is rewarded for obtaining fund-
ing for research.

Recommendation C4. Administrators should support faculty who conduct
discipline-based education research and the establishment of faculty lines and/
or interdisciplinary units to help develop the growth of education research in
university science, technology, engineering, and mathematics departments.

As with all scholarly endeavors, engagement in PER, and discipline-based edu-
cation research in general, can benefit a university by attracting top scholars who
lend prestige to the institution and secure external research funds. These activities
can also invigorate educational efforts on campus: A PER group can support a
department’s efforts to adopt new approaches by providing initial impetus, help-
ing to fine-tune the implementation, and helping to assess the outcomes. It can
similarly support local community colleges and K-12 schools. Administrators must
work with the relevant departments and discipline-based educational research
faculty to determine the best way to integrate them into the institution. A com-
mon route is a direct appointment in the relevant academic department, or a joint
appointment involving both the relevant academic department and an education
department, center, or institute focused on education research. (See Box 4.3 for

BOX 4.3
Where Does Physics Education Research Belong?

While most physics education researchers are faculty in physics departments, some debate
continues about whether this is the proper home for physics education research (PER). The
issues surrounding the optimal conditions for promoting the quality of scholarship and the
likelihood that findings have an impact on teaching are complex. There remain robust institu-

continued
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tional and societal impediments to establishing PER, and discipline-based education research
in general, as sustainable fields.

In several respects the prevailing culture is built into the institutional structures of research-
oriented institutions of higher education in which research and teaching are distinct categories
of criteria for promotion and tenure. To the extent that education research has a home in most
universities, it is almost always entirely located within schools of education, institutionally
sequestered from the disciplines, and focused on pre-college education. The situation hinders
PER specialists who are in colleges of education and may have specific research interests that
only tangentially connect to those of their colleagues. PER specialists in a physics department
may lack colleagues who share their expertise in education. A lack of a “critical mass” in a
research group may limit its ability to build a national and international reputation.

Progress in PER depends on interdisciplinarity. It depends first on the participation of physi-
cists in physics departments, who represent the core community and possess a deep, nuanced
understanding of physics content. It also draws on methods and frameworks developed in
other fields, historically primarily cognitive psychology and, more recently, an expanded range
of scholarship—the “learning sciences” concerned with knowledge, reasoning, learning, and
development.

Thus, intellectually and institutionally, PER is a hybrid crossing the discipline of physics
with research on learning and instruction. Intellectually, this hybridization has allowed for
significant progress, introducing new ways of thinking about how undergraduate physics edu-
cation can be organized, implemented, and advanced. Institutionally, however, it presents
challenges.

As the statement on PER by the APS' emphasizes, the continued involvement of physicists
in physics departments is essential for making further progress in PER. Faculty with the neces-
sary understanding of the subject matter, with the motivation to investigate it and with access
to students studying it, are naturally located in physics departments. The significant influence
of PER on physics teaching can be attributed to the fact that many of the findings, approaches,
and materials have been developed by physicists working in physics departments, addressing
problems important to physics faculty, and using methods familiar (or immediately graspable) by
researchers in more traditional fields. Affirming and strengthening this tradition, while expanding
our notion of what PER is, where it is done, and who does it, is critical for fostering the further
development of fundamental insights into learning and for promoting future impact on students.

At the same time, the larger community and research universities in particular must sup-
port PER that has connections to related work conducted outside of physics departments. A
number of universities have begun programs in the learning sciences. Faculty in these programs,
while having homes in their respective discipline departments, enjoy enhanced opportunities
for collaboration and community among scholars from various intellectual traditions that inform
research on knowledge, learning, and instruction—including education, psychology, cognitive
science, computer science, sociology, anthropology, and, recently, neuroscience.

The question, Where does PER belong? does not have a single answer. Much like bio-
logical physics, the diversity of research programs suggests a range of departmental contexts
is necessary for fostering high-quality, influential work. Although researchers are not always
directly tied to specific course improvements, effectiveness in implementing changes will typi-
cally benefit from close interactions with other physics faculty and physics instruction.

T APS (American Physical Society), APS Statement on Research in Physics Education, available
at http://www.aps.org/publications/apsnews/199908/statements.cfm, 1999.
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a discussion of the issues surrounding PER appointments.) However, it is crucial
that when such faculty are appointed, they should be rewarded for their scholarly
activities in educational research as well as their contributions to the university’s
teaching mission.

The potential is great: research universities are natural laboratories for research
on learning and teaching. The committee does not suggest that there is one model
that will fit all institutions, but it is time to move past ad hoc solutions. PER and,
more generally, discipline-based education research need systemic support to flour-
ish at the university.

Recommendation C5. Administrators should include, for all faculty who teach,
education research and development among the factors considered in reward
structures, not just for those faculty who conduct discipline-based education
research.

Reward structures should

+ Recognize that major course improvements, assessment, and educational
publications require creativity and systematic effort and should be con-
sidered a part of the record of achievement along with excellent teaching,
research, and service.

+ Recognize further that for discipline-based educational researchers, a sim-
ple division of activities into teaching, research, and service cannot always
be made. An excellent treatment of how to consider the broad inclusion of
scholarship of teaching is given by Boyer (1990).

Thus, institutional guidelines should acknowledge these issues and include
multiple measures for all components of a faculty member’s productivity. While
this recommendation is not unique to physics, it is an important part of what is
needed to set the appropriate tone that will allow substantive improvements in
undergraduate physics education.

FUNDING AGENCIES

Key Recommendation D. Funding agencies should support positive change at
all levels and should support fundamental educational research, development,
adoption, and dissemination.

Funding agencies play a critical role in supporting research, development, and

dissemination of innovations in undergraduate physics education. They also set
an authoritative tone for the improvement of educational practice, including new
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emphasis for research physicists on the professional importance of effective edu-
cational practice. Current support from the National Science Foundation (NSF),
the Department of Education, and private foundations, while limited, provides an
important incentive for faculty and administrators to improve the learning envi-
ronment in colleges and universities in the United States.

NSF’s significant funding for undergraduate physics education (Henderson et
al., 2012) has provided leadership through the design of its solicitations, selection
of awards, and promotion of discipline-based research, research-based assessments,
and innovations in undergraduate education. NSF’s Broader Impacts criterion in
award selection has opened an opportunity to address education issues as a com-
ponent of all funded scientific research projects, but its potential to promote the
adoption of research-based educational improvements has not been fully realized.

Availability of adequate funding is also essential in light of Recommenda-
tion C4, which calls for faculty appointments. For these faculty to be successful
they would need to have adequate funding from both local and national sources to
support their research as well as to support work of other faculty who are making
changes to their undergraduate courses as recommended.

Detailed Recommendations for Funding Agencies

Recommendation D1. Agencies should support a balanced portfolio that includes
dissemination of good practices and both applied and foundational education
research.

Physics education research remains critical to advancing our understanding
of the learning processes necessary for advances in undergraduate physics educa-
tion. This research should continue to be supported by NSF Directorates of Math
and Physical Sciences (MPS) as well as Education and Human Resources (EHR).
The Divisions of Physics (PHY) and Materials Research (DMR) play an important
role in supporting and promoting these efforts in conjunction with EHR, as this
research impacts the future generations of scientists, engineers, and others involved
in science-based business activities.

As in all areas of research, adequate funding is an ongoing concern for PER.
However, the challenges facing physics education research, and discipline-based
education research (DBER) in general, go beyond the total level of support available.
A recent study of PER funding indicates that about 75 percent of the direct or indi-
rect support for PER over the period 2006-2010 came from NSF, primarily through
programs in the Directorate for Education and Human Resources (Henderson et
al., 2011). Some of these programs fund basic research in science teaching and
learning. However, many have the primary goal of supporting improvements in
educational practice, rather than basic research. The projects funded by these
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programs often contain research components, but the research tends to be tightly
linked to the assessment of particular classroom innovations. Moreover, in con-
trast to some programs that support traditional research in physics, grants funded
through these programs are almost always awarded on a project-by-project basis,
and no renewal mechanisms are available to support productive research programs
over an extended period of time.

The current funding opportunities thus constrain PER by focusing on applied
projects that can show classroom impact over short time scales. Sustained effort
over long time periods is needed to establish that the results of educational inno-
vations are robust and replicable beyond their original setting and to ensure that
these innovations spread. Likewise, sustained effort is required to develop the
sorts of deep insights into fundamental issues of learning that have the potential
for significant impact in the long term. Thus, funding programs are needed that
are adequate in size to support large multi-institutional collaborations where
appropriate, flexible enough in scope to support both “classroom ready” projects
and foundational research, and designed to allow productive programs to survive
over long time scales.

Recommendation D2. Agencies should educate principal investigators in all
areas of physics research about how physics education research (PER) methods
and PER-based materials can help them build a relevant educational component
for their research projects so that they have a broader impact on the formal or
informal education of broad and diverse populations of learners.

NSF’s Broader Impacts criterion for evaluating proposals provides a unique
opportunity to influence how researchers work to improve undergraduate physics
education. NSF should consider more direct ways of educating potential principal
investigators about research-based educational advances that could support better
the broader impacts of their projects.

Recommendation D3. Agencies should support development, validation, and
implementation of new assessment instruments and provide standards for their
interpretation.

Improvement of education is impossible without relevant assessments. Assess-
ment drives innovation by identifying where and what type of change is needed and
by allowing progress to be monitored. Assessment informs students about what is
required (and can guide their study if used formatively) and allows instructors to
determine how their students are progressing. Current widely used assessments,
such as the Force Concept Inventory (FCI), the Force and Motion Conceptual
Evaluation (FMCE), the Conceptual Survey of Electro-Magnetism (CSEM), and
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the Colorado Learning Attitudes about Science Survey, are examples of instruments
that inform faculty of student learning and provide evidence to help departments
evaluate the impact of instruction.? However, no user-friendly assessments exist to
gauge progress toward the many other desired outcomes, such as problem solving,
sense making, learning to learn, self-reliance, and facility in disciplinary practices
(e.g., argumentation and experimental design).

Recommendation D4. Agencies should promote dissemination strategies and
research on such strategies that more effectively help faculty and departments
incorporate the results of education research into their courses.

A high priority for funding agencies should be to support the development of
more effective methods for spreading and sustaining existing and emerging innova-
tions. Although some limited research findings can inform sustained adoption of
programs, much remains to be understood. Electronic distribution of educational
resources and ideas offers new opportunities and challenges. Funding agencies
should support experimentation with novel methods of dissemination and adop-
tion and sustaining good practices. As an example, they might encourage collabora-
tion between education researchers and open educational resource organizations
such as the Community College Consortium for Open Educational Resources.’
National and regional workshops, such as the Workshop for New Physics and
Astronomy Faculty (see Chapter 2 and Henderson, 2008), are also key and should
be supported and possibly expanded to include senior faculty and instructors at all
levels of undergraduate education. In all cases, an increased awareness of the role
that academic departments play in sustaining successful innovations should arise.

Recommendation D5. Agencies should support research into the impact of
instructional improvements on students from groups underrepresented in
physics and the impact on capable students who choose not to pursue physics.

Considerably more needs to be known about the differential impact of educa-
tional practices in physics on groups that are underrepresented in physics. Likewise,
little physics-specific knowledge exists about why students who are capable of
completing study in physics choose to leave the field. Research on these issues can
improve our understanding and help guide implementation of alternative practices
based on this research.

2 See http://www.ncsu.edu/per/TestInfo.html for links to each of these assessments.
3 See http://oerconsortium.org/.
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EDUCATION RESEARCHERS

Key Recommendation E. Physics (and other) education researchers should
focus some of their efforts on critical areas, including improving fundamental
understanding of learning and instruction and developing and disseminating
improved assessment tools and instructional methods and materials.

Physics education researchers must continue to engage in foundational and
applied research, develop new research-based pedagogies and resources, and spear-
head their effective dissemination and adoption. This section concentrates on rec-
ommendations for applied research and dissemination that are likely to have the
most significant near-term impact on undergraduate physics education.

The committee views as especially important aligning the development and
interpretation of assessment instruments with the community’s goals for devel-
oping 21st-century skills like problem solving, reasoning, and learning to learn.
This alignment will enable the development of curricula and learning tools that
enhance these skills. Finally, these improvements must be undertaken with an eye
to improving recruitment and retention of underrepresented groups and prospec-
tive high school teachers.

Detailed Recommendations for Education Researchers

Recommendation E1. Researchers should develop instruments to include all
components of expert physics learning, including physics reasoning, problem
solving, experimental practices, effective study habits and attitudes, and other
capabilities important for a good education.

Targeted assessment instruments are an important driver of scientifically based
course change. Easily implemented multiple-choice tests can drive a series of
changes and new developments, first by surprising even the relatively “in touch”
instructors with the extent of student difficulties and then by providing motivation
and standards for new pedagogies and instructional material that address these
difficulties. Thus, the research community needs to make assessment tools easier
for faculty to find and use and provide guidance in interpreting results. Priority
should be given to the development of tools to assess valued student skills, such as
problem solving, critical thinking, and experimental design. Existing instruments
that focus on conceptual understanding were built on a research base established
through detailed, in-depth investigations of the nature of this understanding and
how it develops. Similar fundamental research is needed to inform the development
of easily accessible assessment tools in other areas of student learning.
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Recommendation E2. Researchers should develop and disseminate homework
and exam problems that require and assess desirable skills.

Most homework problems available to physics instructors and students are
“plug and chug” problems (Harper et al., 2007) featured in popular textbooks.
These types of problems encourage poor student attitudes toward learning science
(Adams et al., 2006). Alternative problem types have been developed that are shown
to help improve student learning. Thus, efforts to develop and disseminate high-
quality alternative problems are needed. Ideally these problems would be available
and assignable through learning management systems as well as other means.

Recommendation E3. Researchers should study what makes effective teaching
assistants and learning assistants and provide guidance for those preparing and
training them.

Graduate and undergraduate students assist with instruction in many colleges
and universities. Some research has investigated how to best prepare and train these
students in a way that benefits them personally and professionally and also results
in good instruction, but much additional research is needed in this area.

Recommendation E4. Researchers should apply physics education research more
extensively to upper division courses.

Much of PER to date has been done on introductory-level physics courses.
More recently, some researchers have been applying these ideas productively to
upper-level courses. (See, for example, Thompson et al., 2011; Ambrose, 2004;
Chasteen et al., 2011; and Baily et al., 2013.) The initial results from this work sug-
gest that similar models for curriculum development are fruitful in these courses
and should be encouraged. Work to re-envision and update the content of the
upper division physics courses is also needed.

Recommendation E5. Researchers should continue and expand research on the
impact of research-based instructional improvements on underrepresented

groups and on students who are capable but now drop out of physics.

This important issue was discussed under Recommendation D5 to funding
agencies.

Recommendation E6. Researchers should continue research efforts that develop
a foundational knowledge base for physics education.
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While research and development are needed to address the immediate issues
in undergraduate physics education, the PER community must also build for the
future through fundamental research on learning processes and knowledge struc-
tures. Much of this is likely to involve collaboration between physics education
researchers, cognitive scientists, and neuroscientists.

Recommendation E7. Researchers should work collaboratively with federal
research agencies to identify additional sources of support for research and dis-
semination of results.

The PER community should work with federal agencies, especially NSF, to
identify new and existing mechanisms for supporting discipline-based research.
The PER community should establish better ties with the Department of Educa-
tion and other potential funding sources to raise awareness of existing programs
and provide information about discipline-based education research that could
influence the design of future funding programs.

PROFESSIONAL SOCIETIES

Key Recommendation F. Professional societies should emphasize the importance
of education research and play a major role in the dissemination of its results,
recognizing those who successfully improve instruction.

Professional societies play an increasingly important role as catalysts for change
in undergraduate education. In physics, three organizations have invested sig-
nificantly in improving undergraduate education: the American Physical Society
(APS); the American Association of Physics Teachers (AAPT); and the American
Institute of Physics (AIP). Professional societies have several avenues for pro-
moting progress: convening conferences, workshops, and meetings; producing
peer-reviewed journals and more generic publications like newsletters, websites,
magazines, blogs, and other “general” audience formats; awarding prizes and
honors to recognize and support the actions of individuals or groups; and provid-
ing general advocacy from an informed viewpoint.

Educational innovations and advances are often unfamiliar to, and even dis-
trusted by, the physics research community and the teaching community at large.
Professional societies can provide a forum and an implicit or explicit endorsement
of such improvements.
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Detailed Recommendations for Professional Societies

Recommendation F1. Professional societies should publicize the results and
endorse the importance of educational developments.

Improving physics education requires a much more active approach than
“if you build it, they will come.” Bringing effectual innovations successfully and
sustainably into classroom settings is perhaps the greatest challenge facing under-
graduate physics education. Professional societies bring together physics profes-
sionals, many of whom teach, in an environment in which they are receptive to new
ideas. Highlighting educational developments and tools is an essential component
in realizing widespread usage. In addition to the New Faculty Workshop, examples
include dedicated columns in electronic and print newsletters or magazines, regular
articles on educational innovations and associated research results, and opinion
pieces solicited from noted physicists on their use of these materials.

Recommendation F2. Professional societies should collect, review, and make
available Web-based resources for individual faculty.

To encourage dissemination of innovations, professional societies need to build
on the example of ComPADRE (see Box 4.2) and collect, review, and make available
Web-based materials informed by education research. Providing a community-
based structure to vet physics-specific materials and ideas furthers society goals and
provides services that broad science organizations (e.g., all of STEM) are unable to
fulfill in one-size-fits-all organizational structures.

Recommendation F3. Professional societies should convene community leaders
and practitioners on a regular basis to discuss and share implementation of
better practices.

Regular gatherings of departmental leaders and faculty are needed to discuss
our changing understanding of undergraduate physics education and to help
faculty understand how to effectively implement improvements. These efforts
should include department chairs and directors of undergraduate education, new
faculty, and faculty who are working to improve courses or components of a
physics curriculum. Gatherings should include direct engagement with new learn-
ing techniques to model good learning practice, as well as interactive discussions
on implementation, assessment, and retention.

Recommendation F4. Professional societies should publish physics education
research in the general physics journals (e.g., Physical Review Lettersand Reviews
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of Modern Physics) and review in society journals other types of teaching and
learning applications in addition to textbooks.

Peer-reviewed publication venues to disseminate knowledge are necessary
for recognizing the significance of physics education research among academic
physicists. Beyond the traditional publications, such as Physical Review Special
Topics—Physics Education Research and the American Journal of Physics, appropri-
ate education research articles should be published in journals, such as Physical
Review Letters and Reviews of Modern Physics, that are read by the community
at large, as well as in “magazine-style” publications like The Physics Teacher and
Physics Today, where several important articles have appeared. Encouraging pub-
lication of articles in these widely respected research journals and popular publi-
cations both legitimizes the results among a broader community and shows that
publishable scholarship is what academic physicists do. These venues also offer
a broader dissemination of research-based pedagogies among the international
community.

Recommendation F5. Professional societies should expand at meetings the pres-
ence of sessions on educational innovations and practices.

National, topical, and regional physics meetings should host and highlight ses-
sions that feature innovations in pedagogy, understanding and assessing student
learning and tools available to explore and document theses issues. APS division,
topical group, and section meetings should offer sessions during their annual
meetings on these topics. APS and AAPT should link and strongly promote meet-
ings, when possible, to allow crossover between constituencies and help faculty
who are primarily engaged in research to understand how pedagogy affects their
effectiveness in advancing the next generation of scientists. Societies should make
education-related sessions available electronically to enhance dissemination.

Recommendation F6. Professional societies should help guide student expecta-
tions and improve students’ understanding of pedagogical improvements.

While faculty and departments are primary agents in implementing change,
students are the direct consumers of these changes. SPS and other physics student
groups can and should play important roles in advocacy, feedback, and encourag-
ing curricular changes. Since pedagogical changes will often be looked on with
trepidation by students who have obtained good grades under traditional instruc-
tion, enlisting students and student organizations can help allay fears and actively
engage them in implementing improvements.
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CONCLUSIONS

These recommendations represent the committee’s consensus on adaptable
solutions for problems that face undergraduate physics education. They also rep-
resent a set of actions that can be taken to work toward a better understanding
of these problems and solutions for the future. In developing these recommenda-
tions, the committee acted as scientists. It looked carefully at current practices in
undergraduate physics education, noting a number of concerns and sources for
optimism.

As the physics community works to improve undergraduate physics education,
it needs to be aware that the job will never be finished. A statement frequently
attributed to Melba Phillips makes the point well: “The trouble with problems
in physics education is that they don’t stay solved.” In making this assertion,
Dr. Phillips was noting that students, faculty, society, and physics are all changing
continuously. While instructional methods found to be effective today must be
applied, the community must also be aware of changes that will necessitate further
modifications tomorrow. In this way physics teaching can be kept up-to-date just
as the fundamentals of physics are kept up-to-date.
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Statement of Task

The committee will produce a report that identifies the goals and challenges
facing undergraduate physics education and identifies how best practices for under-
graduate physics education can be implemented on a widespread and sustained
basis. In so doing, the committee will assess the status of physics education research
(PER) and will discuss how PER can assist in accomplishing the goal of improving
undergraduate physics education best practices and education policy. As part of
this task, the committee will:

1. Assess the current status of Physics Education and PER by:

a. Describing the current landscape of undergraduate physics education
with a focus on its ability to recruit and retain undergraduate students
in physics, to prepare and support teachers of physics and physical sci-
ence from K-12, and to provide meaningful physics education to other
science and technology professionals;

b. Discussing progress and issues in the PER field, including preparation
of a synthesis of findings from this body of research; and

c. Identifying and examining the efficacy of current assessment methods.

2. Address the future of undergraduate physics education and PER by:

a. Identifying best practices in undergraduate physics education for majors
and non-majors alike;
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. Identifying those practices and programs in physics that effectively engage,

recruit, prepare, and support current and future pre-college teachers;

. Considering mechanisms to deploy assessment tools by which best prac-

tices and research-based findings in physics education can be scaled to
make them more widespread and sustained;

d. Identifying the future directions of PER;
. Recommending strategies for academic institutions and policymakers

to implement those mechanisms to improve undergraduate physics
education.
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Meeting Agendas

MEETING 1: MARCH 18-19, 2011
WASHINGTON, D.C.

March 18, 2011

Closed Session

8:00 am Committee Discussions

Open Session

1:45pm  Welcome from Chair
1:50 pm  Perspectives from Sponsor: NSF-Physics and NSF-Education
2:10 pm  Question and Answer with the Sponsors

Closed Session

2:45pm  Committee Discussions
8:00 pm  Adjourn for the Day
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March 19, 2011

Closed Session

8:30 am
2:30 pm

Committee Discussions
Meeting Adjourns

MEETING 2: MAY 31-JUNE 1, 2011
IRVINE, CALIFORNIA

May 31, 2011

Closed Session

12:00 pm
8:00 pm

Committee Discussion
Adjourn for the Day

June 1, 2011

Open Session

8:15 am
10:10 am
10:50 am

11:30 am
12:15 pm

Open Committee Discussions

Topic: Preparation for K-12 Speakers, Joe Wise, New Roads School
Overview and Highlights of the Forthcoming UDPER Report,
Michael Loverude

General Discussion of Morning Talks with Speakers

Working Lunch

Closed Session

12:45 pm
5:30 pm

Committee Discussion
Meeting Adjourns
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MEETING 3: JULY 25-26, 2011
IRVINE, CALIFORNIA

July 25,2011

Closed Session—12:00 pm to 6:00 pm

July 26,2011

Closed Session—7:45 am to 12:00 pm

Open Session

12:00 pm  Working Lunch

1:00 pm  Open Session Welcome and Introductions
1:10 pm  Digital PER User’s Guide, Sam McKagan
1:55pm  Open Discussion

Closed Session—2:15 pm to 5:30 pm

MEETINGS 4 AND 5

The committee’s two final meetings, on September 22-24,2011, in Woods Hole,
Massachusetts, and January 13-14, 2012, in Washington D.C., were held entirely
in closed session.
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DONALD N. LANGENBERG, Chair, is the chancellor and professor emeritus in
the Department of Physics at the University of Maryland. He earned his B.S. at
Iowa State University, his M.S. at the University of California, Los Angeles, and
his Ph.D. at the University of California, Berkeley. Dr. Langenberg has served as
chancellor of the University System of Maryland and the University of Illinois,
Chicago. He has received numerous honorary awards and degrees and has served
on a number of boards. He served as chairman of the board of directors of the
American Association for the Advancement of Science (AAAS) and the executive
board of the National Association of the State Universities and Land Grant Colleges.
He has also served on the board of directors of the Alfred P. Sloan Foundation and
the board of trustees of the University of Pennsylvania, as well as president of the
American Physical Society (APS).

SUZANNE BRAHMIA is director of the extended physics program and asso-
ciate director of the Math and Science Learning Center at Rutgers—The State
University of New Jersey. Dr. Brahmia has taught physics at the middle school
through university levels since 1987. Prior to attending graduate school at Cornell
University where she conducted research in solid-state physics, she was a Peace
Corps volunteer teaching physical science in a rural French-speaking African high
school (grades 7-12). She brings expertise in the areas of bridging the gender and
ethnicity gap in science, technology, engineering, and mathematics and in devel-
oping curriculum for grades 6-13. Dr. Brahmia designed and runs an innovative
two-semester introductory physics course for freshman engineering majors who
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are underprepared in mathematics. She has published several papers on bridging
the ethnicity and gender gaps in engineering based on the success of the Extended
Physics program. She is also the associate director for physics at the Math and
Science Learning Center, which provides academic support for undergraduates in
math, physics, chemistry and biology through coordination of the student sup-
port services, and provides outreach to regional K-12 students and teachers. In
this capacity, she works with physics faculty to integrate research-based teaching
activities into their courses and conducts summer workshops for middle and high
school science teachers. Dr. Brahmia is the co-principal investigator (co-PI) on
two National Science Foundation (NSF)-funded curriculum development projects.
One is for college students, the Investigative Science Learning Environment project,
which she developed with Alan Van Heuvelen and Eugenia Etkina. The other
curricular project is for precollege students, Physics Union Mathematics, where
she develops innovative materials that promote mathematical reasoning for the
middle school/early high school levels of physics. She is the co-author with Peter
Lindenfeld of a textbook for college science majors titled Physics, the First Science.

JERRY P. GOLLUB (NAS) is professor of natural sciences (physics) at Haverford
College and an adjunct professor at University of Pennsylvania. He is a member
of the National Academy of Sciences (NAS), a fellow of the American Academy of
Arts and Sciences, and a recipient of the Fluid Dynamics Prize and the Award for
Research in Undergraduate Institutions of the APS. A past member of the NAS
Governing Council, Dr. Gollub was co-chair of the National Research Council
(NRC) study for the report Learning and Understanding: Improving Advanced Study
of Mathematics and Science in U.S. High Schools. He currently serves on the NRC
Board on Science Education. His research is concerned with nonlinear phenom-
ena and fluid dynamics. He is coauthor of Chaotic Dynamics: An Introduction, an
undergraduate textbook. Dr. Gollub teaches science courses designed for a broad
audience, including “Fluids in Nature,” “Predictability in Science,” and “Energy
Options and Science Policy.” He has been provost of Haverford College and chair
of its Educational Policy Committee. He served as chair of the Division of Fluid
Dynamics of the APS and as a member of its executive board. In 2008-2009 he
was the Leverhulme Visiting Professor at University of Cambridge and an over-
seas fellow of Churchill College. He has served on the editorial boards of Physical
Review Letters and Physics of Fluids and has been an invited columnist for Physics
Today. Dr. Gollub received his Ph.D. in experimental condensed matter physics at
Harvard University in 1971.

DAVID HAMMER is a professor in education and physics and astronomy and

co-director of the Center for Engineering Education and Outreach at Tufts Uni-
versity. Previously, he was a professor in physics and curriculum and instruction,
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a member of the Physics Education Research Group, and the coordinator of the
Science Teaching Center at the University of Maryland. Dr. Hammer received his
B.A. in physics from Princeton University, an M.A. in physics and a Ph.D. in sci-
ence and mathematics education from the University of California, Berkeley. His
principal focus is studying how science, mainly physics, is learned and taught across
ages from young children through adults.

CHARLES HENDERSON is an associate professor at Western Michigan Univer-
sity (WMU), with a joint appointment between the Physics Department and the
WMU Mallinson Institute for Science Education. His research within the field of
physics education focuses on scaling and sustaining the use of teaching and learn-
ing ideas developed by the physics education research (PER) community. This
work has involved both assessments of the current use of PER ideas by traditional
physics faculty as well as the development and testing of strategies for increasing
this use. Dr. Henderson is the physics education research editor for the American
Journal of Physics. He has held several leadership positions within the PER com-
munity including chair of the American Association of Physics Teachers (AAPT)
Committee on Research in Physics Education, president of the Michigan Section
of AAPT, editor of the Proceedings of the Physics Education Research Conference,
and member of Physics Education Research Leadership and Organizing Council.
In spring 2010, he was a Fulbright Scholar working with the Finnish Institute for
Educational Research at the University of Jyviskyld, Finland.

PAULA HERON is a professor of physics at the University of Washington. She
received a B.Sc. and M.Sc. in physics from the University of Ottawa and a Ph.D.
in theoretical condensed matter physics from the University of Western Ontario.
She has broad expertise in physics education research, undergraduate education,
teaching assistant preparation, and K-12 teacher education. Dr. Heron has given
invited talks at conferences and in university physics departments in the United
States, Canada, and Europe. She is frequently consulted by national organizations
devoted to improving teacher education, such as the Physics Teacher Education
Coalition and the National Task Force on Physics Teacher Education. She has served
on numerous NSF review committees and on advisory boards to NSF-funded
projects. She has been elected to the executive committee of the Forum on Educa-
tion of the APS and has served as chair of the Committee on Research in Physics
Education of AAPT. Dr. Heron is the co-founder and co-chair of the biannual con-
ference series “Foundations and Frontiers in Physics Education Research,” which
began in 2005 and has become the leading conference devoted to PER in North
America. She was editor of the proceedings of the annual 2-day Physics Education
Research Conference in 2005 and conference co-chair in 2010. In 2007 Dr. Heron
was elected fellow of the APS. In 2008 she shared the APS Physics Education Award

Copyright © National Academy of Sciences. All rights reserved.



Adapting to a Changing World--Challenges and Opportunities in Undergraduate Physics Education

Arrenpix C 117

with Lillian C. McDermott, Peter S. Shaffer, and the Physics Education Group at
the University of Washington.

THEODORE HODAPP is the director of education and diversity for the APS and
project director and PI of the Physics Teacher Education Coalition (PhysTEC)
project. He served as a program director for NSF’s Division of Undergraduate
Education (DUE), working with programs including teacher education, curriculum
development, assessment, and digital libraries. Prior to this he was a professor of
physics and chair of the Hamline University Physics Department. He is currently a
research professor at Hamline. He served as chair of the Council on Undergraduate
Research’s Division of Physics and Astronomy and served on its executive commit-
tee. He worked as a visiting scientist at the 3M corporate research laboratories and
holds several patents in optical devices. He is a fellow of the APS and has published
work in atomic, molecular, and optical physics, physics teacher education, and
diversity issues.

MICHAEL P. MARDER is a professor of physics and associate dean for science
and mathematics education at the University of Texas, Austin. He received his
A.B., summa cum laude, from Cornell University in 1982 and his Ph.D. in physics
from the University of California, Santa Barbara, in 1986. His research interests
are in nonlinear dynamics, and he also serves as co-director of UTeach, a program
at University of Texas, Austin, for the preparation of secondary math and science
teachers. UTeach serves as a model for expanding opportunities for developing sci-
ence and mathematics in K-12 and is being replicated at an increasing number of
universities—currently more than 20 nationwide. Dr. Marder also directs programs
to help improve undergraduate instruction at the university and to increase access
of underrepresented K-12 students to careers involving science and mathematics.
Among his honors are the Elizabeth Shatto Massey Award for Excellence in Teach
Education and Fellowships of the APS, the Exxon Education Foundation, and the
Sloan Foundation.

JOSE P. MESTRE is professor of physics and educational psychology and associate
dean for research at the University of Illinois, Urbana-Champaign. Since earning his
Ph.D. in theoretical nuclear physics in 1979, his research has focused on the learning
of physics, making many pioneering contributions in areas such as the acquisition
and use of knowledge by experts and novices, transfer of learning, and problem
solving. He was among the first to publish scholarly articles on the use of class-
room polling technologies to promote active learning in large classes and is a co-
developer of Minds-On Physics, an activity-based high school physics curriculum
that is heavily informed by learning research. Most recently, his research has focused
on applications of methodologies common in cognitive science (e.g., eye-tracking)
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to study learning and information processing by physics novices and experts. In
2001 he offered congressional testimony before the U.S. House of Representatives
Science Committee’s Subcommittee on Research at a hearing titled “Classrooms as
Laboratories: The Science of Learning Meets the Practice of Teaching.” His past and
present service includes the NRC’s Mathematical Sciences Education Board and the
Committee on Developments in the Science of Learning; the College Board’s Sci-
ences Advisory Committee, SAT Committee, and Council on Academic Affairs; the
Educational Testing Service’s Visiting Committee and Graduate Research Exami-
nation Technical Advisory Committee; the editorial boards of The Physics Teacher
and the Journal of the Learning Sciences; the Committee on Education of the APS;
the Physics Education Research Leadership Organizing Council of AAPT; and the
Expert Panel of the Federal Coordinating Council for Science, Engineering and
Technology. He has published numerous research and review articles on science
learning and teaching and has co-authored or co-edited 18 books.

MARY BETH MONROE is a professor of physics and the department chair in the
Department of Physical Science at Southwest Texas Junior College. Ms. Monroe
received her B.S. degree in physics from Sam Houston State University and her M.S.
in physics with a double minor in junior college teaching and math. Ms. Monroe is
a fellow of the APS and a member of AAPT, AAAS, Texas Section AAPT, Texas Sec-
tion APS, Society of Physics Students, and the Texas Community College Teachers
Association. She has served 12 years as a member of the AAPT Executive Board
(two terms as the TYC representative to the board and a 6-year term as AAPT sec-
retary), and she is currently on the presidential track of the AAPT (vice president,
president elect, president, and past president), serving as vice president in 2012.
She served as PI for “The Two Year College in the Twenty First Century (TYC21),
an NSF/DUE award to AAPT (1995-2000) and as co-PI and project director for
“Strategic Programs for Innovations in Undergraduate Physics at Two Year Colleges
(SPIN-UP/TYC),” an NSF/DUE-ATE award to AAPT (2002-2004). From 1991-2004,
Ms. Monroe was a staff member for the Physics Enhancement Program for Two Year
Colleges, funded by Texas A&M University, Lee College, and NSE. From 2000-2005,
she served on the NSF National Visiting Committee for the Pennsylvania Collabora-
tive for Excellence in Teacher Preparation. She has played a leading role in developing
networks among physicists teaching in 2-year colleges that have led both to their
increasing involvement in AAPT and to better teaching for the students who study
physics in these schools. In 2009 Ms. Monroe was awarded the Melba Newell Phillips
Medal from the AAPT in recognition of her creative leadership and dedicated service
that have resulted in exceptional contributions within AAPT.

VALERIE OTERO is an associate professor of science education and is involved
in several large projects throughout the University of Colorado, Boulder, and
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throughout the United States. She is the director of the Colorado Learning Assistant
Program, the Colorado Noyce Fellowship program, and the CU-Teach program.
Dr. Otero has been involved with the PER community since 1995, when she began
her doctoral work in PER. She has served on the Physics Education Research
Leadership Organizing Council, on the Research in Physics Education Committee
for AAPT, and she currently serves on the National Task Force for Teacher Educa-
tion in Physics. Her research spans from studies of physics teacher knowledge to
studies of how both majors and non-majors learn various concepts in physics and
the nature of science. Dr. Otero has published broadly from Science magazine to Sci-
ence and Children magazine. She is co-author of the popular Physics and Everyday
Thinking curriculum, used in physics departments throughout the United States.
She has been invited to give hundreds of talks about physics education and physics
teacher education throughout the United States and in Italy, Saudi Arabia, and
Korea. Dr. Otero is the PI for more than $14 million in grants to improve math-
ematics and science education. As a first generation college student from a Hispanic
grocery store family, she is committed to increasing access and opportunities for
students of all ages to get the most out of their science education.

DAVID E. PRITCHARD attended the California Institute of Technology (B.S.,
1962) and Harvard University (Ph.D., 1968), and has been with Massachusetts
Institute of Technology (MIT) since 1968, where he is now the Cecil and Ida
Green Professor of Physics. His research accomplishments span modern atomic
physics, including laser spectroscopy, atom-atom and atom-molecule collisions,
atomic line broadening, van der Waals molecules, atom optics, atom trapping,
atom interferometry, precision mass measurement, atom interferometry with
Bose Einstein Condensates, and condensed matter physics using ultracold bosons
and fermions. His group invented the MOT, a laser trap for cold atoms, as well
as the JToffe-Pritchard trap, both workhorses in the study of ultracold atoms and
molecules. Dr. Pritchard has mentored four winners of national thesis awards
and three Nobel Prize winners. He is a member of the NAS and a fellow of the
American Academy for Arts and Sciences, AAAS, the APS, and the Optical Soci-
ety of America (OSA). Dr. Pritchard has won the Broida and Schawlow prizes
from the APS, the Max Born Award from OSA, and the IUPAP Senior Scientist
Medal in Fundamental Metrology. Dr. Pritchard has a lifelong interest in teaching
problem solving and is the author of A Mechanics Workbook and founded Effec-
tive Educational Technologies, which developed myCyberTutor—now sold by
Pearson Education as MasteringPhysics.com, MasteringChemistry.com, etc. He
was the first major coordinator in the MIT Physics Department and won a Dean’s
Teaching and Advising Award and the Ethyl Murman Award for Advising at MIT
(2010). His education research group is developing new pedagogy for teaching
problem solving.
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JAMES SCHAFER is a physics instructor at the Science, Mathematics and Com-
puter Science Magnet Program at Montgomery Blair High School in Silver Spring,
Maryland. He teaches a variety of courses related to the study of physics, including
thermodynamics, quantum physics, advanced placement physics, mathematical
physics, and other introductory physics courses. He was the recipient of the 2011
Montgomery County Teacher of the Year award and was chosen as a finalist for
the 2011 Maryland State Teacher of the Year. As an educator, his focus outside of
the classroom has been on community outreach for physics and engineering. He
is an event coordinator and judge for Final Frontiers, an engineering competition
sponsored by the Maryland Space Business Roundtable. He has participated in a
number of professional development groups focusing on physics education, includ-
ing the NASA Teachers Advanced Study Institute and the University of Maryland
Physics Education Research Group. He is an active member of AAPT and has served
as a field tester for educational materials developed by that group. In his role as
sponsor and coach for the Montgomery Blair Physics Club, he has had two students
earn places on the International Physics Team, where those students earned gold
and silver medals. He is the recipient of the 2010 Marian Greenblatt Excellence
in Teaching Award, he is nationally board certified in physics for adolescence and
young adults, and he is a multiyear recipient of the Intel Science Talent Search
Teacher of Merit Award.

JACK M. WILSON is currently the president emeritus of the University of Massa-
chusetts. Prior to that, he served as vice president for academic affairs of the Univer-
sity of Massachusetts System and held several positions at Rensselaer Polytechnic
Institute, including professor of physics, dean of undergraduate education, interim
provost, and founding director of the Anderson Center for Innovation in Under-
graduate Education. He has served on the boards of several national organizations,
including the board of directors of the American Public and Land Grant Universi-
ties, the board of directors of the Alliance for Research in Science and Technology
for America, and the U.S. Council on Competitiveness. Dr. Wilson is a fellow of
the APS, was awarded the Distinguished Service Citation from AAPT, and served
as chair of the APS Forum on Education during 2001-2002.

HUNG-HSI WU is an emeritus professor of mathematics at the University of Cali-
fornia, Berkeley, where he taught from 1965 to 2009. He is a differential geometer
by profession and has authored research papers and research monographs. He has
also written three graduate-level math textbooks in Chinese. In 1992, he was moved
by what he witnessed in mathematics education reform and was determined to
initiate change in mathematics education. After 1996, he started to participate in
the education process full-time, first as a critic and then as a member of various
state and national committees. He probably played a role in changing the practices
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of professional development in California and the attitude of textbook publishers
toward textbook writing. His latest project is the improvement of the profes-
sional development of math teachers, both pre-service and in-service. He has been
engaged in in-service work since 2000, and starting with 2006, he has begun work-
ing on the pre-service professional development of high school teachers.

DEAN ZOLLMAN is the William and Joan Porter University Distinguished Pro-
fessor and head of the Department of Physics at Kansas State University. He also
holds the title of Distinguished University Teaching Scholar. He has focused his
scholarly activities on research and development in physics education since 1972.
He has received three major awards—the NSF Director’s Award for Distinguished
Teacher Scholars (2004), the Carnegie Foundation for the Advancement of Teach-
ing Doctoral University Professor of the Year (1996), and the AAPT Robert A.
Millikan Medal (1995). His present research concentrates on investigating the
mental models and operations that students develop as they learn physics and how
students transfer knowledge in the learning process. He also applies cutting-edge
technology to the teaching physics and to providing instructional and pedagogical
materials to physics teachers, particularly those teachers whose background does
not include a significant amount of physics. He has twice been a Fulbright Fellow in
Germany—in 1989 at Ludwig-Maximilians University, Munich, and in 1998 at the
Institute for Science Education at the University in Kiel. In addition to numerous
papers in refereed journals, Dr. Zollman is co-author of six video discs for physics
teaching, the Physics InfoMall database, a textbook and Visual Quantum Mechanics
project that developed interactive materials for teaching quantum physics to three
different groups of students, including non-science students, science and engineer-
ing students, and students interested in biology and medicine.
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