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FORUM ON EDUCATION

lowa State University is New Entrant into Physics Education Research

Community

David E. Meltzer

Last year the Department of Physics and Astronomy at lowa
State University inaugurated a new group devoted to physics
education research. Thus ISU has joined about a dozen other
physics departments around the country in which the new sub-
field of Physics Education joins more traditional fields as a le-
gitimate area for scholarly research, and for training of graduate
students. Department Chairman Douglas Finnemore said that
“We want to put Physics Education on the same intellectual
and competitive level as particle physics, nuclear physics, con-
densed matter physics, and astronomy.”

The origins of physics education research (PER) lie in the
strong desire of physics instructors to maximize the effective-
ness of the teaching and learning of physics. It seems only natu-
ral that physicists are now applying their training and
systematic analytical methods - so successfully used to under-
stand the physical world - to explore the problems related to
the learning of their subject. Within the past two decades, physi-
cists in the colleges and universities have initiated intense ef-
forts to study physics learning, particularly among
undergraduate students. The efforts of PER to identify and
address learning difficulties in physics should result in im-
proved learning by both average students and high-perform-
ing students.

At Towa State, in common with other PER groups, we en-
gage in three distinct yet closely linked activities: (1) develop
and assess more effective curricular materials; (2) implement
and assess new instructional methods that make use of the
improved curricula; (3) investigate learning difficulties, and
carry out other basic research on the teaching and learning of
physics. Our particular focus is on curriculum and instructional
methods for large lecture classes.

Our objective is to address areas of pedagogical concern pre-
viously identified by physics education researchers. For in-
stance, many if not most students in introductory courses
develop weak qualitative understanding of concepts, even when
they may be able to solve successfully certain types of quanti-
tative problems. When lacking exact quantitative solutions, stu-
dents often have difficulty in determining qualitative features
such as comparison of magnitudes, determination of direction,
and evaluation of trends.

More broadly, students frequently lack a “functional” un-
derstanding of physics concepts, which would allow problem
solving in a context different from the one in which the concept
was originally learned. Students find it difficult to transfer an
ability to solve standard textbook problems to situations in-
volving actual, real-world physical objects and phenomena.?
Moreover, there is a strong tendency to view phenomena and
concepts as distinct, unrelated and highly dependent on con-
text, rather than as comprehensible and derivable from just a
few underlying universal principles.?

A number of factors have been identified as playing a role in
these learning difficulties. For example, students enter intro-
ductory classes with their own ideas about the physical world
that may strongly conflict with physicists’ views.* Often called
“misconceptions” or “alternative conceptions,” these ideas are
widely prevalent; there are some particular ideas that are al-
most universally held by beginning students. These ideas are
often well-defined; they are not merely a “lack of understand-
ing,” but a very specific idea about what should be the case
(but in fact is not). Examples of these ideas are that an object in
motion must be experiencing a force, and that a given battery

always produces the same current in any circuit. These ideas
are often — usually — very tenacious and hard to dislodge.

Another important factor is that most students in introduc-
tory courses lack “active learning” skills, and need much guid-
ance in scientific reasoning. Physics concepts are usually subtle,
counterintuitive, and required extended chains of reasoning.
Of course, some students learn efficiently. Highly successful
physics students (e.g., future physics instructors) are active
learners. They continuously probe their own understanding of
a concept, for instance by posing their own questions and ex-
amining varied contexts. They are sensitive to areas of confu-
sion, and have the confidence to confront those areas directly.

By contrast, the great majority of introductory students are
unable to do efficient active learning on their own. They don't
know “which questions they need to ask.” They require con-
siderable prodding by instructors (aided by appropriate cur-
ricular materials), and need frequent hints and confidence
boosts.?

To address these problems, innovative pedagogical methods
are being developed. To encourage active learning, students are
led to engage in deeply thought-provoking activities requiring
intense mental effort (so-called “Interactive Engagement”®). Stu-
dents are frequently required to provide written or oral expla-
nations of their reasoning process. Instruction recognizes — and
deliberately elicits — students’ preexisting “alternative concep-
tions,” which are then made a focus of discussion. As much as
possible, the process of science — exploration and discovery —
is used as a means for learning science. Instructors avoid tell-
ing students that certain things are true, and instead students
are guided to “figure it out for themselves,” either in the in-
structional lab, or by step-by-step theoretical analysis.

We have been developing curricular materials along these
themes for elementary topics in electricity and magnetism, and
modern physics. Our “Workbook for Introductory Physics” (in col-
laboration with K. Manivannan) guides students to construct
in-depth understanding through step-by-step confrontation
with conceptual sticking points and counterintuitive ideas.
Contexts are varied by heavy use of multiple representations —
intermixing equations, word problems, pictures, diagrams,
graphs and charts. In collaboration with ISU chemistry profes-
sor Tom Greenbowe — a long-time researcher in chemical edu-
cation — we are developing similar materials for the
thermodynamics curriculum. All materials undergo continu-
ous testing and redesign through day-to-day class use and stu-
dent assessment. Our curriculum development has been most
strongly influenced by the pioneering work of Lillian
McDermott and Alan Van Heuvelen.®

An active learning classroom is characterized by very high
levels of interaction between students and instructor, and
among the students themselves. There is usually collaborative
group work, and students all engage in intensive learning ac-
tivities far beyond passive listening and note copying. Students
may be asked to make predictions of the outcome of experi-
ments, and give written explanations of their reasoning. In-
structors pose specific problems that are known to consistently
trigger certain types of learning difficulties, and subsequent
activities are then structured to confront these difficulties. In-
structors avoid “telling” and instead provide leading questions.
“Peer instruction” methods are employed in which students
explain their reasoning to each other, and then critique each
others’ arguments.”
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In the small-class environment, we have implemented ac-
tive learning techniques in an NSF-supported elementary phys-
ics course targeted at elementary education majors.? For (some)
large classes, we use the “Flash Card” response system to ob-
tain instantaneous feedback on multiple-choice Workbook ques-
tions from all students simultaneously.® Students also spend a
large fraction of class time working in groups on carefully struc-
tured free-response sequences in the Workbook. Recitations in
selected courses are replaced by University-of-Washington-style
“tutorials”: students work in groups on Workbook materials
while T.A.’s provide guidance through Socratic questioning.

We also carry out basic research to support curriculum de-
velopment. Graduate student Jack Dostal has been investigat-
ing student understanding of gravitation, by developing and
administering free-response diagnostics and conducting in-
depth videotaped student interviews. He is developing and
assessing curricular materials to address learning difficulties
identified in his research. In other research, we are investigat-
ing the comparative effectiveness of different representational
modes, i.e., the relationship between the form of representa-
tion of physics concepts, and efficiency of student learning.
We are also exploring factors underlying individual differences
in student learning: why do some students start (conceptually) at
the same point, yet finish at different points? How can instruc-
tion most effectively target these diverse groups of students?

We view PER as a systematic, multi-faceted endeavor to ex-
pand the horizons of physics education for the new millenium.
By building on past achievements and relentlessly exploring
new instructional possibilities, we hope to significantly increase
the impact that physics instructors worldwide will be able to
have on their students” educational development.

More information about our work can be found on our website

http:/ /www.public.iastate.edu/~per or by contacting us directly.
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Physics Education
at ISU

David E. Meltzer
Assistant Professor of Physics

In recent years, physicists at U.S. colleges
and universities have significantly
increased efforts to improve the teaching
and learning of physics at the
undergraduate level. One of the
components of this effort has been the
creation of what is now recognized by the
American Physical Society as a new
subfield of physics: “Physics Education
Research,” or “PER.” Physicists engaged
in PER attempt to treat the problems
involved in physics education, as much as
possible, as they would any other research
problem. This involves systematic
observation and data collection, and the
design and execution of pedagogical
experiments that may be reproduced by
different instructors in diverse institutions
with widely varying student populations.
Based on their advanced training in
physics, PER researchers are uniquely
situated to identify and control many of
the variables involved in physics learning,
and to carry out in-depth probes and
analyses of students’ thinking as they
engage in the process of learning physics
concepts.

The rapidly expanding research literature
in PER' includes detailed studies of
student learning difficulties in a wide
variety of physics topics such as
mechanics, electricity and magnetism,
optics, and quantum mechanics. It also
includes reports of the development and
rigorous testing of innovative curricular
materials and instructional methods

designed to address
and resolve many of
these learning
difficulties.
Numerous investigations have
provided strong and consistent evidence
that research-based instructional methods
and materials can significantly improve
the learning of physics concepts by
college and university students.

There are now approximately 50 physics
departments at U.S. colleges and
universities in which one or more faculty
members devote a majority of their
research effort to PER. About a dozen
research universities carry out graduate
research programs in PER, including the
award of Masters and Ph.D. degrees in
physics for dissertations in physics
education. The largest of these groups, at
the University of Washington in Seattle,
has awarded more than 12 Ph.D. degrees
in physics education research. Beginning
in August 1998, Iowa State University
joined the ranks of universities offering
advanced degrees in physics education
research; our first Masters degree in this
field was awarded in May 2001.

At ISU, our physics education research
group has engaged in close collaboration
with the long-standing ISU chemistry
education research group led by Tom
Greenbowe, Professor of Chemistry.
Since 1998, three physics graduate
students and three undergraduates (one

ISU physics students respond to instructor’s
question using “flash cards.”

from a neighboring college) have helped
carry out the work in our group. Our
research group engages in coordinated
efforts in a number of distinct, though
closely related areas. First, we carry out
“basic research” in physics education by
exploring in depth students’ learning
difficulties in diverse areas of physics.
Projects currently ongoing or nearing
completion include studies of student
concepts in gravitation (by graduate
student Jack Dostal, now at Montana State
University), astronomical scale and lunar
phases (by Masters graduate Tina Fanetti),
and vectors (by graduate student Ngoc-
Loan Nguyen). University Professor of
Astronomy Lee Anne Willson has been a
principal collaborator in the astronomy
education research conducted by Tina
Fanetti.

In 2000, with Tom Greenbowe as Co-
Principal Investigator, I was awarded a
$149,000 grant from the National Science
Foundation to develop innovative
curricular materials in thermodynamics.
These materials include research-based
problem sets that are carefully designed
both to elicit common student difficulties
regarding the subjects under study, and
Cont on pg. 14.
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then to lead students to confront these
difficulties head-on with tightly focused
and strategically sequenced series of
questions and exercises.

Another major project for our group has
been to develop improved instructional
methods and curricular materials for
large-enrollment course, including lecture

courses in which an instructor faces 100 to
250 students at a time. Our objective is to
incorporate active-learning methods in
such courses, in which students engage in
diverse problem-solving activities during
class time. Our current focus is on the
algebra-based general physics course,
populated predominantly by life-sciences
majors. The level of student-student and
student-instructor interaction in these
classes is dramatically increased by the
use of a student response system
incorporating “flash cards.” Every single
student in the class has a pack of six large

flash cards (5_” x 8”), each printed with
one of the letters “A,” “B,” “C,” “D,” “E,”
or “F.” These flash cards permit the
instructor to get instantaneous responses
to multiple-choice questions by all of the
students in the class simultaneously (see
accompanying photo). Curricular
materials to support this instructional
method — including a large collection of
specially designed sequences of multiple-
choice questions — have been developed in
collaboration with Prof. Kandiah
Manivannan of Southwest Missouri State
University. These materials are
incorporated in the Workbook for
Introductory Physics, now available in a
preliminary edition in CD-ROM format.
Various assessments employed
standardized tests have demonstrated that
learning gains by ISU students enrolled in
these “active-learning” course are
significantly higher than those found in
national surveys of students in more
traditional learning environments.

Much more detailed information
on the work of the ISU PER group
is available on our website,
http://www.public.iastate.edu/~per/. Many
of our papers and conference
presentations can be viewed at that site,
along with details of our NSF-sponsored
curriculum project. We would be happy to
provide further details and samples of our
group’s work, including copies of the
Workbook for Introductory Physics CD-
ROM, to interested readers of this
newsletter. Please contact me directly at

dem@ijastate.edu.

! Lillian C. McDermott and Edward F.
Redish, “Resource Letter: PER1: Physics
Education Research,” Am. J. Phys. 67, 755-
767 (1999).
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Guided Inquiry

Let Students “Discover’ the Laws of Physics

for Themselves

by David E. Meltzer and Amy Woodland Espinoza

This lesson on the
law of reflection will
help you understand
how guided inquiry
should be used.

here is ever-increasing inter-
T est in hands-on activities that

allow middle-school science
students to explore and discover
physical principles on their own.
The basic idea behind this “guided
inquiry” is that students will gain a
better grasp of scientific ideas if
they perform activities that permit
them to figure out these principles
before the instructor actually states
them explicitly in a lecture.! Of
course, students need careful guid-
ance from instructors if this is to
succeed in practice. Here we
present, as a model of such a
guided inquiry activity, a lesson
dealing with the law of reflection.

Preparing for the activity
Before beginning this lesson, stu-
dents must understand the concept
of angles including how to measure
them using protractors. They also

need to understand the definition
of a right angle. In most classes,
only a brief review and a bit of
practice is needed, but more time
may have to be spent on this phase
if students are unclear on these
concepts.

Students must also understand
how to use ray boxes and mirrors.
Ray boxes (available from many
suppliers or from your local high
school or university) use a light
source and slotted screens to pro-
duce one or more pencil-thin rays
of light. When placed on a white
surface (such as a sheet of paper) in
a darkened room, the rays can be
easily viewed along any desired

David E. Meltzer is assistant professor
of physics at Southeastern Louisiana
University in Hammond, Louisiana.
Amy Woodland Espinoza is a teacher
at Brighton Academy in Baton Rouge.

Reprinted with permission from Science Scope, October 1997, Volume 21 (2),
Copyright 1997 by the National Science Teachers Association, 1840 Wilson Blvd., Arlington, VA 22201
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path. Small mirrors supplied with
the boxes allow for the production
and viewing of reflected rays. Be-
fore teaching the lesson, give stu-
dents 10 to 15 minutes to practice
with the ray boxes and mirrors.

Introducing reflected beams
Start the lesson by allowing stu-
dents to predict the path of a
reflected beam. First, supply
groups of three or four students
with a diagram of a light beam
heading toward a mirror (Figure
1a). Then, project the same dia-
gram onto a screen using an over-
head projector and have a few
volunteers sketch their prediction
of the path of the reflected light
beam, labeling each prediction A,
B, C, and so on. Give the class
plenty of time to consider the
predictions and ask if anyone else
has a prediction that differs from
those already drawn. A diagram
of students’ typical predictions is
shown in Figure 1b.

Students then test the validity of
the predictions by placing their ray
box on top of their copy of the
diagram and examining the actual
path of the reflected ray. At this
point, no measurements are made;
students simply observe. As a class,
discuss which prediction was closest

to the actual path.

Figure 1. Introducing angles of incidence and reflection

1a. Experiment setup

light
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A
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1b. Examples of student predictions
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Learning the terminology
In order to provide common lan-
guage with which to discuss the
observations students just made, as
well as those to come, take a few
minutes to draw and discuss angles
of incidence (Figure 2a). Then,
draw and discuss angles of reflec-
tion (Figure 2b). As you move from
one diagram to the next, erase the
“angle of incidence” diagram before

SCIENCE

moving on to the angle of reflec-
tion to avoid giving any hint of the
relationship between these two
angles.

After discussing the terminology,
tell students that there is a simple
relationship between the magni-
tudes of the angle of incidence and
the angle of reflection that they

20

SCOPE OCTOBER

will learn from carrying out a
simple experiment. Through the
activity at the end of this article,
students will find that the two
angles seem to be the same and
will thus “discover” the law of
reflection, which states that the
angle of incidence is equal to the
angle of reflection.

1997



Guiding students

toward discovery

While students carry out the steps
of the activity, circulate around the
room offering assistance as needed.
When each group is finished, mod-
erate a class discussion on their
findings. Have a representative
from each group report their mea-
surements for the angles of inci-
dence and reflection, and create a
chart on the board listing the val-
ues. The chart should list both the
angle of incidence and the angle of
reflection found by each student
group, with a separate row for each
group’s results to allow easy com-
parison of the students’ observa-
tions. Even though students are
measuring the same diagram, there
will probably be some minor varia-
tions in their measurements; this
provides students with a better
understanding of experimental
uncertainties. Ask students for
their comments on the relationship
between the two angles and let
them draw their own conclusions
as much as possible. They should
soon reach a consensus that the
angles seem to be about the same.
Confirm this observation, and tell
students that they have just discov-
ered the law of reflection.

Assessment and application
Assessing students’ understanding
of the law of reflection is easy.
Simply provide students with a
diagram of a light beam (incident
beam) aimed at a mirror (Figure 3),
and ask the following questions:
e What is the angle of incidence?
¢ What would be the angle of
reflection?
e Were you right? Use the ray box
to check your answers.

To determine the angle measure-
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ments, students must first remem- Discovering the Iaws Of reflection

ber to draw a line perpendicular to
the mirror. A useful follow-up
experiment is to supply a diagram
with the reflected beam indicated,
and then ask students to draw the
incident beam. They could then —

check their answer using the ray li ght

angle

box.

After students have successfully . o.f
completed the laboratory-type incidence
experiments described previously, V

ask them to use the principle they
have just learned. Supply each
group with a mirror and a flashlight
and instruct students to direct a
reflected beam of light to shine on
some object placed at random on
their table. A more complicated
activity is to give students two or
three larger mirrors and ask them
to direct a flashlight beam at an
object located inside the (dark-
ened) room. Through trying to
carry out the tricky task of getting
the beam to hit the target after
two or three separate reflections,

e —— —— ————— - ——————— o — ——————— —— — ot

students gain a much better under-
standing and appreciation of the f .
law of reflection. mirror
Acknowledgment Materials that the incoming light ray follows
The summer science class in which this (For each group of three or four exactly the same path as shown on
lesson was taugbg was part of an inservice students) the diagram and hits the mirror at
program at Louisiana State University
sponsored by the Louisiana Systemic Initia- * Protractor exactly the same angle.
tives Program and directed by Paul Lee and ¢ Ray box (if you don’t have 4. Use a pen or marker to trace the
Sheila Pirkle. We are grateful to them for enough ray boxes for each group, path of the reflected ray onto your
Fhe opportunity provided us to develop and students can share) diagram.
instruct this model lesson. * Mirror 5. Use the protractor to measure
Reference  Diagram of angle of incidence the angle of reflection.
1. Lunetta, V.N. and S. Novick. 1982. (above) 6. Record your measurement and
Inquiring and Problem-Solving in the Physical * Pen or marker be prepared to report your two
Sciences, A Sourcebook. Dubuque, lowa: measurements to the class.
Kendall/Hunt.
Procedure 7. How do your measurements of
1. Using a protractor, measure the the two angles compare to each
angle of incidence as depicted in other? Is one angle obviously
the diagram. larger than the other, or do they
2. Record your measurement. both appear to be about the same?
3. Place your ray box and mirror on Be prepared to discuss your
the diagram and position them so answer with the rest of the class.
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“Micro-Document” for NSF Teacher Education Workshop, May 7-8, 1999
David E. Meltzer
Physics Education Group, Department of Physics and Astronomy
Iowa State University

(1) In order to ensure that all students master national science and mathematics standards, what qualities
should effective K-12 teachers in the 21* Century possess?

In order to achieve this very ambitious goal, all students will need to have access on a regular and
continuing basis to at least some teachers who combine several different essential qualities. These teachers will
need a significant amount of content knowledge in the various areas of science — well beyond the level of the
concepts that they are expected to teach. This is essential because, to be capable of carrying out “inquiry-based”
instruction, a teacher must have considerable depth and breadth of knowledge. The teacher must be able to
thoroughly comprehend typical learning difficulties encountered by students, must be able to respond to students’
questions and confusion with well-thought-out, fruitful lines of questioning, and must be capable of leading
students beyond their inevitable initial misunderstandings. Teachers will need a great deal of practice in carrying
out guided-inquiry-based instruction; it is not something that one learns out of a text. Above all, teachers will need
to have genuine enthusiasm for learning and teaching the concepts of science. Nothing will abort the educational
process more rapidly than for students to be “taught” science and math by teachers who hate those subjects.

(2) What are the elements of and the barriers to an ideal program that produces and supports such a teacher?
How are you or others you know overcoming these barriers?

It should go without saying (but in practice does not) that to teach science effectively, teachers-in-training
will need to spend a very substantial amount of time learning science concepts in a guided-inquiry setting. In
addition, they will need to practice their teaching skills under expert guidance, at least for some initial period. I
believe that there is a great deal of disconnection from reality in much of the current discussion on teacher
preparation for science and math teaching. Research from many groups has demonstrated one thing very
convincingly: only intensive, time-consuming instruction (more than one semester in duration) has any hope of
guiding most elementary-education students beyond well-known and widespread learning difficulties with basic
physical science concepts. It is simply delusory to believe that significant progress toward the goals of the national
science standards is possible within the current framework of teacher education, which for the most part comprises
short-term exposure to many disparate subjects. The gap between what teachers at the elementary and middle-
school level are “expected” to teach, and the actual knowledge that most of them possess, is vastly greater than
often is imagined. A more realistic intermediate goal may well be to entrust most pre-secondary science instruction
to science “specialists,” who will receive substantial additional training and practice in the field.

(3) How can you or others know and document that you or they are producing a teacher that does indeed
possess these qualities?

Ultimately, the only way to document this is to observe the teacher at work in a classroom with students. That
should be part of any program that trains teachers to teach science. How effectively does the teacher guide student
discussion and student activities? Is the teacher able to respond intelligently to student questions, by in turn asking
the student the kind of question that will allow them to construct the targeted concept for themselves? Can the
teacher test the student’s knowledge by posing a problem in a novel, yet related context? Together, these form the
sine qua non of effective science instruction. Short of field observation, those of us engaged in teacher education
must intensively seek to assess student learning in depth. By posing problems in a wide variety of contexts, using
multiple forms of representation (e.g., verbal, mathematical, diagrammatic, graphical, pictorial, physical, etc.),
student learning may be more effectively assessed. By asking students to explain their reasoning — both in writing,
and verbally — instructors will gain enormous insight into the students’ actual depth of understanding. It should be
considered an indispensable phase of assessment to probe and document students’ thinking by analyzing their
detailed written and verbal explanations of scientific concepts and principles.

(4) What more is needed to catalyze the changes outlined? Who can supply these needs? In what ways?

More confrontation with reality is certainly needed. Everyone involved in teacher education needs to address
the assessment issue as seriously as possible. What are the goals of your instruction? How can you test whether
those goals have been achieved? What means have you used to probe student understanding in depth? Have you
observed your students as they attempt to explain the concepts they are expected to teach? Do you have some basis
for anticipating their probable performance in the classroom? These questions should always be on the agenda.
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Promoting Interactivity in
Physics Lecture Classes

By David E. Meltzer and Kandiah Manivannan

everal innovative methods directed toward improving physics instruction

in the introductory courses (both algebra- and calculus-based) have been
developed recently. These include microcomputer-based laboratories,1 integrated
lab/lecture “studio” setups,2 computerized animations and simulations employed
in lectures,3 and the use of electronic devices for linking students and instructors
in the lecture hall.* However, the large number of students in introductory physics
lecture classes makes it difficult to promote a higher level of student-faculty
interaction and active student participation in the learning process during class
time. At our institution, faced with limited resources and logistical constraints
(e.g., no teaching assistants and little computer hardware), we have been working
to develop methods that may be readily applied in the setting of lecture classes
with a hundred or more students, and which are not dependent on simultaneous
reorganization of the laboratory course. Our techniques are specifically aimed at
converting a traditional lecture class, which may have either small or large
attendance, into something that is closer in spirit to a seminar or a tutorial. We
present here a number of the methods that we have been using and some of the
thinking that underlies their development.

The Goal

The traditional lecture format consists of a rapid-fire presentation of ideas with
little time or opportunity allowed for students to grapple with and comprehend
concepts during class time. The detailed—and rather complex—thought processes
that are required to master the key physical concepts tend to be glossed over or
overlooked.>® Instead, students become adept at recognizing certain problem
types and patterns, and matching the pattern to an appropriate equation that may
yield a numerical solution.7 Studies have documented that, for instance, basic
concepts in Newtonian mechanics are not learned very well even by most students
who obtain good grades in traditional courses.®’

We aim to require students to think about, discuss, work through, and solve
problems during class time that bear directly on key conceptual issues.!” (One
consequence of this is a reduction in the sheer quantity of topics that may be
presented during class.) The instructor plays more the role of a guide who promotes
thinking and questioning by leading and focusing the discussion. (Quite similar
methods have been pioneered during the past several years by Eric Mazur at
Harvard University.1 ) We have in mind the “athletics instruction” paradigm: the
“coach” doesn’t just lecture and draw diagrams, but offers instantaneous critiques
and feedback as the “player” attempts to perform the desired skill.

Methods Used

We utilize techniques for acquiring immediate feedback from all of the students
in the class. Through these methods, the instructor is transformed from a *“provider
of information” into a tutorial leader who is constantly interacting with students,
asking questions, hinting at answers, and helping students to move forward in their
understanding. There are several interconnected phases in the instructional proc-
ess, not all of which necessarily take place on the same day. The majority of class
time is occupied by students working through conceptual questions and numerical
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problems, either with each other or in a constant back-and-forth dialogue with the
instructor. The central elements of the process are as follows:

I. De-emphasis of Formal Lecture

In our large lecture classes we do not generally deliver a formal lecture in the
traditional manner. Instead, we introduce concepts and solve sample problems for
several minutes, at which point we pause and present either a question or a problem
for the students to work on and discuss with each other. Although we might present
an overview lecture in which the major ideas in a chapter are introduced and their
interconnections sketched out, we would then return to these concepts one by one
for approximately five to 15 minutes each.

Il. Group Problem Solving

We give students time to work together on problems, typically in groups of two,
three, or four neighboring students, and these groups are often encouraged to
confer with each other. As the students discuss and work through these problems,
the instructor frequently circulates throughout the room examining students’ work
when they indicate that they have a result and offering assistance to those who
request it. Periodically, the instructor may go to the board and offer hints and partial
solutions to the whole class as they continue to work. Then, when it appears that
the majority of the class is well on the way to solving the problem, the instructor
will often go to the board and sketch the solution, addressing aspects of the problem
that proved particularly troublesome.

lll. Use of “Flash Cards”

Each of our students has a set of six cards (8V4 x 514 in) labeled A, B, C, D, E,
and F that are used to signal the instructor their answers to questions. Multiple-
choice questions related to a particular concept are presented, either by overhead
projection or written on the board. These questions usually precipitate lively class
discussion regarding the different choices. Students within a group will debate
with each other; sometimes one group challenges another group’s decision. After
a time of thought and discussion, students are asked to give a response by holding
up one of their flash cards. (The final multiple-choice option may be “Don’t Know”
or “Not Sure” to encourage all students to participate.)

We have used the cards in three different ways: (1) all students hold up their
flash cards simultaneously (this method best preserves the anonymity of the
individual responses); (2) students hold up their cards as soon as they think they
have the answer; (3) all “A” responses are solicited, then all “B’s,” and so on
(omitting the “Don’t Know” option). The instructor surveys the flash cards and
reports the breakdown of responses. If there is substantial support for two or more
choices, students are encouraged to give arguments in favor of their response; this
frequently leads to further discussion and debate. We try to use flash-card questions
very frequently, sometimes as many as ten times in a single class period.

Flash-Card Questions. Questions employed with the flash cards emphasize
qualitative and proportional reasoning, solution strategies for problems (such as
free-body diagrams), order-of-magnitude estimates, and vector concepts of ma%-
nitude and direction. (Many such examples are in the Workbook by Reif.! )
Specific quantitative responses are de-emphasized, but are still solicited to culmi-
nate the analysis of a particular problem. We stress questions such as: “Is quantity
A greater than, less than, or equal to zero? Greater than, less than, or equal to
quantity B?” “If A is doubled, would B be doubled, quadrupled, or unchanged?”
“Does vector C point north, south, east, or west? Is its magnitude closer to 10, 100,
1000, or 105 The challenge for the student thus becomes one of determining
which parameter or relationship is applicable to a particular question, and under-
standing its meaning, in contrast to simple numerical substitution or algebraic
manipulation. (We sometimes have students practice with straightforward “plug-
in” exercises as preparation for the more challenging qualitative questions.)
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In addition to preparing multiple-choice responses in ad-
vance, we have also allowed them to develop in tandem with
class discussions. Students are asked to propose various
answer options, and then the class “votes” on the options
using the flash cards.

Flash-Card Feedback. Flash-card responses provide
feedback to the instructor on two key parameters: (1) student
misconceptions regarding the topic under discussion, and (2)
pace of student understanding in the class as a whole. The
instructor gets some feel for the degree of student compre-
hension by how quickly and confidently they are able to show
their cards. Flash-card responses also offer students a means
of testing the level of their understanding of the topic under
discussion. Moreover, students see that others hold the same
misconceptions. If the number of incorrect responses is
high—for example, 30% or more—the instructor takes addi-
tional time to discuss that particular question before moving
on.

For instance, after introducing the definition of accelera-
tion, and discussing examples, the following question (taken
from a widely used test ba.nkl3) was asked: A ball is thrown
vertically upward from the surface of the Earth. Consider the
following quantities: (1) the speed of the ball; (2) the velocity
of the ball; (3) the acceleration of the ball. Which of these is
(are) zero when the ball has reached the maximum height?
(A) 1 only; (B) 2 only; (C) 1 and 2; (D) 1 and 3; (E) 1, 2, and
3. There were 60 students in the class; the numbers of students
supporting each response were 0, 0, 15, 20, and 25, respec-
tively. A spirited and intense discussion among the students
followed (with guidance from the instructor), and continued
for over 20 minutes. (Flash cards may also be used to gauge
improvement in student understanding that results from class
discussion.)

Sample Problem. It is possible to take a fairly compli-
cated problem, involving several different concepts, and
break it down into conceptual elements. We work through the
problem piece by piece, with constant

Sample Problem

A 25.0-kg block has been sliding on a fric-
tionless, horizontal ice surface at 2.00 m/s.
Suddenly it encounters a large rough patch
where the coefficient of kinetic friction is 0.05.

How far does the block travel on this rough
surface? [Questions 1 through 10 refer to the
motion on the rough surface.] F

P>

direction of motion

interaction and feedback from the stu-
dents through the use of the flash cards.
In the Sample Problem given here, the
essential steps leading to the solution are
dealt with in questions 1 through 8. (Each
successive question is presented only af-
ter the preceding one has been answered
B and discussed.) After the class completes

these successfully, they proceed to the

1. How many different forces are now acting
on the block? (Ignore air resistance.)
A0 B.1 C.2 D3« E4 F5

2. What is the direction of the weight force?
(See Fig. 1.) E
AL B C D« E FE

3. What is the direction of the normal force?
A« B C D. E. F.

4. What is the direction of the frictional force?
A B. C. D. E. F «

Fig. 1.

9. Put the appropriate letters in each box of

quantitative phase in questions 9 and 10.
In question 9, the instructor will first
point to one of the cells in the table—for
instance, the cell referring to “Weight
o] force/x direction”—and ask the class to
hold up the flash-card letter of the appro-
priate response. In this way, all the cells
in the table will be filled in, one by one.
Finally, students may be asked to com-
plete the problem by finding the answer
to question 10 and checking it with those

6. What is the acceleration in the y direction?
A. Greater than zero
B. Less than zero
C. Equal to zero «
D. Not enough information

7. What is the acceleration in the x direction?
A. Greater than zero
B. Less than zero «
C. Equal to zero
D. Not enough information

8. How many forces are directly causing the
acceleration in the x direction?
A0 B1« C2 D3 E4 F5

[Correct answer options are indicated by letters
in brackets.]

. +245N

. -245N

ON

. -1225N

. +12.25N

may

MMO O ®>»

10. Find the x component of the acceleration,
and use it to determine the distance trav-
eled. [~ 0.49 m/s: 4.08 m]
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the table: p 0 e ]
5. Is the block aoce]efaﬁng? x direction y direction seated next to them, or with other student
A. Yes « Weight Force [ci [B] groups.
B. No Normal Force [l [A]
C. Not enough information Friction Force 0] [c] IV. Assessment
Total [F] ] We encourage students to prepare for,

attend, and participate attentively in class
by offering frequent in-class assessment
measures that contribute to students’
overall grades. In addition to the tradi-
tional exams and quizzes, we have used
several methods of having students solve
quiz questions by working together in
groups. Reference to notes, or to both
notes and textbook, may be allowed. Stu-
dents work in groups of two, three, or
four, and groups may be allowed to con-
fer with each other. Individual students
may be permitted to “dissent” from a
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group response, handing in one of their
own instead.

“Class Quizzes” are based solely on
flash-card responses. If more than 50%
of the class gives the correct response,
each student in attendance receives
credit for a 100% score on that quiz;
otherwise, all receive a score of zero.
“Group Quizzes” involve written re-
sponses that are handed in, with each
person in the group getting the same
grade. In “Challenge Quizzes,” which
generally involve more difficult ques-
tions, each student in a group is required
to state how many points (up to 100% of
the maximum possible quiz score) they
want to “gamble” on their group’s writ-
ten response. Correct responses are
awarded the number of points wagered,
while incorrect responses result in a loss
of that same number of points from the students’ overall
grade. (Typically, weaker students are not willing to put any
points at risk.) When we use a multiple-choice format for the
quizzes, students are often asked to report their responses by
using the flash cards (after the quizzes have been collected).
This allows instant feedback and discussion of the quiz
problems.

Our Findings

Traditional Lecture Presentation Communicates Little to
Students. We have found that many relatively simple con-
cepts that are traditionally “covered” in a few minutes of
lecture time turn out to be profoundly confusing to students
even after extended thought and discussion. [Example: The
only force (ignoring air resistance) acting on a projectile
during its flight is gravity, and the horizontal component of
the projectile’s acceleration is zero.] Ideas that instructors
may consider too trivial for more than a passing reference
have been found to stump many students when they are asked
to make use of them in problems. (Example: Find the total
momentum of a pair of objects sitting at rest.) Results of using
the interactive methods suggest that traditional methods of
cursory treatment of important concepts during lecture yield
little student understanding.

Instructors Must Have a Clear Concept of What They
Intend Students to Learn. If the instructor’s goal is for stu-
dents to be trained to recognize certain types of quantitative
problems, find the appropriate equation that may be used to
solve the problem, and then use it to obtain a correct quanti-
tative answer to a nearly identical problem presented to
them—then these interactive methods may not be appropri-
ate. If, however, the goal is for students to obtain a thorough
understanding of certain basic concepts so that they may be
able to devise novel solution methods for relatively unfamil-
iar problems in a variety of contexts, traditional methods do
not appear to be very effective and the interactive methods
may hold greater promise.

“Promoting Interactivity in Lecture Classes”

Outcome of Using Interactive Learning May Depend on
Students’ Level of Preparation. We have used these tech-
niques both at Southeastern Louisiana University and at the
University of Virginia at Charlottesville. The subjective re-
sponse of the (typically much better prepared) students at
UVa was more positive than of those at SLU. There is little
doubt that the educational background of the students taking
a particular introductory physics course is likely to have a
significant effect on the outcome of interactive learning
methods.

Students Accustomed to Traditional Methods May Be
Suspicious of and Hostile Toward Interactive Learning.
Many students are accustomed to educational methods that
emphasize memorization and formulaic learning. As aresult,
a significant number of the students in some of our classes
showed a great distaste for—and were even resentful of—the
inherent uncertainty and confusion that is an essential phase
of the process of actively struggling to master difficult con-
cepts. “Why can’t you just tell us the answer?!” was a
characteristic remark. Some students commented that the use
of the flash cards was “a waste of time.”

Interactive Methods Have Little Hope of Success If Used
Only in Isolated Situations. Students who are accustomed
exclusively to traditional memorization-based methods are
unlikely to be receptive to highly interactive, concept-driven
learning. Students who have little experience in pursuing
extended, time-consuming thought processes to master diffi-
cult concepts—involving question-and-answer dialogue and
discussion—tend to find such processes difficult, distasteful,
frustrating, and confusing.

Conclusion

Interactive methods such as those described here focus on
the goal of having substantial effective learning take place
during class time. The objective is to ensure that students do
not simply listen passively to the words spoken by the in-
structor, but that they become intensely involved in learning
and applying targeted concepts. The physics lecture as a
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forum for “covering” large numbers of topics is sacrificed.
What takes its place is an environment that becomes an
expression of the instructor’s skill in guiding and leading
students through the complex thought processes required to
understand and apply physics concepts. It is intended that
these experiences in conceptual learning—particularly those
few moments when the students can say, “Aha, now I
see...”—will form a basis for students’ out-of-class study that
is at least as effective as the traditional lecture.
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Increasing Active Student Participation in the
Classroom Through the Use of “Flash Cards”

Kandiah Manivannan and David E. Meltzer

Department of Chemistry and Physics, Southeastern Louisiana University

Large lecture classes make it difficult to maintain high levels of student-faculty
interaction; in these classes, students traditionally play a relatively passive role.
We have been making use of techniques for increasing active student participation
in the lecture classroom, and for raising the level of interaction between students
and instructors. A central element in these methods is the use of “flash cards”
which allow students to instantaneously indicate to the instructor their responses to
multiple-choice questions. Students use 8.5 x 11 inch flash cards, labeled “A,”
“B,” “C,” “D,” “E,” and “F” to signal their responses to the instructor. Flash-card
questions emphasize qualitative and proportional reasoning, solution strategies for
problems, order of magnitude estimates, etc. Responses provide feedback to the
instructor on student misconceptions, and pace of student understanding. Here we
show an example of how we break down a conventional problem into conceptual
elements—a so-called “problem dissection”—which can then be formed into flash-
card questions. [Meltzer, D.E. and K. Manivannan, Phys. Teach. 34, 72-76, 1996.]

PROBLEM DISSECTION TECHNIQUE

It is possible to take a fairly complicated problem, involving several different
concepts, and break it down into conceptual elements. We work through the
problem piece by piece, with constant interaction and feedback from the students
through the use of flash cards. In the sample problem presented here, the essential
steps leading to the solution are dealt with in questions 1 through 15. (It is
important to note that each successive question is presented only after the
preceding one has been answered and discussed.) After completing these, the
students will proceed to the quantitative phase in the remaining questions.

SAMPLE PROBLEM

Four charges are arranged on a rectangle as shown in Figure 1.
(1 =q3=+10.0 uCand q; = q4 =-15.0 uC; a= 10.0 cm and b = 15.0 cm.) Find
the magnitude and direction of the resultant electrostatic force on q;.
CP399, The Changing Role of Physics Departments in Modern Universities: Proceedings of ICUPE,
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Figure 1. Diagram used for problem dissection Figure 2. Direction options
F
Qo P ................. % E
! D A
a: H
F : B
gy T G i g, c

1. How many forces (due to electrical interactions) are acting on charge q;?
(A)0 (B)1 (C)2 (D)3 (E)4 (F) Not sure/Don't know. For questions 2,3
and 4, refer to Figure 2 and pick a direction from the choices A, B, C, D, E, F.

2. Direction of force on q; due to qz. 3. Direction of force on q; due to gs.

4. Direction of force on q; due to q4. Let F, F; and F, be the magnitudes of the
force on q; due to g, due to q; and due to q4 respectively. 5. F, is given by (A)
kq:qa/a® (B) kq:qa/b* (C) kqiqo/(@®+b°) (D) kqiqa/_(a’+b*) (E) None of the above
(F) Not sure/Don't know. Questions 6 & 7 are similar to question 5 with the
subscript 2 changed to 3 and 4 respectively. At this point (after discussing
questions 1 through 7), the instructor draws the correct vector diagram showing
all the forces acting on charge q; and asks the following questions: [For questions
8 through 13, pick the answer from the list of six choices given below.] (A) F,

(B) -Fscos 6 (C) Fssin 6 (D) -F4 (E) 0 (F) None of the above. 8. X-component of
force on q; due to qa; 9. Y-component of force on q; due to qz; 10. X-component
of force on q; due to qs; 11. Y- component of force on q; due to q3; 12. X-
component of force on q; due to q4, 13. Y-component of force on q; due to qg;
14. Write down the X-component of the net force on q,; 15. Write down the Y-
component of the net force on q;; 16. What is the value of angle 67 (A) 29° (B)
34° (C) 40° (D) 48° (E) 57° (F) Not sure/Don’t know; 17. Calculate the
magnitude of the resultant force on q;; 18. Calculate the direction of the resultant
force on q;.

STUDENTS’ ATTITUDES TOWARDS FLASH CARDS

These methods were employed in an algebra-based general physics course at
the University of Virginia at Charlottesville. A questionnaire entitled “Flash Cards
Student Survey” was distributed to all of the students enrolled in this course
(N=41). The response of the students was very positive. On a 1-5 rating scale,
students gave a mean response of 4.1 to the statements “gained better
understanding,” “paid more attention,” and “instructor was more aware of
problems.” [4 = “Agree”; 5 = “Agree Strongly.”] Mean response was 2.2 [2 =
“Disagree,” 3 = “Neutral”] to the statements “waste of time,” “disliked holding up
cards,” and “disliked working in groups.”
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Nontraditional Approach to
Algebra-Based General Physics

David E. Meltzer

Department of Chemistry and Physics, Southeastern Louisiana University

In order to improve the degree of conceptual learning in our algebra-based
general physics course, the second semester (of a two-semester sequence) has been
taught in a nontraditional format during the past year. The key characteristics of
this course were: 1) Intense and continuous use of interactive-engagement
methods and cooperative learning; 2) coverage of less than half of the conventional
number of topics, 3) heavy emphasis on qualitative questions as opposed to
quantitative problems, 4) adjustment of the pacing of the course based on
continuous (twice per week) formative assessment.

The students enrolled in the course were relatively poorly prepared, with weak
mathematical skills. Open-book quizzes stressing qualitative concepts in electricity
and magnetism were given twice per week; most were given in “group quiz”
format, allowing collaboration. Exams (also open-book) were all done
individually. Most of the class time was taken up by quizzes, and by interactive
discussion and group work related to quiz questions. New topics were not
introduced until a majority of the class demonstrated competence in the topic
under discussion. :

Despite lengthy and intensive focus on qualitative, conceptual questions and
simple quantitative problems, only a small minority of the class ultimately
demonstrated mastery of the targeted concepts. Frequent testing and re-testing of
the students on basic concepts disclosed tenacious persistence of misconceptions.

STUDENT PREPARATION

Students had completed the first semester of a two-semester sequence in

- algebra-based general physics. The first semester concentrated on vector concepts
and Newtonian mechanics. Students had completed college algebra and
trigonometry.

As measured by post-tests on the Force Concept Inventory, students’ grasp of
mechanics concepts was weak (mean post-test score =39%). Students’
mathematical skills were weak as well, as they generally had difficulty using
elementary trigonometry (Pythagorean theorem, finding unknown sides of right
triangles) and elementary algebra.

CP399, The Changing Role of Physics Departments in Modern Universities: Proceedings of ICUPE,
edited by E. F. Redish and J. S. Rigden
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“REDUCED SYLLABUS”

The number of topics covered was much smaller than the conventional number.
Moreover, only the basic features of each topic were emphasized, with few details
or applications:

Nh W -

o

Coulomb’s Law; Electric field and force in two dimensions.

Electric potential and potential energy.

Capacitance, Ohm’s law; Elementary series and parallel circuits; power.
Magnetic field of: straight current-carrying conductor; coil; current loop.
Magnetic force on straight current-carrying conductor and on moving
charge.

Torque on current loop in magnetic field; induced currents.
Electromagnetic Waves (spectrum; ¢ = fA); Law of Reflection; Snell’s
Law.

Problem Types

Empbhasis on qualitative and “proportional reasoning” problems.
Elementary quantitative applications: only elementary (high-school level)
algebra and trigonometry used.

Multiple-choice questions, typically with 7-12 answer options.

High level of redundancy: slight variations of basic problems given
repeatedly (up to ten times) throughout semester, on quizzes and exams.

Instructional Methods

Highly “interactive” classes:

o Little lecture; much student-faculty interaction using “flash cards.” [Cf.
Meltzer, D.E. and K. Manivannan, Phys. Teach. 34, 72-76,]

e “Tutorial” format: students work in groups as instructor circulates
throughout room and responds to requests for help.

o Most of class time taken up by quizzes, and by interactive discussion
and group work related to quiz questions.

Incessant formative assessment:

e Quizzes twice per week (20% of class time).

e Every quiz and exam “cumulative” (all topics may be covered).

e All quizzes and exams “open book™” and “open notes.”

e Most quizzes were “group quizzes” (done collaboratively); all exams
done individually.
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¢ Tremendous redundancy of questions: basic problems given in slightly
revised form up to ten times over the course of the semester.

3. Exam and Quiz questions all had “extra credit” option: If student chose this
option, correct answer counts extra, but incorrect answer results in 50% of
value of question being deducted from exam score. This encouraged
students to reflect critically on their confidence in their responses.

4. In addition to qualitative, conceptual questions being assigned for
homework and review, selected “back of the chapter” quantitative
problems were recommended for additional study.

5. Pacing of course continuously adjusted, guided by ongoing assessment.
Concepts revisited repeatedly when testing revealed inadequate mastery.
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Use of in-class physics demonstrations in highly interactive format
Kandiah Manivannan, Department of Physics, Astronomy, and Materials Science

Southwest Missouri State University, Springfield, MO 65804
David E. Meltzer, Department of Physics & Astronomy, lowa State University, Ames, [A 50011

We show how traditional classroom demonstrations may be converted into active-learning

experiences through linked multiple-choice question-and-answer sequences.

Sample question

sequences and worksheet materials are presented, as well as preliminary assessment data.

INTRODUCTION

In-class demonstrations have been
considered by physics instructors to be a
very important part of teaching physics.
Physics demonstrations have been around
for many years, and physics teachers and
researchers have written numerous articles
and books on classroom demonstrations.
Demonstrations can certainly make physics
classes fun and entertaining, and they may
also stimulate students' interest and
curiosity. Surveys conducted for the
Introductory University Physics Project
indicate that students believe demon-
strations help them to better visualize and
think about physics.

However, despite these positive aspects
of physics demonstrations, there is a
growing body of evidence suggesting that
traditional in-class demonstrations are not
very effective in promoting conceptual
understanding of physics. One important
factor is the lack of active participation and
interaction of students during physics
demonstrations.  Recent research studies
indicate that students who saw traditional
physics demonstrations in a course fared no
better than students who did not see the
demonstrations.'” The data do suggest,
however, that there is at least a small
improvement in performance when students
have to predict the outcome of a
demonstration before seeing it. Based on
these and other studies, it has become
increasingly clear that some form of
interactive engagement is essential to
maximize the effectiveness of classroom
demonstrations.

At this time there are relatively few
research-based curricular materials available

for physics demonstrations. The pioneering
work of Sokoloff and Thornton’ on
interactive lecture demonstrations (ILD) is
probably the most comprehensive curricular
material of that type available today. Their
published results on ILDs indicate dramatic
learning gains for students who were taught
using ILDs compared to students who took a
traditional course. ILDs require the use of
Microcomputer-Based Laboratory equip-
ment.

We have been developing new curricular
materials on interactive physics demon-
strations that would promote active learning
in physics classes. Our goal is to produce
activities that are suitable for any classroom
setting and can easily be implemented

without any additional resources or
logistical support (such as computer
hardware or teaching assistants). Our

teaching strategy can be used with “high-
tech” demonstrations as well as with those
that are low-tech. The central feature is the
use of the problem-dissection technique’ to
break a given physics demonstration into
several  conceptually  linked  mini-
demonstrations. The demonstrations are
presented to the class in a sequence while
utilizing techniques (such as "flash cards")
for acquiring immediate feedback from all
the students in the class simultaneously. We
find this approach very effective in helping
students construct a deeper understanding of

physical concepts through step-by-step
confrontation with their alternate
conceptions.  Since these  innovative

elements are based on findings of physics
education research, one may hope that
student learning might be significantly more
effective than in a course taught using

This paper appeared in Proceedings of the Physics Education Research Conference, Rochester, New York, July 25-26,
2001, edited by Scott Franklin, Jeffrey Marx, and Karen Cummings (PERC, Rochester, New York, 2001), pp. 95-98.




traditional methods. In this paper we report
our preliminary findings on a specific
interactive demonstration activity involving
free-falling objects.

METHOD
The most important features of the
interactive demonstration curricular

materials are as follows:

1. The curricular materials or worksheets
are designed to strongly promote student-
student as well as student-faculty interaction
in the classroom.

2. The initial prediction of the outcome
of the demonstration and the subsequent
discussion among neighboring students — as
well as the following class-wide discussion
— are very important parts of the demon-
stration activity.

3. Activities are based on the premise
that the explanation of even a very simple
physics demonstration invariably hinges on
a lengthy chain of concepts and reasoning.

4. The problem-dissection technique’ is
used to break a given physics demonstration
into several conceptually linked mini-
demonstrations.

5. The mini-demonstrations are presented
as a sequence in a pre-determined order.
Breaking down the main demonstration into
smaller component demonstrations is very
effective in helping students construct a
deeper understanding of physical concepts
through step-by-step confrontation with their
alternate conceptions.

6. We utilize techniques (such as the use
of flash cards, show of hands, or electronic
wireless  transmitters)  for  acquiring
immediate feedback from all the students in
the class. (See Ref. 4.)

Sample Interactive Demonstration

In order to explore the physics of freely
falling objects, a dime and a quarter are
dropped simultaneously from the same
height. The question to be answered is:
"Which object would hit the floor first?" We
then design an interactive demonstration
sequence consisting of several conceptually
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linked mini-demonstrations to address
important conceptual issues associated with
free-fall. A set of multiple-choice questions

for this demonstration sequence was
developed for wuse with flash cards.
Worksheets were designed on which

students were required to write predictions
and draw motion diagrams. Excerpts from
the questions and worksheets are shown
below.

Initial Flash-Card Question
A dime and a quarter are dropped

simultaneously from the same height. Which
one will hit the floor first?

A. The dime will hit the floor first.

B. The quarter will hit the floor first.

C. Both hit the floor at the same time.

D. I am not sure/ I don't know.

Students are always required to make
predictions of the outcome of the
demonstration by holding up flash cards, or
using wireless electronic transmitters. They
may "vote" before and/or after talking to
their neighbors. At the appropriate times,
the instructor will provide assistance. Once
the first demonstration is complete and
students have finished their discussions and
worksheet activities, the process is
continued by asking (one by one) seven
other closely related questions.

Follow-up Questions

These questions all follow the model of
the first one, but in each case different pairs
of objects are compared. (Each question is
accompanied by a separate worksheet for
student responses). The questions ask
students to compare the rates of fall of the
following pairs of items: (1) dime and piece
of paper; (2) dime and piece of crumpled
paper; (3) coffee filter and loaded coffee
filter; (4) book and piece of paper; (5) piece
of paper resting on top of book; (6) dime
and piece of paper inside an open chamber;
(7) dime and piece of paper inside closed,
evacuated chamber.



JT Quarter

ST

(1) A dime and a quarter are dropped
simultaneously from the same height.
Which one will hit the floor first?
A. The dime will hit the floor first.
B. The quarter will hit the floor first.
C. Both hit the floor at the same time.
D. I am not sure/I don’t know.

[Most of the following instructions were
given either verbally or written on the
blackboard:]

Before the demonstration: In the space
below, write down your prediction about the
outcome of the demonstration. Write a few
sentences to justify/explain your thinking.

After seeing the demonstration /sometimes,
before seeing]: Draw motion diagrams to
represent the motion of the dime and the
quarter. Do this directly on the diagram above.

Fig. 1. Sample activity and worksheet excerpts.

ANALYSIS OF CLASS-TEST DATA

The method described here has been
implemented twice in the context of an
introductory algebra-based mechanics class.
Although the available assessment data are
limited and inconclusive, they do suggest
the possibility that significant improvements
might be ascribed to interactive demon-
strations.

Here we focus specifically on an analysis
of students’ responses to Question #1 on the
Force Concept Inventory. This question
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targets precisely the concept that is the
subject of the sample materials presented in
this paper. For reference, we cite FCI #1:

Two metal balls are the same size but one
weighs twice as much as the other. The
balls are dropped from the roof of a single-
story building at the same instant. The time
it takes the balls to reach the ground below
will be
A. about half as long for the heavier
ball as for the lighter one.
B. about half as long for the lighter ball
as for the heavier one.
C. about the same for both balls.
D. considerably less for the heavier
ball, but not necessarily half as long.
E. considerably less for the lighter ball,
but not necessarily half as long.

The first author implemented interactive
demonstrations as described here for the first
time during Fall 1998 at Southeastern
Louisiana University (SLU). They were also
used during Summer 2000 at Southwest
Missouri State University (SMS).
Previously, he had taught the same course
(algebra-based mechanics) three times;
twice at SLU and once at the University of
Virginia (UVa). Table I presents data from
all five of these classes.

Table I. Assessment data (mean pre- and posttest
scores, and Hake normalized gains <g>) for
algebra-based mechanics courses taught by first
author. Courses in boldface (SLU 98 and SMS
00) used fully structured interactive demon-
stration (described in this paper) for free-falling
objects. The other courses used more limited
demonstrations involving only straightforward
predictions.

n FCI FCI FCI  Full

#1 #1 #1 FCI

pre post <g> <g>

UVa9s 55 71%  82% 038 0.26
SLU9% 75* 57% 18% 049 0.15
SLU97 66 79%  85% 029 0.30
SLU98 31 65% 100% 1.00 0.34
SMS 00 22 36% 91% 0.86 0.50

*non-matched sample; n,,.=73; n,,4=77




All five of these classes were taught with
interactive-engagement methods. In
particular, they made heavy use of highly
interactive “lectures” using the flash-card
method. (These methods have been
described in detail elsewhere; see Reference
4.) With specific regard to the concept of a
freely falling object, there were significant
differences in the instructional method used.

A full implementation of interactive
demonstrations as described here, with a full
sequence of conceptually linked questions,
was used only for the SLU 98 and SMS 00
courses. The other courses used a format in
which students’ predictions were, indeed,
solicited before the demonstration took
place. However, in those cases there was
little or no attempt to structure a series of
tightly linked interactive demonstrations
with a single theme as we have described
here. (One of the consequences of using the
full interactive method is that several
additional minutes are required for the
activity.)

This full implementation was only
carried out for the concept of the free-falling
object, and that is why data only for FCI #1
are examined in this section. The most
remarkable result is that every single one of
the 31 students in SLU 98 got that question
correct on the posttest, while only 65% had
it correct on the pretest. This performance
was far better than that of SLU 97 or SLU
96. The 100% posttest score is significantly
better than the 85% (p = 0.02) of SLU 97,
the 78% (p = 0.004) of SLU 96, and the
82% (p = 0.01) of UVa, even though the
pretest score for SLU 98 is relatively low.
Although the overall FCI normalized gain of
0.34 for SLU 98 is nearly the same as that
for SLU 97, its <g> for FCI #1 is far higher.
This very high gain for FCI #1 is nearly
matched by the SMS 00 course, which also
used the interactive demonstration method.

SUMMARY

We have described a method for
implementing classroom demonstrations in a
highly interactive fashion to promote active
learning. The key aspects of this method are
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(1) create a carefully structured sequence of
conceptually linked demonstrations, and (2)
promote students’ active engagement with
the demonstrations by soliciting their input
on multiple-choice questions using a
classroom communication system, such as
flash cards. Preliminary data from classroom
testing are promising and suggest that this
method may be able to produce significant
learning gains.

We believe that the “highly interactive”
format may increase the pedagogical
effectiveness of the demonstrations, as 1is
suggested by the data in Table 1. Since the
same instructor employing interactive-
engagement methods taught all five courses,
it is unlikely that “teaching to the test”
produced this increase. In this regard, we
intend to examine correlations among
performances on FCI questions 1, 3 and 13
(all related to free-fall). Although we do not
now have student achievement or attitude
data to correlate with FCI data, in the future
we plan to investigate these variables. We
plan to develop and test additional
interactive demonstrations on other topics to
further explore the potential of this method.
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Transforming the lecture-hall environment: The fully interactive
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Numerous reports suggest that learning gains in introductory university physics courses may be
increased by “active-learning” instructional methods. These methods engender greater mental
engagement and more extensive student—student and student—instructor interaction than does a
typical lecture class. It is particularly challenging to transfer these methodologies to the
large-enrollment lecture hall. We report on seven years of development and testing of a variant of
Peer Instruction as pioneered by Mazur that aims at achieving virtually continuous instructor—
student interaction through a “fully interactive” physics lecture. This method is most clearly
distinguished by instructor—student dialogues that closely resemble one-on-one instruction. We
present and analyze a detailed example of such classroom dialogues, and describe the format,
procedures, and curricular materials required for creating the desired lecture-room environment. We
also discuss a variety of assessment data that indicate strong gains in student learning, consistent
with other researchers. We conclude that interactive-lecture methods in physics instruction are
practical, effective, and amenable to widespread implementationoo®American Association of Physics
Teachers.

[DOI: 10.1119/1.1463739

[. INTRODUCTION The basic elements of an interactive lecture strategy have
been described by Mazlrin this paper we broaden and

Numerous investigations in recent years have showgXxtend that gliscussion, explainin_g in de_tail how the lecture
active-learning methods to be effective in increasing studergomponent in large-classroom instruction may be almost
learning of physics concepts. These methods aim at promogliminated. Depending on the preferences of the instructor
ing substantially greater engagement of students during ir@nd the specific student population, this strategy may yield
class activities than occurs, for instance, in a traditionafvorthwhile learning outcomes. To carry out the rapid back-
physics lecture. A long-standing problem has been that ofnd-forth dialogue observed in one-on-one instruction in
transporting active-learning methods to large-enrollment@rge-enroliment classes requires a variety of specific instruc-

classes in which 50-300 students sit together in a singlional strategies, an unusual form of preparation by the in-
classroom. structor, and specific characteristics of the curricular materi-

An important breakthrough in addressing this problem wadls: .
the 1991 introduction of the Peer Instruction method by Eric. N S€C. Il we review the research related to student learn-
Mazur at Harvard University. This now widely adopted N9 in physics lecture classes. In Sec. Il we give an over-

method restructures the traditional lecture class into a serigd€W Of our general strategy for creating interactive lectures,
of short lecture presentations punctuated by a series &nd the student response systems necessary to that strategy

“ConcepTests.” These are qualitative multiple-choice ques_are discussed in Sec. IV. In Sec. V we outline the format of

tions to which all students in the class simultaneously re-;[jhet f.lljllg mlteractnve tl)et;_ture class,t ‘;Vh”e Sec. tVI lcolntam?ha_\
spond, both before and after discussion. etailed, almost verbatim, excerpt from an actual class. This

In this paper we describe a variant of Peer Instruction thafXCerptis analyzed n Sec. VII. In Sec. VIil we discuss the
we have developed and tested. It carries the transformati inted curricular materials that have been developed for use

of the physics lecture-room environment several steps fur/ln these instructional methods. In Sec. IX we discuss
implementation issues, and in Sec. X we discuss the analysis

ther, aiming at the achievement of a virtually continuous dia f assessment data related to student learning in our classes
logue between students and instructor of a type ordlnarll)(c;v :

characteristic only of one-on-orier one-on-few instruction e offer some concluding remarks in Sec. XI.

that takes place, for example, in the instructor’s office with a

handful of students present. This “fully interactive lecture” |l A LONG-STANDING CHALLENGE: PROMOTING
offers a useful option for physics instructors who want toACTIVE-LEARNING IN LARGE LECTURE
maximize the potential for instructor—student interaction inCLASSES

the large-classroom environment. We have employed thes, Motivation: Student —instructor disconnect in
methods in our classes over the past seven years at Sou g.'rge-enrollm.ent classes

eastern Louisiana Universit§SLU), the University of Vir-
ginia, lowa State UniversitylSU), and Southwest Missouri Recent research has cast serious doubt on the effectiveness
State University. of instruction for the majority of students enrolled in intro-

639 Am. J. Phys.70 (6), June 2002 http://ojps.aip.org/ajp/ © 2002 American Association of Physics Teachers 639
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ductory physics courses, the most common setting for largesoning that might lead them to synthesize the concept on
enrollment, lecture-based instruction. Not surprisingly, thetheir own. It is especially challenging to develop effective
large-enrollment lecture class is among the most challengingctive-learning methods that lack a laboratory component,
environments in which to achieve improved learning gains. land the large lecture class is an inherently difficult environ-
is very difficult for instructors to assess student learning andnent in which to establish active learning.
to implement any needed alterations in instruction in “real-
time.” Moreover, the high student/instructor ratio makes it
difficult for instructors to engage students in instructional

activities that go much beyond passive listening. C. Recent approaches to active learning in large physics
lecture classes

B. Limitations of the lecture approach: The case of

physics The issue of how to increase attention and engagement of

students during lecture courses is not unique to physics. Vari-
An increasing body of evidence suggests that instructiorous systems have been designed that allow students in large
utilizing only lecture classes and standard recitations analasses to E)rovide instantaneous responses to instructors’
labs results in relatively small increases in most studentgjuestion$~2®  Other influential methods include
understanding of fundamental conceptd Complex scien-  “think-pair-share”?* (periodic interruption of lectures for
tific concepts are often not effectively communicated to stu-student discussion and the “minute paper?®® (students’
dents simply by lecturing about them—however clearly andwritten comments during the last minute of clasdarious
logically the concepts may be presentetf Students taught strategies have been reviewed by Bonwell and Ef§on.
exclusively through lecture-based curricula are inclined to Physics educators have explicitly addressed the challenge
short-circuit the highly complex scientific thought of the large-class learning environment. Van Heuv&iéh
process>1* Lectures that are particularly clear and well- has developed “active-learning problem sheéts™® for stu-
organized may, ironically, contribute to students’ tendency tadent use during class meetings in the lecture Halllazur
confuse theresultsof science with the scientific process it- has achieved great success in popularizing Peer
self. Students who avoid the intense mental struggle that ofinstructiort*>~3°by suspending a lecture at regular intervals
ten accompanies growth in personal understanding mawith challenging conceptual questions posed to the whole
never succeed in developing mastery over a contept.  class. Other early strategies for lecture classes have been
other words, students do not absorb physics concepts simptiescribed®~3¢ More recently, the group at the University of
by being told(or shown) that they are true, and they must be Massachusetts has developed and popularized interactive-
guided to resolve conceptual confusion through a procesecture methods employing an electronic response
that maximizes the active engagement of their mental faculsystent®~*! Pouliset al** have also made use of interactive
ties. lecturing with an electronic system, and other electronic
A term that is often used to characterize an instructionacommunication systems for use in lectures have been dis-
process of this type is “active learning,” and the term “in- cussed by Shapift,and by Burnstein and Ledermé&h.
teractive engagement(lE) has been used to describe the Other strategies for implementing active learning in large-
type of physics instruction that most effectively engendersenroliment classes have been described by Beicanat*®
active learning through discussion with peers and/orand by Zollmarf® Sokoloff and Thornton have adapted their
instructors® Active learners are relatively efficient at learn- very popular microcomputer-based Iaborato?/ materials,
ing physics concepts. They are perhaps most easily charaoriginated in collaboration with Priscilla Lavis®4’for use
terized as students who continuously and actively probe thein large lecture classes in the form of “interactive lecture
own understanding in the process of learning new conceptslemonstrations.*®4° Assessment data from several groups
They frequently formulate and pose questions to themselvesupport the effectiveness of this metHod:'® Novak and
constantly testing their knowledge. They scrutinize implicitcollaborators® have developed the “just-in-time teaching”
assumptions, examine systems in varied contexts, and areethod in physics lecture courses, incorporating some tech-
sensitive to areas of confusion in their understanding. Byniques similar to those used by Hestenes and his collabora-
contrast, the majority of students in introductory physicstors in the “modeling instruction® method. Textbooks and
courses are unable to do efficient active learning on theiworkbooks with a high interactive component, usable in
own. In essence, they don’t know the questions they need tlarge classes, include those by Chabay and Sher#ddd
ask. They are often unable to recognize when their own unand by Knight* There is good evidence for the effectiveness
derstanding is inadequate, and tend to lack confidence iof both of these innovative curricular materiats® The
their ability to resolve confusion. In order to carry through interactive-lecture strategies to be discussed in this paper
the learning process effectively, they require substantiabuild on the recent history of efforts to improve instruction in
guidance by instructors and aid from appropriate curriculatarge physics classes. Preliminary reports have been
materials. publishec?”*® and several workshops have been presetited.
There is good evidence that, in addition to improving Other important pedagogical reform methods focus more
learning by students who may not be natural active learnergarticularly on activities that occur in small-class laborato-
interactive-engagement methods result in significant learninges or recitation sections associated with lecture courses.
gains by the best students as wéit’ Pedagogical models Among the most prominent are tAetorials in Introductory
that engage students in a process of investigation anBhysics®®! Collaborative Group Problem Solvirfg;®®and
discovery—often oriented around activities in the instruc-RealTime Physic® along with its close relative\orkshop
tional laboratory—are specific types of interactive- Physics®” Important research results related to instruction in
engagement methods found to be effecti%é%1’~2The tar-  large-enrollment physics classes have been reported by
geted concepts are in general not told to the students befokraus®® and Cummingst all” have described a careful in-
they have the opportunity to follow through chains of rea-vestigation of a technology-rich studio environméht.
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[ll. TRANSFORMING THE LECTURE-ROOM

ENVIRONMENT

Our goal is the transformation of the lecture class, to the
furthest extent possible, to the type of instructional environ-+

structors have one or two students in their office, they wouldl Qg
likely speak for just a few minutes, solicit some feedback, " ;
then continue the discussion based on that feedback. In th
office, instructors can get a sense of where students are cor_\
ceptually and of how well they are following the discussion.
It is possible to tailor one’s presentation to the students’ ac-
tual pace of understanding. By asking students to conside
each other’s ideas, the instructor helps them to think criti-
cally about their own ideas. The key issue is whether it is
practical to do this in a room filled with 100 or more stu- Fig. 1. Students signaling their response to instructor’s question using flash
dents. cards.

We (and others have found that itis practical to bring
about this transformation to a very great extent. Success
hinges on two key strategiegt) students need to be guided
in a deliberate, step-by-step process to think about, discusls\,/' STUDENT RESPONSE SYSTEM

and then respond to a carefully designed sequence of qUeS-nere are a number of student response systems available

tions and exercised?) there must be a system for the in- ¢, se with interactive-lecture methods, including commer-
structor to obtaininstantaneousesponses fromall of the  gjay ayailable electronic system&:’20Our method employs
students in the classimultaneouslyThis system allows in-  fjasp cards on which oversize letters of the alphabet are
structors to gauge their students’ thinking and to rapidlyprinted. Flash cards are less expensive and easier to imple-
modify their presentation, subsequent questioning, and disnent, although they lack useful features of the electronic
cussion of students’ ideas. Our methods are a variant of Pegstems such as instant graphical displays of responses. We
Instruction;™*and are similar to methods used at the Uni-emphasize that almost everything we discuss in this paper
versity of Massachgsef& and at Emd_hoveﬁz. _may be implemented equally effectively with electronic re-
The basic objective is to drastically increase the quantitysponse systems.
and quality of interaction that occurs in class between the \ith the use of the flash-card system, we are able to ask
instructor and the students and among the students thermany questions during class and no longer have to wait for
selves. To this end, the instructor poses many questions. Stgne daring individual to respond. Every student in the class
dents decide on an answer, discuss their ideas with eagl, o pack of six large cards? in.x 8% in.), each printed

o.ther_, and provide thelr'responses using a.classr(')om COMMULih one of the letters A, B, C, D, E, or F. Students bring the
nication system. The instructor makes immediate use o

these responses by tailoring the succeeding questions a rds every day, and extra sets are always available. During
. esp y rng 949 ) ss we repeatedly present multiple-choice questions. Often,
discussion to most effectively match the students’ pace o,

. he questions stress qualitative concepts involving compari-
understanding. q q p g p

; . . . son of magnitudes, directions, or trendisr example, “Will
~In attempting to addr_ess the_ insufficiencies of the tradl—lt decrease, remain the same, or increasePhese questions
tional lecture, the fully interactive lecture method that we

. o .= are difficult to answer by plugging numbers into an equation.
employ essentially abandons any effort to utilize class tim&ye give the students time to consider their response, 15 s to

for presenting detailed and comprehensive explanations anfl in depending on the difficulty. Then we ask them to
derivations of physics prinpiples. Instead, that Fime is useq i%ignal their response by holding up one of the cards, every-
muc_h the_same way as in one-on-one tutoring: there IS Body at once(see Fig. 1 We can easily see all the cards
continual interchange of questions and answers between ifrom the front of the room. Immediately, we can tell whether
structor and students. The instructor guides the students ifost of the students have the answer we were seeking—or if,
step-by-step fashion to consider certain problems; the stynstead, there is a “split vote,” that is, part of the class with
dents listen, think, write or calculate, and then receive immepne answer, part with another—or perhaps more than one
diate feedback regarding the correctness of their responsesther. (One of them, it is hoped, is the right answer!
both from their classmates and from the instructor. One of the advantages of this system is that it allows the
In abandoning lecture’s traditional role of providing exten- instructor to observe the students’ body language. We can see
sive and detailed background information, we must evidentlyyhether the students held up their cards quickly, with confi-
utilize other means for achieving that objective. The burderdence, or if instead they brought them up slowly, with con-
of providing a detailed compendium of facts, derivations,fused looks on their faces. Do a large number of students
and explanations is carried by a set of lecture notes; thesgelay their response, finally holding up an upside-down F?
largely substitute for the traditional textbook. Students areThis is our signal for “I don'’t really know the answer, and |
expected to read and refer to the lecture notes for backgrourshn't even give a very good guess.” It is not particularly easy
information and sample problems. Although we do reviewfor students to see each others’ cards and so there is a fair
during class the concepts developed in the lecture notes, wadegree of anonymity in their responses. Students’ comfort in
do not find it productive to spend extensive amounts of timesignaling answers with the cards seems to increase as the
on that activity. course progresses.
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V. FORMAT OF THE FULLY INTERACTIVE

LECTURE CLASS
A. Overview @ @ @

Although there is considerable flexibility in the actual for- @ @
mat of a fully interactive lecture class, it is possible to de- @
scribe a characteristic pattern. The actual length and se-
guencing of the individual phases will vary depending on the
activities of the previous class and those planned for the
succeeding days. A typical class proceeds in three phases. @
(1) A brief introduction/review of the basic concepts is
presented at the blackboard, a sort of mini-lecture usually
lasting around 3—7 min.
(2) A sequence of multiple-choice questions is posed to the
class. These emphasize qualitative reasoning, proceeding @ @ @
from relatively simple to more challenging, and are closely @ @
linked to each other to explore just one or two concepts from @
a multitude of perspectives, using a variety of @
representationS Students provide responses by using the
flash cardsEvery opportunity is taken to interrupt the se-

quence of multiple-choice questions with brief free-response (b)
exercises, for example, drawing simple diagrams or perform-
ing elementary calculation¥ Fig. 2. Diagrams used in interactive-question seque(aenitial diagram,

3) Follow-up activities are carried out. These vary andrequiring flash-card respong@®) follow-up diagram, requiring free response
. . . . ’ . _ by students writing at their desks.
may consist of interactive demonstrations, group work using

free-response worksheets, or another mini-lecture and ques-

tion sequence. tunit P : - p »
. iy . . y to interject a question requiring a “free response,
ALISU, in addition to the class meeting3 hiweek in the g0 a5 a simple sketch. As the students work on the free-

lecture hall, we make use of a once-per-week 50-min recitaregnonse questions, the instructor circulates around the room

tion session, which has been converted into a full-fledged,,q ghserves their work.

““0”6." in 3@8 style developed at the U_niversity_ Of As an example, the diagram in Fig(@2 was presented to
Washingtort®®°Students spend the entire session working iny, . class(e represents an electrom, a proton. Students
small groups on carefully structured printed worksheets, .o first asked about the net electrical charge on the object

G by Soptale Quesloning o e etnclors Work fepesented by he orcle: s ) geater than zerc
9 y ﬁ%al to zero, ofC) less than zero. Most students quickly

also form part of thavorkbook for Introductory PhysicS At responded with the correct answer, B. The instructor then

ISU we also have been able to make use of four of they o\ in ‘4 nearby positive chargig. 2(b)], inviting students
week'ly, .2'h Iaboratory periods to do' additional active-y, consider the nature of the interaction between the circled
learning instruction. In these we uSetorials for Introduc- .04 a0 the positive chargassuming the electrons and
;ogzcljuy{g;;%tizggzmater|als from the teslectric and Mag- protons are fixed in positignHe asked the students to sketch
a set of arrows representing all electrical forces acting on that
positive charge due to each of the protons and electrons. As
the students worked at their desks, the instructor walked

The instructor begins by taking a few minutes to outline@round the room, and qwckly assessed how well the students
the principles and concepts underlying that day’s activitieswere handling the assignment; he stepped to the board for a
One or two key ideas are sketched, along with relevant diafeWw moments to offer some hints. This entire process took
grams and mathematical formulations. A demonstratioess than 1 min. The instructor then asked the students
might be shown(soliciting students’ predictions of the out- whether the net interaction force implied by the cpllectlon of
come and an example problem solved at the board. Fronforce vectors they had drawn w&&) toward the right,(B)

then on the ball moves to the students’ court. toward the left, oC) approximately equal to zero.
As an example of a more extended sequence, consider the

series of electric field questions in Fig. 3. Question 1 is fairly
easy; a large majority of students gave the correct anéBjer
The instructor proceeds to ask a series of questions twithout needing to discuss it with their neighbors. When we
which the students all respond. We might use questionsame to question 2, however, we found that students were
printed in the Workbook (which students always bring to split in their choices; in addition to the correct answiy, a
clas<$® or present questions on the board or with an oversignificant fraction of the class held up the A card. When we
head transparency. The sequence starts gagyquestions, came to question 3, the class response was very split; each of
in order to build confidence. Students consider the questiothe options received some suppditater, question 4 was
on their own, taking perhaps 15-30 s. At a certain momentgiven as a follow-up question in a different context.
all are asked to give their responses simultaneously. BecauseAt some point, there is likely to be a significant split in
the first few questions are simple, the responses should h®pinion reflected in the students’ responses. Perhaps 50%—
overwhelmingly correct. Gradually, the questions become’0% give one answeffor example, A, while the remainder
more challenging. The instructor takes any available opporgive a different answeflet’s say, G. The instructor informs

B. Mini-lecture

C. Interactive-question sequence
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1. Anelectron is placed at the origin, and then released and allowed to ever, the split in opinion persists; that is a signal that more
move freely. It begins to move along the positive x axis. From this discussion—with some additional exercises and
one can conclude that the electric field at the origin points: questions—is probably needed.

A toward the positive x direction. If student opinion remains divided and a split vote persists
B. toward the negative x direction. despite the student discussion, we will often ask for an A
€. toward the positivey direction. supporter to present his/her argument, followed by a propo-
D. toward the negative y direction. . . .
E ina direction not along either x or y axes. nent of thg C viewpoint. If_ necessary, we will eventually step
F.  There is not enough information to determine the direction of in to alleviate the confusion. By this time, most of the stu-
the electric field at the origin. dents will have carefully thought through the problem. If
they haven't already figured it out by themselves, they will

2. Inacertain region of space, the electric field is zero everywhere. now at least be in an excellent position to make sense out of
This means that, if a charged particle is located anywhere in this any argument we offer to them. Before those minutes of hard
region: thinking, we could have made the same argument and

A. the particle can not be moving. watched as almost every student in the class gave the wrong
B. the particle experiences no net electrical force. answer to some simple question. We know this to be true
C. the particle experiences a repulsive electrical force. because we have tried it often enough.

D. the particle experiences an attractive electrical force.
E. the particle is always forced back toward one particular
location.

One of the results of using interactive lectures is that the
instructor begins to acquire startling new insights into what
the students areeally getting out of a typical lecture. One
can present a straightforward concéfrom the instructor

3. Throughout a certain region of space, the electric field has uniform pOint of VieV\b and a Simple example, and then—instead of
magnitude and direction. This means that wherever a particular proceeding rapidly to the next topic as would a traditional
charged particle is placed at rest in this region and then allowed to lecturer—present a short set of questions for the students to
move freely, it will always: answer. One often discovers that the students are deeply

i. remain motionless. mired in confusion. This is precisely what might occur in the

ii. move with constant speed.
iii. move in an unchanging direction.
iv. move with constant magnitude of acceleration.

office setting when, in the course of leading the stu@ent
through a series of questions, the instructor uncovers an un-
expected and serious conceptual confusion. A tactical retreat

A, ionly A i >
B. iionly is usually necessary, backtracking to simpler concepts that
C. iiandiii only are more firmly understood by the student; one can then lead
D. iiiand iv only once again from the new starting point. This process takes
some time but is necessary, because the student could not
4. Charge A is 2C and charge B is —4C. They are sitting in a uniform hope to master the new idea without consolidating his or her
electric field. Which of these diagrams correctly s:hows the forces understanding of the foundation concepts.
'e';ir;fh:;’fed on charges A and B by the electric field (not by This process is exactly what may be replicated through a
‘ fully interactive lecture. By using a properly thought out se-
A A —> €— B guence of question®ften developed on the fly without hav-
ing been scripted in advancelong with the student response
B. Ae—> <8 system, the instructor is able to identify an area of conceptual
c € A B —> confusion. Recognizing the need to retreat, the instructor of-
fers another question that refers back to concepts previously
D €A B o> discussed. One may then probe to locate a region of rela-
tively firm understanding that can serve as a new launching
E A —> B —> point toward the original target.
F. A —> B 3 As we work our way through a serigs of intermediate
questions, at each step, we get a reading on our class: Do
Fig. 3. Excerpt from interactive-question sequence. they respond quickly? With confidence? Mostly correctly?

Then we comment briefly and move forward. Otherwise, we
pause for a longer discussion. Instead of disposing of the
entire topic in less than 2 min of traditional lecture, we now

might take 10—15 min, struggling together with our students

the class of the difference of opinion: “We have A's and C’S*Sas they work their way through a conceptual minefield.

perhaps a few more As. Why don't you take a few second
to discuss it with each other?” The students are expected to

discuss the question with whoever is at a convenient disp Follow-up activities

tance. Almost always, an animated class-wide discussion en-

sues; nearly all students are actively engaged in comparing The sequence of interactive questions may be followed by
their answers, arguing for their point of view, and listeninganother such sequence, perhaps preceded by a new mini-
critically to their neighbors’ reasoning. The instructor doeslecture. Mini-lectures may also be judiciously sprinkled into
not rush to press for an answer. A minute or more mighta class at various moments, allowing an opportunity for mo-
elapse before a decreased intensity of discussion is noticetivational or philosophical comments, or simply to provide a
Perhaps the instructor gives a warning, “another 30 secbreak from problem solving. We also expend considerable
onds.” At a certain point, all students are asked to give theimmounts of time on student group work using printed work-
response. Often, the students will have reached a consenss$ieets, included as an integral component ofWoekbook
nearly everyone now has the same answer. Sometimes, hoan excerpt is in Appendix A. Another method that we have
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R, battery(A) increase(B) decrease, o(C) remain the same?

[The instructor writes the question and the three response
R, —‘ options on the board, and follows the same procedure with

all questions cited in this segment.
Students’ responses are split approximately equally among
o, the three options
Rs e (2) Instructor. Will the current through the batter¢A)
(@ increase(B) decrease, ofC) remain the same?
R. Student responses are split approximately equally between
(A) increase, andB) decrease
B —‘ (3) Instructor. Okay, how about this: A Ve, (A) greater

than, (B) less than, ofC) equal toAVRZ? Note:AVRS rep-

s resents the absolute value of the potential drop across resistor
Ao R;, etc.
Students are slow to show their flash cards; responses are

B ) \/\;i/v— still very split among the options
fred] | [blue] (4) Instructor. Okay, let's go back to the two-resistor cir-
— R\ cuit [Fig. 4@]. Is AVR2 (A) greater than(B) less than, or
; N (C) equal toAVg, ?
AN Student questiors R,=R;?

(5) Instructor. Let's assume they are.
1= The large majority of students correctly answir).
A (6) Instructor. Okay, now assume th&,>R;; what will
be the answer in that case?
Again, the large majority of students correctly answer
Fig. 4. Diagrams used in sample interactive-question sequ&ece V): (a) (C)
initial diagram;(b) follow-up diagram;(c) diagram representing mnemonic (7) Instructor. What happens to, if we increaseR,, will

for circuit potential mapinstructor statement)9left-side conducting seg- : :
ments (light shade; referred to as “red” by instrucjoare at potential of it (A) increase,(B) decrease, ofC) remain the same,

positive battery terminal, right-side conducting segmetrk shade; re- represents the current through resisgr, etc.
ferred to as “blue’) are at potential of negative battery terminal. The large majority of students correctly answir).
(8) Instructor. All right, now let's go back to the three-

) ) _resistor case. I1AVg_(A) greater than(B) less than, oC)
used with great success is to convert the standard physics s

lecture demonstration into a fully interactive sequefice. ~ €dual t0AVg)?

Our worksheets designed for use in large-enrollment Flash cards are slow coming up, responses are mixed
classes focus on qualitative questions or problems that re- (9) Instructor. All right, here’s a hint[Instructor uses red
quire only elementary algebraic calculations. Responses rehalk to highlight all conducting segments connected directly
quired from students include simple sketches, diagramdp positive terminal of battery, and uses blue chalk to high-
graphs, and elementary numerical or algebraic expressionkght all segments connected to negative termfifad). 4(c)];
Such responses may be easily and rapidly scanned and evathis mnemonic had been introduced in previous classes to
ated by an instructor who walks through the roBhBy  emphasize that the potential difference between any point in
quickly sampling a significant fraction of the class, the in-the red region and any point in the blue region was equal to
structor is able to recognize common difficulties and offerthe potential difference between the battery terminals, that is,

appropriate hints or other guidance. that Veq— Viiue= AVpat. |

Now, the large majority of students hold up the correct
VI. SAMPLE INTERACTIVE-QUESTION answer(C).
SEQUENCE (10) Instructor. And how about compared t(AVRl, is

The instructional sequence that follows below occurreddVr,(A) greater than(B) less than, ofC) equal toAVg, ?
during the first half of an actual class. After having already The large majority of students again hold up correct an-
studied series and parallel circuits, as well as electricawer(C).
power, the students had started a new worksheet in the tuto- (11) Instructor. Okay.

rial session on the previous day. The teaching assistant had stuydent questionSo what changes? Doesn’t something
reported substantial confusion, and so the instructor begaghange?

class this day by posing a questidnstructor Statement)1 (12) Instructor. Yes, butnot AV. Okay, let's assume that

regarding battery power in a parallel circuit. all three resistors are equéd; = R,=R3, and let me ask you
The instructor asks students to consider the two-resistor qual = Ro= R3, y

parallel circuit shown in Fig. 4(a), and then proceeds to askaboUt the current. It; (A) greater than(B) less than, o(C)

a sequence of questions as follows equal tol;?

(1) Instructor. Suppose an additional resistor is added in Nearly all students correctly answéc).
parallel to the circuit showfin Fig. 4@)], and so we getthe  (13) Instructor. And is | 3 (A) greater than(B) less than,
circuit shown[in Fig. 4(b)]. Will the power produced by the or (C) equal tol ;?
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Iz A. The frequency of questioning may be as high as several
per minute During this relatively brief sequence, which took
Tiot I, only approximately 20 min, the students were asked to use
their flash cards to respond to 13 separate questions. During
I portions of the segment, there were two or thieasy ques-
tions in a single minute. This rate is similar to the rhythm of
Fig. 5. Diagram used in sample interactive-question sequéBee. V), one-on-one tutoring, in which there is often a rapid exchange
drawn on board after instructor statement 16. of questions and answers between students and instructor.
B. The instructor must often create unscripted questions
Again, nearly all students correctly answie). on the spot_AII of the .questions.were improvisgd by t_he
(14) Instructor. Okay, now if we start with that initial instructor Wlthout_prewous scripting or prepgratlon. In Jl_Jst
two-resistor circuit and add the third resistor, will the total the way that an instructor must come up with appropriate
current through the batteA) increase(B) decrease, ofC) extemporaneous questions when doing one-on-one teaching,

remain the same? an instructor in a fully interactive lecture must be prepared to
Student response is approximately 50% 8y, 40% for  respond to the flow of the large-class discussion. It is impor-
(B), and 10% for(C). tant to write both the question and the answer options on the
(15 Instructor. Okay, we still have a split vote. Will board so students may refer back to them. However, it may
somebody explain why they think the answelAg? be useful to delay writing the answer options for a few mo-
Student It's (A) because the equivalent resistance of thements to first give students time to consider their own re-
circuit will decrease. sponse.

(16) Instructor. And how will somebody explain why they ¢ Easy questions are used to maintain the flow of the
think l;[)h?j anS\llver i%B)° defend discussionMany of the questions are easy for the students to
g Nobo ybvo udntde_ers to ehen ?‘”SFV@)E)- INStructor NOW  gnqwer, and they receive overwhelmingly correct responses.

raws on board diagram snown in Fig. . . Crouch and Mazdf note that questions with correct-

(17) Instructor. Okay, once again: If we start with that )

response rates over 70% tend to produce less useful discus-

initial two-resistor circuit and add the third resistor, will the " cer . -
total current through the battefp) increase(B) decrease, sions than do more difficult questions. However, we find that

or (C) remain the same? they build student confidence and are important signals to the
Now there is a much larger proportion of correph) re-  instructor of students’ current knowledge baseline. Often
sponses enough, questions thought by the instructor to be simple turn
(18) Instructor. (A) is correct. | guess that still seems Out not to be, requiring some backtracking. Because of that
weird. inherent degree of unpredictability, some proportion of the

Several students agree out loud that it does seem weirdjuestions asked will turn out to be quite easy for the stu-
Instructor reminds students that they have observed and distents. This small conceptual “step-size” allows more precise
cussed experiments in the laboratory that are consistent witfine tuning of the class discussion.
this conclusion _ D. Virtually any system offers a rich array of possible

S_tudentquestlorHow fgr can the battery go and still keep question variants Almost any physics problem may be
pu(tgg)gloutt m(t)re IClérre!:tl'( it basically depend the turned into an appropriate conceptual question. By using the

nStructor. 1 don't know. asically depends on the asic question paradigms ‘“increase, decrease, remain the

equipment you're using. o w p :
Student But aren’t you increasing the equivalent resis- same, grgater tklan, less 'than, gqual to,' "’?”d I(.eft., right,
up, down, in, out,” along with obvious variations, it is pos-

tance, sinC&Rqquiy=R1+ R+ R3? ! . . ,

(20) Instructor. Ah. No, that's only for series circuits. Its SiPIe to rapidly create many questions that probe students
not true for parallel circuits. Okay, let's go back to our origi- gualitative thinking about the system. By introducing minor
nal question. If we add a resistor in parallel to the originalalterations in a physical systeadding a force, increasing a
two-resistor parallel circuit, will the power produced by the resistance, etg. students can be guided to apply their con-
battery(A) increase(B) decrease, ofC) remain the same? ceptual understanding in a variety of contexts. In this way,

A full two minutes elapse before the students are asked fdhe instructor is able to provide a vivid model of the mental
a response. The large majority of students correctly answeapproach needed for active learning.

(A). E. The instructor must be prepared to approach a given
(21) Instructor. Okay, (A) is correct. problem with a variety of possible questioning strategies
often is found that students do not respond in an expected
VII. DISCUSSION OF SAMPLE INTERACTIVE- manner, and that their knowledge base for a particular prob-
QUESTION SEQUENCE lem is shakier than anticipated. Just as in one-on-one tutor-

The sequence in Sec. VI is a representative example df9 the instructor must be ready to pose easier questions set

how closely a fully interactive lecture may resemble a one" less complex physical settings, and to offer appropriate

on-one tutorial session, and how little it resembles a tradilints to guide the students towa’rd the target concept. By
tional lecture. The role of the instructor is essentially that offémaining observant of students’ rapidity in offering re-
asking questions, providing hints, and guiding discussionsPonses, body language in showing the flash cards, and ex-
The instructor also confirms answers on which the class hagressions on their faces, the instructor should be able to
achieved consensus. Here we discuss key elements of tfiedge which questions might require additional response
fully interactive lecture exemplified by this sequence. time.
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VIIl. STUDENT WORKBOOK are broken down into conceptual elements, allowing students
A Elements of the Workbook to grap_ple with each one in turn and then return to synthesize
a unifying perspective.

As our experience in implementing these methods has Over several years the flash-card questions, worksheets,
evolved, we have found it increasingly necessary to abandoand quiz and exam problems have undergone a continuous
traditional curricular materials and to develop our own in(and unending process of testing and revision in actual
order to support the instructional techniques. The first needlassroom situations. Constant in-class use discloses ambigu-
was for a large stock of appropriate multiple-choice ques-ous and confusing wording which is then rapidly corrected in
tions to be used in the fully interactive lectures. Despite thenew printings of the materials—sometimes the same day, for
excellent set of ConcepTests provided in Mazur’s book, ouuse in a later tutorial session. Analysis of assessment data
methods required many more questions covering a wideprovides additional guidance for revisions.
range of difficulty levels than were available in Mazur’s
book or in other sources. The materials we eventually devely |MPLEMENTATION ISSUES
oped for the second semester of the algebra-based general
physics7gcourse now form th&/orkbook for Introductory A. Constraints on topical coverage
Ph())/?rc Searly attempts to rely on standard textbooks as a The si_nglg greatest concern for most instructors Who are
course reference eventually foundered due to the sharp cla§gnSidering implementing interactive-lecture methods is that
between the heavily mathematical approach of such texté),f coverage: can one cover the same amount of maten_al asin
and our strong focus on qualitative and conceptual problem@ traditional course? The short answer is no. That is, the
This clash led to abandonment of a standard text for use ifpStructor will not be able to present, at the board, the same
our second-semester course, and the creation of a set of legmount of material as in a standard course, and there will not
ture notes as a substitute. These notes, now included as 8§ €nough time during class to discuss the usual wide variety
integral component of thiVorkbook emphasize qualitative of topics. Itis helpful to be very clear about this fundamental
reasoning, make heavy use of sketches and diagrams, andr€lity.
though treating fewer topics than standard texts—go into far However, that short answer only scratches the surface of

greater depth on those key concepts chosen for emphasis {#€ iSsue. For one thing, there is extensive evidence that al-
our course. though instructors in introductory physics courses might

Another key element that was found to be necessary fofOVer many topics, the majority of students do not gain any
our Workbookwas the creation of numerous free-responses'gn'f'cam degree of mastery over most of the material. As-
worksheetgsee, for example, Appendix)AThe worksheets sessment data from our courses and from many othe(s show
emphasize qualitative questions, often require explanationg®nvincingly that student learing of basic concepts is im-
of reasoning, and target learning difficulties that have beefoved with interactive-engagement methods. Moreover, as
identified in the research literature as well as those familiafUch as we might wish to give a clear-cut answer to the
to us from our own experience. In addition to in-class useduestion of coverage, there really does not exist an answer
the worksheets also serve as a primary source of homewomat is both accurate and general. The amount of material that
exercises. Although superb worksheets based on extensif@n be covered is critically dependent on the student popu-
research are available in th@utorials for Introductory 'ation. We found, for instance, that an amount of material
Physics™® there was simply not enough to satisfy our need"€duiring virtually the entirety of a fifteen-week semester at

for every-day use in the algebra-based course, covering tH"€ institution could be effectively covered before the mid-
full range of topics in that course and appropriate for styterm date at a different institution. There, the better-prepared

dents even with very low levels of preparatiofOther students were able to master the concepts more quickly.

sources of worksheets of a somewhat different type are now 1he best response to this question is that instructors are
also availabl&®38 free to cover as many topics as they wish. The real issue is

A final element now included in th@orkbookis a large ~ depthof coverage. We choose certain concepts from each
collection of quizzes and exantand solution sets for the tOPIc—the big ideas in our view—and focus in-depth class
exams that have been given in previous years. These fornglscuss!on on those concepts. We are content to discuss only
an invaluable source of additional flash-card questions, free2r€fly, if at all, other concepts contained within the same
response exercises, and material for homework assignmeri@Pical area. For instance, we cover dc circuits, but not ac
and student review. They also respond directly to incessarfircuits or multiloop circuits requiring analysis with simulta-

student demands for samples of previous exams for exaf€ous linear equations. We cover interference, but not dif-
preparation and review. fraction, the optics of lenses, but not of mirrors or optical

instruments. We omit topics such as special relativity, par-

ticle physics, and astrophysic€n a time-per-topic basis,

our second-semester course spends approximately 75% on
The materials are designed based on the assumption thelfectricity and magnetism and about 25% on optics and mod-

the solution of even very simple physics problems invariablyern physics. If it is necessary for some reason to cover cer-

hinges on a lengthy chain of concepts and reasoning. Thein topics, there is nothing to prevent an instructor from

question sequences guide the student to lay bare these chattesvoting a few traditional lectures to those subjects; that will

of reasoning, and to construct in-depth understanding oénsure rapid coverage indeed!

physical concepts by step-by-step confrontation with concep-

tual sticking points. Carefully linked sequences of activities : : :

first lead the student to confront the conceptual difficulties,B' Consistency of implementation

and then to resolve them. This strategy was developed at the In a traditional lecture class the initiative lies entirely with

University of Washingtof=1° Complex physical problems the instructor; the student is free to relax, listen, and pas-

B. Nature of the curricular materials
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sively observe the instructor’s board work. In the fully inter- sponses in this most unsatisfied category dropped to zero but
active lecture the student is continually being forced to thinkit appears, unfortunately, that that was only an anomaly.
hard about difficult concepts, commit to decisions about .
problem solutions, and interact with classmates to discus§- Deémands on the instructor

challenging questions. At the very least this interaction re- Teaching a physics course using fully interactive lectures
quires a significant investment of thought and energy in as not an easy task; it requires much energy and commitment.
course most students take merely to satisfy a requirementne instructor needs to come to class with a clear plan—
Many students who find themselves in this situationnd®  (antative though it may be—for that day’s intended sequence
automatically welcome the opportunity to engage in a leamqyf questions and activities. Pre-scripted questions must be
ing experience that is far more intensive than norPh&f. selected, and additional questions must be prepared as
_ Largely for these reasons, we and others have found that §eeded. During class the instructor must be attentive to stu-
is critical to the success of these methods that they be implesen reactions, willing to walk around the room and check on
mented consistently throughout the course, beginning withy,gent work, and prepared to shift gears and redirect discus-
the very first day. For example, our students pick up theilsion on short notice(When we find ourselves lecturing for

sets of flash cards as they walk in the first day of class, ang,ore than ten minutes at a time, it indicates that we have not
the first set of flash-card questions begins within the f'rsbrepared adequately for that day’s class.

minute of class(These are questions such as “Did you take

high-school physics?,” ett We explain that these methods

have been repeatedly demonstrated to vyield positive result&: ASSESSMENT OF STUDENT LEARNING
and reassure students that the impact on grades is usually
fotund tt(') be favc:_r able. V(ijrtua}ll3t1 3ver)t/_ C_{?‘SS ||3eriod tincludes bserved, that is, a very small number of dropouts, typically
interactive questions and related activities. Instructors nee : . ;
to be awareqthat attempting to introduce these or other l‘orm§%_30/0 after the first week. Attendance=90% on virtu-

of active-learning methods mid-semester, after students ha\?%?zg\égrw;a:soi?gngsioggﬁrﬂggé dgfht;[ fr;,;?huoeunthg\r;gekz)oé_
already settled down into the routine of a traditional lectureJ : 9 ’ 9

course, could be disastrous for studémd instructor mo- lieve that the techniques would scale well with Igrger classes,
rale. we have not personally tested these methods in classes with

over 100 students.
TheWorkbookhas been used for the past five years at SLU
C. Grade-related assessment and ISU and has undergone continuous development. The

As has been pointed out by many educators, it is absotourse at SLU consisted only of the interactive lectures,
lutely essentialto the success of any instructional methodWhile that at ISU has the very substantial additional element
that students be examined and graded in a manner consistétfta Weekly tutorial session. There are still other important
with the form of instruction. In our second-semester coursegléments of the ISU course that certainly contribute to the
we give a written in-class quiz twice per week; the majority €aming gains, including the four active-engagement labora-
of questions are very similar to the flash-card questions. Intory sessions\We have no way of apportioning learning gain
deed, actual past quiz questions are frequently used as part@@ntributions among the various course elemer@r full

the flash-card question sequences. Exams also focus heavifpplementation model has been used only for the second-
on qualitative questions, and on problems that involve littleSemester algebra-based course, and data from that course are

algebra but require good conceptual knowledge and propofeported here. .

tional reasoning skills. Some problems require explanations We discuss the results of the Conceptual Survey in Elec-
of students’ reasoning. To help promote a cooperative atmdicity (CSB, the Conceptual Survey in Electricity and Mag-
sphere among the students, an absolute grading scale is udefism (CSEM)," electric circuit concept questions, and

so that any student accumulating a preset point total is guafuantitative problem solving. Since 1997, an abridged ver-
anteed in advance, at the minimum, a certain correspondingjon of the CSE has been administered on both the first and

letter grade. l[ast days of class. The CSE is a 33-item multiple-choice test
that surveys knowledge related to electrical fields and forces.
. About half of the items are identicébr nearly s¢ to ques-
D. Student attitudes tions included on the CSEM. The items on the CSE and
We and other® have found that during the first few weeks CSEM are almost entirely qualitative and probe knowledge
many students are unsettled and uncomfortable with interadoth of physics concepts and aspects of related formdlism.
tive lecture classes. It takes time for them to become accu$n the pre-test, students answered all questions, but on the
tomed to the new routine and to appreciate its benefits. Wpost-test they were instructed to respond only to a 23-item
find that by the end of the course, most students have pos,ssubsef*.3 We refer to this subset of the CSE as the Abridged
tive attitudes. End-of-course surveys show that most studenfsSE. Only the 23 designated items were graded, both on the
react favorably to the instructional methods, with approxi-pre- and post-test. Table | gives these scores for the five
mately 30%—-40% giving maximum ratings on evaluations.courses in which we administered the test; only students who
(Sample comment: “... best physics instructor | have evettook both tests are includedthat is, data are “matched”
had.... He makes physics fun and interesting to learn....” Despite the addition of tutorials, along with expansions and
Most of the remainder are positive or neutral, but there igmprovements in the curricular materials, we cannot conclu-
often a core of less than 10% thééspisegshese methods. sively state that the improvements in post-test scores and
(Sample comment from the same class: “... has a new way aformalized gaiff (that is, Hake's(g)) observed at ISU can
teaching he is trying to develop. It doesn't work...going tobe entirely attributed to changes in instructi¢tNormalized
lecture was pointless other than to take required quizzes."gain” is defined as the actual pre-test to post-test increase in
During the Fall 2000 semester at ISU the number of re-exam score, divided by the maximum possible increase.

We first note a remarkable effect that we have consistently
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Table 1. Scores on the 23-item abridged Conceptual Survey in Electricitycalculus-based courses in that sample, with mean normalized

(CSB. learning gains(mean(g)=0.68 triple those found in the
CSE mean CSE mean national survey(g)=0.22.8” We note also that our students’
Sample N pre-test score  post-test score  (g)? scores on final-exam magnetism questions drawn from the
CSEM—uwell above those of the national sample post-tests—
3;3;2907”' N 58 29% 62% 046 are quite consistent with the data shown in Table II.
SLU 1998 50 7% o - In Table Il we present data on electric circuit questions
(lecture only that have been administered on our final exams for the past
ISU 1998 70 34% 76% 064 fouryears; these questiofiBig. 6) are drawn from the study
(lecturet-tutorial) of Shaffer and McDermoff The authors report assessment
ISU 1999 87 30% 78% 0.69  data on these questions for several different courses, includ-
(lecturettutorial) ing both traditional courses and courses that used the electric
ISU 2000 66 34% 79% 0.69  circuit tutorials fromTutorials in Introductory PhysicsAl-
(lecturertutorial) though we find significant year-to-year variations in the

scores of students in our courses, all of our eight scores are

higher than the comparable scores in traditional coui&es.
Our course differs from most traditional courses in three

. . key ways:(1) use of fully interactive lecture and highly in-

?n? of us hgsb?hovlv(rDEM)_ n .? rec?ntlreporé, \t/arloys oth(?[r teractive tutorials(2) strong emphasis on conceptual prob-

actors probably piay a significant role in Getermining stu-jo 5 - 3n¢(3) coverage of a smaller number of topics than

dentsé)erformance as reflected in assessment data of thiS <t courses. Our data do not allow us to estimataeie

type. . .. . tive contribution of these three factors to the assessment re-
In all cases, our pre-test to post-test gains are quite high bg

. ; ults reported here. In relation to itef®), we note that Hake
most standard measures SUCh. as normahzed(g;an_(uOAG— has concluded that the fraction of course time devoted to the
0.69 and effect size(“Effect size” is the change in exam

study of mechanics topics is not significantly related to su-
score divided by the standard deviation of the scorBy. y P g y

; . . : perior learning gains on the Force Concept Inventory re-
way of comparison, it has been found in mechanics COUrs€Sgaq for |E course® He also notes that onlyartial
that typical values of normalized gain on the Force Concep

= plementation of interactive methods—even when there
Inventory are{g)~0.25 for traditional courses, and 0.35 may be some emphasis on conceptual problems—is corre-

=(g)=<0.70 for interactive engagement coure8.(The |ated with poorer learning gains than those achieved in
Force Concept Inventory is a very widely used mechanicgourses with full implementation of those methd8isdow-
diagnostic tes}.For the three ISU samp_les, treating the “pre- ever, a study by Greene suggests that improved learning
test” and “post-test” populations as distinct, we find effect gains may be possible even in a relatively traditional nonin-
sized>3.0, while values oti~0.8 are ordinarily considered teractive course in which conceptual examples and problems
large®® are strongly emphasized on homework assignments and
Although our post-test an¢y) values are far higher than exams™
comparable values found in a national survey of CSE An importantissue for many students in the algebra-based
results’ it would not be proper to attempt a direct compari- physics course is preparation for pre-professional exams
son between our abridged-CSE data and other data reflectimyich as the Medical College Admissions TEMICAT). The
administration of the full CSE. Table Il shows mean pre-testmost recent versions of the MCAT put substantial emphasis
post-test, and normalized learning gain values for a 14-itenboth on qualitative physics questions and on the analysis of
subset that consists of all questions included on both theomplex reading passages requiring application of funda-
abridged CSE and on the CSEM; only ISU data are availiental physics concepts in unfamiliar contexts. Physics
able. Also shown are comparable values from the nationatourses that emphasize conceptual understanding might well
survey datd. (Note that these latter data are not matched. provide superior preparation for this type of exam. Careful
These data show that although ISU pre-test scores are vesgudies of MCAT performance for students enrolled in such a
nearly equal to those in the algebra-based courses in theourse at the University of California at Davis provide sup-
national sample, post-test scores and normalized learningort for this hypothesi%%/
gains are dramatically higher than both algebra-based and An important concern of many physics instructors is the

&Calculated using exactinroundedl pre-test and post-test scores.

Table Il. Scores of CSEM subset of 14 electricity questions.

CSEM electricity subset CSEM electricity subset

Sample N mean pre-test score mean post-test score (g)®
National sampldgalgebra-based courges 402 27% 43% 0.22
National sample 1496 37% 51% 0.22
(calculus-based courses
ISU 1998 70 30% 75% 0.64
ISU 1999 87 26% 79% 0.71
ISU 2000 66 29% 79% 0.70

N for national sample is mean of values reported for each of the 14 individual questions, both pre and post;
data from Ref. 7.
bCalculated using exactnroundedl pre-test and post-test scores.
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Table Ill. Post-instruction scores on circuit questions.

Four-bulb question Five-bulb question
[Fig. 6(@)]: correct [Fig. 6(b)]: correct
Sample N with correct explanation with correct explanation

Traditional, a <50%

algebra-based,

university

Traditional, a <50% 15%

calculus-based,

university

Tutorial, a >75% 459

calculus-based,

university

Tutorial, a 65%

calculus-based,

college

SLU 1998 61 54% 59%

ISU 1998 76 75% 33%

ISU 1999 86 59% 31%

ISU 2000 79 86% 46%

gFour-bulb question, four classes, told=500; Five-bulb question: see noté® and (c); data as reported in
Ref. 88.

PN~50; administered in subsequent course.

°N~50; administered in subsequent course.

YExplanation not required.

extent to which a course’s focus on conceptual questionsipulation; see Appendix B We have attempted to address
may detract from students’ ability to solve standard quantithis concern by including on our final exam problems drawn
tative problems(We stress, though, that our course’s empha-directly from the traditional calculus-based introductory
sis on qualitative problems is accompanied by extensivehysics course at IS(bmitting problems using calculusin
practice with some fairly standard quantitative problems, al-1998 we used six questions copied directly from two differ-
beit ones requiring only a modest degree of algebraic maent final exams in the calculus-based course; in 1999 and
2000 we included three of those same six questighls six
are shown in Appendix ¢.The data in Table IV show that
students in our algebra-based course outperformed the stu-
dents in the calculus-based course on those questions; they
°> also show that results on the three-item subset were virtually
identical to those on the full six-item set.

Our results are consistent with those of others who have
B c implemented research-based instructional methods. That is,
— students’ ability to solve quantitative problems is maintained
or even slightly improved. At the same time, at the cost of a
modest restriction of topical coverage, students are able to
meet substantially more rigorous standards on qualitative
@ problem solving*

D
(a) Table IV. Scores on quantitative problems, ISU courses.
Sample N Mean score
Traditional calculus-based course, 320 56%
B 1997 and 1998
A six final exam questions
r— G) D E Interactive-lecture course, 1998 76 7%
(algebra-based
C six final exam questions
Traditional calculus-based course, 372 59%
1997 and 1998
(b) three-question subset
Interactive-lecture course, 241 78%
Fig. 6. Questions used to assess understanding of ciffuite Ref. 8§. All 1998, 1999, 2000

bulbs are identical, and all batteries are ideal. Students are asked to rarilgebra-based
relative brightness of bulbs, and to explain their reasonfagAnswer: A three-question subset
=D>B=C; (b) Answer: A=D=E>B=C.
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XI. CONCLUSION direction of the magnetic forcéf there is one or write

o “zero.” Is there anet forceacting on the loop as a whole? If
Our objective is to transform the large-enrollment lecturegg state its direction. If not, explain how you can tell.

classroom, as much as possible, to one that is more typical of
small-group instruction. We try to achieve this objective by
obtaining simultaneous responses from all students to care- >
fully designed sequences of questions emphasizing qualita- B
tive reasoning. The students’ responses allow us to modify o)
the pacing and direction of further class discussion and ques-
tioning. Curricular materials designed to facilitate this in-
structional method have been developed, tested, and as- A
sembled into a student workbook. Assessment data regarding
student learning show gains far higher than those reported in <
national surveys of comparable courses.

Our experience and those of others makes it clear that ] ] ] L ]
interactive lectures are now a practical and tested optiors: [N this region, a uniform magnetic field is present that
available for immediate use by physics instructors virtuallyPOints toward théottomof the page. A wire segment carry-

anywhere. As with any other novel teaching method, there j§9 & current in the direction shown is placed in the region.
a learning curve for both students and instructors, but mogfdicate the direction of the force on the wire segment, using
practitioners have found that a commitment to use the metrither arrows or the “dot” or “cross” symbols. f the force is
ods on an extended basis almost always results in at leaé€r© Write “zero.

some degree of success.
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APPENDIX A: EXCERPT FROM FREE-RESPONSE B
WORKSHEET l

Torque on a Current Loop in a Magnetic Field

1. All throughoutthe boxed region below, there is a uniform
magnetic field pointingnto the page(as indicated by the
cross. [This field is created by source currents outside of the

region] A wire segment carrying a current in the direction _
shown is placed inside the regidWires leading to the bat- APPENDIX B: REPRESENTATIVE SAMPLE OF

tery are not shown in this or in any subsequent figure. QUIZ AND EXAM PROBLEMS USED IN COURSE

1. An electron is located &0 m, +1 m) and two protons are

B® >— located at(0 m, —2 m). A +2-C charge is located at the
origin. What is the magnitude of the net electfield expe-

rienced by the charge at the origin, produced by the electron

and the protons?

2. Current flows out of a battery and into resisto2 ohms.

Indicate the direction of the force on the wire segment, usingV"en the current flows out of resistér it branches, with
either arrows or the “dot” or “cross” symbols. If the force is Part of it going through resistoB (2 ohms and the rest
zero, write “zero.” going through resisto€ (4 ohms. The current then recom-

2. Now, a square wire loop carrying a steady clockwise curbines and returns to the battery. If the voltage drop across
rent is placed in the regioiCurrent in each of the four sides resistorA is AV,, what is the voltage drop across resistor
is equal) On each of the four sides of the loop, indicate theC?

650 Am. J. Phys., Vol. 70, No. 6, June 2002 D. E. Meltzer and K. Manivannan 650



45
1/3 AV,
2/13AV,
% AVA ,-'.
AVA :':
312AV, #2 AL G
4/3AV 4
2 AV,
3 AV,
3. AchargeQ is fixed at the origin. An object with mass 3 kg
and charg 9 C isheld motionless on the 6-V equipotential different layers have different indices of refractiam, n,,

circle (a distance from the origin, and then releasedSee 54 ) as indicated. Note that no ray is observed in the n
diagram) Which of these will be closest to the velocity at- yggion,

tained by the object when it igery far (more than 1,000) What is the correct rankinglargest to smallegtof the
from the origin? three indices of refraction?

0 mls largest smallest

2 m/s
3 m/s n; [norefracted ray in this region]

L 2%

>

<3V 4av 5Y 6v TV 8V
#1

6. The diagram shows part of the path traveled by a particu-
lar light ray as it strikes a piece of three-layer material. The

—IOMMUO®P

4 m/s

6 m/s n;
36 m/s

54 m/s

OTMoUO®>

n4

APPENDIX C: QUESTIONS FROM ISU CALCULUS-
BASED PHYSICS EXAM

_ _ _ Questions 1-6 were given on the 1998 final exam in the
4. A 5-ohm and a 2-ohm resistor are connected in series to jateractive-lecture course. Questions 1, 2, and 4 were also

battery. In a separate circuit, a 5-ohm and a 2-ohm resistagiven on the 1999 and 2000 final exams in that course; the
are connected in parallel to a battery with #wmevoltage. format of question 4 was slightly modified to increase its

In which resistor is thenost poweibeing dissipated? difficulty.
A. The 5-ohm resistor in the series circuit. 1. Two point charges+7.00x10™° C and +9.00x107° C
B. The 5-ohm resistor in the parallel circuit. are located 4.00 m apart. The electric field intensiityN/C)
C. The 2-ohm resistor in the series circuit. hagwgy %et‘i"ele”éhi”% IS:D o E 36
D. The 2-ohm resistor in the parallel circuit. : L s ) :
E. Both resistors in the series circuit, which dissipate the;’ Two particles, X and Y, @4 m apart. X has a charge of

t of Q and Y has a charge of Q. A third charged particle Z is
same amount ol power. placed midway between X and Y. The ratio of the magnitude

Both resistors in the parallel circuit, which dissipate ot the glectrostatic force on Z from X to that on Z from Y
the same amount of power. Fo: Fpy) is:

G. Allfour resistors dissipate the same amount of power.( A 41 B.21 C.1'1 D.12 E. 14
5. A positive charge is shot into a region in which there is 3. An unknown resistor dissipates 0.50 W when connected to

a uniform electric fieldsee diagram First, it is shot along a 3.0 V potential difference. When connected to a 1.0 V
path #1; then it is shot in again along path £#HOOSE potential difference, this resistor will dissipate:

m

TWO CORRECT STATEMENTS (half credit for each) A.050wW B.017W C.15W D.0.056W
A. It gains kinetic energy while traveling inside this re- E. None of these. _ o
gion. 4. In the diagram, the current in the ADresistor is 4.0 A.

oAt : PR ‘'« ra. The potential difference between points 1 and 2 is:
B. It loses kinetic energy while traveling inside this re A D75V B.OBY C 125V D 12V E 20V

gion.
C. lts kinetic energy is constant while traveling inside
this region. 30 20
D. The kinetic energy change fropA to B] is greater SN NN
thanthe kinetic energy change fropA to C]. 1 2
E. The kinetic energy change frofA to B] is less than 5. The electric field at a distance of 10 cm from an isolated
the kinetic energy change fropd to C]. point charge of X10 ° C is:
F.  The kinetic energy change frojA to B] is the same A.0.18 N/C B.1.8N/C C.18 N/C D. 180 N/C
asthe kinetic energy change frofé to C]. E. None of these
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6. A portion of a circuit is shown, with the values of the currents given for some branches. What is the direction and value of

the current i?
A.|,6A B.7,6A C.|,4A D.17,4A E.|,2A

*ZA

VA A3A

2

Aoa
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I have always enjoyed learning about
scientific concepts and explaining them to
other people, and I used to spend a great
deal of time and effort preparing extremely
clear and detailed lectures. After a while,
though, I could not avoid the realization
that most of my students were not learning
physics very well, despite my painstaking
efforts to present concepts clearly, com-
pletely, and methodically. Although physics
is a difficult subject, I felt that I should be
doing a better job of communicating its
ideas.

I became aware that university faculty
engaged in physics education research were
having success with instructional methods
that employed “active engagement.” In
these methods, most often applied in
instructional laboratories or small classes,
instructors avoid giving students a fully
worked-out set of answers and explana-

*Resources Available in Teaching Science
*Learning Spanish through Experience

* What Did You Tell Us?
Survey of Faculty Development Needs

* Upcoming Events

tions right at the beginning. Instead, they
guide students to figure out concepts on
their own — as much as possible —
through hands-on laboratory investiga-
tions or closely guided theoretical
reasoning. Instructors guide students to
follow productive lines of reasoning
through a form of Socratic dialogue,
asking many leading questions.

But can these instructional methods
be employed in a lecture hall with 80 or
more students? The answer is yes. Two
effective techniques are: (1) guide
students through a sequence of multiple-
choice questions that force them to think
deeply about the targeted concept, and
use a classroom communication system
to obtain instantaneous responses from
all students simultaneously; (2) allow
students to work in small groups on
problems requiring non-multiple-choice
responses such as diagrams or short
answers. Responses to properly designed
questions can be very quickly checked by
the instructor who circulates around the
lecture hall, examining the work of
students near the aisles and front row.

The communication system I use is
flash cards: each student is given six 5 x
8 cards on which the letters A, B, C, D, E,
or F are printed. I write questions on the
board along with several possible
answers or provide pre-printed ques-
tions, and I'll usually give students 15-30
seconds to consider their answer. If they

have trouble responding, or if there is
much disagreement on the answers (for
instance, half with “A” and half with “C” )
I'll give them another minute (or more) so
they can discuss it with each other. This
method allows a virtually continuous
exchange of questions and answers
between instructor and students.

Professor David Meltzer

I have done careful assessment of
my students’ learning over the years,
using several standard conceptual tests
as well as questions borrowed from other
instructors’ exams. I measure students’
learning gains, that is, improvement from
a pretest given on the first day of instruc-
tion to a post-test given the very last day.
My students’ gains are consistently above
those reported in classes using more
traditional forms of lecture instruction.

continued on page 2
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They are exposed to fewer topics than in
a traditional class, but seem to learn the
concepts they study in much greater
depth. They also learn to analyze prob-
lems qualitatively, and not simply by
relying on equations. Course evaluations
suggest that most students enjoy this
method of instruction. Many more details
about the assessments and the instruc-
tional methods can be found on the
website of the ISU Physics Education
Research Group, http://
www.physics.iastate.edu/per/.
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Enhancing Active Learning in Large-Enrollment Physics Courses

David E. Meltzer, Assistant Professor, Department of Physics and Astronomy,
Iowa State University, Ames, IA
dem@iastate.edu

IINTRODUCTION

I have taught physics courses for physics majors, engineering students, and life-
sciences majors, as well as for students planning careers as public-school teachers in both
elementary and secondary schools. A common theme in all of these courses is “active
learning,” that is: guiding students to maximum intellectual engagement with the
material. A key strategy is to promote intensive interaction both between students and the
instructor, and among the students themselves. This holds true whether one has a dozen
elementary-education majors in a lab room, or 200 engineering students in a large lecture
hall.

Much research suggests that learning of science concepts is enhanced when
students are guided to analyze and draw conclusions from their own observations of
physical phenomena (McDermott, 1991). Instead of instructors providing worked-out
solutions and pre-packaged explanations, students are guided to “figure things out for
themselves” with a minimum of intervention. When an instructor is working with just one
or two students, this task might be relatively easy to accomplish. But when one faces 100
or more students simultaneously, the challenge of promoting maximum intellectual
engagement can be extreme.

In this paper I describe methods I have used with great success to promote active
learning in large-enrollment physics classes. The strategies are based on guiding students
along productive lines of reasoning through a question-and-answer process in a group-
learning environment. In a different context I have used this same strategy in small
classes for pre-service elementary teachers. Although the specific techniques described
here might differ from those used in a small class, the overall strategy is essentially the
same: help students learn efficiently by aiding them to ask and answer intellectually
provocative questions. The goal is to catalyze, in the students’ own mind, the conceptual
breakthroughs needed for understanding of scientific concepts.

THE PROBLEM: LARGE CLASSES

Imagine you are beginning your lecture in a room filled with 150 students. Many
of them—perhaps most—appear to be attentive and expectant. You start your carefully
prepared presentation, striving to be as clear as possible. Every now and then you ask a
question of the class, pause and wait for someone to answer, and then comment on their
response. Repeatedly, you ask if anyone has questions; only rarely does anyone respond.
You’re a bit uneasy about the lack of questions—surely they’re not finding your
explanations to be all that clear? You wonder how well your students actually understood
your lecture. Were you able to clear up the tricky points you knew would cause them
trouble? You can wait until the exam and see how well they do, but does this really tell
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you whether they got anything out of your lecture? For years, [ wondered whether there
was some way out of this frustrating dilemma. Eventually, I decided that indeed there
was a way.

In the following paragraphs, I will describe methods developed in close
collaboration with Kandiah Manivannan of Southwest Missouri State University (Meltzer
and Manivannan, 2002a; Meltzer and Manivannan, 1996; see also
http://www.physics.iastate.edu/per/index.html). I have used these methods primarily in
the second semester of the algebra-based general physics course, a course taken mostly
by students in the life sciences including pre-medical and pre-veterinary students. The
majority of enrolled students are female. I have taught this course at Southeastern
Louisiana University (Physics 192: Fall 1995-Spring 1998) and Iowa State University
(Physics 112: Fall 1998-Fall 2002). Both institutions are typical in that their large student
enrollments result in many large lecture courses. In physics, this means that an instructor
teaching an introductory course might face anywhere from 50 to 250 students at one time.
Both students and instructors are often dissatisfied with the “anonymous” atmosphere of
such classes, and have a common interest in improving the effectiveness of the learning
environment in these large lecture courses.

THE SOLUTION: INTERACTIVE ENGAGEMENT

Our basic strategy is to drastically increase the quantity and quality of interaction
that occurs in class between the instructor and the students, and among the students
themselves. To this end, the instructor poses many questions. All of the students must
decide on an answer to the question, discuss their ideas with each other, and provide their
responses to the instructor. The instructor makes immediate use of these responses by
tailoring the succeeding questions and discussion to most effectively match the students’
pace of understanding. Our methods are, in effect, a variant of “Peer Instruction,” which
was developed by Eric Mazur at Harvard University (Mazur, 1997; Crouch and Mazur,
2001). Instructional methods that emphasize interaction among students and instructors
combined with rapid feedback have been referred to by Richard Hake as “interactive
engagement” (Hake, 1998).

As a model of this learning environment, consider the instructor’s office. When
you have one or two students in your office asking for help, do you lecture to them for 50
minutes, pausing occasionally to ask a question? More likely you speak for just a few
minutes, sketching diagrams and writing a few simple equations. Then you stop and ask
for some feedback. Maybe you pose a simple question or sketch out a problem for them
to try, or ask one student to comment on an answer given by the other. In the office, you
are able to get an ongoing sense of where your students are at conceptually, and how well
they are following the ideas you’re presenting. By getting continual feedback from them,
you’re able to tailor your presentation to their actual pace of understanding. By asking
them to consider each other’s ideas, you help them to think critically about their own
ideas. But is it practical to do this in a room filled with over 100 students?

My answer is that it is practical. It is possible to recreate in the lecture hall much
of the learning environment that exists in the instructor’s office. One can transform—to a
substantial extent—the environment of the lecture hall into that of a small seminar room
in which al/l of the students are actively engaged in the discussion. It takes preparation
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and practice to do it well, but any instructor who is committed to the effort should be able
to succeed. Here I will describe the methods I use in my large lecture classes.

THE FULLY INTERACTIVE LECTURE

To begin with, I give up the idea of delivering long lectures. As much as I used to
love to lecture, I hardly do it anymore because I have become painfully aware of how
ineffective it is. I used to enjoy carefully and precisely outlining my hard-won insights
about difficult physics concepts. I would present these concepts slowly and painstakingly,
with great clarity, never glossing over confusing points. As long as students were paying
close attention, it was simply inconceivable to me that anyone could fail to follow my
crystal-clear logic. Inconceivable, that is, until I really began to interact with my students
in the lecture hall. I realized, to my dismay, that most of my students were not under-
standing my beautifully clear lectures—not at all. My carefully crafted arguments flew
right over their heads, leaving only confusion. Sometimes they convinced themselves that
they understood my words—but, in fact, they were usually wrong. What I did to discover
that this was true any instructor can do, and I suspect they would come to a similar
realization.

I now get instantaneous feedback simultaneously from all the students in the
class. I ask questions during class—many questions—and no longer have to wait for one
brave soul to dare to offer a response. Every single student in the class has a pack of six
large “flash cards™ (5'%" x 8'4"), each printed with one of the letters A, B, C, D, E, or F.
They bring the cards every day, and I always have extras in case someone forgets.
Repeatedly during class I will present a multiple-choice question to the students. The
questions stress qualitative concepts involving comparison of magnitudes (e.g., “Which is
larger: A, B, or C?”), direction ( “Which way will it move? ) and trends ( “Will it
decrease, remain the same, or increase?”’). These kinds of questions are hard to answer
by plugging numbers into an equation. I give the students some time to consider their
response, 15 seconds to a minute depending on the difficulty of the question. Then I ask
them to signal their response by holding up one of the cards, everybody at once. I can
easily see all the cards from the front of the room. Immediately, I can tell whether most
of the students have the answer I was seeking — or if, instead, there is a “split vote,” some
with one answer, some with another. (I hope that one is the right answer!)

I can see whether the class held up their cards quickly, with confidence, or if
instead they brought them up slowly, with confused looks on their faces. If there is a split
vote, I ask them to talk to each other. I allow about a minute for those who think the
answer is, say, “A” to try to persuade those who believe it is “C” to change their views.
And, of course, the “C” supporters argue for their side of the case. Then I ask for another
vote. If it is still split, I’ll ask for an “A” supporter to stand and present their argument,
followed (in alphabetical order) by a proponent of the “C” point of view. Eventually, if
necessary, I will step in to—I hope—alleviate the confusion. But by this time, most of the
students will have thought through the concept that was causing the problem because
they will have tried to convince their neighbors that they were right. And, if they haven’t
already figured things out by themselves, they will now at least be in an excellent
position to make sense out of any argument I offer to them. Before that minute or two of
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hard thinking, though, I could have made the same argument and then watched as almost
every student in the class gave the wrong answer to some simple question. I know this is
true, because I have tried it often enough.

By now I have had many opportunities to ask my students questions during my
lecture that I would once have considered “trivial.” These questions pertain to concepts
that [—and most instructors—would have covered in a few seconds or a minute of clear,
logical reasoning. I would have said that it was impossible for my students to get these
simple questions wrong, or have any difficulty with them. But in fact they do, and now |
know it. I pose a question that, I think, is a completely straightforward application of a
principle I just presented. For instance: If a two-resistor parallel circuit is increased to
three resistors in parallel, what happens to the total power provided by the battery? The
logic points inescapably toward only one possibility. I wait as my students study the
question, debating the answer with each other, looking around. Slowly, after a minute, the
cards come up: half are “A” (decreases), and nearly a third are “B” (remains the same).
But the correct answer is “C” (increases), a choice selected by perhaps one student out of
five.

I realize that I need to retreat, and I offer another question—perhaps I make it up
on the spot—that goes back to a concept discussed last week. Then we work our way
through a series of intermediate questions, back to the one that started the trouble. At
each step, I get a reading on my class: Do they respond quickly? With confidence?
Mostly correctly? Then I comment briefly and move forward. Otherwise, I pause for a
longer discussion. In the old days I would have disposed of this entire topic in less than
two minutes of lecture, and have been well satisfied that I made my points clearly and
effectively. Now I take 10 to 15 minutes, and struggle together with my students as they
work their way through a conceptual minefield. But this time, I believe, my students
really do construct a basis for understanding the material. And, I realize, the selt-
satisfaction of the old days was no more than wishful thinking and self-deception.

CLASS FORMAT
A typical class proceeds in three phases:

(1) A brief introduction/review of the basic concepts is presented at the
blackboard, a sort of “mini-lecture” lasting three to seven minutes.

(2) A sequence of about a half-dozen multiple-choice questions (sometimes
more) is posed to the class; these questions emphasize qualitative
understanding, proceed from easier to more challenging, and are closely
linked to each other to explore just one or two concepts from a multitude of
perspectives. They frequently employ graphs, diagrams, and verbal
descriptions. Students provide responses to these questions using the flash
cards as described above.

3) The students then proceed to work on free-response questions in the form of
integrated worksheets, which again stress diagrammatic and graphical
representations. The students work in groups while the instructor circulates
throughout the room, rapidly scanning the students’ work by looking over
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their shoulder. It is easy to quickly assess the graphs, diagrams, and short
answers that comprise the bulk of the responses.

This method is crucially dependent on having at one’s disposal a large number of
carefully constructed sequences of conceptual multiple-choice questions. The purpose of
emphasizing non-numerical questions is to prevent students short-circuiting the thinking
process by blindly plugging numbers into poorly understood equations. Although some
collections of such problems exist in the literature (Mazur, 1997; Novak et al., 1999), we
have had to construct our own set to meet the needs of a full one-semester course
(Meltzer and Manivannan, 2002b). It is the preparation and testing of such question sets
that is among the most time-consuming prerequisites for this instruction. Our questions
are based, as much as possible, on the physics education research literature (McDermott
and Redish, 1999).

The free-response questions are also presented in a highly structured sequence,
designed to lead students to think deeply about fundamental conceptual issues. These
worksheets are largely designed after the model of the University of Washington
Tutorials (McDermott et al., 2002), although here adapted for large classes by somewhat
more gentle pacing. Both the multiple-choice question sets and the free-response
worksheets are provided to the students in the form of a three-hole-punched workbook,
and they are required to bring relevant sections to class every day. I have also written a
complete set of lecture notes which are now bound together with the workbook. These
notes offer concise reference materials that heavily emphasize qualitative understanding,
and provide numerous sample questions of the type used on quizzes and exams.

Another critical course element is the continual—almost relentless—feedback.
Written quizzes are given every Monday and Friday and count for 1/3 of the total grade.
Additional group-quiz points are available on Wednesday. Homework must be handed in
during the Thursday “tutorial” (recitation) meetings. (Tutorials consist of group work on
worksheets while two teaching assistants circulate throughout the room.) The net result of
these incentives is a consistent 90% attendance rate for both lectures and recitations.

INSTRUCTIONAL OUTCOMES

I have found that overall learning gains by the students in this course are very
high in relation to comparable courses nationwide. For the past several years I have given
the “Conceptual Survey of Electricity,” a diagnostic instrument that assesses qualitative
understanding. My students’ pretest scores (about 30%) are nearly identical to those
reported in comparable algebra-based courses, and substantially lower than those in a
nationwide sample of about 1500 students in calculus-based courses. However, the
average post-test scores of my students in Physics 112 at lowa State (taught five times
from Fall 1998 to Fall 2002) were in the 75-79% range, while those of the nationwide
sample range from around 43% in the comparable algebra-based course to approximately
51% for students in the calculus-based class (Meltzer and Manivannan, 2002a; Maloney
et al., 2001). Other assessment data are consistent with these results. Moreover, on
quantitative problems borrowed from exams given in the calculus-based course at lowa
State (Physics 221), students in my algebra-based course do comparably well, or better.
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One of the most dramatic consequences of this instructional method is a very
small number of dropouts, typically 1-3% after the first week. The low dropout rate
combined with the strong evidence of good learning gains are, for me, the key test of the
instructional methods. However, it is also important to note that the majority of students
seem to react favorably to the instructional methods, as shown by their responses to end-
of-semester surveys. Their feelings are reflected in their evaluations of the instructor and
their comments on the instructional methods. From 1998-2002, 75% gave top ratings of 4
or 5 on a 1-5 scale. (Sample comment: “. . . best physics instructor I have ever had. |
liked the way he had class interaction and explained things. He makes physics fun and
interesting to learn, whereas most physics instructors just babble inanely during
lecture”). Most of the remainder are neutral, but a persistent core of 10% or less despises
these methods and is vocal about that fact. (Sample comment from the same class: “
has a new way of teaching he is trying to develop. It doesn’t work. He relies too heavily
on the students to help each other, when all we want is to learn the material . . . going to
lecture was pointless other than to take required quizzes.”)

CONCLUSION

The overall result of these methods is, for me, little short of a revelation regarding
student learning. By exposing what I believe to be a realistic picture of how my students
learn during lectures, I feel that [ have been able to transform the classroom experience
for them. Previously, this experience—while enjoyable for the instructor and (perhaps)
entertaining for the students—served to do little more than inform them of the topics they
needed to study on their own. I now believe that my students are actually learning during
class, and building a much firmer basis for their out-of-class work.

My collaborator, Kandiah Manivannan, and I have given many workshops for
other instructors to help them learn about our instructional methods, and we have
published very detailed accounts of the methods that have been disseminated widely. Our
CD of the instructional materials (Meltzer and Manivannan, 2002b) has been distributed
free to many hundreds of physics instructors worldwide, on request, and many of them
have told us that they have used our methods and materials successfully in their own
classes. With support from the National Science Foundation, we are now engaged in
developing additional materials for other topics in the introductory physics curriculum.
We are hopeful that we will be able to achieve learning gains in other areas of the
curriculum that are comparable to what we have documented in our previous work.
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Student reasoning regarding work, heat,
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and the first law of

thermodynamics in an introductory physics course
David E. Meltzer, Department of Physics & Astronomy, lowa State University, Ames, IA 50011

Abstract: Written quiz responses of 653 students in three separate courses are analyzed in detail.

There has been relatively little research
on student learning of thermodynamics in
physics courses at the university level. A
recent study by Loverude ef al.' has made it
evident that students at the introductory
level (and beyond) face many significant
difficulties in  learning  fundamental
thermodynamic concepts such as the first
law of thermodynamics.

I have been engaged in an ongoing
project with T. J. Greenbowe to investigate
student learning of thermodynamics in both
physics and chemistry courses.” As part of
that investigation, a short diagnostic quiz
has been administered over the past two
years in the calculus-based introductory
physics course at lowa State University
(ISU). This quiz focuses on heat, work, and
the first law of thermodynamics.

At ISU, thermodynamics is studied at the
end of the second semester of the two-
semester sequence in  calculus-based
introductory general physics. This course is
taught in a traditional manner, with large
lecture classes (up to 250 students), weekly
recitation sections (about 25 students), and
weekly labs taught by graduate students.
Homework is assigned and graded every
week. Thermal physics comprises 18-20%
of the course coverage, and includes a wide
variety of topics such as calorimetry, heat
conduction, kinetic theory, laws of
thermodynamics, heat engines, entropy, etc.

The diagnostic quiz used in this study is
shown below; it has been administered in
three separate classes. The version shown
here was administered in May 2001; the
other two versions (December 1999 and
December 2000) had very minor variations
from the one shown here. (There were one
or two additional questions on these quizzes
which are not discussed here.)

The 1999 and 2000 classes were taught
by the same instructor, using a different
textbook in each course. The 2001 course
was taught by a different instructor, using
the same text that was employed in the 1999
course. Both instructors are very
experienced and have taught introductory
physics at ISU for many years.

The quiz was administered in two
different ways: in 1999 and 2001, it was
given as a practice quiz in the final recitation
session (last week of class). In almost all
cases it was ungraded; one instructor used it
as a graded quiz. In 2000 the quiz was
administered as an ungraded practice quiz in
the very last lecture class of the year.

This p-V diagram represents a system
consisting of a fixed amount of ideal gas
that undergoes two different processes in
going from state A to state B:

Process #1 State B

/

’
- ,’V Process #2

Pressure

State A

Volume

[In these questions, W represents the
work done by the system during a
process; Q represents the heat absorbed
by the system during a process. ]

1. Is W for Process #1 greater than, less
than, or equal to that for Process #2?
Explain.

2. Is Q for Process #1 greater than, less
than, or equal to that for Process #2?

Please explain your answer.

Fig. 1. Thermodynamics diagnostic quiz

This paper appeared in Proceedings of the Physics Education Research Conference, Rochester, New York, July 25-26,
2001, edited by Scott Franklin, Jeffrey Marx, and Karen Cummings (PERC, Rochester, New York, 2001), pp. 107-110.




Answers:
%

1. W= deV = the area under the curve
VA

in the p-V diagram, so W; > W,

2. AE]ZAEZDQI—W]:QZ—WZIQ
Q[ - Q2 = W] - Wg. Therefore, W[ > W2 =
0; > Q. (Since system #1 loses more
energy by doing more work, it must gain
more energy through heat absorption to have
the same net change in internal energy.)

Correct explanations for #1 were
considered to be virtually anything that
mentioned “area under the curve,” the

v
integral I ' pdV , “working against higher
V4

pressure,” etc.

A liberal standard was used in
assessing answers to #2; examples of
answers considered correct:

“AE = Q — W. For the same AE, the
system with more work done must have
more Q input so process #1 is greater.”

“Q is greater for process 1 since
Q = E + Wand W is greater for process 1.”

“Q is greater for process one because it
does more work, the energy to do this work
comes from the Qjn.”

An analysis of students’ responses on
the quiz is shown in Tables I and II.

Table I: Students’ reasoning on Work question
(*Note: explanations not required in 1999)
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1999 2000 2001
(n=186) (n=188) (n=279)
W,>W, 73% 70% 61%
Correct or partially « 56% 48%
correct explanation
Incorrect or missing " 14% 13%
explanation
W;=W, 25% 26% 35%
Because work is " 14% 23%
independent of path
Other reason, or % 12% 13%
none
W;<W, 2% 4% 4%

Table II: Students’ reasoning on Heat question

1999 2000 2001
(n=186) (n=188) (n=279)
Q> Q; 56%  40%  40%
Correct or partially  14% 10% 10%
correct explanation
Q is higher because  12% 7% 8%
pressure is higher
Other incorrect, or 31% 24% 22%
missing explanation
Q=Q; 31%  43%  41%
Because heat is 21% 23% 20%
independent of path
Other explanation, 10% 18% 20%
or none
Q:i<Q, 13% 12% 17%
Nearly correct, sign 4% 4% 4%
error only
Other explanation, or  10% 8% 13%
none
No response 0% 4% 3%

CONCEPTUAL DIFFICULTIES IDEN-
TIFIED IN STUDENTS’ RESPONSES

1. Difficulty interpreting work as “area
under the curve” on a p-V diagram.
Although most students correctly responded
that W; > W,, only about 50% of all students
were able to give an acceptable explanation.
This basic geometrical interpretation is
usually the very first topic discussed in
connection with p-V diagrams, and it is
difficult to make efficient use of such
diagrams without understanding this idea.

2. Belief that work done is independent of
process. A substantial number (15-25%) of
students are under the impression that work
is (or behaves as) a state function, and that
the work done during a process depends
only on the initial and final states. Many
students state this very explicitly in their
written explanations. Others do not have
such a clearly expressed notion, but still
identify the work done by the two processes
in the diagram as being equal to each other.



3. Belief that heat absorbed is
independent of process. About 20-25% of
all students explicitly state a belief that the
heat absorbed during a process depends only
on the initial and final states. (Answers
categorized as “Because heat is independent
of path” include those stating that both
processes reached the same final state, had
the same initial and final states, etc.) In
addition, the claim that Q; = O, was justi-
fied by a wide variety of other explanations.
4. Association of greater heat absorption
with higher pressure. The most popular
alternative explanation for Q; > (O, was that
higher pressures were involved in Process
#1. It was clear, though, that students were
not considering the process as a whole
(omitting, e.g., any consideration of initial
and final states), and were simply
associating ‘“heat” with “pressure,” often
through appeals to the ideal gas law.

5. Use of a “compensation” argument,
e.g., “more work implies less heat,” etc. A
significant number of students attempted to
employ an argument that states, roughly
speaking, “more heat (or work) implies less
work (or heat).” For instance, only 5% of
students who claimed W, = W, also argued
that O; < O,; however, that argument was
made by 20% of students who had correctly
answered W, > W,. In some cases, it was
clear that students were employing the first
law of thermodynamics in the form AE = Q
+ W (i.e., W being defined as work done on
the system). This was not the convention
used in their physics class, although it is
typically the one used in chemistry courses.
An analogous argument was used by other
students who explicitly employed AE = QO —
W; these students were often making a
simple sign error (and are categorized as
“Nearly correct, sign error only” in Table
II). The “compensation” argument was also
seen in the explanations of the (very few)
students who stated that W; < W5, most of
them went on to argue that Q; > Q..
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6. Inability to make use of the first law of
thermodynamics. Even including students
who made sign errors (as described above),
only about 15% of all 653 students were
able to give a correct answer with a correct
explanation based on the first law of thermo-
dynamics. There was almost no variation in
this proportion from one class to the next,
despite changes in instructors and textbooks.

CLUES REGARDING CONCEPTUAL
DYNAMICS
Among the most interesting and

important aspects of students’ reasoning
(from the instructor’s standpoint) is the path
along which learning takes place.’ By this I
mean the sequences of ideas that lead either
to productive or unproductive lines of
thought from the standpoint of yielding good
learning outcomes. In the present case we
have an observation of student thinking at
only a single point in time. Therefore, any
hypotheses we induce from the data must be
tested through sequential observations and
student interviews. Nonetheless, there are
several provocative aspects of the data that
are consistent over all the observations.

A. Patterns underlying students’ responses

1. Although a belief in path-
independence of heat is somewhat more
common among students who answer W;
= W,, more than one third of those who
correctly answer W; > W, also claim that
0; = 0,. About half of the students who
answer W; = W, also state that Q; = 0,
(1999: 40%; 2000: 51%; 2001: 53%).
However, a very substantial number of those
who realize that work is dependent on
process (and correctly answer W, > W,) also
seem to believe that heat is not process
dependent. This is implied by the fact that
more than one third of those who answer
W, > W, also claim that Q; = Q,: 1999:
29%; 2000: 41%; 2001: 34%. This
somewhat unexpected result is made more
provocative by the following observation.



2. Students are more likely to justify
a 0; = 0, answer by explicitly asserting
that “Q is path-independent” if they
answered the Work question correctly.
Students who answered the Work question
incorrectly and who also stated Q; = O,
often gave no explanation for their answer to
the Heat question. Only infrequently did
they claim that heat was “independent of
process” or use words to that effect (e.g.,
“both processes ended at the same point,”
“had the same initial and final points,” etc.).
By contrast, students who answered the
Work question correctly but stated that Q; =
0 usually did explicitly claim that heat was
independent of process. (See Tables III, IV.)

Table III. Students who answer O; = 0, (2000)

2000 Correct Incorrect
onwork  on work
question  question

(n=54) (n=27)

Explain by claiming

“heat is independent of 61% 36%

path”

Explain with other

reasons, or no 39% 63%

explanation given

Table I'V. Students who answer Q; = O, (2001)

2001 Correct Incorrect
on work on work
question  question

(n =58) (n=155)

Explain by claiming

“heat is independent of 66% 35%

path”

Explain with other

reasons, or no 34% 65%

explanation given

B. Conjectures on conceptual dynamics

1. Belief that heat is process-
independent may not be strongly affected
by realization that work is not process-
independent. The process-dependence of
both heat and work are fundamental
concepts in thermodynamics. Because the
formalism of p-V diagrams is ubiquitous in
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physics instruction, a very natural
representation of the idea of process depen-
dence is that different paths, representing
different processes, are characterized by
different amounts of work done (“areas
under the curve”). It might seem then that
the process-dependence of work should be
easier to grasp, at least at the formal level,
than that of heat. One might think that when
a student gains this perception about work,
the idea of heat also being dependent on
process would not be such a big leap. The
data suggest that the linkage between these
concepts in instruction may not be as close
as one might guess.

2. Understanding the process-
dependence of work may strengthen
belief that heat is independent of process.
Various interpretations of the data in Tables
III and IV are possible. For instance,
students who have a good grasp on the
concept that “work is area under the curve”
may also have a clearer perception than do
other students that something, at least, is
independent of process in thermodynamics.
If they have not yet clearly grasped the idea
of internal energy change, they may too
readily transfer that perception, mistakenly,
to heat. On the other hand, these data may
simply reflect a better ability to express their
(incorrect) ideas on the part of students who
correctly answer the Work question.

This material is based upon work supported

by the National Science Foundation under Grant
Number DUE-9981140.
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Students in an introductory university physics course were found to share many substantial
difficulties related to learning fundamental topics in thermal physics. Responses to written questions
by 653 students in three separate courses were consistent with the results of detailed individual
interviews with 32 students in a fourth course. Although most students seemed to acquire a
reasonable grasp of the state-function concept, it was found that there was a widespread and
persistent tendency to improperly over-generalize this concept to apply to both work and heat. A
large majority of interviewed students thought that net work done or net heat absorbed by a system
undergoing a cyclic process must be zero, and only 20% or fewer were able to make effective use
of the first law of thermodynamics even after instruction. Students’ difficulties seemed to stem in
part from the fact that heat, work, and internal energy share the same units. The results were
consistent with those of previously published studies of students in the U.S. and Europe, but portray
a pervasiveness of confusion regarding process-dependent quantities that has been previously
unreported. Significant enhancements of current standard instruction may be required for students to
master basic thermodynamic concepts.2@4 American Association of Physics Teachers.

[DOI: 10.1119/1.1789141

[. INTRODUCTION ning science students heat is frequently interpreted as a
) ) . ) mass-independendroperty of an object and temperature is
Thermodynamics has a wide-ranging impact, as is demofperpreted as a measure of its intensity. Often, temperature
strated by the number of different fields in which it plays a ;04 heat are thought to be synonymous. Alternatively, heat
fundamental role both in practice and in instruction. Theygen ig interpreted as a specific quantity of energy possessed
broad-based and interdisciplinary nature of the subject h a body with temperature a measure of that quafitity
mot[vated us to engage in a project to develop Improve bjects made of materials that are good thermal conductors
curricular materials that will increase the effectiveness of e believed by students to be hotter or colder than other

instruction in thermodynamics. We are initially investigating _, : .
the effectiveness of current, standard instruction in order tc(?.b]ectS at the same temperature, due to the sensations expe

pinpoint student learning difficulties that might potentially be rlenqed when the objects are tquqﬁddstructors at the uni-
addressed with alternate instructional approaches. versity level often have noted similar ideas among their own

Given the fundamental importance of thermodynamics, i@tude’ntsi and investigations that have probed university stu-
is surprising that there has been little research into studerflents th|r)k|ng abogt these concepts have recently appégred.
learning of this subject at the university level. Although there A feW investigations have been reported that examined
have been hundreds of investigations into student learning g'€-University students’ understanding of the concept of en-
the more elementary foundational concepts of thermodynanifoPy and the second law of thermodynaniiésSeveral re-
ics (such as heat, heat conduction, temperature, and phaB€ts have examined student learning of thermodynamics
changesat the secondary and pre-secondary level, the num@ONCepts in university chemistry courses® Some of these _
ber of published studies that focus on university-level in-Studies have touched on first- and second-law concepts in
struction on the first and second laws of thermodynamics igddition to topics more specific to the chemistry context.
on the order of ten, of which only one was devoted to physAmong the investigations directed at university-level physics
ics students at U.S. universitiés. instruction, one in France focused on oversimplified reason-

Prior work has demonstrated convincingly that pre-ing patterns used by students when thinking about thermo-
university students face enormous obstacles in learning teynamics, particularly when explaining multivariable phe-
distinguish among the concepts of heat, temperature, internapmena with reference to the ideal gas fAwA German
energy, and thermal conductivity. In physics, héat heat study examined the learning of basic thermal physics con-
transfey is a process-dependent variable and represents Gepts by students preparing to become physics teathers.
transferof a certain amount of energy between systems dudhere also was a very brief report of a survey of entrants to
to a temperature difference. By contrast, in the kinetic theorya British university*® and a study related to U.S. students’
of a gas, temperature is a measure of the average kinet@oncepts of entropy and the second law of thermo-
energy of the molecules in a system. However, among begirdynamics®
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The first detailed investigation of university physics stu-variety of topics such as calorimetry, heat conduction, kinetic
dents’ learning of heat, work, and the first law of thermody-theory, laws of thermodynamics, heat engines, and entropy.
namics was published by Loverude, Kautz, and Heron in The 1999 and 2000 classes were taught by the same in-
2002%° (Additional details are in Loverude’s dissertatioh.  structor, using a different textbook in each course. The 2001
This study incorporated extensive data collected from obsercourse was taught by a different instructor, using the same
vations at three major U.S. universities and documented seext (later editior) that was employed in the 1999 coufe.
rious and numerous learning difficulties related to fundamenBoth instructors are very experienced and have taught intro-
tal concepts in thermodynamics. It was found that manyductory physics at ISU for many yearf3.he author was not
students had a very weak understanding of the work concepivolved in the instruction in any of the courses that served
and were unable to distinguish among fundamental quantitieas a basis for this studly.
such as heat, temperature, work, and internal energy. Only a A written diagnostic quizdescribed in Sec. IYwas ad-
small proportion of students in introductory courses wereministered in two different ways: in 1999 and 2001, it was
found to be able to make use of the first law of thermody-given as a practice quiz in the final recitation sesdiast
namics to solve simple problems in real-world contexts.  week of class In nearly all cases it was ungraded, although

The present investigation includes an independent exampne recitation instructor used it as a graded quiz. In 2000 the
nation of some of the same research questions analyzed quiz was administered as an ungraded practice quiz in the
Ref. 20 and other, related questions. A&;eliminary report ofast lecture class of the semester. In addition, a multiple-
the work described here appeared in 2601. choice problem similar to those on the diagnostic quiz was

Our findings include several previously unreported aspectadministered on the final exam of the 2001 course.
of students’ reasoning about introductory thermodynamics.
In contrast to at least one previous repdit was found that  B. Interviews

students have a reasonably good grasp of the state-function During the Spring 2002 offering of this course, instead of

concept. However, students’ understanding of PrOCESS: yministering a written diagnostic quiz, student volunteers
dependent quantities was seriously flawed, as sizeable nurfi; ering =N diagr quiz, .
ere solicited to participate in one-on-one problem-solving

bers of students persistently ascribe state-function propertié’g ; . X . . -
to both workand heat. This confusion regarding work and interviews in which their reasoning processes were probed in

heat is associated with a strong tendency to believe that t ep_th. This course was taught by _the same instruptor af the
net work done and the net heat absorbed by a system und pring 2001 course. Thermal physics topics occupied 25% of

going a cyclic process are both zero. Interview data disclose e class lectures, and a different féxas used than in the

unanticipated levels of confusion regarding the definition of?'€Vious courses. Due to travel obligations, two different fac-
ulty members(the professor in charge of the course, plus

thermodynamic work and heretofore unreported difficulties . . X

with the concept of heat transfer during isothermal processeé‘.nmher. very experienced mstru@to;vere responsible for
Consistent results over several years of observations enablg&eEsentmg thet_thermoddynam_lcs |3Ct#res' < orobl .
us to make a high-confidence estimate of the prevalence of dxa(ljm qluels |tqns anf assk|gge or:ne\;v?r pfro e(;ns ”:j'
difficulties with the first law of thermodynamics among stu- ¢|10€¢ caicuiations ot work done, heal fransierred, an
dents in the calculus-based general physics course. Our ﬁng_hanges in internal energy during various processese

ings should help provide instructors of introductory physicsreplre_senteq oR-V diagrams, mclul.dmg adiabatic, |src])ther—
with a solid basis on which to plan future instruction in ther- Ma, isobaric, and numerous cyclic processes. Other ques-
modynamics. tions related to the temperature/kinetic energy/internal en-

ergy relationship, and to the efficiency of heat engines and
refrigerators(There also were many problems related to the
ll. CONTEXT OF THE INVESTIGATION other thermal physics topics covered during the course.

All lectures and homework assignments related to thermal

th Ourf data \1vere c_?tllectfed during 1999__2%?2,{ and wdere_ Ihbhysics were completed before the second midterm exam.
ree forms{1) a written free-response quiz that was a MIN"This exam included guestions related to the role of the ther-

istered 10 a total of 653 students in three separate offerlngﬁ:]al reservoir in an isothermal expansion, changes in internal

(Fall 1999, Fall 2000, Spring 200Df the calculus-based energy during a cyclic process, and many questions related to

introductory physics course at lowa State Univergl§U); ; :
. : - o ntropy, engines, and the second law of thermodynamics.
(2) a multiple-choice question that was administered to 407e Interviews began five weeks after the second midterm

students on the final exam during the 2001 course offeringéxam' and continued over a three-week period through the

and (3) one-on-one interviews that were conducted with 32,001 "ot final exams. A new set of questions was developed
student volunteers who were enrolled in a fourth offering of¢, 1 interviews(These are the Interview Questions shown
the same course in Spring 2002. in the Appendix and discussed in Sec.)IVhe average du-
ration of each interview was over 1 h, including time for the
students to work by themselves. Many interviews extended
Thermodynamics is studied at ISU during the second selonger than that period, and a few were shorter. All were
mester of the two-semester sequence in calculus-based intrecorded on audiotape. Students were asked to explain as
ductory general physics, which is offered during both the fallbest they could how they obtained their answers to the ques-
and spring semesters. Most students taking this course ations. When inconsistencies appeared in their responses, they
engineering majors. The course is taught in a traditionalvere urged to address them. This often led to changes in
manner, with large lecture classésp to 250 studenjs responses, often from incorrect to correct, sometimes from
weekly recitation sectiongabout 25 studentsand weekly  one incorrect answer to a different one, but only very rarely
labs taught predominantly by graduate students. Homeworkom a correct response to one that was incorrect. Substantial
is assigned and graded every week. Thermal physics conefforts were exerted to ensure that students very clearly un-
prises 18—-25% of the course coverage, and includes a widgerstood the meaning of the questions, diagrams, and spe-

A. Written diagnostic

1433 Am. J. Phys., Vol. 72, No. 11, November 2004 David E. Meltzer 1433



67

Grade Distributions This P-V diagram represents a system consisting of
DFull Class, N = 424, median grade = 261 a fixed amount of ideal gas that undergoes two
B Interview Sample, N = 32, median grade = 305 different processes in going from state A to state B:
30
o 251 Process #1 State B
= o
= ’
£ g ,
(72} b4 ,/
S 14 . Pl Process #2
8’15- ) o State A¥ " ~~--~
£
o 10
o
Q Volume
5 4
a [In these questions, W represents the work done by
) ) the system during a process; Q represents the heat
QNN L0000 00O * ’
Sf\' @f\ ¥ ‘f\)’ &’:’v\ S f’\' & é\ ¥ S absorbed by the system during a process.]
CSYELSFESSFES
Total Class Points 1.1s W for Process #1 greater than, less than,
or equal to that for Process #2? Explain.
Fig. 1. Grade distributions for the interview samphé= 32) and for the full
class from which the interview sample was dra=424). Grades based 2.1s Q for Process #1 greater than, less than,
on totgoccl))assgointﬁjominalgggimurﬁ4I(I)O)b. The:‘nterview sarr&ple mean or equal to that for Process #29? Please
score ana medilan scor are well above the corresponding scores Xi lam OUr answer
for the full class(mean score 261, standard deviatien59; median score eXp y ’
=261). . .
) 3. Which would produce the largest change in
the total energy of all the atoms in the
cific terminology employed. Any apparent ambiguities in the system: Process #1, Process #2, or both
students’ interpretations of the questions were explicitly processes produce the same change?
addressed by the interviewé&he authoy.
Ill. CHARACTERIZATION OF THE INTERVIEW Fig. 2. Written quiz used in investigation, referred to as “Diagnostic Ques-
SAMPLE tions.” This version was administered in Spring 2001. Responses to this quiz

are shown in Tables | and II.

There were 32 students in the interview sample. They
were drawn from 13 different recitation sectiofmut of a
total of 20, taught by seven different recitation instructors v, DIAGNOSTIC QUESTIONS AND INTERVIEW
(out of a total of ning and 66% were engineering majors. QUESTIONS
Other majors with at least two representatives were computer
science, chemistry, and meteorology; there was one physics The written diagnostic quiz is shown in Fig. 2; it was
major. All but one had studied physics while in high school,administered in four separate courses. The version shown
and many had taken Advanced Placement physics or a contere was administered in Spring 2001, and it was also used
munity college physics course while in high school. (with minor wording changes to match the terminology of

The grading in the course was based on exam s¢tre=e  the course textbogkduring the interviews conducted in
midterm exams and a finalplus a recitation-laboratory Spring 2002. The Fall 1999 and Fall 2000 versions had very
grade; the nominal maximum total points available was 400minor variations from the one shown in Fig. 2 with respect to
The distributions of total class pointsut of 400 both for  Questions #1 and #2. A different version of Question #3 was
the full class N=424) and the interview sampleN&32)  used in 1999, and it was omitted entirely in 2000.
are plotted in Fig. 1 as a percentage of each population. It For the interviews, an additional separate set of questions
can be seen that the scores of the students in the interviewas developed consisting of eight sequential questions re-
sample are strongly skewed toward the top end of the clas$ated to two cyclic processegBefore being presented with
More than one third of the interview sample scored abovéhe questions, interview subjects were first asked to respond
the 91st percentile of the class, and half scored above th® the written diagnostic quiz.The questions are shown in
81st percentile; only two students in the interview samplethe Appendix. AP-V diagram corresponding to the pro-
fell below the 25th percentile. It is evident that the averagecesses described in these questions is shown in Fig. 3; this
level of knowledge demonstrated by the interview sample igliagram was not given to the studertsote that this process
very unlikely to be lower than that of the class population ass the same as depicted in Fig. 4 of Ref. 20, although tra-
a whole. versed in the opposite directionStudents were asked to
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theory of gases to provide a derivation of the relationKE
=(3/2)nRT for the total molecular kinetic energy contained
within n moles of a monatomic ideal gas. Interview Question
#3 asks students about possible changes in the total kinetic
energy of the molecules of the system during the isothermal
compression occurring from tin to time C. No deep un-
derstanding is required to respond that this energy remains
unchanged during the process. Although a slim majority
(56%) of students give this answer, nearly one third assert
B that the total molecular kinetic energy will increase. This
difficulty in matching an isothermal ideal-gas process with
no change in molecular kinetic energy has not been previ-
ously reported.

During the interviews, students who asserted that the mo-
lecular kinetic energy would change during the isothermal
process were usually asked to explain what role, if any, the
temperature had played in their reasoning. The most com-
mon line of reasoning is typified by these responses:
circle their answers to these questions and verbally explain (The designation “S11” refers to student #11, using an
the reasoning they used to obtain their answ@sveral mi-  arbitrary numbering system for students in the interview
nor changes in wording to the questions were made to imsample).
prove clarity during the course of the series of intervigws. “[S11 There’s a higher pressure; the molecules
_ The multlple-chmce question administered on the 2001 are moving faster, hitting the sides faster, which
final exam will be described in Sec. VI. creates a larger pressure. And so since they're
moving faster, they have a higher kinetic energy.”
“[S21] When the volume decreases, something
has to make up for it. In this case the pressure’s
going to increase. If you add more pressure you're
going to increase the collisions of the particles,
and so ... the kinetic energy will increase because
of that. They're moving faster; kinetic energy is

—Process #1
- - - Process #2

Pressure

ADE ®

Volume

Fig. 3. AP-V diagram corresponding to processes described in the Inter
view Questions(This diagram was not shown to the students.

V. THERMAL PHYSICS CONCEPTS:
PREDOMINANT THEMES OF STUDENTS’
REASONING

The students’ responses to items #1 and #2 of the diagnos-
tic questions are shown in Tables | and Il, respectively. The

responses in the 1999, 2000, and 2001 samples were very
consistent from one year to the next. They also are consistent
with the verbal and written responses given to the same
qguestions by students in the interview sample. In Table lll,
the responses of students in the interview sample to the ques-
tions in the Appendix are tabulated.

In the following, | will examine in detail the most preva-
lent concepts in students’ thinking. In each case the subhead-
ing refers to a reasoning pattern common to a minimum of
20-25% of all students in the respective samples.

A. Relation between temperature and molecular kinetic
energy

related to the speed of the particlednterviewer:
Did the temperature play any part of this, any con-
sideration her@ Yes ... If you're going to increase
the pressure, the temperature also increasés- ...
terviewer: | should point out that ... the tempera-
ture is the same as at time B In that case then,
the temperature would not have a factor on kinetic
energy ... The kinetic energy varies with the tem-
perature, but the temperature doesn't change; it
won't affect the kinetic energy. In this case, the
pressure’s the only part of tHeV=nRT equation
that’s going to affect the kinetic energy.”

A fundamental link between the macroscopic and micro- Reference 20 pointed out that students frequently invoked
scopic models of thermodynamics lies in the proportionalitya “collision” argument similar to that used by these two
between temperature and the average molecular kinetic estudents, to account for temperature increases during adia-
ergy of a gas. Almost all introductory texts use the kineticbatic compression. The same observation was made by Ro-

Table I. Responses to diagnostic Question(#rk question.

1999 2000 2001 2002 Interview Sample
(N=186 (N=188 (N=279 (N=32)
W;>W, 73% 70% 61% 69%
Correct or partially correct explanation a 56% 48% 66%
Incorrect or missing explanation a 14% 13% 3%
W,=W, 25% 26% 35% 22%
Because work is independent of path a 14% 23% 22%
Other reason, or none a 12% 13% 0%
W, <W, 2% 4% 4% 9%

#Explanations not required in 1999.
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Table Il. Responses to diagnostic Question(i#@at question

1999 2000 2001 2002 Interview Sample
(N=186) (N=1898 (N=279 (N=32)

Q.>Q, 56% 40% 40% 34%
Correct or partially correct explanation 14% 10% 10% 19%
Q is higher because pressure is higher 12% 7% 8% 9%
Other incorrect, or missing explanation 31% 24% 22% 6%

1=Q, 31% 43% 41% 47%
Because heat is independent of path 21% 23% 20% 44%
Other explanation, or none 10% 18% 20% 3%
Q:<Q, 13% 12% 17% 13%
Nearly correct, sign error only 4% 4% 4% 3%
Other explanation, or none 10% 8% 13% 9%
No response 0% 4% 3% 6%

zier and Viennot in their study of French university come comfortable with the idea that a thermodynamic sys-
student$® In the present study, it is seen for the first timetem might be in one or another state, where a state is
that the argument that molecular collisions produce a netharacterized by a certain value for the total energy con-
increase in molecular kinetic energy is so compelling fortained within the system. They seem to realize that in making
many students that they apply it even in the case of an isca transition from one state to another, the particular process
thermal process, persisting even after acknowledging the exavolved in the transition does not affect the net energy
istence of a relation between temperature and kinetic energghange, and that the net change is determined only by the
For many students, the relationship between temperature amditial and final states. When the system follows a route that
the molecular kinetic energy of an ideal gas—considered virbrings it back to that initial state, they are able to see that the
tually axiomatic by many instructors—is one that is only total energy also must return to its initial value.
vaguely understood. During the course of the interviews, it was evident that
students associated not only a specific energy value with a
B. The concept of state function in the context of energy given thermodynamic state, but realized that each state was
_ characterized by well-defined values for the pressure, vol-
The concepts of state and state function are fundamental {gme, and temperature as well. Although very few students
thermal physics and provide a starting point for the analysigpontaneously articulated a precise definition of “state,”
of all thermodynamic phenomena and processes. Questiafjate function, or internal energy, they solved problems and
#3 on the written quiz probes understanding of these conprovided explanations in a manner that was consistent with
cepts. (This question was not administered in 1999 andat |east a rudimentary understanding of those concépitss
2000) In the 2001 sample, 73% responded correctly to thissonclusion is in marked contrast to the conclusions of Kaper

question, saying that the total energy change in the two progng Goedhart in relation to Dutch chemistry students in a
cesses would be the same. In the interview sample, 88%ermodynamics coursé)

provided this correct response. Of the students in the latter \any ‘of the conceptual difficulties encountered by stu-
sample, 78% provided an acceptable explanation of their ar4ents in the context of thermal physics seemed to stem from
swer, that is, they either associated the energy change of thg, overgeneralization of the concept of state function. In
atoms with the temperature change and noted that thesgermal physics, quantitiesuch as heat transfer and wprk
changes would be equal for the two processes, or they eXghich arenot state functions, but instead characterize spe-
plicitly stated that the energfpr internal energywas a state  cific thermodynamic processes, are equally as important as
function and depended only on initial and final states, wastate functions to understanding and applying thermody-
independent of path, etc. A similar problem dealing with thisnamic principles. Most of our remaining discussion will be
ISsue IS InthVIeW _QueS.tIOI’] #7. As ShOWﬂ n Ta.ble I”, go%devoted to ana'yzing students’ reasoning regarding these
of students in the interview sample gave a correct answer tgrocess-dependent quantities, as well as the first law of ther-

this question with an acceptable explanation. modynamics which relates these quantities to the internal
In 1999, instead of Question #3 as shown in Fig. 2, theapergy.

following question was presented: “Consider a system that
begins in State A, undergoes Process #1 to arrive at State
and then undergoes thmeverseof Process #2, thereby arriv-

ing once again at State A. During this entire back-and-forth  An elementary notion in thermal physics is that if a system
process (A-B—A), does the internal energy of the system characterized by a well-defined pressure undergoes a quasi-
(Einp) undergo anet increase a net decreaseor no net  static process in which a boundary is displaced, energy is
chang® Explain your answer.” transferred between the system and the surrounding environ-
Of the 186 students in the 1999 sample, 85% correctlyment in the form of work. If the volume of the system in-
answered that the internal energy of the system would unereases, internal energy of the system is transferred to the
dergo no net change in the cyclic process described; 70%nvironment and we say that work is dobg the system;
gave an acceptable explanation for their answer. These reonversely, if the volume decreases, work is damethe
sults along with those from 2001 suggest that students besystem and energy is transferrxit. The critical distinction

%. Work as a mechanism of energy transfer
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Table Ill. Responses to Interview Questiomé=32). The results of our investigation fully support their conclu-
sions and offer additional insight into the nature of student

Question Response Proportion giving response o 4soning regarding work in the context of thermodynamics.

#1 Responses given during the interviews to Questions #1 and
Work is doneon the gas 31% #2 reveal that approximately 1/3 to 1/2 of the students in the
Work is doneby the gas(correct 69% interview sample have a substantial confusion regarding this

#2 concept.

:22:2222 Efl‘ é(;il?ﬁamoules 3122 Interview Question #1 asks students whether positive
with correct explanation 28% work is done on or by the gas during the isobaric expansion
with incorrect explanation 13% process from timeA to time B. To answer, a student must

Remains unchanged 9% recognize that the expansion of a system corresponds to posi-

Uncertain 3% tive work being done by the system on the surrounding en-

#3 vironment. However, 31% of the students in the interview
Increase 31% sample said that the expansion process described in Question
Decrease 13% #1 corresponded to positive work being damethe gas by

4 Remain unchange(torrec 56% the environment. They backed up their answer with explana-
No 59% tlons.that mad_e it clear that this error was not merely a se-
Yes, from water to gas 3% mantic confusion:

Yes, from gas to water 38% “[S31 The gas is expanding and for it to expand,
with correct explanation 31% heat or energy or something had to be put into it to
with incorrect explanation 6% get it to expand. And, since the only option of

# Decreases by less thanoules 16% putting stuff into the gas |sa [positive work done
Decreases by Joules(correch 84% on the gas by the environméntthat's why |

#6, i picked a.””

Greater than zero 16% “[S20] The environment would be water and stuff

Equal to zero 63% ... water would be part of that, and since it moved

Less than zergcorrect 19% the piston up ... the environment did work on the

_ Noresponse 3% gas, since it made the gas expand and the piston

#6, i Greater than zero 9% moved up ... water was heating up, doing work on
Equal to zero 69% the gas, making it expand.”

Less than zero 16% These and similar responses suggest that many students
with correct explanation 13% simply do not realize that as the gas expands against its sur-
with incorrect explanation 3% rounding environment, the géssesenergy as a result of the

i Uncertain 6% work done during the process. They realize that there is en-

ergy transfer to the gas in the form of heat, but do not seem

All equal (correch 90% to recognize that there is energy transfer away from the gas

Other response, or none 10% . . . :

s in the form of work. Instead, as previously pointed out in
|W,|=|Q,|=0 50% Ref. 20, students make a fundamental error by identifying
[W1|=]Q4|#0 (correct 16% “work” with energy transfer in the form of heat, and in
Uncertain 6% general they have difficulty distinguishing between the two
Other response 28% quantities. In the case of adiabatic compression, students in

N30 the Loverudeet al?° study had used “heat” when “work”

would have been appropriate. Analogously, in the case of
isobaric expansion, students often use the word “work” to

refer to a heating process. The belief that positive work is
doneon a system by the environment during an expansion

is not so much in recognizing whether the words “by” or Process has not been previously reported.

“on” should be used in a particular instance; rather, it is It is interesting to compare this observation to results of a

essential to recognize whether energy is transfeimemior ~ Study by Goldring and Osborffeof students taking A-level

out ofa system as a result of the process. physics in London secondary schod[his level is roughly
Loverudeet al. have described and documented many ofequivalent to introductory college physics in the U.Bhey

the difficulties students encounter when studying the concegeund that more than half of the students in their study

of work, both in the context of mechanics and in that ofclaimed that work is done both when an object is heated and

thermal physic€® They showed that few students were spon-also whenever energy is transferred. Similarly, nearly half

taneously able to invoke the concept of work when discusssaid that heat is always created when work is done.

ing the adiabatic compression of an ideal gas. Students were The problem of not recognizing the energy-transfer aspect

unable to understand that an entity called work could bringdf macroscopic work plays an even more significant role in

about a change in the internal energy of a system. There wagudents’ responses to Interview Question #2, and it is this

a tendency to treat the concept of work as superfluous, &8¢t of responses that validates the interpretation of students’

unconnected to temperature changes in gases, or on the ottibinking proposed above in connection with Question #1.

hand, as being essentially synonymous with heat. Many stuStudents are told that the gas absotld®ules of energy from

dents were unable to recognize that heat and work are indéhe water during the heating-expansion process, and are

pendent means of energy transfer. asked what will happen to the total kinetic energy of all the

PResponses regarding Process #1 only.
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gas molecules. The correct answé&ncreases, but by less you take to get to state B from A, it’s still the same amount
thanx Joules” was given by 41% of the students, but only of work,” “for work done take state A minus state B; the
28% could provide a correct explanation such as this stuprocess to get there doesn’t matter.”
dent’'s answer: It is evident that many students come to very directly as-
sociate thermodynamic work with propertiend even spe-
panding, and some goes to increasing the kinetic cific_phrages_discussed by instructors and texts o_nIy in con-
energy of the gas.” nection with |.nternal energy.and other state functions. This is
consistent with the conclusion of Ref. 20 that students fre-
Almost half of the student&47%) answered that “the total quently have difficulty in distinguishing among work, heat,
kinetic energy of all of the gas molecules increasesxby and internal energy, and in particular with their finding that
Joules,” with explanations such as many students explicitly assert the path independence of
“[S3] For it to increase by less thanJoules that work. As they point out,.it seems that overggneralization of
energy would have to go somewhere, so that (poorly understoodexperience with conservative forces may

would say that the potential energy of the gas had contribute to students’ confusion about these issues.
increased, and | don’t see how that would be hap-

“[S9] Some heat energy that comes in goes to ex-

pening.” E. Belief that heat is a state function
“[S4] There would be conservation of energy. If o . T
you add that much, it's going to have to increase Among the most striking results of our investigation is that

a very significant fraction of introductory students in our
sample(between one third and one hatfeveloped the idea
that heat(or “heat transfer’) is a state function, independent
of process. In view of all textbooks' strenuous and oft-
repeated emphasis that heat transfer is a process-dependent
: : quantity and not a state function, this is a remarkable obser-
gaanmge."energy is translated into  temperature vation. AIthough' several studies have noted a c_:qnfusion be-
. ) ) tween heat and internal energy, none have explicitly and sys-
This fundamental confusion regarding the energy-transfefematically probed students regarding their understanding of
role of work is a very serious obstacle to understanding thehe path-dependenproperty of heat transféf.
basic principles of thermal physics, and in particular serves Question #2 may be answered by realizing tady,
as a nearly insuperable barrier to grasping the meaning of tthUZ and then employing the first law of thermodynamics

first law of thermodynamics. to obtain Q;—W,;=Q,—W,. Because the diagram shows
thatW,;>W,, we can conclude th&@,>Q,. However, well
_ . . over a third(38%) of the 653 students responding to Ques-
D. Belief that work is a state function tion #2, and 47% of the students in the interview sample
) ) : i ) answering the same question, asserted that the heat absorbed
P-V diagrams perm|t_ a simple interpretation of the work by the system during process #1 would be equal to that ab-
done by a system during a process as the area under thghed during process #2. Moreover, 21% of the students in
curve describing the process. Many elementary problems inye written sample, and 44% of those in the interview
volve calculations of work done during different processessample, offered explicit arguments regarding the path-
linking common initial and final states, in order to illustrate independence of heat, for example: “I believe that heat trans-
and emphasize the concept that work is a process-dependegt is jike energy in the fact that it is a state function and
function and not a state function. It is all the more remark-qoesn’t matter the path since they end at the same point”;
able, then, that the results of our investigation sh(_)w SO{ransfer of heat doesn’t matter on the path you take”; “they
clearly that approximately one quarter of all students in oufyoth end up at the same PV value so ... they both have the
samples are confused about this fundamental concept. Thig,me Q or heat transfer.” About 150 students offered argu-

corroborates the findings of Ref. 20, which documentednents similar to these either in their written responses or
widespread misunderstanding of this concept among both inyyring the interviews.

troductory and advanced physics students when it was pre- siyong support for the idea that heat is process-

sented in the context d?-V diagrams. . independent was consistent in all four student samples. The
Table | shows responses to Question #1, comparing thgnly other explanatiorfaside from the correct explanation
work done by two different processes linking initial stéte to gain any significant support on Question #2 was one that
and final statd. In this diagram, it is very clear that the area ascribed highe® in process #1 simply to “higher pressure,”
under the curve representing process #1 is greater than thgthout giving any consideration to the initial and final states
area under the curve representing process #2, and so t¢the two processes.
work W done by the system is greater for process #1. How- Also remarkable is that the belief in the process indepen-
ever, 30% of the students who answered the written diagnostence of heat was widespread even among students who
tic in 1999, 2000, and 2001 asserted that the work donelearly understood that work is not a state function, as well
during process #1 would be equal to the work done duringas among those who mistakenly believed that work also is
process #2. Of the students who were asked to provide aindependent of process. Of the students who incorrectly an-
explanation, 19% explicitly argued that work was indepen-swered thatV;=W,, about half also asserted that=0Q,
dent of the path. Similarly, 22% of the interview subjects (1999: 40%; 2000: 51%; 2001: 53%; interview sample:
claimed thatw,;=W,, all of whom made an explicit argu- 43%). However, this mistaken notion regarding heat is nearly
ment asserting that work was independent of process, fats common among the students who realize that work is
example: “work is a state function,” “no matter what route dependent of process, and who correctly answered that

by that much.”

“[S5] Kinetic energy is going to increase by
Joules because, | assume that there’s no work done
by expansion, that it doesn'’t take any kind of en-
ergy to expand the cylinder, which means that all

1438 Am. J. Phys., Vol. 72, No. 11, November 2004 David E. Meltzer 1438



72
W,;>W,. Of this group, more than one third also asserted suggests negative work [The total heat transfér

thatQ;=Q, (1999: 29%; 2000: 41%; 2001: 34%; interview is less than zero ... in order to have negative work

sample: 50% done it needs to have less than zero heat trans-
This observation of students’ belief in a state-function ferred to it if it's to maintain its same initial state

property for heat is consistent with the findings of other re- ... Negative work done by the gas, so if it absorbs

searchers, although as noted it goes well beyond what has heat here, its output is going to have to be work
previously been reported. The tendency of students to mis-  plus heat. So, the total heat transfer is negative

takenly identify heat with the state function internal energy because this heat coming out of the gas is greater
was noted and discussed in Ref. 20 and the same observation than the heat going into it, because it includes the

was made by Berger and Wiesner in their in_terviews with energy from the work and the heat going into it.”
advanced-level German university students in the teacher ) ) ] )
preparation program who had studied thermodynarics. Of the students in the interview sample, 75% either be-
Manthei and Tabert® reported similar observations in an lieved that the net work done by the gas, or the total heat
analysis of written responses on questions posed tyansferred to the gas, or both, would be zero for the entire
advanced-level German high-school students. They, todgrocess. More than halb6%) said that both the net work
found a tendency to identify heat with internal energy, asdone and the total heat transferred throughout the entire pro-
well as a widespread inability to correctly identify heat as acess would be zero. In almost every case, the reasoning was
“process quantity” instead of a “state quantity.” Similarly, a the same: Because the final position of the piston was the
great deal of confusion was found regarding the definition okame as its initial position, the negative work would cancel
heat among entrants at a British universftynd Kaper and  the positive work; because the final temperature was the
Goedhart' concluded that Dutch chemistry students oftensame as the initial temperature, the heat transferred into the

treat heat as a state function. o system would be balanced by the heat transferred out of the
It appears that the confounding of heat with internal en-qystem:

ergy, noted in Refs. 20 and 28, extends to an explicit asso-~ _

ciation of the state-function property with heat. This confu- [S1] The net work done by the gas ... is equal to
sion is quite analogous to the set of mistaken associations ~ Z€ro ... The physics definition of work is like force

developed by many students in connection with work, as  times distance. And basically if you use the same
described in Sec. V D. We must consider the possibility that ~ force and you just travel around in a circle and

students’ familiarity with the equatio=mcAT and its use come back to your original spot, technically you

in elementary calorimetry problems may contribute to their did zero work.”

confusion regarding the nature of heat. “[S27] The work done by the gas on the environ-
ment is positive in the first steps where the piston

F. Belief that net work done and net heat transferred goes up, but then when it goes back down it's

during a cyclic process are zero negative. And so, since it ends up in the same

place, the net work is zero.”

The single most prevalent misconception encountered dur- & [S21] The heat transferred to the gas ... is equal

ing our investigation was the strong belief expressed durin L
thg interviews ?hat during a cyclic pfqocess, thepnet work dontgeJ to zero The gas was heated up, but it still re-

by the system or the net heat transferred to the system must turned to its eq”"'b””f_“ temperature. So whatever

be zero. In Ref. 20 it was noted that many students believe ~ EN€rgy was added to it was distributed back to the

that the net work in a cyclic process must be zero due to the ~ "00M.

zero net change in volume. This belief often is so tenacious Students were asked to explain how they could be sure
as to override other considerations that would imply nonzerahat the magnitude of the positive wotar heaj would ex-

net work? In our investigation, this finding is corroborated actly equal the magnitude of the negative wéok heap. In

and amplified by uncovering a parallel belief in the necessityhearly every case, the students again referred to the equality
of zero net heat transfer during a cyclic process. This beliept the final and initial values of the volume and temperature.
rega.rdmg zero net heat transfer has not been documented §yme students argueds also was reported in Ref. 2hat

the literature. . . becauseV= [P dV andAV=0, “work equals zero.”

Interview Question #6 asks students to consider the entire Interview Question #8 was another opportunity to probe
process th"?‘t had been described, beginning at #rand students’ thinking on this matter. Here students were asked to
ending at timeD. They were asked whether the net work o\ the apsolute values of the net work done by the gas and
done by the gas, and the total heat transferred to the gas, gi§,| neat transferred to the gas, both for the process that

positive, negative, or zerd:Total heat transferred” matches . .
the terminology of the course textbodknly a small minor- takes place between timésandD (symbolized byW,| and

ity of students realized that the net work doi38%) or that |Q1|, respectively, and for a similar process wnh initial an.d
the total heat transferre@5%) would be nonzero. Less than final states the same as before, but characterized by higher
one fifth of the students could give correct answers withintermediate values of the pressure and temperature. When-
satisfactory explanations to the work questid®8%) or the  ever there appeared to be a discrepancy in the students’ an-
heat questiori13%). Only three students in the entire sample swers for Questions #6 and #8, they were asked to comment
(9%) gave fully correct responses to both parts of Questioror resolve the discrepanciThe tables reflect students’ final
#6, such as this answer: decisions in all cases.Table Il shows the students’ re-

“[S17] The total work was less than zero. | drew a sponses to Question #8 regarding proces§iitie A to time
diagram, pressure versus volume, and the path that D) only. Exactly half answered thaw,|=|Q,|=0, while
| scratched out here is counterclockwise, which only 16% stated correctly th&¥v,|=|Q,|#0. Overall, 66%
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claimed either thatw,|=0, or that|Q,|=0, or that both asked to comment explicitly on whether there could be any
equal zero. The responses to Question #8 thus confirm trenergy transfer to or from a gas undergoing an isothermal
results from Question #6. process. Most agreed that it would be possible, citing situa-

As will be discussed, only a minority of the students re-tions such as having “light or energy coming out,” having
ferred to aP-V diagram when answering Interview Ques- heat energy “converted into potential energy or kinetic en-
tions #1—8. However, at the end of the interview, all student£rgy,” “if heat in equals heat out,” or if there is “expansion
were asked to carefully draw B-V diagram representing ©f contraction.” However, none of these students believed
processes #1 and #2. More than 90% of them uItimateI;?hat the process described in Question #4 fit any of their
drew a diagram of a cyclic process. It is noteworthy that onlyProposed circumstances. o _ _
four students realized that their diagrams implied an error in_!S0thermal processes are ubiquitous in the introductory
their initial response thaW,|=0 or |Q,|=0. (These stu- thermal physics curriculum, and invariably reference is made
dents’ final answers are reﬂlected in thel tabulated HSev- to a constant-temperature reservoir with which the system is
eral other students expressed misgivings regarding the pogllfomald' The details of f;ov(\;_the 'SOthrmﬁl processl actually
sible inconsistencies of their answers, but were unable tifK€S place are very rarely discussed, with a notable excep-
arrive at a correct resolution. tion in Chabay and Sherwood’s teMiatter & Interactions

In the study of Ref. 20, students in an algebra-base& As we compress the gas, the temperature in the gas starts to

course were presented witiPaV diagram that corresponded "c'€ase. rl]-|owever, f)his will Ieaﬁ to energy flowing out dqlffthe.

) : as into the water, because whenever temperatures differ in
roorézgnpcr g cc?fstsh(éegic;g)rzgqhteoreh éa\‘lléh(r)rl:agg eOPheen;)Ilgoh[;Igl)”(an(;stiz%\lo objects that are in thermal contact with each other, there
about half of the students in that study asserted that the néﬁoa transfer of energy from the hotter object to the colder

work done by the gas during the process was zero, typicall ject ... Energy transfer_ out of the gas will lower the tem-

mentioning that there was no net change in volume. It see (Tlr%turﬁ ?f tt?]e (:[:;as Q?'Cklyft?ﬁ temtperz%_trl:retof the 9?3 W'"f
« : ” all back to the temperature of the water. The temperature o

clear that the "no net change in volume” theme plays Athe big tub of water on the other hand will hardly change ...

dominant role in student reasoning. The results of our ir]V(—:‘S"_I'herefore the entire quasistatic compression takes place es-
tigation further suggest that the same could be said about the q P P

“no net change in temperature” theme. sentially at the temperature of the wate_r,_a_md the final tem-
perature of the gas is the same as the initial temperature of

the gas’
G. Confusion regarding isothermal processes and the It is clear that most of the students in the interview sample
thermal reservoir had never understood the details of an isothermal process as

described above. They were unable to apply the first law of

Students’ responses to Interview Question #4 revealed adhermodynamics to a situation in which the isothermal com-
ditional aspects of their difficulties in applying the work con- pression of an ideal gas immediately implies the existence of
cept, and also manifest a deep misunderstanding of the coa-nonzero heat transfer out of the system.
cept of thermal reservoir. This question refers to the A similar difficulty in understanding the role of a reservoir
isothermal compression that occurs between fivend time ~ was noted by van Rooet al? in their investigation of col-
C; the question asks whether there is any net energy flodege chemistry students in Holland. Moreover, in a study of
between the gas and the water reservoir during this procesgdvanced undergraduate college science students enrolled in
Only 31% of the students answered correctly with an acceptPhysical chemistry courséat the junior—senior levgl Tho-
able explanation, with acceptable being loosely defined ténas and SchwenZ reported that 60% of their interview
include explanations such as: sample believed that “no heat occurs under isothermal con-
ditions.” Students’ tendency to hold that belief also was
noted in Refs. 20 and 21. However, our work is the first
unambiguous finding, based on a significant sample size, of
students’ confusion regarding energy transfer during an iso-
thermal process.

“[S6] There'd be a flow of energy from the gas to
the water. Because, when you compress a gas, nor-
mally it would heat things up. And so, if every-
thing is remaining at somewhat of an equilibrium,
I’'m just going to assume, because it's in such a
large environment, that that kind of heat would

kind of dissipate into the environment.” . ) .
. . H. Inability to apply the first law of thermodynamics
Only a small minority of these acceptable explanations

made an explicit reference to the unchanging internal energy In the investigation of Ref. 20, the majority of students
of the gas or to the first law of thermodynamics. In contrastexamined were unable to employ the first law of thermody-
59% of the students said that there would be no net energgamics to solve problems related to adiabatic compression.
flow between gas and water. Invariably, they mentioned thaBimilar difficulties in other contexts were displayed by stu-
the gas and water temperatures were equal and unchangindents in the present study.

“[S2] | would think if there was energy flow be- First let us consider students’ responses to Question #2:
tween the gas and the water, the temperature of the “Is Q for process #1 greater than, less than, or equal to that
water would heat up.” for process #2? Please explain your answéFlie fact that

“[S10] There is no energy flow between the gas all relevant values oAU, Q andW are positive here mini-
and the water; it all stayed in the system. Sincethe ~ Mizes the potential confusion regarding sigsn example
temperature stayed the same, there is no heat Of an acceptable student explanation is the following:
flow.” “AU=Q—W. For the samé\ U, the system with
Most of the students who said that there would be no net  more work done must have mo€g input so pro-
energy transfer between the gas and the water reservoir were cess #1 is greater.”
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Students’ responses to this question are shown in Table Itentral role. However, even after successfully drawiriRy s
The percentage of students answering the written diagnostigiagram representing a cyclic procgsdbeit one that often
who gave the respons®,>Q, to Question #2—ignoring had numerous erroxsnearly two thirds of the students in the
the explanations offered—ranged from 40% to 56%, andnterview sample remained convinced that the net work done
34% of the interview subjects gave this response as welin the process they had represented was zero.
However, if we examine the explanations provided by the Of the students who were interviewed, 22% were success-
students, a rather different picture emerges. Of the studenfal in drawing a correctP-V diagram for process #1. An
answering the written diagnostic, only 11% gave an acceptadditional 28% of the students drew a closed-curve diagram
able explanation based on the first law of thermodynamicsthat represented the isothermal segment with a straight line
For this analysis, explanations such as the following werdor, in one instance, with a line of incorrect curvature
considered to be acceptable: Nearly all of the remainder—all but two students—drew a
“Q is greater for process 1 sin@=U+W and closed-curve path, but made one or more of a large assort-
W is greater for process 1.” ment of errors(for example, curved or sloping lines repre-

.o . senting isobaric or isochoric processes, missing processes,
Q is greater for process one because it does more

work, the energy to do this work comes from the direction errork
' ¥ The overall impression gathered from observing students

Qin - draw and interpret theiP-V diagrams was that these dia-

Among the students in the interview sample, 19% gave grams represented a resource that was severely underutilized
correct answer with an acceptable explanation. If we add ifin their problem-solving arsenal. In noting the insights
students who answered tH@; <Q, but made only a simple achieved by several of the students when drawing their dia-
sign error, the proportion with acceptable explanations risegrams, and the near-misses by some others who failed to
to 15% of the 1999-2001 samples, and to 22% of the interearry the reasoning process through to conclusion, it seemed
view sample. that many students might benefit from additional practice

Application of the first law of thermodynamics is neededand experience wittP-V diagrams. The potential instruc-
to answer Interview Question #6ii; 13% of the interviewedtional benefits ofP-V diagrams will be discussed further in
students were able to answer this question correctly with &ec. VIII.
correct explanation. Although the first law also is required to
give a fully correct explanation for Interview Question #4,
students were not pressed to provide such an explanation
during the interviews. The 31% success rate observed in a’¥l. COMMENT REGARDING RELIABILITY OF
swers for that question might be interpreted as an extrem@HE DATA
upper limit on the proportion of students in our samples who
were able to make any practical use of the first law of ther- There is evidence that our data might actually somewhat
modynamics. Otherwise, our data consistently show that noverstate the average level of knowledge in the full class
more than about one in five students in our samples emerggebpulation. The discussion regarding the characterization of
from the introductory physics course with an adequate grasphe interview sample makes it clear that the performance of
of the first law of thermodynamics. This conclusion is con-that group is likely to be higher than the class average. More-

sistent with the findings reported in Ref. 20. over, all of the written diagnostic instruments were adminis-
tered either to students who were attendiogtiona) recita-
|. Difficulties regarding P-V diagrams tion sections, or who were present in class on the last day of

the semester. In previous investigations at ISU, we have

It is striking that only 38% of the students in the interview found that the average exam scores of students attending
sample spontaneously attempted to use ¥ diagram to aid  recitation sections are somewhat higher than the scores of the
in responding to the questions. In particular for Interviewfull class population. For the present investigation, this factor
Questions #6 and #8, one might expect that sketching was examined by administering a question on the final exam
simple P-V diagram would be the quickest and easiest wayduring the Spring 2001 semester.
to find a solution. Indeed, as we noted, several students rec- The final exam questiofsee Fig. 4involved two different
ognized that they had initially made errors on these questiongrocesses connecting common initial and final stésisilar
when prompted by the interviewer to drawPaV diagram. to the questions on the written diagnostids can be seen
However, it is clear that most of the students were not in thdrom the breakdown of student respons@$<(407), only
habit of employingP-V diagrams when considering thermo- 33% gave the correct answ) that both the work done and
dynamics problems that did not initially provide or refer to the heat absorbed could be different in the two processes.
such a diagram. 37% of the students believed that the work done must be the

A hint of the difficulties encountered by students in em-same, while 51% thought that the heat absorbed must be the
ploying P-V diagrams is found in the results discussed inSame. On the written diagnostic questions in that same class
Sec. VD. Between a third to a half of all students were(N=279), 41% of the responses represented views consis-
unable to give a correct answer with an acceptab|e exp|anéent with the correct answer on the final exam question, that
tion to Question #1, a problem in which the geometricalis, thatW;#W, and thatQ,+ Q,. This performance is sig-
interpretation of work might be expected to yield a relatively nificantly better f=0.03) than the proportion of correct re-
straightforward answer. sponses on the final exam. Moreover, only 41% of the re-

In discussions regarding cyclic processes, heat enginesponses on the written diagnostic claimed that the heat
the second law of thermodynamics, etc., the association aibsorbed had to be the same for the two processes, compared
the area contained within the closed curve representing thab 51% on the final exam(Performance on the work ques-
process with the net work done by the system often plays &#on was similan. The performance of the full class on the
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Berger and Wiesner study called this distinction “hairsplit-

A system consisting of a quantity of ideal gas is in ting” [Haarspaltere].!” One of the subjects in our interview
equilibrium state “A.” It is slowly heated and as it sample, when invited to explain what he found particularly
expands, its pressure varies. It ends up in equilibrium confusing about the heat—work—energy relationship, offered

state “B.” Now suppose that the same quantity of
ideal gas again starts in state “A,” but undergoes a
different thermodynamic process (i.e., follows a

this comment: “How is it acceptable for something called
‘work’ to have the same units as something called ‘heat’ and

different path on a P-V diagram), only to end up something called ‘energy’?” Another student, when pressed

again in the same state “B” as before. Consider the to explain the distinction, said: “Maybe work and heat are

net work done by the system and the net heat kind of the same thing, just a transfer of energy in both

absorbed by the system during these two different cases.”

processes. Which of these statements is true? Part of this confusion stems from the ubiquitous and well-
documented difficulty of learning to make a clear conceptual

A. The work done may be different in the two distinction between a quantity and thénangeor rate of

processes, but the heat absorbed must be

the same. changein that same quantity, for example: velocity and

) acceleratiort’ magnetic flux and thehangein magnetic
B.  The work done n;lu“hbe thebsa“?)e (‘1“ the “;0 flux,3! potential and field? Many students do not learn that
g;?ff;zi‘is’ but the heat absorbed may be heat transfer and work both represent changes in a system’s
) ) ) internal energy, and that they therefore are not properties
C. The work donde g‘lay}:’e td‘flf)ere’g gl the “’go associated with a given state of a system, but rather with the
processes, and hc hieat absorbed may be transition between two such states. This problem is exacer-
different in the two processes. S e .
‘< d 4 the heat absorbed bated by two other distinct difficulties, both well docu-
D. Both the work done and the heat absorbe mented:(1) the use in colloquial speech of the word “heat”
must be the same in the two processes, but “ 1833 . .
are not equal to zero. or “heat energy™**° (and equwaler)'ts in other languages,
for examplechaleur [French®** or Wame [Germani'’) to
E. Both the work done and the heat absorbed . .
b . correspond to a concept that is actually closer to what physi-
y the system must be equal to zero in both . " . .
cists would call “internal energy;” an@?) the major concep-

processes. o ) - X ]

tual difficulties faced by introductory students in mastering

Responses (N = 407): the work concept itself in a mechanics context, let alone
(A)28% (B)14% (C)33% within the less familiar context of thermodynam?@sThus,

introductory students are faced with the task of learning two
distinct and somewhat subtle concepts—heat and work—
when their everyday familiarity with those terms tends to
. ! , . _ lead them in precisely the wrong conceptual direction.
Fig. 4. Question ’used on final exam of Spring 2001 course, with a break- It is ironic that the students’ apparent ability to compre-
down of students’ responses.

hend the concepts of state and state function actually may
contribute to their confusion regarding process-dependent
quantities such as heat and work. Students learn to become
well aware that there exist quantities that are independent of
process, and that energy of a state is one of these quantities.
Perhaps due to their already weak grasp of the concepts of
heat and work, many students improperly transfer, in their
own minds, various properties of state functions either to
heat, or work or boti® Certainly, the fact that mechanics

Decades of research have documented substantial learnifgurses frequently highlight the path-independent work done
difficulties among pre-university students with regard toby conservative forces may contribute to this confusion, as
heat, temperature and related concepts, but the possible irmay extensive use of the equatiQ+mcAT in calorimetry
plications of these findings for university students have beeproblems.
uncertain. The work of Loverudet al”® and of the present ~ Heat engines, refrigerators and an analysis based on the
inveStigation, along with work in several different COUntrieS,Second law of thermodynamics Crucia”y depend on the non-
all suggest that a large proportion of students in introductory,erg net heat transfer to, and the net work done by, a ther-
university physics courses emerge with an insufficient func'modynamic system during a cyclic process. This concept

2%‘(?' nlg:r?iecrsSttzi)mzlrllngf :gﬁlé?ds%rp/ier?ta!npm%%?l?a?fc?ﬁ-r-was among the most poorly understood among the students
y P 9 in our interview sample, and the difficulty regarding cyclic

texts. . : X
It is clear that a fundamental conceptual difficulty stemsProcesses was directly traceable to the confusion regarding
the fundamental properties of heat and work.

from the fact that heat transfer, work and internal energy ar g ! o
diverse forms of the same fundamental quantity, that is, “en- Another area of confusion might be traced to the limiting
ergy,” and are all expressed in the same units. Many studen@Pproximations frequently—and often tacitly—invoked in
simply do not understand why a distinction must be madenaking physical arguments regarding idealized processes.
among the three quantities, or indeed that such a distinctiokxperienced physicists automatically, even unconsciously,
has any fundamental significance; one of the students in th#ill in the dots” in their own minds when describing, for

(D)20% (E)3% No response: 2%

final exam was somewhat inferior to that shown by the popu
lation that responded to the written diagnostic.

VII. DISCUSSION
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instance, an isothermal process and the meaning of a thermiitial testing of their curricular materials makes it clear that
reservoir. They have in mind the model involving very smallthe task of improving student learning in thermodynamics is
(and therefore negligibjetemperature excursions described challenging indeed.
by Chabay and Sherwodd.The overwhelming majority of
textbook discussions treat this and similar idealized pro-
cesses only very cursorily; our data suggest that for most
students, such treatments are inadequate.

IX. CONCLUSION

This investigation examined student learning of thermody-
namics concepts in four separate offerings of the introduc-
VIII. IMPLICATIONS FOR INSTRUCTIONAL tory calculus-based general physics course at a large public
STRATEGIES university over a period of three academic years. Several
different course instructors, recitation instructors and text-
~ Loverudeet al. have pointed out that a crucial first step to hooks were represented in these offerings. Results from the
improving student learning of thermodynamics concepts liegjifferent population samples consistently showed that large
in solidifying the student's understanding of the concept ofroportions of the students in the courses emerged with a
work in the more familiar context of mechanics, with par- ,ymper of fundamental conceptual difficulties regarding the
ticular attention to the distinction between positive and negag; .« |aw of thermodynamics, the definition and meaning of
tive work2® Beyond that first step, it seems clear that little thermodynamic work, and the process-dependent nature of
progress can be .made without .ﬂrst guiding the StUd.em to feat, including a belief that net heat absorbed and net work
clear underst_andlng that work in the thermodynamic sensg?ne by a system undergoing a cyclic process must be zero.
can alter the internal energy of a system, and that heat or heﬁesults of this investigation are in excellent agreement with

transfer in the context of thermodynamics refers thange those published in a recent study carried out at several other
in some system’s internal energy, or equivalently that it rep- P L y . |
omparable institution® and are consistent with reports

resents a quantity of energy that is being transferred fron? . 16.18.26.28.34
one system to another. rom several different European countrf&s! We

As discussed in Sec. V B, most students seem comfortapfgonclude that substantial cha?ges in instruction will be re-
with the notion of internal energy as a quantity that is char-duired if the level of students’ mastery of thermodynamics
acteristic of the state of the system. One might try to také"Oncepts is to be significantly improved in introductory
advantage of this understanding by eliciting from student£OUrses.
the distinction between the amount of energy in a system at a
given moment, and a change in that quantity brought about
by various distinct methods, for example, through macro-
scopic forces leading to changes in a system’s volume, and
through alterations that occur due to temperature differenceBRCKNOWLEDGMENTS
without changes in the system’s volume.

The instructional utility of employing multiple representa- | am very grateful for the cooperation, assistance, and in-
tions of physics concepts has been demonstrated in numegrest of John M. Hauptman and Paul C. Canfield, and for the
ous research investigations in physics educatfofine re-  cooperation of the recitation instructors in Physics 222 at
sults of our investigation suggest that significant learningsy. This material is based on work supported by the Na-
dividends might result from additional instructional focus ontjgnal Science Foundation under Grant No. DUE-9981140
the creation, interpretation, and manipulation ¥V dia-  (Co-Principal Investigator, T. J. Greenbowand Grant No.
grams representing various thermodynamic processes. IPHY-0406724. The thermodynamics curriculum project is a

particular, students might benefit from practice in convertingeo|iaporation with the ISU Chemistry Education Research
between a diagrammatic representation and a physical dgroup directed by T. J. Greenbowe.

scription of a given process, especially in the context of cy-
clic processes.

Our results demonstrate that certain fundamental concepts
and idealizations often taken for granted by instructors are
very troublesome for many studer(fer example, the rela- )
tion between temperature and kinetic energy of an ideal gaéPPENDIX' INTERVIEW QUESTIONS
or the meaning of thermal reservpiThe recalcitrance of ] ] ) ) ) o
these difficulties suggests that it might be particularly useful A fixed quantity of ideal gas is contained within a metal
to guide students to articulate these principles themselve§ylinder that is sealed with a movabfectionless insulating
and to provide their own justifications for commonly used Piston.(The piston can move up or down without the slight-
idealizations. est resistance from friction, but no gas can enter or leave the

Loverudé® has described the development and testing ofylinder. The piston is heavy, but there can be no heat trans-
curricular materials based on the research reported in Refer to or from the piston itself. The cylinder is surrounded
203" students’ learning difficulties showed a strong tendencyby a large container of water with high walls as shown. We
to persist even after research-based instruction, although sigre going to describe two separate processes, Process #1 and
nificant improvements were demonstrated. His report of thé>rocess #2.
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movable
piston

\

Time A

Entire system at room temperature.

ideal gas water

At initial time A, the gas, cylinder, and water have all been sitting in a room for a long period of time, and all of them are
at room temperature.

Step 1 We now begin Process #1: The water container is gradually heated, and thevgist@howlymoves upward. At time
B the heating of the water stops, and the piston stops moving when it is in the position shown in the diagram below:

Time B

Piston in new position.

Temperature of system has changed.

Question #1:During the process that occurs from timAeto time B, which of the following is true(a) positive work is done

on the gashby the environment(b) positive work is donédoy the gason the environment(c) no network is done on or by the

gas.

Question #2:During the process that occurs from tirAgo time B, the gas absorbsJoules of energy from the water. Which

of the following is true: The total kinetic energy of all of the gas molecisncreases by more thanJoules;(b) increases

by x Joules;(c) increases, but by less thanJoules;(d) remains unchangedg) decreases by less thanJoules;(f) decreases

by x Joules;(g) decreases by more thanJoules.

Step 2 Now, empty containers are placed on top of the piston as shown. Small lead weights are gradually placed in the
containers, one by one, and the piston is observed to move down slowly. While this happens, the temperature of the water is
nearly unchanged, and the gas temperature remains practioafyant (That is, it remains at the temperature it reached at
time B, after the water had been heated)up.

containers

lead weight ™——, .m / /

weights being added

Piston moves down slowly.

Temperature remains same as at time B.

Step 3At time C we stop adding lead weights to the container and the piston stops méUiregweights that we have already
added up until now are still in the containgr§he piston is now found to be aixactly the same position it was at tilAe
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s I=R/El
Weights in containers.

Piston in same position as at time A.

Temperature same as at time B.

Question #3: During the process that occurs from tirBeto time C, does the total kinetic energy of all the gas molecules
increase, decreas@r remain unchanged

Question #4:During the process that occurs from tirBeto time C, is thereany net energy flow between the gas and the
water? If no, explain why not. If yes, is there a net flow of energy from gas to water, or from water to gas?

Step 4 Now, the piston is locked into place sociinnot movethe weights are removed from the piston. The system is left to

sit in the room for many hours, and eventually the entire system cools back down to the same room temperature it had at time
A. When this finally happens, it is time.

Time D

Piston in same position as at time A. *

Temperature same as at time A.

Question #5:During the process that occurs from tirGeto  is in the same position as it was at those timé&sis final
time D, the water absorbg Joules of energy from the gas. state occurs at timg.

Which of the following is true: The total kinetic energy of all Question #7:Consider the total kinetic energy of all of the
of the gas molecule&) increases by more thanJoules;(b) gas molecules at times, D, andE; call thoseE,, Ep, and
increases by Joulesjc) increases, but by less thgrloules;  E.. Rank these in order of magnitudgreatest to least, us-

(d) remains unchangede) decreases, by less thgnJoules;  ing > or < signg. If two or more of these are equal, indicate
(f) decreases by Joules;(g) decreases by more than  that with an “=" sign.

Joules_. _ ) ) Question #8: Consider the following positive quantities:
Questlon. #6: Considerthe entire procesdrom time A.to |Q4],|Qal,|W,|,|W,|. These represent the absolute values of
time D. (i) Is the net work don®y the gas on the environ-  the tota| heat transfer to the gas during Process #1 and Pro-
ment during that procesg) greater than zerdb) equal 10 cess #2 and of the net work done by the gas during Pro-
zero, or(c) less than zero7i( Is the total heat transfer to the ;o556 #1 and #2. Rank these four quantities from largest to

gas during that proces®) greater than zerolb) equal to smallest. If two or more are equal, indicate with ar™
zero, or(c) less than zero? .
Step 5 Now let us begin Process #2. The piston is unlocked™' 9™
so it is again free to move. We start from the same initial aE| o .

. . . K ectronic mail: dem@iastate.edu
situation as shown at tim& andD (i.e., same temperature IA brief, annotated bibliography is in Lillian C. McDermott and Edward F.
and position of the pistgnJust as before, we heat the water Redish, “Resource Letter: PER-1: Physics Education Research,” Am. J.
and watch as the piston rises. However, this time, we will Phys.67, 755-767(1999, Sec. IV A 4. A bibliography of more than 200
heat the water for donger period of time. As a result, the items can be found ghttp://www.physics.iastate.edu/per/index.html
piston ends umigher than it was at timeB. 2Michael Shayer and Hugh Wylam, “The (ﬂevelopmen_t of the concepts of
Step 6Now, weights are added to the piston and it begins to ?f;é ]";‘”d temperature in 10-13 year olds,” J. Res. Sci. Ta#cH19-434
move down.(Temperature does I.th change durmg this pro- 3Sofia Kesidou and Reinders Duit, “Students’ conceptions of the second
cess) However, this timemoreweights than before must be

. e . law of thermodynamics—an interpretive study,” J. Res. Sci. Te&¢h.
added to get the piston back to the position it had at @ne 85-106(1993. Y P Y

Step 7 Again, the piston is locked and the weights are re- 4sofia Kesidou, Reinders Duit, and Shawn M. Glynn, “Conceptual devel-
moved. After many hours, the system returns to the sameopment in physics: Students’ understanding of heat téarning Science

temperature that it had at tinfe and timeD (and the piston in the Schools: Research Reforming Practiedited by Shawn M. Glynn
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Investigation of Student Reasoning Regarding Concepts in Thermal Physics

David E. Meltzer

Decades of research have documented substantial learning
difficulties among pre-university students with regard to heat,
temperature, and related concepts.! However, it has not been
clear what implications these findings might have with regard
to the learning of thermodynamics. Studies reported in several
European countries in recent years have indicated significant
confusion among university students regarding fundamental
concepts in thermal physics.” The recent investigation of
Loverude et al.? strongly suggested that a large proportion of
students in introductory university physics courses emerge with
an understanding of the fundamental principles of
thermodynamics that is insufficient to allow problem solving in
unfamiliar contexts. In related work, the lowa State University
Physics Education Research Group has been engaged since
1999 in a research and curriculum development project aimed
at improving thermodynamics instruction in the introductory
university physics course. In this short report I will summarize
some of the initial findings of our ongoing investigation into
students’ reasoning regarding concepts in thermodynamics.*

Our data for this initial phase of the investigation were
collected during 1999-2002 and were in two primary forms: (1)
a written free-response quiz that was administered to a total of
653 students in three separate offerings of the calculus-based
introductory physics course; (2) one-on-one interviews that
were conducted with 32 student volunteers who were enrolled
in a fourth offering of the same course. All testing and
interviewing was done after students had completed their study
of the relevant topics. Results of all the various data sources
were quite consistent with each other.

We found that students’ understanding of process-dependent
quantities was seriously flawed, as substantial numbers of
students persistently ascribed state-function properties to both
work and heat. Although most students seemed to acquire a
reasonable grasp of the state-function concept in the context of
internal energy, it was found that there was a widespread and
persistent tendency to improperly over-generalize this concept
to apply to both work and heat. This confusion was associated
with a strong tendency to believe that the net work done and
the net heat absorbed by a system undergoing a cyclic process
are both zero.

The written quiz consisted of a P-V diagram on which
curving lines represented two separate expansion processes
involving a fixed quantity of ideal gas. The initial and final
states of the two processes were identical, but the areas under
the curve differed in the two cases. Students were asked to
compare the amount of work done by the system during the two
processes, and also the amount of heat transfer to the system
during the same two processes. About 30% of all students
asserted that the work done would be equal in the two cases,
although the areas under the curve were clearly different.
Similarly, 38% of all students claimed that the heat transfer to
the system would be the same in both processes, although a
straightforward application of the first law of thermodynamics
shows that the heat transfer must be different in the two cases.
(This incorrect response regarding heat was almost equally

popular among students who gave the correct answer to the
work question, as it was among those who claimed that the
work done was equal in the two processes.)

During the interviews, students were shown diagrams
portraying a three-step cyclic process involving a cylinder
containing a quantity of ideal gas. The diagrams showed an
isobaric expansion followed by an isothermal compression,
followed finally by a constant-volume cooling. (The net work
done by the system and the net heat transfer to the system
during the complete cycle were negative.) After slowly and
methodically working through and discussing this process (the
typical interview lasted over one hour), 75% of the students
asserted with great confidence that either the net heat transfer to
the system during the complete cycle, the net work done by the
system during the cycle, or both of those quantities, would have
to be equal to zero. The interviews also disclosed unanticipated
levels of confusion regarding the definition of thermodynamic
work, as well as difficulties in recognizing the existence of heat
transfer during isothermal processes involving volume changes.

Consistent results over several years of observations
involving both written quizzes and oral interviews enabled us
to make a high-confidence estimate that approximately 80% of
students in the introductory calculus-based physics course
emerged with only a very weak ability to apply the first law of
thermodynamics to solving problems in unfamiliar contexts.
This result was consistent with findings of Loverude et al.

Although it is not entirely clear how students arrive at their
ideas regarding thermodynamics, some of the more widely
shared ideas seem to have an understandable basis. It seems
that a fundamental conceptual difficulty is associated with the
fact that heat transfer, work, and internal energy are all
expressed in the same units, and all represent either energy or
transfers of energy. Many students simply do not understand
why a distinction must be made among the three quantities, or
indeed that such a distinction has any fundamental significance.
One of the subjects in our interview sample, when invited to
explain what he found particularly confusing about the heat-
work-energy relationship, offered this comment: “How is it
acceptable for something called ‘work’ to have the same units
as something called ‘heat’ and something called ‘energy’?”

Part of this confusion stems from the ubiquitous and well-
documented difficulty students have in making a clear
conceptual distinction between a quantity and the change or
rate of change of that same quantity (for example, that between
velocity and acceleration).” Many students do not learn that
heat transfer and work both represent changes in a system’s
internal energy, and that they therefore are not properties
associated with a given state of a system but rather with the
transition between two such states. This problem is exacerbated
by the use in colloquial speech of the terms “heat” or “heat
energy” to correspond to a concept that is actually closer to
what physicists would call “internal energy”. However, our
findings corroborated those of Loverude et al.? that an even
more significant difficulty was that related to mastering the
work concept in a mechanics context, let alone within the less
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familiar context of thermodynamics. Significant difficulties in
understanding work persisted from students’ studies of
mechanics, and hampered their ability to master the related
ideas in the context of thermodynamics.

Students do learn well that there exist quantities that are
independent of process, and that (internal) energy of a system is
one of these quantities. Perhaps due to their already weak grasp
of the concepts of heat and work, many students improperly
transfer, in their own minds, various properties of state
functions either to heat, or work, or both. Certainly, the fact
that mechanics courses frequently highlight the path-
independent work done by conservative forces may contribute
to this confusion, as may extensive use of the equation
Q = mCAT in calorimetry problems.

Another area of confusion might be traced to the limiting
approximations frequently — and often tacitly — invoked
regarding idealized processes. Experienced physicists
automatically “fill in the dots” when describing, for instance,
an isothermal process and the meaning of a thermal reservoir.
The overwhelming majority of textbook discussions treat these
and similar idealized processes only very cursorily; our data
suggest that for most students, such treatments are inadequate.

Implications for Instructional Strategies

Loverude et al. have pointed out that a crucial first step to
improving student learning of thermodynamics concepts lies in
solidifying the student’s understanding of the concept of work
in the more familiar context of mechanics, with particular
attention to the distinction between positive and negative
work.? Beyond that, it seems that little progress can be made
without first guiding the student to a clear understanding that
work in the thermodynamic sense can alter the internal energy
of a system, and that heat or heat transfer in the context of
thermodynamics refers to a change in some system’s internal
energy, or equivalently that it represents a quantity of energy
that is being transferred from one system to another.

The instructional utility of employing multiple
representations of physics concepts has been demonstrated.®
The results of our study suggest that significant learning
dividends might result from additional instructional focus on
the creation, interpretation, and manipulation of P-V diagrams
representing various thermodynamic processes. In particular,
students might benefit from practice in converting between a
diagrammatic representation and a physical description of a
given process, especially in the context of cyclic processes.

Our results demonstrate that certain fundamental concepts
and idealizations often taken for granted by instructors are very
troublesome for many students (for example, the relation
between temperature and kinetic energy of an ideal gas, or the
meaning of thermal reservoir). The recalcitrance of these
difficulties suggests that it might be particularly useful to guide
students to articulate these principles themselves, and to
provide their own justifications for commonly used
idealizations.

It is worth noting another one of our observations that
corroborated reports from other researchers. We found that
students often used microscopic arguments both as a basis and
as a justification for incorrect reasoning regarding
thermodynamic phenomena. (This is identical to a finding
reported in Ref. 3, and in other references cited in both Refs. 3
and 4.) The extent to which this faulty student reasoning was
actually initiated or catalyzed by instruction involving
microscopic concepts is uncertain. However, our research
serves as a caution that merely incorporating a strong
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instructional emphasis on the microscopic, molecular viewpoint
in thermal physics is unlikely, in itself, to dramatically impact
students’ understanding. Indeed, our ongoing research indicates
that many key concepts emphasized in a microscopic approach
are very challenging even for physics majors in their third and
fourth years of study.’
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Student Learning In Upper-Level Thermal Physics:
Comparisons And Contrasts With Students In Introductory
Courses

David E. Meltzer

Department of Physics and Astronomy
lowa State University

Abstract. We found that students in an upper-level thermal physics course were in general quicker than introductory
students at grasping and applying fundamental concepts. Upper-level students seemed, in general, more receptive to
employing qualitative reasoning using multiple representations, and capable of using it more effectively than
introductory students. In addition, upper-level students were better able to utilize guided-inquiry curricular materials in

the sense of reasoning with greater depth and grasping more subtle issues.

However, although the overall level of

preparation and ability was higher in the upper-level course, the broad range of preparation represented among the
students presented various practical challenges to implementing active-learning instructional strategies. Moreover, even
quite capable upper-level students would falter unexpectedly and unpredictably on various conceptual difficulties that
are common among introductory students. The unpredictable and inconsistent nature of this effect demonstrated that
instructors must always be prepared to detect and address such difficulties in upper-level courses.

INTRODUCTION

We have been engaged in an ongoing investigation
of student learning of thermal physics in introductory
courses [1-3]. In the course of this project, we have
probed students’ reasoning regarding heat, work, the
first law of thermodynamics, calorimetry, and related
topics. Based on this work, we have developed and
tested preliminary versions of guided-inquiry cur-
ricular materials.

During Fall semester 2003, | taught a junior-level
thermal physics course targeted at physics majors and
other advanced students. In this course, many instruc-
tional methods were used that are often characterized
as “interactive engagement” [4] or “active learning”
[5]. Fourteen students were enrolled, mostly junior
and senior physics majors along with several students
majoring in chemistry or engineering. This course
provided an opportunity to compare introductory and
advanced students regarding learning of similar topics,
using some identical curricular materials and methods.
In this paper, I will discuss some of the main features
of this experience.

METHODOLOGICAL ISSUES IN
UPPER-LEVEL CLASSES

Students taking upper-level physics courses are
certainly not representative of the overall student pop-
ulation enrolled in introductory general physics
courses. Only a small percentage of students in the in-
troductory course have a specific interest in physics as
a major field, and most would be far more likely to
take upper-level engineering courses than to enroll in
advanced-level physics courses. For this reason, we
must assume that observations regarding learning and
transfer in advanced-level physics courses are charac-
teristic only of a highly selected subsample of students
enrolled in a typical introductory course. It is also im-
portant to remember that small class sizes (common in
upper-level courses) are associated with a relatively
high probability that any one particular class will not
be fully representative of other, similar classes [6].

When evaluating students’ performance in upper-
level courses, two distinct factors come into play: (1)
students’ knowledge of material previously covered in
introductory courses, and (2) students’ learning of new
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material during the advanced course. In order to make
some determination of students’ knowledge of mater-
ial learned in previous courses, it is essential to admin-
ister pretests on the relevant material to the students
before those topics are covered in the advanced course.
This poses a logistical challenge, because extensive
pretesting ordinarily requires substantial amounts of
class time. Because pretests are administered before
instruction on the relevant topics, they can not be
graded for course credit. Moreover, even when pretest
data are acquired, an important dimension of student
learning is missed, that is, the degree to which students
may have increased their readiness to learn new topics
as a result of their experiences in the introductory
courses.

Although students may give incorrect answers or
inadequate explanations on pretest questions related to
specific topics, it may well be that their exposure to
those topics in their previous courses had provided
them with a basis for rapidly and effectively assimila-
ting a second round of instruction on those same top-
ics, as is often provided in advanced courses. Deter-
mining the students’ state of “readiness” for new
learning is an extremely challenging problem for re-
searchers who develop and administer diagnostic pre-
tests. Ordinary tests assess students’ knowledge at a
particular point in time and do not provide a measure
of the rate at which such knowledge might be chang-
ing, nor of its susceptibility to change.

When considering “transfer” of learning from in-
troductory courses, we are interested in two distinct
(but hard to separate) factors: (1) application of
knowledge previously learned, and (2) synthesis of
new concepts based on knowledge elements learned or
learning skills developed in previous courses. In the
case of “application” of knowledge, we might try to
determine the degree to which students can apply
knowledge of concepts and techniques acquired in
previous courses to the solution of more complex
problems that make use of those same concepts or
techniques. However, we have an equal or greater
interest in the degree to which students can learn new
concepts or techniques in the advanced course, and
effectively apply those new concepts in problem
solving. One assumes that an important product of
instruction in introductory courses is the preparation of
students for learning of new concepts in more ad-
vanced courses. However, it is probably much more
difficult to determine students’ ability to learn new
concepts, than it is to determine their ability to apply
previously learned concepts in new contexts.
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STUDENTS’ INITIAL KNOWLEDGE

On the first day of class, a small set of diagnostic
questions related to calorimetry and the first law of
thermodynamics was administered to provide infor-
mation regarding students’ initial knowledge. Overall
performance on these questions was superior to the
average post-instruction performance of students in the
introductory physics courses reported in Refs. 1-3, al-
though a broad range of knowledge levels was found.

During the present (Fall 2004) semester, I am
again teaching the thermal physics course. On the first
day of class, a larger set of diagnostic questions was
administered to the students. Two (out of a total of
15) of these questions are shown in Fig. 1.

This P-V diagram represents a system consisting of a
fixed amount of ideal gas that undergoes two
different processes in going from state A to state B:

Process #1 State B

/
/

Pressure

/
_ - ~ Process #2

State A

Volume

[In these questions, W represents the work done by
the system during a process; Q represents the heat
absorbed by the system during a process. ]

1. Is W for Process #1 greater than, less than, or
equal to that for Process #2? Explain.

2. Is Q for Process #1 greater than, less than, or
equal to that for Process #2? Please explain
your answer.

FIGURE 1. Two of the questions posed to students in both
introductory and upper-level physics courses. Answers: (1)
greater than; (2) greater than.

Most of the questions in this second diagnostic set
had been administered (after instruction was com-
pleted) to students in the introductory calculus-based
general physics course during the investigations
reported in Refs. 1-3.

Among the 21 upper-level students responding to
these questions, a wide range of initial knowledge
levels was evident. Some students showed good ability
to apply first-law concepts, while others showed little



or none. On some questions, average performance was
clearly superior to the post-instruction performance of
students in the introductory course, while on other
questions performance was virtually indistinguishable
from that of students in the lower-level course.

On Question #1 shown in Figure 1 (the “work”
question), about one quarter of students in both
introductory and upper-level courses answered in-
correctly that the work done by the system in Process
#1 would be the same as that done in Process #2. By
contrast, on Question #2 (the “heat” question), 38% of
students in the upper-level course gave a correct or
nearly correct answer with an acceptable explanation,
compared to only 15-20% of students after instruction
in the introductory courses. On questions related to
cyclic processes, thermal reservoirs, and isothermal
processes, performance of students in the upper-level
course was comparable to the post-instruction per-
formance of a self-selected sample of interview volun-
teers from the introductory course whose course
grades were well above the class average [2].

COMPARISONS AND CONTRASTS
WITH INTRODUCTORY STUDENTS

Students in the upper-level course demonstrated a
number of important learning skills that were signif-
icantly better developed than among students in the in-
troductory course. At the same time, even very able
students in the advanced course periodically demon-
strated a vulnerability to learning difficulties similar or
identical to those found among students in the
introductory course.

Upper-Level Students Demonstrated
Superior Learning Skills

Learning skills displayed by upper-level students
were superior in a number of respects to those of
students in the introductory course. For example, they
demonstrated an ability to make use of qualitative
reasoning, multiple representations, and guided-
inquiry curricular materials that was generally beyond
that of the introductory students.

In covering similar material, upper-level students
were quicker to generalize over specific contexts with
a unifying concept. By contrast, introductory students
tended to focus on pattern matching, recognizing com-
monalities among different problems without neces-
sarily extracting a unifying physical theme. Despite
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having superior mathematical skills, upper-level stu-
dents relied less on purely mathematical calculations
and arguments than did introductory students in work-
ing identical problems. They were less likely to simply
point to an equation as an explanation, and more likely
to use arguments based on proportional reasoning.

Upper-level students found it easier than did
introductory students to interpret the meaning of
diagrams, bar charts, and other graphical material,
even in novel contexts. They were more comfortable
in making use of multiple representations (verbal,
diagrammatic, etc.) to express their own thinking, and
they showed less reliance on purely mathematical
forms of reasoning. Even upper-level students with
relatively less preparation demonstrated facility with
multiple representations.

Upper-level students made effective use of guided-
inquiry worksheets originally developed for use with
introductory students. Typically, upper-level students
worked through problems faster and more thoroughly,
and required less guidance from instructors, than did
students in the introductory course. Moreover, they
were less likely to become bogged down in problem
minutiae such as instructions or descriptions of appar-
atus, and they showed less confusion in interpreting in-
structions. These students worked well in groups, usu-
ally had productive discussions, and helped each other
effectively. They showed a willingness to devote extra
time to the resolution of confusing points.

Common Reasoning Difficulties Were
Shared by Upper-Level Students

Even students receiving the highest overall grades
would sometimes encounter conceptual difficulties
that were the same as or similar to those observed
among introductory students. The appearance of these
learning difficulties among the upper-level students
was intermittent and unpredictable, but recurrent
(although the same difficulties did not generally
recur). Providing they were addressed directly, these
difficulties appeared to be resolved efficiently and
thoroughly with few observable remnants.

Notable examples of conceptual difficulties en-
countered included the following: (1) Several students
had substantial difficulty in applying the state-function
property of entropy to conclude that AS would be
equal for a free-expansion process and an isothermal
process sharing identical initial and final states. In
general, invoking state-function properties in contexts
involving entropy seemed to be more difficult for most
students than in the context of internal energy [7]. (A



similar finding was recently reported by Kautz [8].)
(2) Many students were slow in learning to compare
engine and refrigerator efficiencies to the Carnot
efficiency in order to check compliance with the
second law. In addition, there were difficulties in
making the correct identification of heat and work in-
flows to and outflows from the system in these prob-
lems. (3) When working through a guided-inquiry
worksheet using diagrams that depicted a cyclic pro-
cess, some students initially concluded that net work
done by the system during the process had to be zero.
Similar difficulties had been prevalent among students
in the introductory course [2] and were evident among
the upper-level students on the first-day pretest. (4)
Many students displayed considerable difficulty in
distinguishing between systems that had identical tem-
peratures but different internal energies, and vice ver-
sa. (This is related to the classical confusion between
heat and temperature, long recognized as a recurring
learning difficulty in teaching thermodynamics to
diverse student populations.)

Challenges and Difficulties

Consistent with observations made among students
in introductory courses, both highly favorable and
highly unfavorable reactions toward interactive-
engagement techniques were displayed by upper-level
students. The 10-15% unfavorable rating on evalua-
tions matched that found in the introductory algebra-
based course. Use of guided-inquiry worksheets dur-
ing class (instead of in a separate recitation section)
created logistical difficulties due to the broad range of
speeds with which students worked. Insufficient pre-
testing and lack of previous relevant research made
optimal course planning difficult.

SUMMARY

Students’ performance on qualitative and quan-
titative problems throughout the course (on homework,
quizzes, and exams) provided substantial evidence of
effective learning in the context of this “active-learn-
ing” environment. There was some evidence of trans-
fer of learning from previous courses, in that students
seemed able to make use of (sometimes fragmentary)
ideas acquired during previous instruction in the
process of synthesizing an improved overall grasp of
the subject. However, there was also substantial evi-
dence suggesting that instructors must be attentive to
sudden and unpredictable appearances of standard
learning difficulties even among upper-level students.
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When presented with unfamiliar concepts, upper-
level students appeared to learn and apply them more
efficiently than did introductory students. Experience
with other advanced courses and a willingness to do
substantial amounts of homework apparently contribu-
ted to significant learning gains. Upper-level students
demonstrated, on the average, greater motivation;
however, it is difficult to separate motivational factors
from skill factors with respect to their relative signifi-
cance in the production of observed learning gains.

The fundamental problem regarding analysis of
transfer in the context of upper-level courses is the
difficulty in answering this question: When learning is
observed in upper-level courses, does it represent (a)
transfer of knowledge acquired in introductory courses,
(b) application of learning skills acquired in intro-
ductory courses, or (c¢) knowledge and/or skills
possessed by the student all along, perhaps even
before beginning introductory courses? (Or, perhaps,
all three?) It is likely that extensive longitudinal in-
vestigation with diverse courses and student popula-
tions will be required to apportion the proper weights
among the various relevant factors.
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Student learning of thermochemical concepts in the
context of solution calorimetry

Thomas J. Greenbowe, Department of Chemistry, Iowa State University of
Science and Technology, Ames, IA 50011, USA; e-mail: tgreenbo@iastate.edu;
and David E. Meltzer, Department of Physics and Astronomy, lowa State
Umiversity of Science and Technology, Ames, IA 50011, USA; e-mail:
dem(@iastate.edu

Student understanding of heat and thermal phenomena has been the subject of considerable investigation in the
science education literature. Published studies have reported student conceptions on a variety of advanced
topics, but calorimetry — one of the more elementary applications of thermochemical concepts — has apparently
received little attention from science education researchers. Here we report a detailed analysis of student
performance on solution calorimetry problems in an introductory university chemistry class. We include data
both from written classroom exams for 207 students, and from an extensive longitudinal interview series with
a single subject who was herself part of that larger class. Our findings reveal a number of learning difficulties,
most of which appear to originate from failure to understand that net increases and decreases in bond energies
during aqueous chemical reactions result in energy transfers out of and into, respectively, the total mass of the
resultant solution.

Introduction

Students’ understanding of heat and thermal phenomena has been the subject of
considerable investigation in the science education literature. Most of this
investigation has been in the context of pre-university students, both at the secondary
and pre-secondary levels (e.g., Johnstone et al. 1977, Stavy and Berkovitz 1980,
Shayer and Wylam 1981, Tiberghien 1983, 1985, Erickson, 1985, Linn and Songer
1991, Kesidou and Duit 1993, Kesidou ez al. 1995, Lewis and Linn 1994, Harrison ez
al. 1999, Ben-Zvi 1999, Barker and Millar 2000). A few studies have focused on
thermodynamics in the context of university-level physics instruction (e.g., Rozier
and Viennot 1991, Loverude ez al. 2002). There have also been a handful of
investigations into student learning of chemical thermodynamics at the university
level (Granville 1985, Beall 1994, Van Roon er al. 1994, Banerjee 1995, Thomas
1997, Thomas and Schwenz 1998). These investigations have reported on student
conceptions regarding the first and second laws of thermodynamics, entropy and free
energy, spontaneous processes, etc. However, calorimetry — one of the more
elementary applications of thermochemical concepts — has apparently received very
little attention from researchers in chemical education. A related study on solvation
energetics, however, has recently appeared (Ebenezer and Fraser 2001).
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Calorimetry, in the context of chemical reactions in aqueous solutions, is often
the very first topic in the chemistry curriculum in which thermodynamic ideas are
applied. In view of that fact, it is somewhat ironic that calorimetry has itself received
so very little attention in the chemical education literature. Virtually no research
data seem to have been published regarding student learning of thermodynamic
concepts specifically in the context of solution calorimetry, although some
preliminary data have been reported by Keller and Weeks-Galindo (1998). For this
reason, in the present investigation we have set for ourselves the following research
questions: What are the primary conceptual difficulties faced by college chemistry
students in their initial study of calorimetry? How do these relate to other student
difficulties with thermodynamic concepts previously identified in the research
literature?

Previous work

The science education literature has numerous studies reporting on the difficulties
students have with the concepts of heat and temperature (Erickson 1979, 1980,
1985, Tiberghien 1983, 1985, Kesidou ez al. 1995). Cohen and Ben-Zvi (1992)
suggested that misconceptions can develop because of the relatively large number of
abstract concepts involved, and Linn and Songer (1991) recommended using a
simplified ‘heat-flow’ model in middle-school instruction. In the context of
thermochemistry, several investigators have reported student difficulties in under-
standing and distinguishing between exothermic and endothermic reactions
(Johnstone ez al. 1977, Novick and Nussbaum 1978, Thomas and Schwenz 1998,
De Vos and Verdonk 1986). Boo (1998) has reported a detailed investigation of
learning difficulties encountered by students in the study of chemical reaction
energetics, while Barker and Millar (2000) found that A-level students demon-
strated a very weak understanding of the energy changes associated with the
breaking and forming of bonds in chemical reactions.

Kesidou and Duit (1993) have discussed the common student confusion
between the terms ‘heat’ and ‘temperature’. Heat is frequently viewed as an
intensive quantity and temperature interpreted as degree of heat, i.e., as a measure
of its intensity. However, heat is a process-dependent variable and represents a
transfer of a certain amount of energy between objects or systems due to their
temperature difference. Temperature, by contrast, is a measure of the average
kinetic energy of molecules in a particular system. Gabel and Bunce (1994) state
that:

.. .although many of these concepts [heat and temperature] are important for under-
standing science . . . an in-depth understanding of them is not essential for solving many of
the chemistry exercises and problems that appear in chemistry textbooks.

However, it seems that no investigations have been reported regarding the possible
contribution of such conceptual understanding to college chemistry students’
studies of calorimetry.

Chemical reactions and solution calorimetry

In constant pressure calorimetry experiments involving aqueous solutions, chemists
view the reaction as the system and the total mass of the solution and the calorimeter



89

STUDENT LEARNING OF THERMOCHEMICAL CONCEPTS 781

as the surroundings. The chemical reaction that occurs, although it can exchange
heat with its surroundings, is represented as an abstract entity that does not have
mass. The mass of the reactants plus the mass of water, the solvent, are viewed as
the total mass of the solution. It is the total mass of solution that absorbs the heat
which is released by the forming of bonds during the course of a chemical reaction.
Therefore, the reactants in a calorimetry experiment are viewed by chemists in two
distinct ways — as the entity that releases heat, and as part of the mass that gains
heat. This is a difficult concept for students to understand and apply, and it makes
thermochemical experiments more difficult to comprehend than physical processes
in which two objects with different temperatures are placed in contact in an
insulated container. Most undergraduate students can easily understand that the
hotter object in such a process transfers heat to the cooler object until thermal
equilibrium is reached.

One ordinarily defines ¢4 as the amount of heat absorbed by object 4, i.e., g4
> 0 if energy flows into the object, but ¢4 < 0 if energy flows out of the object. For
simple physical processes, any energy that flows out of one object must flow into the
other, s0 g,y + gcooler = 0. The formula ¢ = mcAT can then be applied to the two
objects simultaneously to find, for example, the final temperature. However, in
solution calorimetry problems involving chemical reactions, students have difficulty
making the inference that the heat ‘absorbed by’ the chemical reaction is equal in
magnitude but opposite in sign to the heat ‘absorbed by’ the solution.

Most textbooks, including the one used by the students in this study (Brown ez
al. 2000), discuss the relationship of the law of conservation of energy to calorimetry
experiments:

One of the most important observations in science is that energy can be neither created nor
destroyed: energy is conserved. Any energy that is lost by the system must be gained by the
surroundings, and vice versa. (Brown er al. 2000: 149)

If we assume that the calorimeter perfectly prevents the gain or loss of heat from the solution
to its surroundings, the heat gained by the solution must be produced from the chemical
reaction under study. In other words, the heat produced by the reaction, g,,, is entirely
absorbed by the solution; it does not escape the calorimeter. For an ‘exothermic’ reaction,
heat is ‘lost’ by the reaction and ‘gained’ by the solution, so the temperature of the solution
rises. The opposite occurs for an endothermic reaction. The heat gained by the solution,
Q5o 18 therefore equal in magnitude and opposite in sign from g¢,.,,> ¢som = —¢ywn- Lhe value
of g, is readily calculated from the mass of the solution, its specific heat, and the
temperature change. (Brown ez al. 2000: 160)

Silberberg’s (1996) general chemistry textbook discusses the source of the heat:

The energy released or absorbed during a chemical change is due to the difference in potential
energy berween the reactant bonds and the product bonds . .. energy does not really ‘come
from’ anywhere; it exists in the different energies of the bonds of the substances. In an
exothermic reaction, E, pongy Of the products is less than that of the reactants, so
AE; ponagy < O and the system releases the energy difference. (Silberberg 1996: 231,

emphasis in original)

Qualitative research, think-aloud interviews, and case studies

The think-aloud interview technique has been used to elicit student understanding
of chemistry and physics concepts and approaches to problem solving (Clement
1979, Champagne er al. 1985, Larkin and Rainard 1984, Herron and Greenbowe
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1986, Nakhleh and Krajcik 1993, Bowen 1994, Welzel and Roth 1998). With
respect to thermodynamics, Thomas (1997) and Thomas and Schwenz (1998)
reported a study in which they interviewed 16 college students enrolled in a physical
chemistry course about their understanding of equilibrium and thermodynamics.
Even though the students were in an advanced chemistry course, most of them
showed a lack of understanding of basic thermochemistry principles, including the
meaning of ‘heat’ and ‘temperature’ (Thomas 1997: 80—81). Harrison et al. (1999)
reported a case study of one student’s understanding of heat and temperature from
observations made over an eight-week period. Qualitative data collected for this
study included transcripts of all classroom discussions and a student portfolio
containing all written work. Through class activities which employed the Physics by
Inquiry curriculum (McDermott 1996), the subject became better able to
distinguish the meaning of the terms heat and temperature.

Our instructional experience had persuaded us that a number of serious and
widespread thermochemical misconceptions are developed among college chem-
istry students, even those who are successful in solving algorithmic calorimetry
problems. This is consistent with previous research which found that students use
algorithms to help solve chemistry problems but fail to exhibit conceptual
understanding (Bodner 1987, Gabel er al. 1987, Nurrenbern and Pickering 1987).
To examine this issue, our study included both quantitative and qualitative
problems; data sources included both student interviews and written work on
students’ exam papers.

Method

This study incorporates both detailed analysis of student performance on written
exams for a moderately large sample of students (# = 207) and extensive
longitudinal interview data from a single subject who was herself part of the same
class from which that larger sample was drawn. We were able to ‘calibrate’ our single
subject, so to speak, by comparing her performance on the various written exam
questions with the performance of her classmates in the larger sample. This allowed
us to make a judgment regarding the likelihood of her views being representative of
a significant portion of the larger sample.

The students in this study were enrolled in an introductory chemistry course for
science and engineering majors at a large mid-western university in the USA. The
primary data source for the study was an analysis of students’ work on two
calorimetry problems for a subset of the entire class. The first problem was on the
second hour examination and the second problem was on the final examination.
Prior to the second hour examination, as part of the normal course work, students
had the opportunity to attend three lectures on thermochemistry and calorimetry.
They had the opportunity to do the assigned readings in the textbook (Brown ez al.
2000), work homework problems, and participate in recitation and laboratory
sessions on calorimetry and enthalpy.

A subset of student examination papers was selected for detailed analysis. These
samples were randomly selected from the work of the entire class of students
enrolled in the course (# = 541); the sample represents more than one third of the
entire class (second hour exam, » = 185; final exam, n = 207). The appropriate
pages from each student’s examination were photocopied.
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A letter was attached to about 50 students’ second hour examination paper
when it was returned to them, asking if they would volunteer to discuss their
responses. These students had exhibited a range of problem-solving performance
and conceptual understanding and none had received a grade of ‘A’ or ‘F’ on that
exam. Ten students showed up for the initial interview and from this group, an
individual we refer to as ‘Sophia’ agreed to a series of interviews. Her work and
performance were compared to students from her class who solved the same
calorimetry problems. Over a three-month period, observations of Sophia’s work
and thinking were made and two instances of instructional intervention were
provided. Hence, a longitudinal case study of Sophia’s understanding of calorimetry
was generated.

Sophia was chosen for the case study because of her ability to clearly state her
conceptions and problem solving methods. Her examination scores in the
introductory chemistry course indicated she was an above-average student. Overall,
we believe that she is a student who is representative of her classmates. She was
asked to explain what she did on the calorimetry exam problems by thinking aloud.
She gave permission for a tape recorder to be used to record her voice and she
signed a voluntary informed consent form agreeing to the conditions of the
interviews, including the analysis of her work on the course examinations. She
regularly volunteered her opinions and willingly expressed her views during the
interview sessions.

There were four interview sessions with Sophia, an average of two hours
each. Sessions 1, 2, and 3 occurred between the second hour examination and
the final examination; Session 4 occurred after the final examination and focused
on her work on that examination. Sessions 1 and 4 involved neutral observations
and interactions, while Sessions 2 and 3 involved some instructional inter-
vention, engaging Sophia in an interchange involving ‘the juxtaposition of
conflicting ideas, forcing reconsideration of previous positions’ (Guba and
Lincoln 1989: 90). The principal interviewer was one of the authors of this
paper, and neither author was the instructor for Sophia’s introductory chemistry
course.

A description of the calorimetry problem on the second hour examination

This problem (figure 1) was a modified version of an end-of-chapter problem
from the course textbook; it involves the mixing of two aqueous solutions of
known concentration and volume. The initial and final temperatures of the
solutions are measured. The goal is to determine the heat of reaction, and then
the molar enthalpy change of the reaction. The format of this problem appears
in several general chemistry textbooks as in-chapter examples and end-of-chapter
exercises (Zumdahl and Zumdahl 2000, Brown et al. 2000, Chang 1998).
Individuals solving this problem are expected to realize that there is a
transfer of energy from the chemical reaction to the mass of the resultant
solution. (It is assumed that no heat is released or absorbed by the calorimeter.)
The equation ¢ = mcAT is used to calculate g¢,,,, the heat absorbed by the
solution, and the relation ¢,,, + ¢, = O is applied to determine the heat of
reaction. Since the process occurs at constant pressure, AH,,, = g¢,.,; therefore,
dividing the heat of reaction by the number of moles of the limiting reagent
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Calorimetry problem on the second hour examination

In a constant-pressure calorimeter with negligible heat capacity, 50.0 mL of
2.00M HCI] and 50.0mL of 2.00M NH; were combined. The initial
temperature of both solutions was 22.4°C. The temperature of the combined
solutions rose to 34.8°C after mixing. Assume that the specific heat of all the
solutions is 4.18]/g-°C, and assume that all solutions have a density of
1.01 g/mL.

a. How much heat did this reaction generate in the calorimeter?

b. What is AH for this reaction in kJ/mol?

Calorimetry problem on the final examination

The following reaction takes place at constant pressure in an insulated
calorimeter: 1.00 L of 2.00 M Ba(NO3), solution at 25.0°C was mixed with
1.00L of 2.00 M Na,SO, solution at 25.0°C. The final temperature of the
solution after mixing was 31.2°C. Assume that all solutions had a density of
1.00 g/mL and a specific heat of 4.18J/g-°C.

. What is the system?

(o 2N

. What are the surroundings?

Calculate the heat of reaction (in KkJ).

a o

. Is the reaction endothermic or exothermic?

e. Write a balanced chemical equation for the reaction.

gl

Calculate the change in enthalpy (AH) for the reaction with units of kJ per
mole of Ba(NO3), that reacts.

g. If 0.500 L of 2.00 M Ba(NO3), solution at 25.0°C is mixed with 0.500 L. of
2.00 M Na,SO, solution at 25.0°C, the final temperature of this solution
will be (more than, less than, or equal to) 31.2°C
(within experimental error).

Figure 1. Calorimetry problems on the second hour examination and final
examination.

determines the molar enthalpy change for the reaction. Specifically, we have for
parts (a) and (b):
(@ m = plV = (1.01g/mL)(100.0mL) = 101g
Qeoin = mcAT = (101g)(4.18]/g-°C)(+12.4°C) = +5.24Kk]
Qn = dsoin = -5.24 k]
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a. The chemical reaction

b. The solution, consisting mostly of water, and the calorimeter. (Calorimeter
can be assumed to have negligible heat capacity, and so may be ignored in
the calculation.)

c.m = pV = (1.00g/mL)(2 x 10°ml) = 2x10>g
Gopy = mcAT = (2 x 103g)(4.18 J/g-°C)(+6.2°C) = + 52k]
Qrxn = ~Gsotn = =52 k]

d. Exothermic.
e. Ba(NO3), (aq) + Na,SO, (aq) - 2NaNO; (aq) + BaSO,(s)

f. 1.00L x 2.00 mol/LL 2.00mol Ba(NO3),

1.00LL x 2.00 mol/LL 2.00 mol Na,SO,

rxn =52 k]
AH, ., = = = — 26KkJ/mol

Nlimiting reagent 2.00 mol

g. 0.500L x 2.00 mol/LL 1.00mol Ba(NO3),
0.500L x 2.00mol/L. = 1.00mol Na,SO,
@mn = AH,,, X Wiimiring reagens — —26 KJ/mol x 1.00 mol Ba(NO3),
= —-26Kk]
Gsoln = ~Gren = +26K]
m = pV = (1.00g/mL)(10>°mL) = 10%g
Gsoin +26Kk]

AT = = = +6.2°C
mc (102 g)(4.18]/g-°C)

T = 25.0°C + 6.2°C = 31.2°C

Figure 2. Solution to calorimetry problem on final examination.

(b) 0.0500L x 2.00mol/LL = 0.100 mol HCI

Trxn -5.24 kJ
AH,, = = = —52.4KkJ/mol
Nlimiting reagent 0.100 mol

A description of the calorimetry problem on the final examination

This problem (figure 1) is similar to the one described above; a solution is shown in
figure 2. Students are asked to identify the system and the surroundings, and
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Table 1. Types of approaches used by students when calculating the heat of
reaction on the second hour examination part (a), and the final
examination part (c).

Second hour Final
examination examination
(n = 185) (m = 207)

Correct or nearly correct magnitude
of ¢peniT 50% 40%
negative value 14% |
positive value 26% T

Errors using formula

Setg = AT (orq = T1) 8% 5%

Did not use ¢ = mcAT or q = AT 11% 9%

Errors in value for mass

Used mass of the reactants only 15% 21% [Final exam:]
Used mass of one solution only 8% 5% negative value 13%
Other responses 7% 15% positive value 41%
No answer 2% 6%

Notes: All values are in percent of total » for respective exam.
A | indicates the correct response.
A 1 indicates the response of Sophia on that category.
‘Nearly correct’ means there was only a simple math error.
‘Other response’ means did use ¢ = mcAT, but error did not fall into other categories.

whether the reaction is exothermic or endothermic. They are also asked to calculate
the heat of reaction, and then the molar enthalpy change for the reaction. Finally,
students are asked to consider the final temperature for a system involving the
mixing of 500 mL of each reactant, instead of 1.00 L of each: Would 7%,,,;, be more
than, less than, or equal to that observed in the original system?

Results

It is notable that none of the students in this study acknowledged the fact that since
the reactions occurred under conditions of constant pressure, the heat of reaction
(¢,xn) 1s equal to the enthalpy change of the reaction (AH,,,,). Also, fewer than 1%
of the students stated explicitly that q,.,, + ¢z, = 0. (One might suggest that the
common practice of tolerating students’ failure to explicitly state fundamental
assumptions and constraints in exam solutions may be, ironically, a factor that
contributes to hindering students’ understanding.)

Analysis of students’ responses to questions on heat of reaction

Table 1 shows the categories of responses contained in students’ work on the parts
of the calorimetry problems dealing with the heat of reaction, along with the
percentage of the student sample corresponding to each response. Because of the
way this problem was worded on the second hour exam (‘How much heat did this
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reaction generate in the calorimeter?’), only the magnitude (and not the sign) of the
students’ responses was considered in the case of the second hour exam.

On the second hour exam, we counted as correct or nearly correct student
answers for part (a) that had the correct magnitude for ¢,,,,, or that contained only
very minor mathematical errors. Only 50% of the students were able to successfully
calculate the magnitude of g¢,,,,. The major problem seems to be the use of an
incorrect mass for the entity (the surroundings) that is absorbing the heat from the
system (the chemical reaction).

Table 1 also includes a summary of students’ responses to part (c) of the final
examination problem (i.e., a very similar question about heat of reaction). Only
40% of the students were able to apply the equation ¢ = mcAT with use of the
correct mass to generate a correct or nearly correct magnitude for the heat of
reaction, compared to 50% on the second hour exam. Overall, there was a
significant decrease in performance in comparison with the second hour exam
(according to a two-sample test for binomial proportions: z = 1.99, p < 0.05).
Only 14% of the students provided both a correct magnitude and correct (negative)
sign, while 26% provided a correct magnitude but incorrect sign. Again, the major
error exhibited by students was that of using the mass of chemical reactants and not
including the mass of the water, for the total mass m in the formula ¢ = mcAT. It
is also notable that, between the second hour exam and the final exam, there was a
significant increase (z = 1.99, p < 0.05) in the number of ‘no answer’ responses,
and also in the number of ‘other’ responses (z = 2.50, p < 0.01) that did not
correspond to any of the other listed categories. The results suggest that students’
confusion on at least some calorimetry principles actually may have increased in the
time between the second hour exam and the end of the course.

Taken at face value, the determination of the heat of reaction appears to be a
straightforward calculation. Using the formula ¢ = mcAT, students need only plug
in the correct values for mass, specific heat, and the change in temperature to
calculate ¢g. Students then had to recognize that they had actually found g¢,,,, and
then apply the relation g¢,,, = — ¢.z.- However, the students’ exam responses
indicate severe difficulties in a number of areas.

On the final exam question regarding heat of reaction, 20% of the sample either
failed to provide any response, or failed even to realize that they would need to make
use of the relation ¢ = mcAT. Of the remainder of the sample, about one third did
not understand which physical quantity corresponded to the m. Only about one
student in seven could calculate a correct value for the heat of reaction accompanied
by a correct sign. Some of the students equated the heat of reaction with the change
in temperature, indicating that these students were quite unable to distinguish
between the terms ‘heat’ and ‘temperature’.

Analysis of students’ responses to questions on molar enthalpy

Common errors exhibited by the students on part (b) of the calorimetry problem on
the second hour examination are shown in table 2.

This part of the problem asks the students to calculate AH for this reaction in
kJ/mol; only 4% of the students provided the correct magnitude and sign for the
value of AH,,,. In this case both the sign and magnitude are required. Using the
formula ¢ = mcAT, students need only plug in the correct values for mass, specific
heat, and the change in temperature to calculate a value for ¢q. However, most
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Responses on the second hour examination to part (b) of the

calorimetry problem, calculation of the molar enthalpy change of the

reaction, AH,, [molar].

Description of the response

Percentage of
students exhibiting this response
(n = 185)

Correct or nearly correct magnitude for AH,,

(Divided g,.,, by 0.1 mol)

negative sign for the value of AH,,, |
positive sign for the value of AH,,

Incorrect magnitude for AH,.,,
negative sign for the value of AH,,,
positive sign for the value of AH,.,

Used incorrect number of moles
Divided g¢,,,, by 2 mol
negative sign for the value of AH,,,
positive sign for the value of AH,,,
Divided g¢,.,, by 0.2 mol
negative sign for the value of AH,,
positive sign for the value of AH,,,

Equated enthalpy and temperature
AH,,[molar] = AT

Equated molar enthalpy and heat
AI{rxn[y}’“ﬂar] = Qxn
negative sign for the value of AH,,,
positive sign for the value of AH,.,,

Math errors

Other responses
negative sign for the value of AH,,,,

positive sign for the value of AH,,,,T

No answer

n \

18%

4%
14%

68%
17%
51%

8%

3%

14%
3%
11%

3%

12%
4%
8%
3%
29%
5%
24%

13%

Notes: A | indicates the correct response.
A T indicates the response of Sophia on that category.
‘Other responses’ includes those using incorrect number of moles but which don’t fall into specific

categories listed above.

students seemed not to recognize that the value of ‘¢’ calculated from the
experimental data is g,,,,, not g,,, and that the signs of those two quantities must
differ. Beyond that, the major problem with this calculation seems to be dividing the
heat of reaction by an incorrect number of moles.

Students’ responses on the final exam question related to molar enthalpy (part
(®) are shown in table 3. Only 18% of the students were able to determine a correct
(or nearly correct) magnitude along with a correct sign for the molar enthalpy
change of the reaction, although this was a significant improvement (p < 0.001)
over the 4% who succeeded on the second hour exam.
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Table 3. Responses on the final examination to part (f) of the calorimetry
problem, calculation of the molar enthalpy change of the reaction,
AH,,, [molar].

Percentage of
students exhibiting this response
Description of the response (m = 207)

Correct or nearly correct magnitude for AH,.,, | T 34%
(Divided g¢,,, by 2mol)

negative sign for the value of AH,,, | T 18%
positive sign for the value of AH,., 16%

Incorrect magnitude for AH,.,, 39%
negative sign for the value of AH,,,, 12%
positive sign for the value of AH,,, 27%

Used incorrect number of moles

Divided g,.,, by 4mol 2%
negative sign for the value of AH,.,,, 0.4%
positive sign for the value of AH,,, 2%

Equated enthalpy and temperature
AH,.,[molar] = AT 2%

Equated molar enthalpy and heat

AH,.,[molar] = q,., 10%
negative sign for the value of AH,,, 4%
positive sign for the value of AH,., 5%

Other responses 25%
negative sign for the value of AH,,, 7%
positive sign for the value of AH,,, 17%

No answer 27%

Notes: A | indicates the correct response.
A T indicates the response of Sophia on that category.
‘Other responses’ includes those using incorrect number of moles but which don’t fall into specific
category listed above.

Table 4 outlines the responses given by students to parts (a), (b), (d) and (g) of
the calorimetry problem on the final examination. With the exception of the
identification of the reaction as an ‘exothermic reaction’, for which 71% of the
students were correct, more than 50% of the responses to these questions were
incorrect. The chemical reaction was identified as the system by only 22% of the
students, while only 6% of the students correctly identified the solution and the
calorimeter as the surroundings. (If the students identified the mass of the resultant
solution as the surroundings, they received a rating of ‘correct’.)

Sophia’s work on the calorimetry problems

Sophia earned six points out of eight on the calorimetry problem on the second
hour exam. In trying to calculate the molar enthalpy change, Sophia divided the
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Table 4. Responses on the final examination to parts (a), (b), (d) and (g)

of the calorimetry problem.

Percentage of
students exhibiting
this response

Description of the response Students’ answers (m = 207)

(a) What is the system?

Correct answer the chemical reaction |/ 22%

Partially correct the reactant(s)/reactant solution T 7%

Incorrect answers 71%
Everything inside the calorimeter 14%
The calorimeter 23%
The solution 22%
Calorimeter and Contents 5%
Other 6%
No answer 1%

(b) What are the surroundings?

Correct answer The solution and calorimeter |/ 6%
The solution or the water

Partially correct The calorimeter T 32%

Incorrect answers 62%
Everything outside the calorimeter 31%
The calorimeter and everything else 8%
The air 5%
Other 18%
No answer 1%

(d) Is the reaction exothermic or endothermic?

Correct answer exothermic | T 71%

Incorrect answer endothermic 29%

(g) [Comparison of the change in temperature of the two systems]

Correct answer equal to 44%

Incorrect answer more than T 10%

Incorrect answer less than 43%

No answer 2%

Nores: A | indicates the correct response.
A T indicates the response of Sophia on that category.

heat of reaction by the ‘moles of solution’ instead of dividing by the number of
moles of limiting reagent. On the final examination calorimetry problem, Sophia
correctly identified the two reactants as part of the system, but she did not indicate
that it is the entire chemical reaction that is considered to be the system. She
identified the calorimeter as being part of the surroundings, but she did not identify
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the solution as being part of the surroundings. She correctly used the total mass of
the solution to calculate the heat absorbed by the solution, and then correctly
inferred that this must be the heat that was transferred from the system. She
correctly divides the heat of reaction by the number of moles of limiting reagent
involved to generate a correct value for the molar enthalpy change of the reaction.
Sophia did have a negative value for AH,,,,. She did not, however, realize that the
‘heat of reaction’ must also have a negative sign. Sophia incorrectly stated that the
system in part (g) would produce a greater change in temperature in comparison
with the original problem. She does not explicitly write down the relation g,,,, = —
dsom> yet she succeeds in correctly solving all but the last part of this problem.

Excerpts from Sophia’s interviews

In order to confirm and to elaborate on why Sophia answered some of the parts of
the calorimetry problem the way she did, an interview session (Session 4) was
scheduled five days after her final examination. In this session, the interviewer was
trying to assess why Sophia did not identify the solution as part of the surroundings,
to assess Sophia’s understanding of the term ‘exothermic’, and to assess her
understanding of the use of positive and negative signs to indicate endothermic and
exothermic processes respectively.

I: Would you walk me through what you were doing and thinking on this calorimeter
problem on your final exam.

Sophia: I thought that the system is the two solutions reacting and the surroundings was the
calorimeter because it was at constant pressure and that the calorimeter was
insulated, so anything outside the calorimeter was not going to affect the
reaction. . .

I said it was exothermic because the temperature increased . . . For the change in
enthalpy, I took the heat of reaction that we had found and it asked for per moles
of barium nitrate. I found moles of barium nitrate by using litres and molarity. I
divided the heat of reaction by those moles because I figured that the heat had to
be the same so the change in enthalpy was the same as up here. . .

I: You have a negative AH, AH equals negative 25.9 kilojoules per mole. . .

Sophia: Yes, I have it negative because it is an exothermic reaction.

Sophia seems to have a good understanding of when to use positive and
negative signs to indicate endothermic and exothermic process, and she elaborates
a bit on the responses she gave on the final examination regarding the questions of
‘what is the system’ and ‘what is the surroundings’. Later in this interview she also
demonstrated understanding of the concept of molarity despite confusion about its
application to specific heat problems. Additional excerpts from her interviews will
be presented and discussed in the next section.

Students’ conceptual misunderstandings uncovered by the
investigation

In this section, we will summarize the specific conceptual difficulties regarding
calorimetry encountered by the students in our sample, as reflected by our analysis
of the data. This includes both the written exam data and the interviews conducted
with the subject Sophia.
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Lack of recognition that energy flow out of reactants and into solution
implies a negarive ‘heat of reaction’, which, for constant-pressure processes,
has the same meaning as a negative change in enthalpy of the reactants,

te. that AH,., < 0

rxn

On both the second hour examination (question part b) and the final examination
(question parts ¢ and f), students had been asked to consider an exothermic reaction
under constant-pressure conditions in which net energy is transferred from the
chemical bonds in the reactants and products zo the solution. The direction of
energy flow can be recognized simply from the fact that the temperature of the
solution increases. The conclusion should be that both the heat of reaction and the
enthalpy change are negative in both cases, i.e. that both ¢,,,, < 0 and AH,,,, < O.
However, on all three relevant questions, a large majority of the students who
responded gave a positive value for their answer.

It is not clear how many of these errors in the sign of ¢,,,, and AH,,, can be
attributed to simple carelessness, and how many actually reflect a fundamental
physical misunderstanding. A large majority (71%) of the students correctly
identified the reaction as ‘exothermic’ on the final exam question, part (d).
However, this may simply reflect a learned recognition that an increase in solution
temperature corresponds to an exothermic reaction. (This is precisely the reasoning
given by Sophia in Interview Session 4; see below.) Textbooks often make reference,
rather loosely, to the heat ‘released by’, ‘produced by’, or ‘evolved by’ the reaction,
but these terms are sometimes — not always! — assumed to refer to the absolute value
of the heat of reaction —i.e., to |g,,,,|, which is defined to be a positive quantity (e.g.,
Zumdahl and Zumdahl 2000: 253). This obviously increases the potential confusion
for the student.

Students do not necessarily give consistent answers to this type of question. On
the final exam question Sophia, for example, correctly identified the reaction as
exothermic and AH as negative; however she gave a positive value for the heat of
reaction. From Interview Session 4, it is obvious that Sophia is well aware of the
chain of reasoning that goes increase in solution temperature 11 exothermic reaction [
AH < 0. Here is how she explains her answer to part (f) of the final exam question
during this interview:

Sophia: . .. I said it was exothermic because the temperature increased. . .

I: You have a negative AH, AH equals negative 25.9 kilojoules per mole. . .
Sophia: Yes, I have it negative because it is an exothermic reaction.

I: And you have written ‘AH = —g,,,’?

Sophia: Yes, I was not so sure about that. I was trying to show that it was going to be
negative because it was exothermic.

In contrast to her reasoning above, she explains her answer to part (c) as follows:

Sophia: When it said to calculate heat of reaction I used the equation ¢ = mcAT. I found
the mass by adding the two volumes, the litres, one of each solution. Then I put the
values into the equation. I did the calculation on my calculator and got 51.8.

The issue of the sign of the heat of reaction — positive or negative — seems never
to have entered her considerations. It appears that for Sophia, as for many other
students, the fact that the ‘heat of reaction’ may have a positive or a negative sign —
and that in fact, for constant-pressure processes, the heat of reaction is really just the
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same thing as the change in enthalpy AH —is simply an idea that has never been fully
understood.

Identifying the ‘hear of reaction’ or ‘heat generated by reaction’ as simply
the temperature change that results from that heat flow

Perhaps the most well-known and widely discussed student misunderstanding in the
field of heat and thermodynamics is the confusion of ‘heat’ and ‘temperature’ (e.g.,
Kesidou er al. 1995). In calorimetry problems the distinction is made explicit, at
least in quantitative terms, through application of the equation ¢ = mcAT. None
the less, when asked to find the amount of heat generated by the reaction (on the
second exam), and the heat of reaction (on the final exam), some students simply
responded with the value of the temperature change AT of the solution, i.e., 12.4°C
on the second hour exam (response given by 8% of the students), and 6.2 °C on the
final exam (response given by 5% of the students). In response to a question about
an amount of heat — which should be measured in joules or calories — these students
responded with a temperature, measured in degrees. Sophia expressed a related
confusion during Session 4:

I: Good. Now, one last question, what is the difference between heat and
temperature?

Sophia: Heat is energy being released or absorbed by something. Like ‘¢’ here is the energy
being released. Temperature is just a way to measure it.

I: When you use a thermometer in a calorimeter experiment, are we measuring heat
or temperature when a reaction takes place?

Sophia: Heat.

The word ‘heat’ is properly used to represent an energy transfer into or out of
a system due to a temperature difference, and it is a quantity for which a larger
magnitude necessarily corresponds to a larger absolute amount of energy. The
mistaken idea that temperature (an intensive quantity) is merely a measure of an
amount of heat, rather than a measure of the average kinetic energy per molecule —
a quantity distinctly different from heat — is clearly a misunderstanding that lingers
on in many students’ minds.

Not recognizing and applying the relationship between hear flow, specific
heat, and temperature change (i.e., not making use of equation
q = mcAT)

A significant number of students were simply unaware that they needed to apply the
relationship ¢ = mcAT in order to find the heat of reaction. About 10% of students
on both the second hour exam and the final exam attempted unsuccessfully to
calculate the heat of reaction without using the relevant equation.

Nort recognizing that the ‘m’ in the relationship @ = mcAT refers to the
total mass of the solution contained within the calorimeter, and does not
refer merely to the mass of the molecules thar react to generate the hear flow

The single most common confusion found among our student sample was that
related to the meaning of ‘w’ — the mass — in the equation ¢ = mcAT. The ‘AT’
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in this case refers to the temperature change of the entire contents of the
calorimeter, which is to say the total mass of the solution. The m, then, refers to the
mass of that solution. However, about one-quarter of all students, on both exams,
expressed confusion on this point. The most frequently expressed student idea
(15% of students on the second exam, and 21% on the final) was that this mass
refers in some fashion only to the molecules that are engaged in the chemical
reaction that produces the heat. This misunderstanding led to a wide variety of
incorrect numerical answers.

A significant number of students, although realizing that the m referred to the
mass of the solution, did not realize that it was the entire mass of solution that had
to be considered. As a result, 8% of students on the second hour exam and 5% on
the final exam set 7 equal to half the mass of the total solution. Apparently, they
were misled by the fact that there were two reacting species, each of which originally
represented half of the total solution.

Not understanding that in solution calorimetry, the thermodynamic ‘system’
refers to the reacting molecules and their products — more precisely, to the
chemical bonds (assumed to be massless) that are both made and broken
(i.e., the ‘reaction’) — and thar the ‘surroundings’ refers to the entire mass of
material contained within the calorimeter (and, in principle at least, that
which 1s outside the calorimeter as well)

Although it is admittedly a subtle point, the meaning of the terms ‘system’ and
‘surroundings’ in the context of calorimetry often presents students with their first
opportunity to try to relate thermodynamic terminology to an actual laboratory set-
up. The interpretation of these terms in the context of calorimetry was stressed
during the lectures in this course. However, on the final exam, fewer than one-third
of students were able to give anything close to an acceptable answer to the question
‘What is the system?’ Similarly, fewer than 40% of the students could properly
identify the ‘surroundings’.

Not understanding that the molar enthalpy change refers to the relevant
quantity (i.e., AH,) divided by the number of moles of one of the reacting
species, and that for constant-pressure processes, AH ., = Quxn

Part (f) of the final exam question clearly asks for the change in enthalpy AH per
mole of one of the reactants. Therefore, a correct response would be to divide the
heat of reaction g¢,,, (i.e., the answer to part (c)) by the number of moles of this
reactant (i.e., 2.00). A large number of students answered this question incorrectly.
10% of the students simply copied their numerical answer from part (c), while 29%
of the students made other types of errors in this calculation (not including those
who merely carried over an incorrect answer from part (c)). Twenty seven per cent
of students gave no response to this question at all.

Believing that the heat flow is produced by an energy transfer from one
reactant to another, rather than from the breaking and forming of
chemical bonds to the total mass of material contained within the
calorimeter

This extremely interesting confusion was expressed by Sophia during Interview
Session 1. On the one hand, she seems to understand that the solution is absorbing
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heat. On the other hand, she quite clearly is under the impression that heat is
flowing from the solution containing one of the reacting species, o the solution
containing the other, and is not sure about which is the source and which is the
recipient. She also appears to express a confusion between a system where a
chemical reaction is the source of heat, and a quite different system in which one
physical object (such as hot metal) is a source of heat that flows into a surrounding
liquid.

I: What are you measuring with the thermometer?

Sophia: The heat is rising in the solution because something is letting off heat but it is going
into solution. There is a transfer of heat. It is going from one object to another.

I: And what is that object to the other?

Sophia: It is from one chemical to the other but I am not sure which is giving it off and
which is absorbing it.

I: So, identify the chemicals that are in that solution.
Sophia: Hydrochloric acid and ammonia
I: Any other chemicals in there?

Sophia: Water. So I think water is the one absorbing the heat when the temperature is given
off. I don’t think water is part of the reaction. That is why we can exclude it in this
problem. It is not part of the equation for finding heat.

I: So, is there water in this 101 grams?

Sophia: There is water in the 101 grams? I don’t know this. Because if we had a solid . . .
[Sophia looks at the chemicals on the nearby table and picks up a jar of magnesium
metal], say we had the magnesium and we pour HCl(aq) on it. I would then know
where one thing is going to the other. Because if the solution gains heat when you
put Mg in the hydrochloric acid, then we know that the liquid solution is absorbing
the heat, from the solid to the aqueous solution. But, when we have two aqueous
solutions, then I don’t know which is giving the heat and which one is absorbing the
heat.

We were able to confirm Sophia’s thinking on this issue through her explanation
of the heat of reaction produced during the reaction of magnesium metal and
hydrochloric acid:

I: What is this ¢?

Sophia: ‘¢’ is heat. Heat of the reaction. So this heat is what is given off by the magnesium
and transferred to the hydrochloric acid solution. The magnesium gives or transfers
heat to the 6 M HCI solution and that is why the solution gets warm. And you can
see it happening because the magnesium reacts with the HCI and gives bubbles.
The magnesium is where the reaction is taking place because you can see it
happening!

It is very clear that Sophia does not have a concept of energy being transferred
due to the breaking and forming of bonds within the reacting species; rather, she is
convinced that energy flows from one of the reactants, to the other. It is difficult to
say at this time just how widespread this belief may be among students in general.
However, it seems likely that it forms an important component of many students’
thinking, and it certainly merits additional investigation.
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Belief that the total amount of heat generated depends on the concentration
of the reacting solutions, rather than on the total mass of reactants

On part (g) of the final exam question, although the mass of reactants was cut in
half, Sophia assumed that since the concentrations remained unchanged (at 2.0
molar), the total heat generated would also be unchanged. Here is how she
expressed her thinking (using the idea of ‘micro-heaters’ previously introduced as a
metaphor for the chemical reaction):

Sophia: So you have the same amount of concentration but you have less water. So you have
the same number of micro-heaters. Just less water . . . I assumed that the heat was
going to be the same.

I: ... Why would the heat be the same up here?. . .

Sophia: Because it is the same reaction taking place. So the molarities are the same. But the
only thing that changes is the volume, so the mass changes.

Implications for instruction

In the introductory chemistry curriculum, solution calorimetry problems are often
the first practical application in which ideas about heat, temperature, energy
changes in chemical reactions, and conservation of energy are combined. Because
of the relatively simple calculations involved in calorimetry, it is tempting for both
students and instructors to overlook the need for careful attention both to
straightforward matters (such as the positive or negative sign of the heat of reaction),
and more subtle concepts (such as the bond-forming origin of reaction heats).

The results of this investigation suggest a number of specific areas in which
increased attention by instructors may yield a significant return in improved student
understanding of thermochemistry and calorimetry:

Students’ inattention to the sign of an energy change is a common error. This
may represent a more serious misunderstanding of just how a change in a physical
quantity is ordinarily defined (i.e., change is equal to final value minus initial value).
In any case, consistent attention to sign conventions is important in reducing
unnecessary calculation errors that are potentially wasteful of students’ time and
energy. Students might be advised to make the very first step in a calorimetry
calculation a consideration of the sign — positive or negative — of the quantity being
determined. In some cases (such as the problems described here), the sign can be
determined as a matter of inspection. In other cases, a calculation will first have to
be carried out.

The commonly misunderstood distinction between ‘heat’ and ‘temperature’
often first becomes an issue in the context of calorimetry. Our data support a widely
reported finding: students’ belief that these terms are essentially synonymous is not
easily dislodged. We suggest that the realm of physical calorimetry, i.e., where
physical changes only are involved, offers the best opportunity to clarify the
distinction between heat and temperature. Numerous curricular approaches have
been developed to achieve this goal (e.g., McDermott 1996). Once the complica-
tion of a chemical reaction is introduced, analysis of the system becomes
considerably more challenging. We suggest therefore that the heat-temperature
distinction is best treated before reaction energetics is introduced.

It is important to counter students’ tendency to misunderstand the meaning of
the mass m in the relationship ¢ = mcAT. Most commonly, students’ errors
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reflected a misapprehension that the mass m referred only to the reacting species,
and not to the entire quantity of material that was undergoing the temperature
change. One must help students understand that in the equation ¢ = mcAT the
temperature change AT is that of the entire contents of the calorimeter, and so the
mass m, the specific heat ¢, and the heat absorbed ¢ must also refer to that
contents.

The key to understanding energy changes in chemical systems is that reaction
energies result from the breaking and forming of chemical bonds. In calorimetry,
energy flows into or out of an aqueous solution as a result of bonds forming and
breaking. In a physical system, by contrast, energy flows from a hotter object (such
as a piece of hot metal) into a cooler object (a water solution, for instance). No
changes in chemical bonds are involved. There is evidence both from the present
study, and in the research literature, that confusion on this concept may be
widespread among introductory students. The serious misconception expressed by
Sophia that energy is transferred from one of the reacting species to the other may
well underlie errors made on such questions as the meaning of ‘system’ and
‘surroundings’, and the temperature change resulting from a system that contains
only half of the original quantity of reactant solutions. Because of the central
importance of this issue, we will discuss it in some detail.

Martins and Cachapuz (1993) interviewed both high school and college
chemistry students in Portugal to determine how they would explain the
temperature increase observed in a water solution when a piece of sodium metal is
placed in it. The most popular explanation was that energy was being transferred
from the sodium to the water: ‘. . . the sodium gives out energy and the water takes
in that energy . .. it becomes hotter . .. (This is virtually the same explanation
given by Sophia in the case of Mg and HCL.) In an earlier study Cachapuz and
Martins (1987) had found that students often invoke a ‘principle reactant’
explanation in which one of the reactants plays a more important role than the
others. (Similarly, Brosnan (1992) has suggested that students view chemical
reactions as being caused by an active agent acting on a passive substance.) What is
missing from these explanations is an appreciation of the central role of the breaking
and forming of chemical bonds, and the associated absorption and release of energy,
respectively.

Boo (1998) and Boo and Watson (2001) interviewed Grade 12 students in the
UK to elicit their understanding of, among other things, the system in which
magnesium is added to dilute hydrochloric acid and the temperature of the solution
is observed to increase. They found that only a small minority (15%) of the students
were able to give an explanation based on understanding that the bonds being made
in the reaction are stronger than those which are being broken, and that therefore
there is a net release of energy from the reaction, into the solution. A majority of the
students were under the impression that bond making requires input of energy and
bond breaking releases energy (i.e., the exact opposite of the chemist’s view), or
instead that both the processes of bond breaking and bond making required the
input of energy. That this is a common belief was also noted by Ross (1993) and (in
South Africa) by Ebenezer and Fraser (2001). Barker and Millar (2000) collected
questionnaire data from UK students several months after they had completed the
General Certificate of Secondary Education exams. They found only a very small
proportion of students (about 10%) with a full or partial understanding of the basic
energetics of chemical reactions, including an understanding of the role of bond
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breaking and formation. Several authors cited here have pointed out that confusion
on this concept may be aggravated by the common notion that ‘energy is stored in
chemical bonds’.

A grasp of the law of conservation of energy and of the energetics associated
with bond breaking and bond making plays a fundamental role in student
understanding of chemical reactions and thermochemical phenomena (Boo 1998,
Barker and Millar 2000, and references therein). The findings of the various
investigators cited above, as well as our own — thereby representing four different
countries — are rather striking in their consistency. It seems that students in widely
disparate settings encounter a common set of conceptual difficulties related to the
energetics of chemical reactions. We suspect that significant curricular enhance-
ments and additional instructional time will be needed to improve student learning
of these important concepts. Barker and Millar (2000), for instance, report very
significant improvements in student learning of these concepts with the SAC
curriculum, in which the exothermicity of bond formation is given explicit,
extended attention. We have developed both tutorial worksheets and a computer
animation! that guide students to confront very directly these conceptual
difficulties, and we are in the process of assessing the effectiveness of these
materials.
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Differences in male/female response patterns on alternative-format

versions of FCI items

Laura McCullough, Physics Department, University of Wisconsin—Stout, Menomonie, W1 54751
David E. Meltzer, Department of Physics & Astronomy, lowa State University, Ames, [A 50011

A modified version of the FCI was created using female and daily-life contexts instead of the male
and school-oriented contexts in the original. Both modified and original versions were adminis-
tered in class. Differences among responses of males and females to both versions are discussed.

An important methodological issue in
assessments using a diagnostic instrument is
the degree to which slight changes in the
instrument may result in altered student
response patterns.' In view of the
widespread use of the Force Concept
Inventory (FCI) in physics assessment,
exploration of possible context dependence
of FCI items is of considerable interest. One
issue is that of possible context dependence
in general of FCI items: do students respond
differently when FCI questions are very
slightly modified, i.e. when essentially
identical questions are posed in a different
context? Steinberg and Sabella® compared
responses on open-ended questions to
responses on their FCI equivalents. They
found substantial correlation between the
results of the two versions with, nonetheless,
some notable differences. Rebello and
Zollman® presented students with four actual
FCI questions without including the
multiple-choice answer options. They also
found, along with general overall agreement,
a number of notable differences in response
patterns when compared to those observed
when multiple-choice responses were
present. On the other hand, Adams and
Slater* found that students’ written explan-
ations for their FCI responses were, for the
most part, in good agreement with the an-
swers they selected. Schecker and Gerdes’
presented students with a number of FCI
items, along with alternate versions of the
same items posed in different physical con-
texts. They found differences in response
patterns on some items. For instance, many
students who incorrectly responded with an

“impetus” model to FCI item 13 (forces
acting on a steel ball thrown straight up)
gave a correct Newtonian response when an
almost identical question was asked with the
ball being replaced by a vertical pistol shot.

Another potential issue is whether any
possible context dependencies in response
patterns are gender dependent. That is, do
males and females differ from each other in
terms of how their responses may change
when question context is altered? This issue
has been addressed by Rennie and Parker,’
who suggest that females may be more
successful when physics problems are posed
in a “real-life” context. Dancy’ explored this
issue in the context of an animated version
of the FCI. She found that on questions 3, 5,
14, and 26, females scored significantly
better on the animated version than on the
original version. Males scored significantly
better on the animated version of questions
7, 14, and 26, but worse on item 20. Item 14
is of particular interest because both genders
did better on the animated version and
because of an unexpected response pattern
in our own data.

In order to further explore the issue of
possible context dependence, a “Gender”
version of the FCI has been developed® in
which each of the 30 items was rephrased or
re-expressed in a slightly different context,
or with a new or added diagram. Instead of
school- and male-oriented contexts, daily-
life- and female-oriented contexts were used
in each case (e.g., instead of a cannon
shooting a cannonball, a baby knocks a bowl
off of her high-chair tray). The physics is
identical; only the context has changed.

This paper appeared in Proceedings of the Physics Education Research Conference, Rochester, New York, July 25-26,
2001, edited by Scott Franklin, Jeffrey Marx, and Karen Cummings (PERC, Rochester, New York, 2001), pp. 103-106.




METHOD

The Original FCI and the Gender FCI
were administered to all students enrolled in
the first semester course of the algebra-
based general physics sequence at lowa
State University during Spring 2001. Only
one of the two versions was given to each
student, that version being randomly chosen
according to the following procedure:
Individual piles of question packets, 28 in
each, were prepared for each recitation
section. In each pile, the Original FCI and
Gender FCI were placed alternately, so the
sequence was Original, Gender, Original,
etc. The recitation instructors were directed
to distribute the packets in random order to
all the students in their recitation section.

The tests were administered at the start
of the recitation session during the second
week of class. Students were told the tests
would not affect their grade, but would give
instructors a better idea of the students’
physics  background. Instructors were
directed to allow at least 30 minutes, and to
try to allow all students enough time to
finish. Reports indicated good compliance.
In one case, the instructor allowed the
students to take the exams home and hand
them in two days later. Response sheets that
contained six or more blank responses were
discarded. Three had to be discarded
because the "Sex" box was not checked and
the names were gender-indeterminate. In the
end, the total sample contained 222 students.

We checked the results for every
question to see whether there were any
significant differences in performance on the
two different versions of the exam. Because
there are so many comparisons, we adopted
p = 0.01 as the minimum level required to
consider the difference significant. We used
a statistical test for comparison of binomial
proportions (equivalent in this case to chi-
square analysis).
RESULTS

We found significant discrepancies for
four test items (two for females only, two
for males only), as follows:
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1. Original FCI Item #14 (Gender item
#24) [airplane/eagle drops object]

Female:

Original correct: 22%
Gender correct: 55%
p=0.002*

2. Original FCI item #23 (Gender item
#27) [rocket/person straight line path]

Female:

Original correct: 10%
Gender correct: 48%
p=0.0001*

3. Original FCI Item #22 (Gender item
#26) [rocket/person speed increasing]

Male:

Original correct: 47%
Gender correct: 18%
p=0.0003*

4. Original FCI Item #29 (Gender item
#13) [floor force on chair/book]

Male:

Original correct: 30%
Gender correct: 60%
p=0.0005*

(Detailed results and text of “Gender”
assessment items follow on the next two

pages.)

CONCLUSION

Our data suggest that, in certain cases,
slight changes in the context of a conceptual
question may affect students’ performance.
Moreover, it appears that males and females
may not be consistent with each other in
their response to the contextual changes.
More work is needed to better understand
how changes in physics assessment
instruments may depend on gender in their
effect on performance.



ITEMS WITH SHIFTS FOR FEMALES:

Original FCI #14 (Gender item #24)
[plane/bird drops object]
Percentage of total responses each option:
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ITEMS WITH SHIFTS FOR MALES:

Original FCI #22 (Gender item #26)
[rocket/person speed increasing]
Percentage of total responses each option:

n A B C D* E n A B* C D E
Male, 7210 8 8 74 0 Male, 7232 47 1 18 1
Original Original
Male, 65 0 6 22 72 0 Male, 65 42 18 11 23 6
Gender Gender
Female, 4/ 49 27 2 22 0 Female, 4/ 29 24 2 39 5
Original Original
Female, 44 9 20 16 55 0 Female, 44 34 25 16 18 7
Gender Gender
Comment: No significant difference in Comment: No significant difference in

correct responses for males. On Gender
version, females show drastically decreased
proportion selecting distracter A (which
shows “backward” trajectory). Males show
decrease for this option on Gender version
as well. Net result is increase in correct
responses by females from 22% to 55%.

Original FCI #23 (Gender item #27)
[rocket/person straight-line path]
Percentage of total responses each option:

correct responses for females; however,
number of females choosing “decreasing”
speed is higher on Gender version. Males
also show sharp increase in number
choosing “decreasing” speed (and in those
who choose “constant” speed). Net result is
sharp decrease in correct responses by
males, 47% to 18%.

Original FCI #29 (Gender item #13)
[surface force on chair/book]

n A B* C D E Percentage of total responses each option:
Male, 727 47 22 19 4 n A B* C D E
Original Male, 69 33 30 4 320
Male, 65 8 52 15 17 8 Original
Gender Male, 65 18 60 O 22 0
Gender
Female, 4/ 27 10 41 17 5
Original Female, 39 28 49 3 21 0
Female, 44 5 48 41 5 2 Original
Gender Female, 44 30 57 O 11 2
Comment: No significant difference in Gender
correct responses for males. On Gender Comment: No significant difference in

version, females show much higher
proportion of correct responses (48%
compared to only 10%), mostly due to
decrease in number choosing A (sideways
path which ignores velocity component due
to applied force).

* indicates correct answer

correct responses for females. Proportion of
correct responses for males doubles from
30% on original to 60% on Gender version.
Change comes mostly from increase in
proportion who now recognize presence of
upward force due to surface; also, there is a
decrease in number who choose “all three”
forces (including air pressure).
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A bird is carrying a fish in its claws as it flies
along in a horizontal direction above a lake. The
bird accidentally drops the fish. As seen from the
lakeshore, which path would the fish most
closely follow after leaving the bird's claws?

Gen.der item #24 .(Original FCI #14)

A diary is at rest on a nightstand. Which of the
following force(s) is (are) acting on the diary?

1. A downward force of gravity.

2. An upward force exerted by the nightstand.

3. A net downward force exerted by the air.

(A) 1 only

(B) 1and 2

(C) 2and 3

° (D) 1,2,and 3

(E) none of these.
Since the book is at rest

I
Gender item #13 (Original FCI #29)

[Note: there is no diagram included on the
Original FCI version of this question.]

'L. Enderstein and P. Spargo, “The effect of
context, culture and learning on the selection of
alternative options in similar situations by South
African pupils,” Int. J. Sci. Ed. 20, 711 (1998).

’R. Steinberg and M. Sabella, “Performance on
multiple-choice diagnostics and complementary
exam problems,” Phys. Teach. 35, 150 (1997).

*N. S. Rebello and D. A. Zollman, “The effect of
distracters on student performance on the Force
Concept Inventory,” in review; preprint at:
http://www.phys.ksu.edu/perg/papers/

*J. P. Adams and T. F. Slater, “Student-supplied
rationale for multiple-choice responses on the
force concept inventory,” in review; preprint at:
http://www.physics.montana.edu/physed/

°H. Schecker and J. Gerdes, “Messung von Kon-
zeptualisierungsfahigkeit in der Mechanik: Zur
Aussagekraft des FCI,” Zeitschrift fiir Didaktik
der Naturwissenschaften 5(1), 75-89 (1999).

there are no forces acting on it.

USE THE STATEMENT AND FIGURE
BELOW TO ANSWER THE NEXT FOUR
QUESTIONS (25 through 28).

An ice storm has knocked out power in your area
and has started a fire. You have grabbed your
powerful fire extinguisher and are running to
help out. At point “a” you start to slip on a large
patch of frictionless ice, sliding across the ice
from point “a” to point “b.” (Note that this
diagram shows a “top view,” looking down from
above.) At point “b,” while trying to keep
upright, you accidentally turn on the fire ex-
tinguisher. The fire extinguisher produces a con-
stant force on you in a direction at right angles to
line “ab,” and you slide along the ice toward
point “c.” When you reach point “c,” you are
able to turn off the extinguisher, but you
continue to slide on the ice.

AT
26. Asyou move from "b" to "c¢" along the ice,
your speed is

(A) constant.

(B) continuously increasing.

(C) continuously decreasing.

(D) increasing for a while and constant thereafter.

(E) constant for a while and decreasing thereafter.
Gender item #26 (Original FCI #22)

27. At "c" the extinguisher is suddenly turned
off completely. Which of the paths below will
you follow beyond "c" as you continue to slide
along the frictionless ice?

4 i I 4
; ! ; {
; | £ /
(5] (<) (D) (E)
Y | li 7
! | / -
QO - - = @ © 0 o

Gender item #27 (Original FCI #23)

L. J. Rennie and L. H. Parker, “Equitable
measurement of achievement in physics: high
school students’ responses to assessment tasks in
different formats and contexts,” J. Women and
Minorities in Sci. Eng. 4(2-3), 113-127 (1998).
'M. H. Dancy, Investigating Animations for
Assessment with an Animated Version of the
Force Concept Inventory. Ph.D. dissertation,
N.C. State University (2000).

*L.E. McCullough and T. Foster, “A Gender
Context for the Force Concept Inventory,”
AAPT Announcer 30(4), 105 (2000).
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Initial understanding of vector concepts among students in introductory
physics courses
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We report the results of an investigation into physics students’ understanding of vector addition,
magnitude, and direction for problems presented in graphical form. A seven-item quiz, including
free-response problems, was administered in all introductory general physics courses during the
2000/2001 academic year at lowa State. Responses were obtained from 2031 students during the
first week of class. We found that more than one quarter of students beginning their second semester
of study in the calculus-based physics course, and more than half of those beginning the second
semester of the algebra-based sequence, were unable to carry out two-dimensional vector addition.
Although the total scores on the seven-item quiz were somewhat better for students in their second
semester of physics in comparison to students in their first semester, many students retained
significant conceptual difficulties regarding vector methods that are heavily employed throughout
the physics curriculum. @003 American Association of Physics Teachers.

[DOI: 10.1119/1.1571831

[. INTRODUCTION veyed students in both the first- and second-semester courses
of the two-semester general physics sequence, both in

Vector concepts and calculation methods lie at the heart ctlgebra-based and calculus-based courses.
the physics curriculum, underlying most topics covered in
introductory courses at the university level. As Knighas || METHODS
emphasized, the vector nature of forces, fields, and kinemati-
cal quantities requires that students have a good grasp of We constructed a quiz containing seven vector problems
basic vector concepts if they are to be successful in masteposed in graphical fornisee the Appendix The problems
ing even introductory-level physics. Knight has alluded toassess whether students can correctly identify vectors with
the surprising lack of published research regarding studerlentical magnitudes and directions, and whether they can
learning of vector concepts, and hisctor Knowledge Test Carry out vector addition in one and two Q|men3|ons. On five
provided an invaluable first glimpse into the pre-instruction©f the problems, students are asked to give a free response or

vector knowledge of students enrolled in the calculus-basetp Select multiple options from a list. On the other 18
physics course. Most of the problems on Wector Knowl- and #7, they are given possible ch0|ces_. On four pr(_)blems
edge Tesfocus on algebraic aspects of vectors, Another sigStudents are explicitly prompted to provide explanations of

nificant investigation has been reported by Kafimho ex-  their work.

plored students’ understanding of vector concepts in the IS diagnostic quiz was administered to students in all
context of electric forces and fields. Aguirtegnd Aguirre Introductory general physics courses taught at lowa State

and Rankifi have studied students’ ideas about vector kine—gig“é%rtsi'%ﬁlﬁg)indgL'Pgtljge gr?g(ggr?]%i thi?:r?é%tﬁaNﬁ sics
matics, but their inquiry focused on the interrelationships Lo y o y pnysic
ourses using little or no mathematics; these courses are in-

among velocity, acceleration, and force rather than propertie nded as surveys for nontechnical studeiery minor re-

H 5
of vectorsper se Recently, Ortizet al.” have reported on visions were made to the quiz between fall and spring semes-

student learning difficulties related to basic vector operation§erS

(shuch as dot and cross prodyas employed in introductory ISU is a large public university with a focus on engineer-
PNYSICS COUrses. _ , ing and technical subjects. The average ACT Mathematics
Our instructional experience has led us to believe that stuscre of all freshmen entering ISU in fall 2000 was 24.5
dents’ poor understanding of vector ideas posed in graphic@lympared to the national average of 21.8 for students who

form presents a particularly troublesome obstacle to theigompleted the core college-preparatory curricufunsu
success in mastering physics concepts. Graphical and gepynks 16th nationally in number of undergraduate engineer-
metrical interpretations of vector ideas pervade the entiretyng degrees awarded. It therefore seems unlikely that our
of the general physics curriculum. Despite most studentsresults will underestimate the average performance level of
previous exposure to vector concepts in mathematics coursgsysics students nationwide.

or in high-school physicgas indicated by various surveys — The algebra-based general physics sequence consists of
and the heavy emphasis we have placed on those conceptsphysics 111(mostly mechanigs and Physics 11Zmostly

our own instruction, students’ persistent confusion about funelectricity and magnetism, and optic§he calculus-based
damental vector notions has bedeviled our instructional efsequence is comprised of Physics 22dechanics, electro-
forts. We decided therefore to carry out a systematic investistatics, and dc circuits and Physics 22Zmagnetism and
gation of university physics students’ knowledge of basicelectromagnetism, thermal physics, optics, and modern phys-
ideas of vector addition, magnitude, and direction during thecs). In this paper, we will use the following designations for
initial weeks of their physics courses. To this end, we surthese courses: Physics 111: A-l; Physics 112: A-ll; Physics

630 Am. J. Phys.71 (6), June 2003 http://ojps.aip.org/ajp/ © 2003 American Association of Physics Teachers 630
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(a) Responses to Individual Problems (b) Responses to Individual Problems
Algebra-based Course Calculus-based Course
DA, N=520 O C-, N=608
WA-Il, N=201 W C-ll, N=702
100 100

@
o

®

o
Il

Fig. 1. Responses of students to individual problems on
the vector concept diagnostic. Percent correct responses
shown for students in@ first- [A-I] and second-
semestefA-Il | algebra-based introductory physicbk)

first- [C-1] and second-semestf€-Il] calculus-based
introductory physics.
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Problem Number Problem Number

221: C-l; Physics 222: C-1l, where | and Il designate the firstthe students. Students were asked to respond to the quiz so
and second courses in each sequence, respectiVabt is, |  that instructors could get a better idea of their background
is primarily a mechanics course, while Il is primarily a knowledge in vectors. They were asked to fill in their names
course on electricity and magnetism. All four courses areon the quiz to aid in record keeping. The same procedure was
taught during both the fall and spring semesjeResults followed in both fall and spring semesters. Responses were
were obtained from a total of 2031 students, divided into theobtained from the great majority of enrolled students. Re-
four courses as follows: Algebra-based physics: A-l, 520 tosponses on each problem were graded as correct or incorrect,
tal (fall: 287; spring: 233 A-ll, 201 total (fall: 83; spring:  and frequently appearing errors were noted and tabulated.
118). Calculus-based physics: C-l, 608 totéhll: 192;
spring: 416; C-Il, 702 total (fall: 313; spring: 38% (In the
paper we refer to these courses as the “four groupBg-  Ill. RESULTS
cause the quiz was administered in both fall and spring of-
ferings in all four courses during the academic yéhat is,
twice each in A-l, A-ll, C-1, and C-Il for a total of eigh
administrationy many students took the quiz twice, once in
their fall-semester course and again in their spring-semest
course. The number of repeat test-takers is not known.
We did not survey the students in this study sample with®- Responses to problems

regatr'd to l:hew previous backgroqng in [é)hyswi‘gjndhma}th- Figure 1 shows the percentage of correct responses to each
ematics. HOWever, SUrveys carried out in PRYSICSy1iz item for students in all four courses. We now proceed to

courses during the summer and in other years have indicateils. ;s the students’ responses to each individual problem in
that nearly three quarters of students in the algebra-bas ore detail

courses, and more than 90% of those in the calculus-based p,opiam #1:Vector magnitude. Performance on this prob-

courses, have studied physics in high school. In these SUlam was generally good, with a range of 63%—87% correct

; tors including two-d; ional tor additi ith Yesponses for the four different groups. However, more than
Of Vectors inciuding two-dimensional vector adaition, €Itner o, g of the students in A-l didot answer this question

in their high-school phy_sic;s classes or in high-schoql and/oEorrectly, which indicates that student knowledge even on
college math coursegThis is the case for about two thirds of 5 hasic vector property cannot be taken for granted. The
students in the algebra-based course, and about 90% of tho st common error was to assume that vectors can only

in the calculus-based courseélhese results are consistent h . .

. ; o . : ave equal magnitudes when they are parallel or antiparallel
with Knight's finding that 88% of students in the first quarter d 9 y N _p - P
of the introductory calculus-based physics course at his int@ €ach othefor example, choosingD|=|G|, but not|D|

stitution had previous instruction on vectors. Of course, all=|F|=|G|).

students in the second-semester cou(des is, Physics 112 Problem #2:Vector direction. A significant number of stu-

[A-11] and Physics 222C-Il]) have had extensive exposure dents in all classes made errors on this quest&3%—45%

to vector representations and calculations in their firstincorrect responsgslt is notable that there was very little

semester university courses. They represent 44% of the totdifference in performance between students in the first- and

population sample in this study. second-semester courses, both in the algebra-based and
The quiz was administered in recitation sectigasound  calculus-based sequences. This small performance increment

25 students eaghduring the first week of class in all four seems to suggest that, particularly on this problem, little in-

courses, before instruction on vectors took place. The quizrease in understanding occurs during the first-semester

did not count toward a course grade and was not returned toourse(that is, in A-l and C-J.

All statistical results we will cite in this papéexcept for

t those in Sec. Il ¢ reflect averages over the entire sample,
that is, fall- and spring-semester offerings combined in the
&ase of each of the four courses.
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The single most common incorrect response was to list

both vectors= and G, instead ofF only, thus reflecting con- (a)
fusion about the requirement that vectors with the same di- <
rection be parallel to each othéOr, perhaps this response
indicates confusion about how tecognizewhen two vec-
tors are parallel.This error represented 20% of all responses (b) (c)
(almost half of all incorrect respongeis the algebra-based — —
course, with no significant difference between A-l and A-I1.
However, there also were a significant number of students
responding that the answer was “none”; this category com-

prised 11% of all responses in the algebra-based cdarse o —
quarter of all incorrect responses in both A-1 and A-Re-
markably, those students who answered “none” very often A
asserted explicitly that all of the angles—or the “slopes”— (d) ’
were different, despite the presence of the grid, which was ”
intended to allow easy evaluation of the angles. The other
option appearing with some frequency on students’ responses

was vectorC, thus equating the direction of vectér with _ - _
Fig. 2. Common student errors on problem ¢aidition of collinear vec-

that of —A. [It is worth noting that outside the U.S., the torg: (a) two-headed arrowtb) tail-to-tail; (c) tip-to-tip; (d) re-orientation
property we refer to as “direction” often is assumed to com-of top vector.
prise two separate properties, that of “orientatiafihe of
action and “sense”(loosely, “which way it points’), see,
for example, Ref. 7. 3 difficult to obtain a correct solution for problem #4 by using
Problem #3:Qualitative vector addition. Performance on an incorrect algorithm. We will return to this issue in the
this problem was very good for students in all courses, withgiscussion of problem #5.
correct responses in the 83%—-96% correct range. However, problem #5: Two-dimensional vector addition. The vast
students were not asked to provide explanations of their anmajority of problems in the general physics curriculum that
swer, and evidence provided by student performance ofhvolve vector quantities require an understanding of this
problems #4 and #5 strongly suggests that many studenisasic operation. We found that most students in the calculus-
arrived at the correct answer for problem #3 through use of a
clearly incorrect algorithnithat is, the “split-the-difference”
algorithm to be discussed after problem) #B8ecause use of
this algorithm reflects substantial confusion regarding vector (@) (b) -
addition, it seems probable that problem #3 does not in itself d
provide valid assessment of students’ understanding of this
vector operation.
Problem #4:One-dimensional vector addition. The stu- ol el e il #4
dents in the calculus-based courses performed very well on
problem #4: C-1, 84% correct; C-Il, 92% correct. However, a
substantial fraction of the students in the algebra-based
courses were not able to solve this problem: A-l, 58% cor-
rect; A-Il, 73% correct. (© (d)
In A-1, 19% of all incorrect responses consisted of a two-
headed arrow as shown in Fig(a® in A-ll, this response
was only 11% of the incorrect responses. Often this arrow
was eight boxes long, but other lengths were common. Rep- -

resentative explanations for this response weR,i$ made

by connecting the end dk to the end ofB,” and “It is just

the two vectors put together.” Another common error in the
algebra-based courg@3% of all incorrect responses in A-l
and A-1Il combined was to show a horizontal resultant with ()
incorrect magnitude and/or direction.

Many students produced a sloping resultant; in A-I these
represented 20% of the incorrect responses, which rose to
36% in A-Il. Most of these students did not show their work,
but those who did typically had a diagram similar to one of A
those in Figs. ®)—2(d). Sometimes these students would
explain that they were using the “tip-to-tail” method, or
words to that effect.

Perf bl #4 t d it Fig. 3. Common student errors on problem @#idition of noncollinear
erformance on problem was not as good as It was 0\';]9ctor9: (a) zero vertical componentp) split-the-difference algorithm(c)

problem #3, ParticmaHY_ in the algebra-based courses. Weicorrect parallelogram additior(d) incorrect horizontal componentg)
suspect that, in comparison to problem #3, it may be moréip-to-tip error.

v

1\
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based course solved this problem corre¢H8% in C-1, 73%  obvious route for obtaining a correct answer to problem #3
in C-11), but only a minority of students in the algebra-basedby using the incorrect “split-the-difference” algorithm, we

course could do s@22% in A-1, 44% in A-ll). now believe that problem #3 is not a valid indicator of stu-
The most common error for all four groups was to drawdents’ knowledge of vector addition.
the resultant vector aligned along the horizontal atas Problem #6:Two-dimensional vector subtraction. In prin-

nearly s9, pointing toward the leffFig. 3(a)]. The magni- ciple this problem could be solved with the same algorithms
tudes of the horizontal components in this class of responsassed for problem #5, combined with some algebraic manipu-

varied widely. Although some of the students who made thigation and knowledge of how to form A from A. However,
error were successful in determining the net horizontal comgydents probably have less practice with a specific algorithm
ponent(that is, five boxes, leftwajdall failed to realize that  for carrying out vector subtraction, compared with vector
the net vertical component would be one box upward. Manyaqgition, That is, students may have memorized “place the
students’ diagrams explicitly showed the algorithm they usedaj| of one to the tip of the other” as an addition algorithm
to obtain this resultJoin vectorsA and B at a common  without gaining enough understanding to extend this idea to
vertex, and form the resultant by “splitting the difference”to a similar problem posed as a subtraction. One might there-
obtain a net vertical component of zdee Fig. &)]. This  fore expect that performance on problem #6 would be infe-
response was usually a clear attempt to implement a paratior to that on problem #5, and indeed it was. However the
lelogram addition rule. Some students explicitly used a vendifference was generally rather small: only 4—5% fewer cor-
similar algorithm[see Fig. &)] to obtain an apparently re- rect in the calculus-based course, and 4% and 9% fewer,
lated error, that is, a resultant vector with the correct verticafrespectively, in A-1 and A-1l. Overall, error rates on problem
component and pointing toward the left, but with an incor-#6 ranged from 32% incorrect in C-II, up to 82% incorrect in
rect horizontal component. Although a particular example ofA-I.

this response is shown in Fig(d3, the magnitudes of the In the calculus-based courgboth C-I1 and C-Il com-
horizontal components represented in students’ responséied, 83% of the students who answered problem #5 cor-
covered a wide range. It was not clear to us how they wereectly also answered problem #6 correctly. Similarly, 89% of
able to arrive at the correct vertical component while stillthose who answered problem #6 correctly also answered
having an incorrect horizontal component. It seems possiblproblem #5 correctly(There was no significant difference
that the positioning of thé andB vectors on the page—that Petween C-l and C-Il students regarding this patjefinis

is, one on top of the other—contributed to this outcome. It is’®SPONSe pattern suggests that for students in the calculus-
noteworthy that in a large proportion of cases where student3ased course, problem #5 and problem #6 provide a roughly
drew diagrams suggestive of the parallelogram addition rule€guivalent indication of students’ understanding of two-
they were unsuccessful in arriving at a correct answer to thigimensional vector addition.

problem. Instead they produced variants of Figh) 8r 3(c), By contrast, in the algebra-based course, only 67% of stu-
or made some other error due to imprecise drawing of thélénts who answered problem #5 correctly also answered
parallelogram. problem #6 correctly. Of the students who answered problem

Most students who drew resultant vectors similar to thosé® correctly, 83% also solved problem #Bgain, there was
in Figs. 3a) and 3d) did not show a diagram to explain how NO S|gr_1|f|cant difference between A-1 and AjISo, for stu-
they obtained their result. Therefore, we cannot be certaifl€nts in the algebra-based course, problem #6 was indeed
that they used the same algorithm to obtain this splitSignificantly more difficult than problem #5p(0.01 ac-
difference resultant. The proportion of the entire class thagording to a z test for difference between correlated
gave incorrect responses corresponding to either F&y.c8  Proportiond). In this case the two problems did not provide
Fig. 3(d) (regardless of the horizontal componewas A-l,  equivalent indications of students’ knowledge, because a cor-
42%: A-ll, 29%; C-l, 21%:; and C-IlI, 13%. rect solution to problem #6 was correlated with superior per-
The next most common error on this problem originatedformance on this two-problem subset.
from mistaken emp|oyment of a “tip-to-tip“ a|gorithm in There were a wide variety of |r_1correct responses to prob—
which the resultant vector begins at the tip of vedioand lem #6. Many students’ explanations made it clear that they

ends at the tip of vectd or, less often, points from the tip Yvere trying to fmdeaB Sufh thaik would b? the a"erage'
of B to that of A. (This error also has been described by'n some sense, ok andB. However, lacking an algorithm

Knight) In this case the interpretation of students’ responsegOr this purpose, students of}en resorted to guessing or esti-
was unambiguous because their diagrams explicitly showe@hating the direction of vectds. A common response was to
the algorithm they had employed. There are two versions ofirawB as a horizontal vectawvertical component0) point-

this error: either the vectors are first brought together to ang to the right; one-quarter of all incorrect responses were of
common vertexsee Fig. 8); this procedure actually pro- this type in both algebra-based and calculus-based courses
duces the difference vectpB—A]), or they are left in place (algebra based, 26%; calculus based, 25¥hese vectors
and the “resultant” arrow is drawn directly on the original were drawn either with their tails in contact with the tailff

diagram. This type of respongeither versiopnwas given by  or, more often, as isolated vectors in the blank grid space to
9% of students in the algebra-based course and 6% of thogg, right of A and R. Most students did not explain their

in the calculus-based course, with very little difference be+oaqoning, but some offered clear descriptions of their think-
tween the | and Il courses.

As was noted in connection with problems #3 and #4, thdnd such as R should be a combination é andB so | tried
number of correct responses on problem #3 was well abovi® put it betweerA andB”; “The magnitude of B andA are
that on problem #4. We now see that it was also far higheequal, so the direction of the resultant is directly between the
than the correct response rate on problem #5. In view of théwo.” Overall, a large majority of students with incorrect
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(a) Total Score (b) Total Score
Algebra-based Course Calculus-based Course
OA-I, N=520 (mean score = 3.3) 01 C-l, N=608 (mean score = 5.0)

MA-ll, N=201 (mean score = 4.3) M C-ll, N=702 (mean score = 5.6)
40 40
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Fig. 4. Distribution of total scores on vector concept
diagnostic in percent of class obtaining a particular
score (score range: 097 (a) first- [A-1] and second-
semestefA-1l | algebra-based introductory physicbk)
first- [C-1] and second-semestf€-Il] calculus-based
introductory physics.
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responses to this problem realized tBawould have a posi- aPart”; “ A larger, the angle is greater between the vectors”;
tive horizontal component, but were unable to determine itslarge_r thr,;,m because both vectors are farther apart than the
precise value. ones inB.

Problem #7: Comparison of resultant magnitude. This
problem is another application of vector addition for which B. Total score comparisons

students are unlikely to have memorized a specific algorithm.

With no grid available, students do not have at hand a? _ i sh . h :
straightforward a calculation procedure as might be em f;?rzli;/(lrr%limlIaﬁyot)jilsstr?bu(;\évge{?og:]% :.mTeai \5/‘;?5230;”3'24\,%&
loyed in problems #5 and #6. However, only a qualitative A X O

proy P yaq he A-ll distribution(mean score4.3) is somewhat bimodal.

response is required on problem #7, while a precise quant he distributi N th lculus-based
tative answer is needed for problem #5; moreover, there aren€ distributions in the calculus-based course are very
trongly skewed toward higher scor@dthough that in C-I is

only three possible choices. This smaller selection of option§I hat bi | for th lculus-based
may mitigate the additional challenge posed by problem ##!SO SOMEW at bimodalMean scores for the calculus-base

(if there is any. In any case, the only group for whom per- COUrS€ are C-I: 5.0; C-II: 5.6. These distributions suggest that

formance on problems #5 and #7 differed by more than 5941€ diagnostic is a good reflection of the mean level of
was students in A-l; they achieved 32% correct on proble nowledge of students in the algebra-based courses, whereas

#7 compared to only 22% correct on problem #5. However,the average level of vector knowledge of students in the

it is interesting to note that 23% of the C-Il students whoCalculus-based courses goes beyond that characterized by
successfully solved problem #5 also gave incorrect responsdis diagnostic.
to problem #7. It seems that the apparently superior algorith-
mic skill of the C-Il students did not always translate to aC. Differences in performance between fall- and
situation in which a grid was lacking. spring-semester courses

Many students who chose the corrdtsmaller than”)
response in problem #7 gave a satisfactory explanation o&
their answer, often accompanied by a diagram that reflecte
use of the parallelogram or tip-to-tail addition rules to dem-
onstrate thajR,|<|Rg|. Among those students who gave

incorrect answers, there was a preference for the “equal to
responsdthat is, magnitude of resultant of pdris equal to

The distribution of students’ total score on the diagnostic

We were surprised to find that on many of the quiz items,
ere appeared to be a significant difference in performance
between students in the fall and spring offerings of ihey
same courséfor example, the fall and spring offerings of
A-1). Students enrolled in C-I during the spring semester of
2001 had higher scores on all seven quiz items than students
: S . in the fall 2000 semester of the same course. The mean
that of pairB), very often justified by an explanation such as scores(percent correct out of seven problems; sstandard

“the vectors inA and B are equal magnitude,” and some- o ) : _ . 740
times accompanied by an invalid application of the Pythagor-dewatlor) were: spring, 2001 N=416): 74% corrects.d,

ean formula to paiB. The ratio of “equal to” responses in =25%); fall, 2000 (N=192): 65% corrects.d=27%. The
comparison to “larger than” responses was almost exacﬂ)ﬂlfference in mean scores is statistically significant a}tphe
1:1 in A-l, but in A-ll the “equal to” response jumped in ~=0.0003 level according to a two-samipeest. A very simi-
popularity to nearly a 2:1 ratio compared to “larger than.” In lar fall-spring discrepancy was found for students in A-l
both C-I and C-Il, the “equal to” response was the more (spring, 51%; fall, 44%;p<0.001). For C-II there was a
common incorrect response by nearly a 3:2 ratio. The “largesmaller but still statistically significant superiority, this time
than” response was justified by the larger vertex angle or thérowever in thefall semester mean scoréall, 83%; spring,
“larger area covered” in diagram A. Explanations such as78%, p<<0.01) while in A-Il, the fall-spring difference in
these were typical: A is larger because arrows are further mean scores was very small and not statistically significant.
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For C-II, on a three-item group of closely related problemshad taken place during the first-semester course. This small
(problems #5, #6, and #7fall performance was significantly performance improvement was observed for both algebra-
better(fall, 76%; spring, 64%p<0.001 according to a chi- based and calculus-based courses. It seems that the bulk of
square test In A-ll, a fall-spring difference on the same students’ basic geometrical understanding of vectors was
three-item group was again preséfatl, 49%; spring, 38% brought with them to the beginning of their university phys-
but did not quite rise to the level of statistical significanceics course and was little changed by their experiences in that
(p=0.12), perhaps because of the relatively small sampléourse, at least during the first semester.
size. It seemed clear that, although most students were unable
Although it seems clear that the discrepancy in perfort0 solve two or more of the problems, they did have some
mance between students in the fall- and spring-semester oflegree of basic knowledge which they attempted to apply to
ferings of A-l and C-I is not due to chance—and the samehe problems they missed. For instance, there often were ef-
may be true for the inverse effect observed in A-Il andforts to apply a tip-to-tail rule or a parallelogram addition
C-ll—we do not have data that would allow us to determinefule which were unsuccessful due to imprecise execution.
the cause. Many factors might contribufer example, stu- Frequently, students did not accurately copy the magnitude
dents repeating courses, advanced students preferring “ofnd/or the direction of the vectors they were attempting to
sequence” offerings, etg. but at this point we can only add. Often, they were uncertain as to which “tail” was sup-
Specu|ate on this matter. posed to be in contact with which “tip."
Many students had an intuitive feel for how vectors should
add which, it was clear, was based on their experience with
IV. DISCUSSION forces. Although the word “force” is not used in the quiz,

many students referred to the vectors as “forces” and used

b The Cfonﬁepts probded in this giagnostic are amo(;]g thﬁ mo%namical language to describe their thinking, such as how
asic of all vector ideas. Students are assumed to have g yector was “pulling” the other in a certain direction, or

good understanding of them throughout all but the first week 1\, he “pulls” of two vectors would balance out. In many

or two of the introductory physics curriculum. Although a ;5seg students were able to estimate the approximate direc-
very brief (less than one lectureliscussion related to these q, of 5 resultant without being able to give a correct quan-
concepts is usually provided near the beginning of the firstyiative answer.

semester course, students often are assumed to have beer|\t seemed to us that many of the students’ errors could

exposed to vector ideas either in their mathematics cours rhaps be traced to a single general misunderstanding, that
or in high-school physics, with the further assumption thate ¢ the concept that vectors may be moved in space in
very little review is needed. Th? emphasis of the discussi_o%r’der to combine them as long as their magnitudes and di-
and use of vector concepts in the college-level physiCeciinns are exactly preserved. We suspect that, to some ex-
course is decidedly on the algebraic aspects and is directedy; this misunderstanding results in part from lack of a clear

toward calculational competence. As a consequence, graphiyncent of how to determine operationally a vector's direc-
cal and geometrical interpretations of vector operations may, (through slope, angle, efc.

be somewnhat nfegl:zcted. his hat of the. /\S mentioned in Sec. I, very few reports of students’ vec-
(As a point of reference on this issue, we note that of thqg ngerstanding have been published. We may make direct
seven high-school physics textbooks surveyed in a recenlymparison, however, with the results reported by Kright
study; all but oné” cover vector concepts to some extent, gy yroblem 5 of hisvector Knowledge TesThis problem is
including one- and two-dimensional vector addition pré-yery simijar to problem #5 on our own quiz. Knight found
sented in graphical form. Most of these texts go into considynat 4394 of students in the first-quarter calculus-based
erable detail. No doubt the actual extent of vector coverage, rse at California Polytechnic State University, San Luis
in h|gh-_school physics courses varies very widely throughoubbispo, were able to answer that problem correctly. This
the nation) o . ) statistic may be compared to the 58% correct response rate
We found that a significant proportion of students in ourye gpserved on problem #5 in the first-semester calculus-
sample had serious conceptual confusion related to basje,seq courséc-l) at ISU. Although the difference is statis-
vector concepts represented in graphical form, even thougf, v significant it is not particularly large, and might be
surveys suggest that most of them had previous instruction ig..;unted for by slight differences both in the test problems
vectors.(More than 44% of students in our sample had takern, 4 in the student populations
at least one full semester of university-level mechapics.  apother comparison we ma{y make is to the results re-
Even in the second semester of the calculus-based physiggteq by Kanim on a problem involving net electrical force
course(that is, C-I)—in which students are assumed from o 5 chargé? this problem is similar to our problem #7. He
the very first day to have considerable expertise with VeCtOFeports that 70% of students in a second-semester calculus-
methods—énore than ?ne-quarte(;(;)_f_the class COUIC:C not Cﬁ”l@fased course at the University of lllinois gave a correct re-
out a(’;wo- |men5|o;1ah ve<|:torba bmond Ourrgj‘f\t_a rom thesponse to that question, nearly identical to the 68% correct
second semester of the algebra-based coihst is, A-I)  ra5nonse rate to problem #7 in our second-semester calculus-
suggest that the majority of students in the first semester gf oo courséC-I1). Kanim reports similar results on related

this course(A-1) never successfully mastered this operation., ohlems among students at the University of Washington
This finding should have rather sobering implications for in-5 .4 alsewhere.

structors who assume that, for example, students beginning
study of electric field superposition are competent with vec-
tor addition. V. CONCLUSION
On many of our quiz items, improvements in student per-
formance from first to second semester were small or prac- In previous investigations, Knightand Kanint have
tically nonexistent, indicating that little learning of the ideas documented a variety of serious student difficulties with both
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algebraic and graphical aspects of vector concepts amorgjudents through a series of exercises in which they perform
students in introductory physics courses at several instituvector additions and subtractiofisoth with and without use
tions similar to our own. Their results and ours consistentlyof a grid) may be useful in improving their understanding of
support a conclusion that significant additional instruction orthese ideas.
vectors may be needed if introductory physics students are to Further research will be needed to determine whether cur-
master those concepts. We suspect that most instructoriular materials based on such a strategy are effective in
would be unsatisfied with a situation in which more than halfimproving both students’ performance on assessments such
of the students are still unable, after a full semester of studyas the quiz used in our study, and students’ ability to provide
to carry out two-dimensional vector additioas we found to  explanations of their work with precisioiidescribing a
be the case in the algebra-based course clearly delineated calculational proceduaad accuracyde-

It is clear from our findings that many students have subscribing acorrect calculational proceduje Additional re-
stantial intuitive knowledge of vectors and vector superposisearch(such as that initiated by Oritet al®) is necessary to
tion, obtained to some extent by study of mechanics, and ygirobe students’ understanding of more advanced vector con-
are unable to apply their knowledge in a precise and therezepts such as scalar and vector products.
fore fruitful manner. They seem to lack a clear understanding As a consequence of our findings, we have increased the
of what is meant by vector direction, of how a vector may beamount of instructional time we devote specifically to vector
“moved” so long as its magnitude and direction are strictly concepts. We have developed some instructional matE¥ials
preserved, and of exactly how to carry out such moves byn a format similar to the problems on our diagnostic quiz,
parallel transport. Many students are confused about the tigand continue development and assessment of additional ma-
to-tail and parallelogram addition rules. terials. Our group has carried out a preliminary series of

One way in which vector addition may be introduced isstudent interviews to shed additional light on student under-
through the use of displacement vectors, because students standing of vector concepts. We are also extending our re-
have experiences that could allow understanding of how aearch to assess students’ understanding of more advanced
50-m walk to the east and subsequent 50-m walk to the nortbhoncepts, such as scalar and vector products, coordinate sys-
is equivalent to a 71-m walk to the northeast. Students coultems and rotations, etc. In addition, we are examining Stu-
be guided to determine similar equivalent displacements—eent understanding of vector ideas, specifically in the context
perhaps initially by using a grid—when the component dis-of physics concepts such as superposition of forces and
placements are at arbitrary angles. In order to solidify thefields.
notion of vector addition, it also would be important for stu-
dents to practice applying these methods when no grid OAckNOWLEDGMENTS
other means for quantitative measurement is available. Many
of the responses by students in our stydy particular, to We are grateful for the assistance of Larry Engelhardt,
problem #7 suggest that an ability to solve vector problemsboth for his collaboration in the data analysis and for the
when a grid is available do not always translate to a similainsight he provided based on the student interviews he has
ability in the absence of a grid. Recent interviews carried outecently carried out. This material is based in part upon work
by our group lend support to this observatiéniVe believe  supported by the National Science Foundation under Grant
that curricular materials that guide No. REC-0206683.

APPENDIX: VECTOR CONCEPT QUIZ

Name:

Class: Section:

1. Consider the list below and write doval vectors that have the same magnitudes as each other. For instance if vectors
W andX had the same magnitude, and the vectorg, andA had the same magnitudes as each otbet different fromW
andX) then you should write the followindW|=|X|, |Y|=|Z|=|A|.

A B C D E F G H |
L

Answer
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2. List all the vectors that have the sawlieection as the first vector listedy. If there are none, please explain why.

W

Explain

3. Below are shown vecto@quﬁ. ConsiderR, the vector sunthe “resultant”) of A andB, whereR=A +B. Which of
the four other vectors showiC,D,E,F) has most nearly theame directionasR?

s NN

Answer

4. In the space to the right, dra whereR=A +B. Clearly label it as the vectdR. Explain your work.

F 3
>

\ 4
@

Explain

5. In the figure below there are two vectdksand B. Draw a vectoR that is the sum of the twdj.e., I5=,&+l§). Clearly
label the resultant vector &.
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. 6. In the figure below, a vectdr is shown that is theet resultantof two other vectorA andB (i.e., R=A+B), Vectar
A is given. Find the vectoB that when added té producesR; clearly label itB. DO NOT try to combine or addh andR
directly together! Briefly explain your answer.

A
\ P
\

Explain

7. In the boxes below are two pairs of vectors, pairand pairB. (All arrows have the same lengthConsider the
magnitude of theesultant (the vector summof each pair of vectors. Is the magnitude of the resultant of pderger than,
smaller than or equal tothe magnitudeof the resultant of paiB? Write an explanation justifying this conclusion.

e

Explain

Problem solutions:

1. |Al=[E|=[H|=[1], [D|=|F|=|G|

2. F

3.D

#4 #5 #6
> T t—r e~
7. smaller than.
[
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Student learning of physics concepts: efficacy of verbal and written forms of
expression in comparison to other representational modes*
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Abstract
Physics instruction includes a variety of representational modes including diagrammatic,
mathematical/symbolic, and verbal (oral and written passages employing ordinary language). Instructors
attempt to assess students' understanding by observing their problem-solving performance employing this
variety of representational modes. An important issue that this study investigated is the possible
discrepancies in student learning abilities when using oral and written forms of expression in comparison
to diagrammatic and mathematical forms. Another issue explored is the accuracy of assessment of student
learning via written and oral descriptions of their reasoning, in comparison to their

mathematical/symbolic problem-solving performance.
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I. Introduction

The goal of this investigation is to probe the role played by diverse representational
modes in the learning of physics concepts. We explore the relationship between the form of
representation of concepts in physics, and students’ ability to learn these concepts. We are
attempting to determine the specific learning difficulties that arise as students struggle to master
concepts posed in different representational forms, and we plan to apply our findings to the
development of improved curricular materials and instructional methods. The particular focus of
this paper is to compare student thinking when using a “verbal” form of representation (written
or oral) to the thinking that is manifested with other forms of representation such as
mathematical, diagrammatic, and graphical.

Much previous research has shown that the use of multiple forms of representation in
teaching concepts in physical science has great potential benefits, and yet poses significant
challenges to students and instructors. Facility in the use of more than one representation
deepens a student’s understanding, but specific learning difficulties arise in the use of diverse
representational modes.

By “representational mode” we mean any of the widely diverse forms in which physical
concepts may be understood and communicated. For instance, problems or principles may be
stated in verbal form, using words only, or purely in mathematical form, using equations and
special symbols. As an example of the use of diverse representational modes, consider
Coulomb’s law. In Quiz #11 shown on page 16, we present four different representations of what
is essentially the identical problem. These are posed in four distinct representational modes —
verbal (#1), diagrammatic (#2), mathematical/symbolic (#3), and graphical (#4). Although to the
expert these four problems are nearly identical and merely represent four different aspects of the
same concept, to an introductory student they may appear very different.

What we are concerned with here are (1) common, widespread learning difficulties
encountered by many students, and (2) the relative degree of difficulty of different
representations in a specific context. It is often assumed by instructors that a representation that
they find particularly clear and comprehensible (e.g., a graph) will also be especially clear for the
average student. Research and experience shows that this is often not the case, but relatively little
study has been devoted to this issue.

In the remainder of this paper, some preliminary results of this investigation will be
presented. In Section II, I discuss some of the well-known learning difficulties that are associated
with technical terms in physics that also carry meanings in “ordinary” language that diverge
widely from their physics definitions. In Section III, I describe an example of a related, though
somewhat distinct problem: students’ alternative interpretations of words in ordinary language
that have specific and precise meanings when they are employed in a technical context. In
Section IV, T present results of several different probes of students’ ability to interpret and
respond to physics questions when posed (nearly) simultaneously in a variety of diverse
representational modes.
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I1. Confusion due to technical terms with “everyday” meanings

It is well known that numerous technical terms in physics have everyday meanings that are
very different from their “physics” definitions. The physics concepts represented by these terms
are, in themselves, difficult for most students to grasp. The fact that students are burdened with
alternative meanings and connotations for these words, drawn from their day-to-day experiences,
significantly adds to the difficulty of learning these concepts. A few of the most prominent terms
in this category are these:

force: Although the ordinary meaning of force in the sense of “push” or “pull” is in itself not
misleading from the technical physics standpoint, the vector nature of forces — that is, that each
force is characterized by a precise magnitude and direction — is not always appreciated by
introductory students. Moreover, everyday connotations of force such as “energy” or “power”
can be extremely misleading to students (Williams, 1999), and the mistaken impression that a
force is an entity in itself — rather than an inferaction between two objects — can make it difficult
for students to grasp what is, from the physicist’s standpoint, the most significant characteristic
of the force concept (Touger, 1986, 1991).

power: In everyday language this word is often taken to mean “energy” (or sometimes
“force”), while its precise physics meaning as energy per time is frequently obscured. This
confusion can be particularly troublesome in the context of electricity, where the word power is
confused not only with “energy,” but often with both “current” and “voltage” (see discussion
below.)

current/voltage: Most introductory students make little or no distinction between the
meanings of current and voltage, and often confuse power with both of these two. All three
terms are broadly conceived as connoting a form of electrical “energy,” which may help explain
the extremely widespread student misconception that a battery always supplies the same current
regardless of the specific circuit in which it is placed. The precise physics definitions of current
(charge flow per time), voltage (electric potential difference), and power (energy per unit time)
are among the most difficult to communicate to introductory students (McDermott and Shaffer,
1992; Shaffer and McDermott, 1992).

work: The everyday notion of work as implying “exertion” is an impediment to grasping the
physics definition, in which displacement of an object acted upon by a force is required in order
to qualify for nonzero work. The fact that the work done on an object in a physics sense can be
either positive or negative — depending on whether the object’s kinetic energy is increased or
decreased, respectively — has proven to be a particularly difficult concept to communicate to
introductory students (Loverude, Kautz, and Heron, 2002). In the context of thermodynamics,
difficulty in grasping the distinctions among work, heat and internal energy is a major obstacle
to students’ understanding of the first and second laws of thermodynamics (Loverude, Kautz,
and Heron, 2002; Meltzer, 2001, 2002). In part, this is due to the fact that all three quantities are
measured in the same (energy) units (Meltzer, 2002).

heat: In physics, heat (or “heat transfer”) is a process-dependent variable and represents a
transfer of a certain amount of energy between systems due to their temperature difference.
However, among beginning science students, heat is frequently viewed as an intensive quantity —

3
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that is, as a mass-independent property of an object — and temperature is interpreted as degree of
heat, that is, as a measure of its intensity. Alternatively, heat is often interpreted as a specific
quantity of energy possessed by a body (an extensive quantity), with temperature being the
measure of that quantity (Zemansky, 1970; Kesidou et al., 1995; Greenbowe and Meltzer, 2002).
This confusion is not restricted to the English language, for terms equivalent to seat in other
languages such as Wdrme [German] (Berger and Wiesner, 1997) and chaleur [French]
(Tiberghien and Delacote, 1978) have been associated with similar pedagogical difficulties.
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III.  Confusion due to ambiguous meaning of words used in a technical sense:
Example of word “constant”

There are many instances where certain words — although they are not in a strict sense
technical terms — have a specific interpretation in a technical context that can easily be
misunderstood by the student. For example, in physics it is extremely common to speak of
“constant” values for some variable. This means that some quantitative measure for that variable
has an unchanging magnitude, characterized by a specific number in some unit system. An object
moving in one direction that has a “constant” acceleration is one whose speed changes by the
same amount during each second. Such an object (if its mass does not vary) must be subject to a
net force whose direction and magnitude do not change with time.

Williams (1999) has argued that use of the word “constant” could improve the precision
of a particular statement of Newton’s first law, viz.,

Every body continues in its state of rest or of uniform speed in a straight line
unless it is compelled to change that state by forces acting on it.

Williams states:
Two alternative word choices could improve the precision of this statement:

(1) replacing the adjective “uniform” {consistent in conduct or opinion,
having always the same form, manner, or degree; not varying or variable} by “constant”
{something invariable or unchanging: as a number that has a fixed value in a given
situation or universally...} moves from a word of everyday speech with its
accompanying vagueness to a familiar and more precise word in common use in
mathematics; (Williams, 1999, p. 675)

However, although the word “constant” does indeed have a precise mathematical
meaning, it is not necessarily the case that this meaning is the one that will be imputed to it by
the typical student. This became evident during the course of a lengthy post-instruction interview
with a student in an elementary physics course. This student had just completed a hands-on,
inquiry-based elementary course in which kinematics and Newtonian dynamics were the central
concepts discussed throughout the course.

The student was explaining her answers to a series of questions involving a sled being
pushed along a frictionless, icy surface. A person wearing spiked shoes is pushing the sled. The
first question was,

Which force would keep the sled moving toward the right and speeding up at a
steady rate (constant acceleration)?

Among the answer options were:
The force is toward the right and is of constant strength (magnitude).
The force is toward the right and is increasing in strength (magnitude).
The force is toward the right and is decreasing in strength (magnitude).

[Emphasis in original; first statement is correct]
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I repeated the question and asked the student to explain her answer:

DEM: Suppose she is speeding up at a steady rate with constant acceleration. In
order for that to happen, do you need to apply a force? And if you need to apply
a force, what kind of force: would it be a constant force, increasing force,
decreasing force?

STUDENT: Yes you need to have a force. It can be a constant force, or it could
be an increasing force.

DEM: ... She is speeding up a steady rate with constant acceleration.

STUDENT: Constantly accelerating? Then the force has to be increasing . . .
Wait a minute . . .The force could be constant, and she could still be accelerating.

DEM: Are you saying it could be both?

STUDENT: It could be both, because if the force was increasing she would still
be constantly accelerating.

DEM: What do we mean by constant acceleration?

STUDENT: Constantly increasing speed; a constant change in velocity.

It seems evident that the student is interpreting the meaning of the word “constant” not as
“unchanging,” but rather as “persistent” or “ever-present.” Its precise quantitative connotation
appears to be lost on her.
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IV.  Multiple representations of knowledge: student understanding of “verbal”
representation contrasted with understanding of other forms of representation
(mathematical/symbolic; graphical; pictorial/diagrammatic)

A. “Ordinary Language” vs. Graphical Representation

A major focus of our recent work has been to explore the question of whether students’ ability to learn
specific physics concepts may be greater when using one form of representation, rather than another. The
origin of our interest in this question was the inquiry-based elementary physics course referred to above.
After the introduction of microcomputer-based laboratory tools, we found that students’ ability to give
correct responses to questions involving Newtonian dynamics posed in graphical form seemed to have
significantly increased. However, when the questions were posed in the form of “ordinary” language, no
corresponding improvement was evident (Meltzer ef al., 1997).

Evidence for this discrepancy was provided by students’ responses to questions drawn from the
“Force and Motion Conceptual Evaluation” (Thornton and Sokoloff, 1998). A set of nearly identical
questions related to Newton’s second law are given first in ordinary language in the form of the “Force
Sled” questions (see next page), and later in the form of “Force Graph” questions (following page). The
only significant difference between the questions is that the first set is posed in verbal representation,
while the second uses a graphical representation. Students enrolled in this physics course had literally
dozens of hours of practice, both in class and on homework assignments, with very similar questions
posed in both formats.

These question sets were administered post-instruction in two separate offerings of this course. A total
of 18 students responded to the questions. The results are shown in the table below:

Correct Responses, Post-instruction (N = 18)

Force Graph questions 56%
Force Sled questions (#1-4) 28%

In view of the great similarity of the question sets, such a large difference in correct response rates —
consistent over two separate course offerings — was surprising. (A test for comparison of binomial
proportions yields p = 0.09, marginally significant, but probably reflective of the relatively low sample
size.)
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A sled on ice moves in the ways described in questions 1-4 below. Friction is so small that it can be
ignored. A person wearing spiked shoes standing on the ice can apply a force to the sled and push it
along the ice. Choose the one force (A through G) which would keep the sled moving as described in
each statement below.

You may use a choice more than once or not at all but choose only one answer for each blank. If you
think that none is correct, answer choice J.

A. The force is toward the right and is

increasing in strength (magnitude).
Direction of Force

- B. The force is toward the right and is of
constant strength (magnitude).
. S C. The force is toward the right and is

decreasing in strength (magnitude).

I\ / D. No applied force is needed

E. The force is toward the left and is
decreasing in strength (magnitude).

F. The force 1s toward the left and is of
/ constant strength (magnitude).

G. The force is toward the left and is
increasing in strength (magnitude).

Direction of Force

.

1. Which force would keep the sled moving toward the right and speeding up at a steady rate
(constant acceleration)?

2. Which force would keep the sled moving toward the right at a steady (constant) velocity?

3. The sled is moving toward the right. Which force would slow it down at a steady rate
(constant acceleration)?

4. Which force would keep the sled moving toward the left and speeding up at a steady
rate (constant acceleration)?

“Force Sled” Questions from the Force and Motion Conceptual Evaluation
(Thornton and Sokoloff, 1998).
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Questions 14-21 refer to a toy car which @ +
can move to the right or left along a
horizontal line (the positive part of the

distance axis). C’:\\U|

0 + 4
Assume that friction is so small that it
can be ignored.

A force is applied to the car. Choose the
_one force graph ( A through H ) for each
statement below which could allow the
described motion of the car to continue.
You may use a choice more than once
or not at all. If you think that none is

correct, answer choice J

Time

o o = o

Time

o o = o

Time

o o = o

__14. The car moves toward the right .
(away from the origin) with a @
steady (constant) velocity.

__15. The car is at rest. Time

o o = O

__16. The car moves toward the right
and is speeding up at a steady rate N
(constant acceleration). @

__17. The car moves toward the left
(toward the origin) with a steady
(constant) velocity.

Time

o o = o

_18. The car moves toward the right
and is slowing down at a steady rate @
(constant acceleration).

_19. The car moves toward the left and Time

is speeding up at a steady rate
(constant acceleration).

_20. The car moves toward the right, ©
speeds up and then slows down.

o o = o
+

Time

o o = O M

__21. The car was pushed toward the
right and then released. Which -
graph describes the force after @
the car is released.

Time

o o = o M

@ None of these graphs is correct.

“Force Graph” Questions from the Force and Motion Conceptual Evaluation (Thornton
and Sokoloff, 1998).
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In post-instruction interviews with one of the students in this course (the same student quoted
earlier in this paper), it became evident that the student did not necessarily make a connection
between the methods she had learned to analyze dynamical questions by using graphical
representations, and the intuitive methods she was accustomed to using in order to make
decisions about what happens in everyday life. In the interview segment below, the student is
asked to explain the answers she had written down when responding to the Force Sled questions
shown above.

DEM: | need you to explain #3 [Force Sled Question #3]. ["The sled is moving to the
right. Which force would slow it down at a steady rate (constant acceleration)?"]

STUDENT: [reads answer she chose] "The force is toward the left and is
decreasing in strength.” . . . | was picturing the sled, and | was thinking that it would
take less force once it started slowing down . . . | don't know . ..

You want it to slow down at a steady rate. So since it's moving towards me and | want
it to slow down, I'm actually going to have to go with it . . . and | guess | would increase
my force to slow it down, not decrease it. | don't know . . .

DEM: Does the fact that it says "constant acceleration," does that help you to figure
this out?

STUDENT: Only in so far as if the acceleration is constant, then the slope is zero . . .
DEM: The slope of what?
STUDENT: The slope of the acceleration, and so the slope of the force is going to be

zero: they mirror each other. The force is going to be constant. [Draws graph to explain
her reasoning.] When I think of constant acceleration, | think of this [horizontal line].

+

DEM: Now, on this one we’ve gone all the way around. At first you said less force was
needed once it started slowing down, then you said maybe you have to increase the
force. And now you're saying, “constant force.”

STUDENT: Well, according to what | know, or what | think | know about graphs, | would
say that the force had to remain constant because the acceleration is constant.

According to the visual image | have in my head, if a skater was coming towards me
and | wanted to slow her down at a steady rate, | don’t think that my force would be
constant. | don’t know why | don’t think that, | just think it would take less force towards
the end.

10
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The student has apparently learned a particular algorithmic procedure for interpreting the
meaning of “constant” acceleration and for relating those words to the correct response to a force
question when expressed in graphical form. (That is, she says: “When [ think of constant
acceleration, I think of this [horizontal line],” and she also knows that the slope of the force and
the slope of the acceleration must be the same because “they mirror each other.”) However, it
seems evident that she has not been able to make a connection between the understanding of the
graphical representation of this physical situation, and her intuitive understanding of the way
things actually work in the real world. Because of that lack of full understanding of the concept
of Newton’s second law, when a question about an object undergoing constant acceleration was
posed to her in natural language form (that is, the Force Sled questions), she responded with an
incorrect answer, rather than make use of the correct analysis she offered when analyzing the
situation from a graphical perspective.

B. “Matched Sets”: Similar test items posed in different representational modes

In other work, we have posed similar “matched sets” of questions to students in which
other physics concepts were targeted. For example, in a question related to Newton’s third law
and his law of Universal Gravitation, a quiz containing the following two questions has been
given over the past seven years, pre-instruction, to students taking the second semester of an
algebra-based introductory physics course. (These students had all spent one full semester or
more studying Newtonian mechanics, including the law of gravitation.)

#1. The mass of the sun is about 3 x 10’ times the mass of the earth. How does the magnitude of the gravitational force
exerted by the sun on the earth compare with the magnitude of the gravitational force exerted by the earth on the sun?
The force exerted by the sun on the earth is:

. about 9 x 10" times larger
about 3 x 10° times larger
exactly the same

. about 3 x 10’ times smaller
about 9 x 10'° times smaller

Mo Ow R

#8. Which of these diagrams most closely represents the gravitational forces that the earth and moon exert on each other?
(Note: The mass of the earth is about 80 times larger than that of the moon.)

A<:> > <« C @_>4_@
B@—><—@ D @—» M-—»

11
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According to Newton’s third law, the answer to both questions is that the mutual forces
exerted by the interacting objects (sun and earth in Question #1, earth and moon in Question #8)
are equal in magnitude. Therefore, the answer to both questions is “C.”

These questions were both very difficult for the students, even though they all had
studied the relevant concepts in their previous physics courses. In the table below, results are

shown for four separate offerings of this course.

Question #1
1998 1999 2001 2002
response

A 13% 10% 8% 16%

B 68% 73% 62% 67%

C 14% 10% 23% 13%

D 5% 6% 6% 3%

E 0% 0% 0% 0%

n 79 96 77 75

Question #8
1998 1999 2001 2002
response

A 38% 47% 34% 47%
B 53% 45% 55% 43%
C 6% 6% 12% 7%
D 0% 0% 0% 3%
E 1% 0% 0% 0%
F 0% 2% 0% 1%
n 79 96 77 75
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Although the rate of correct responses is consistently low, the ratio of correct responses on Question #8
to those on Question #1 is remarkably consistent from year to year:

1998 1999 2001 2002

correct responses on #3 0.43 0.60 0.50 0.50

correct responses on #l1

This certainly suggests that students had more difficulty, for whatever reason, with the question posed in
diagrammatic form in comparison to the one posed in verbal form.

As a consistency check, Question #8 along with a question very similar to Question #1 have also been
administered post-instruction in the same course. Although correct response rates were dramatically higher on
both items, and most of the discrepancy was thereby erased, a small difference persisted. In 2002, the correct
post-instruction response rate on Question #1 was 93%, while that on Question #8 was 86%.

Similar matched sets of test items have been administered for other physics concepts. Here I present data
for one such set: Quiz #11 (see page 16), which relates to Coulomb’s law of electrical force. (Correct Answers:
#1, A; #2: A; #3,E; #4,E.)

It is extremely difficult to prepare such matched question sets so that each question on a set is fully
equivalent to the others; some differences always exist with respect to some details of the information
presented. (For example, a vector diagram inevitably makes available the directions of interaction forces;
however, including such information in verbal or mathematical form, while possible, is much more
cumbersome and would tend to unnecessarily obscure the main idea of the question.) Nonetheless, the four
items on the question set shown here are substantially equivalent, and the four representations utilized (verbal,
diagrammatic, mathematical/symbolic, and graphical) had all been extensively practiced by the students on
quizzes, exams, and homework questions.

An extra-credit option on each test item allows students to increase their score if their response on that
particular item is correct. Writing a “3” on the indicated line would increase the item score from 2.5 points for a
correct response to 3.0 points. However, selecting this option and providing an incorrect response would result
in a score of —1.0 for that item, rather than the 0.0 score that would otherwise be earned.

13
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Results for several differing course offerings are shown in the table below. (Numbers
shown are fractions of overall responses in each category; “low-conf correct” means “fraction of
students who provided correct answer but indicated lower confidence by failure to select extra-
credit option.”)

The results show that correct response rates for items #1, #2, and #3 were nearly the
same, while that for #4 — the graphical representation — was somewhat lower, perhaps due to the
relatively unfamiliarity of that representation in the context of this particular question. It is also
striking that the proportion of low-confidence correct responses was lower on the question posed
in verbal representation than on the other three items, in each of the four years for which results
have been analyzed. The overall rate of “low-confidence correct” responses was 15% on the
verbal representation, compared to 22% on the other three items. This is certainly not a large
discrepancy — it is only marginally statistically significant, if at all — but the fact that it was
observed consistently is nonetheless remarkable and worthy of further study.

#1 low-conf #2 low-conf #3 low-conf #4 low-conf
QUIZ #11 N #1 incorrect correct #2 incorrect correct #3 incorrect correct #4 incorrect correct
1998 71 0.04 0.06 0.07 0.15 0.10 0.16 0.14 0.16
1999 91 0.11 0.12 0.15 0.17 0.18 0.15 0.21 0.15
2000 79 0.14 0.22 0.11 0.26 0.10 0.25 0.11 0.30
2001 75 0.12 0.21 0.15 0.31 0.13 0.35 0.23 0.28
MEAN 0.10 0.15 0.12 0.22 0.13 0.23 0.17 0.22

14
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Conclusion

There is little doubt that the form of representation of physics concepts may have an
influence on the ways in which students learn and understand those concepts. Certain
representations may pose particular learning difficulties — or, on the other hand, might be
particularly fruitful — in the context of particular subject areas. It may also be the case that certain
students are relatively more or less successful with particular forms of representations, and it might
turn out that the relative utility of different representations varies significantly from one concept to
another. The preliminary results presented in this paper suggest that these questions merit
substantial addition scrutiny, and our group is continuing to investigate these issues.
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Physics 112
Quiz #11
October 6, 2000

Name:

IF YOU WANT A QUESTION GRADED OUT OF THREE POINTS (-1 [MINUS ONE] FOR WRONG

moQwp

N

98]

>

mo 0w

ANSWER!!) WRITE “3” IN SPACE PROVIDED ON EACH QUESTION.

When two identical, isolated charges are separated by two centimeters, the magnitude of the force
exerted by each charge on the other is eight newtons. If the charges are moved to a separation of eight
centimeters, what will be the magnitude of that force now?

one-half of a newton

two newtons

eight newtons

thirty-two newtons

one hundred twenty—eight newtons Grade out afthree? Write “3” here:

Figure #1 shows two identical, isolated charges separated by a certain distance. The arrows indicate the
forces exerted by each charge on the other. The same charges are shown in Figure #2. Which diagram
in Figure #2 would be correct?

)

7

\

#1 [B]
[€]

« L

\ 4

(D]

A
\ 4

(E]

A
Y

'
Y

moaQwp

Grade out of three? Write “3” here:

Isolated charges ¢; and g are separated by distance r, and each exerts force /" on the other. ¢ el =
q[ﬁnal and qzmmal _ qzﬁnal; rmmal — 107’}’1, rﬁnal =2m. Flmtlal — ZSN, Fﬁnal =9

IN

5N

25N

125 N Grade out of three? Write “3” here:

625N

Graph #1 refers to the initial and final separation between two identical, isolated charges. Graph #2
refers to the initial and final forces exerted by each charge on the other. Which bar is correct?

Grade out of three? Write “3” here:

#2 Final

f 8

3 #1

Initial

Final

Separation (m)

Force on each charge (N)

Initial Final

2
I Final ~ Final I
| m B
0 16

(A) ®  © (D) (B)
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Visualization Tool for 3-D
Relationships and the
Right-Hand Rule

Ngoc-Loan Nguyen and David E. Meltzer, 1owa sate University, Ames, 1A

he need to develop an understanding of spatial

relationships in three dimensions is one of the

major challenges faced by introductory physics
students. It arises, for example, when grappling with
three-dimensional coordinate systems and with the
vector (“cross”) product, when dealing with the con-
cepts of torque and angular momentum, and perhaps
most prominently when studying relationships involv-
ing magnetic fields and forces. A variety of so-called
“right-hand rules” are important and widely used tools
for working with such concepts. In this paper we de-
scribe a simple and inexpensive visualization tool that
may be used to help learn and work with these impor-
tant rules.

Greenslade! has described the evolution of the
modern right-hand rule from a number of mnemonic
devices that originated shortly after Oersted’s discov-
ery in 1820 of the force exerted on a compass needle
by a current-carrying wire. Various physical models
made of cardboard, wires, and other materials were
constructed, and an assortment of visualization “rules”
were developed and popularized in early textbooks.
The right-hand rule in its more modern form began
to appear in textbooks quite commonly beginning
around 1900.

Although the right-hand rule is an important mne-
monic technique, physics instructors are well aware of
the difficulties accompanying its use. It is not unusual
to watch students attempting to apply the right-hand
rule become so fixated in their hand manipulation that
they actually switch or forget which finger (or hand
orientation) they initially had associated with a par-

THE PHYSICS TEACHER & Vol. 43, March 2005
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Fig. 1. Copy masters for the Current-Magnetic Field-Force
["I-B-F"] card and the Cartesian-axes card. These may be
enlarged and copied directly onto card stock. Although
different colors are used here to distinguish /, B, and F,
monochrome cards are completely satisfactory.

Fig. 2. The angle of the fold in the I-B-F card can vary
between 0° and 180°.
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Fig. 3. Use of the Cartesian-axes card.

0 < 180° |
0

Fig. 4. The angle between the | and B vectors must be
less than 180°.

Fig. 5. The fold in the Cartesian-axes card should form a
90° angle.

ticular axis or physical quantity.? Another pitfall is that
students attempting to apply the right-hand rule may
choose an initial orientation that makes it difficult to
move their body so as to obtain proper alignment of
their hand and fingers with the corresponding physical
entity.

Pedagogical tools to assist students in learning vec-
tor relationships have been described in the literature.

156

Rather bulky physical models that represent three-
dimensional vector relations have been described by
Francis,? and Wunderlich et al.4 have discussed a
similar model to demonstrate Cartesian- and polar-
coordinate systems. Some early devices developed to
help with magnetic-field problems are discussed in the
article by Greenslade.! Van Domelen> has recently de-
scribed a device specifically designed to assist students
with the right-hand rule. This consists of a transparent
rectangular box constructed of plastic, inside of which
are set three colored arrows oriented in three fixed,
perpendicular directions.

For some years we have been using a simple device
that is very quick and easy to construct and is very
inexpensive, and yet has proved quite helpful to stu-
dents in working with the right-hand rule. It consists
of an ordinary 3-x-5-in index card, folded in half
along its short axis, on which arrows are drawn to rep-
resent three perpendicular directions in space. These
arrows may represent, for instance, x, y, and z coordi-
nate axes, directions of current (/), magnetic field (B)
and magnetic force (F), etc. One might also design a
card on which the three arrows are simply labeled A,
B, and C to illustrate the vector product Ax B = C. In
the simplest version of this device, one simply folds
a blank card in half, draws one arrow along the fold,
then draws a double-ended arrow along the long axis
of the card intersecting the first arrow, labeling each
arrowhead appropriately. A rather professional-look-
ing version can be generated by copying and enlarging
the accompanying figures (Fig. 1) and printing them
out on card stock. The photographs (Figs. 2 and 3)
illustrate the use of these cards.

Two black dots are placed on the cards to assist
students in orienting the axes. For the Current-Mag-
netic Field-Force [“/-B-F”] card, the angle formed by
lines connecting the dots to the centerfold should be
smaller than 180° (see Fig. 4). For the Cartesian-axes
card, the fold in the card should form a 90° angle at all
times (Fig. 5). The cards can easily be flattened again
to be stored inside a pocket of the student’s notebook.

The I-B-F card is used to find the direction of the
magnetic force on a current-carrying conductor in a
magnetic field.® First the student can orient the cur-
rent arrow / in the direction that the current flows.
Then the entire card should be rotated and the fold-

angle adjusted, with the current arrow staying fixed

THE PHYSICS TEACHER & Vol. 43, March 2005



in orientation, until the magnetic-field arrow B is
pointing along the direction of the external magnetic
field. The force arrow F then shows the direction of
the magnetic force, so long as the card doesn’t become
“bent backwards” and the dots are connected by an
arc smaller than 180°. (If the angle exceeds 180°, the
actual direction of the force will of course be opposite
to the direction of the F arrow.)

The Cartesian-axes card can be set down ahead of
time or rotated as needed in order to help the student
remember the relative spatial orientation of x, y, and 2
axes, as well as distinguishing between the +x and —x
directions. It can also help clarify the meaning of “x-y
plane,” “x-z plane,” etc.

In the classroom environment, use of these cards
has proved popular among most students. (We also
allow their use on quizzes and exams.) We have found
that the cards are most helpful when used in conjunc-
tion with other standard right-hand rule techniques.
Typically, students are first asked to solve the problem
utilizing the cards, and then asked to try and replicate
the result with one of the standard right-hand rule
mnemonics using fingers and hands. It is also useful to
ask students to relate the reversal of the force direction
that can occur when using the /-B-F card to the nega-
tive sign resulting from an angle greater than 180°
between the current and magnetic-field vectors when
using the equation F'= /LB sin .

It is easy to come up with other possible uses of a
folded index card to illustrate three-dimensional spa-
tial relationships. Indeed, one might assign students
the exercise of devising their own methods for illus-
trating such relationships with the use of the cards.
We are exploring the possibility that other simple low-
tech devices—perhaps somewhat more elaborate than
a folded index card!—can assist students in learning
physics principles in which three-dimensional vector
concepts and spatial reasoning are involved.
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Relation between students’ problem-solving performance
and representational format
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An analysis is presented of data on students’ problem-solving performance on similar problems
posed in diverse representations. Five years of classroom data on 400 students collected in a
second-semester algebra-based general physics course are presented. Two very similar Newton’s
third-law questions, one posed in a verbal representation and one in a diagrammatic representation
using vector diagrams, were given to students at the beginning of the course. The proportion of
correct responses on the verbal question was consistently higher than on the diagrammatic question,
and the pattern of incorrect responses on the two questions also differed consistently. Two additional
four-question quizzes were given to students during the semester; each quiz had four very similar
questions posed in the four representations: verbal, diagrammatic, mathematical/symbolic, and
graphical. In general, the error rates for the four representations were very similar, but there was
substantial evidence that females had a slightly higher error rate on the graphical questions relative
to the other representations, whereas the evidence for male students was more ambiguous. There
also was evidence that females had higher error rates on circuit-diagram problems in comparison
with males, although both males and females had received identical instructi@nosGmerican
Association of Physics Teachers.

[DOI: 10.1119/1.1862636

[. INTRODUCTION be related to student thinking, and | will analyze classroom
data to generate some preliminary hypotheses regarding this

This paper reports on the initial phase of an investigatiorielation.
into the role of diverse representations in the learning of
physics concepts. The goal is to explore the relation betweett. THE ROLE OF MULTIPLE REPRESENTATIONS
the form of representation of complex concepts, and stulN STUDENT LEARNING OF PHYSICS
dents’ ability to learn these concepts_,. Much previous re- qutline of previous research
search has shown that the use of multiple forms of represen-
tation in teaching concepts in physics has great potential There is no purely abstract understanding of a physical
benefit, and yet poses significant challenges to students a§@ncept—it is always expressed in some form of representa-
instructors2 Facility in the use of more than one represen-t'on' Physical scientists employ a variety of representations

tation deepens a student’s understanding, but specific learfi> @ Means for und_erstandmg and working with phy3|_cal Sys-
tems and processés’ In many recently developed curricular

L?Ognsgﬁflcultles arise in the use of diverse representa-materials in _physici'sz'lo‘16at_nd chemistry? there has begn
: . . . much attention to presenting concepts with a diversity of
_ By representation | mean any of the widely diverse formsigpresentations. Van Heuvelen was one of the earliest to em-
in which physical concepts may be understood and commyspasize the potential benefits of this instructional strategy in
nicated. In Appendix A | show an example of the use of fourphysics! Numerous physics educators have stressed the im-
representations for what is essentially the same problem. Theortance of students developing an ability to translate among
representations are referred to here as ver fliagram-  different forms of representation of concepfs:®~??and re-
matic (D), mathematical/symbolic\), and graphical @), ~ Searchers in other fields have stressed similar théfmes.
corresponding to questions 1-4, respectiVeljithough ~ Moreover, it has been pointed out that thorough understand-
these questions are nearly identical and illustrate four differind Of & particular concept magquire an ability to recog-
ent ways of representing the same concept, to an introdud!'2€ and _m%rsnpulate that concept in a variety of
tory student they might appear very different. It often is as_representaﬂon :

. : : : It is well established that specific learning difficulties ma
sumed by instructors that a representation which they fln(Ei;\rise with instructional use og diverse reprgesentatr‘bﬁw- g

especially clear and comprehensilifer example, a graph  gent difficulties in mastering physics concepts using graphi-
also will be especially clear for the average student. Researcty| representations have been studied in considerable detalil
and experience shows that this assumption often is naojnd specificity for topics in kinemati¢&22~3°These studies
correct® but relatively little work has been devoted to testing and other related work in mathematics educafidrave de-

it systematically. In this paper | will discuss a variety of lineated several broad categories of conceptual difficulties
methods of investigating how specific representations mawith graphs. Conceptual difficulties related to diagrammatic
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representations of electric circuits and fields have beemust be kept in mind that they are not identical, and that the
addressed® as have those in optics. Difficulties arising  connection between the two in the context of multiple repre-
from linguistic ambiguitiegverbal representatigralso have  sentations must be explicitly investigated.
been explored* Specific representational difficulties in
chemistry education, largely parallel to similar issues in
physics education, also have been investigatef. lll. COMPARISON OF STUDENT PERFORMANCE:

VERBAL VERSUS DIAGRAMMATIC VERSION

OF NEWTON'’S THIRD-LAW QUESTION

B. Research issues related to multiple representations
) o ) ) ] A. Description of questions
Beyond the investigations in the literature cited, there are

few available research results that focus on problems that Two very similar questions related to Newton’s third law
arise in the learning of physics concepts with multiple formsWere used to probe possible differences in students’ interpre-
of representation. As McDermott has emphasized, there is t&tion of and performance on questions posed in different
need to identify the specific difficulties students have withfepresentational formats. The two questions are shown in
various representatioris! suggest that additional insight Fig. 1(@); they were part of an 11-item quiz on gravitation,
might result from investigations that explicity compare @and they are numbered here according to their position on
learning in more than one form of representation. Although ghe original quiz. Question 1 is posed in a verbd) (epre-
number of recent investigations in science education andentation. Question 8 is posed in a diagrammdiiy (epre-
other fields have focused on broader issues involved in stusentation, making use of vector diagrams.
dent learning with diverse representatidhé®there seemsto  The quiz containing these questions was administered on
have been relatively little effort to compare representationshe second day of class in a second-semester, algebra-based
in terms of their pedagogical effectiveness in particulargeneral physics course at lowa State University. This quiz
contexts>® was administered in courses offered during five consecutive
A closely related issue is that of students’ relative perfor-years, 1998—-2002, during the fall semester. All students had
mance on similar Problems that make use of different repreeompleted the equivalent of a one-semester course focusing
sentational form&-262%4%41n this regard, Koznf® and  on mechanics, and had previous instruction related to New-
Kozma and Russéfl have reported on the relative degree ofton’s laws with vector representations. Most took a tradi-
difficulty encountered by novice students presented with dional first-semester course.
chemistry problem posed in various representations. Among The quiz did not count for a grade; students were told that
physics and chemistry educators, there has been speculatidiwas given to help assess their level of preparation on topics
regarding the role that students’ individual learning stylesthat would be needed in subsequent class discussions. | will
might pleé}sf,43 and the possible relevance of genderrefer to this quiz as the gravitation pretest, because a second
difference$>*° and spatial ability* version of the same quiz was administered to the students
The present investigation focuses on specific issues arisingfter instruction had taken place.
when multiple representations are utilized in undergraduate
physics instruction. Ultimately, the issues we plan to inves-
tigate include the following: B. Results

(1) What subject-specific learning difficulties can be identi- The responses to the gravitation pretest are shown in Table
fied with various forms of representation of particular I.*> Responses varied from year to year, with the percentage
concepts in the introductory physics curriculum? of correct responses ranging from 10% to 23% on question 1

(2) What generalizations might be possible regarding thdoverall average: 16% corredi=408) and 6% to 12% on
relative degree of difficulty of various representations inquestion 8overall average: 9% corrgctThis low proportion
learning particular concepts? That is, given an averagef correct responses to a Newton’s third-law question is con-
class engaging in a typical sequence of instructional acsistent with previous research on traditional courses regard-
tivities, do some forms of commonly used representaing students’ belief that unequal masses in an interacting pair
tions engender a disproportionately large number ofexert forces of unequal magnitude. It is related to a general
learning difficulties? view referred to as the “dominance principlé® There are

(3) Do individual students perform consistently well or two interesting and consistent discrepancies between the re-
poorly with particular forms of representation with sponses to the two questions: the significantly lower correct-
widely varying types of subject matter? response rate on the diagrammatic questwn0.03 accord-

(4) Are there any consistent correlations between student$hg to a two-samplé-tes), and the far greater popularity on
relative performance on questions posed in different repthis question of a response that could be interpreted as a
resentations and parameters such as major, gender, agirger mass exerts a smaller force” conceptigasponse A
and learning style? on question 8, responses D and E on questijpon 1

The first row of Table Il shows the ratio of the number of
Preliminary results regarding these issues will be pre<correct responses on question 8 to that on question 1. It is
sented in this paper. The analysis and discussion are based particularly striking that although the proportion of correct
five years of classroom data, generated during the initiatesponsegresponse C on both questignaried substantially
stages of an investigation into these issues. Ultimately, oufrom year to year, the ratio of correct responses on one ques-
goal is to investigate the relative effectiveness of variougion relative to the other in a particular year is nearly con-

representations in learning; however, the initial data disstant. The range is 0.45—0.6e overall average is 0.53

cussed in this paper will focus on student performance. Al33% variation that contrasts with the more than 200% year-

though these objectives are presumably closely related, tb-year variation in the correct-response rate itself. These
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(a)

#1. The mass of the sun is about 3 x 10 times the mass of the earth. How does the magnitude of the gravitational force
exerted by the sun on the earth compare with the magnitude of the gravitational force exerted by the earth on the
sun? The force exerted by the sun on the earth is:

. about 9 x 10'° times larger

. about 3 x 10° times larger

. exactly the same

. about 3 x 10° times smaller

about 9 x 10'° times smaller

Mo Ow»

#8. Which of these diagrams most closely represents the gravitational forces that the earth and moon exert on each
other? (Note: The mass of the earth is about 80 times larger than that of the moon.)

8 Qe ® | ° O @ @ —O

(b)

#1. A 5-kg lead sphere is hanging 12 m from a 500-kg lead sphere. How does the gravitational force exerted by the 5-
kg sphere on the 500-kg sphere compare with the magnitude of the gravitational force exerted by the 500-kg
sphere on the 5-kg sphere? The forced exerted by the 5-kg sphere on the 500-kg sphere is:

A. 100 times larger
B. 10 times larger
C. exactly the same
D. 10 times smaller
E. 100 times smaller

Fig. 1. Questions on the gravitation qui@) gravitation pretest questions (Yerbal representatiorand 8 (diagrammatic representatipn(b) gravitation
posttest question 1. The posttest version of question 8 was unchanged from the pretest.

questions also were given ondé&é spring 2000 in the  havior of the majority who had answered the question

second-semester calculus-based general physics course. fdcorrectly. Of all incorrect responses on tBe question,
though the correct-response rate was far higher on both quesgso, were A and 53% were B.

tions in this coursé62% onV, 38% onD), the ratio of the A posttest version of the gravitation quiz was administered
correct responses dd compared tdv was consistent with  approximately one week after the pretest. The posttest ver-
the results from the algebra-based couisee the final col-  sion of question 1 is shown in Fig.(d); question 8 was
umn of Table ). unchanged from the pretest. The posttest was a graded quiz.

The proportion of students giving the response correThe instruction that occurred between the pre- and posttests
sponding to “larger mass exerts a smaller for¢egsponse was based on interactive-engagement metlfodad was
A) on theD question also is consistently far higher than onused to lead in to a discussion of electrical forces and fields.
the V question, as shown by the second row in Table Il. The overall error rate on the posttébl=400 dropped to
Overall, this response accounted for only 5% of all response6% onV (range: 5%—8% but only to 20% onD (range:
to theV question, but 41% of those to tilequestion. On the 14%-25%. Even after substantial improvement in the over-
gravitation pretest, those who correctly answered C onvthe all correct-response rate, the significantly higher error rate on
question were divided on their responses to Ehguestion:  the D question persisted. Again, the errors on Iheversion
41% answered it correctlfresponse § but nearly all others  of the question were split between the “larger mass exerts a
gave either response(farger mass exerts a smaller foree ~ smaller force” response A25% of incorrect responseand
B (larger mass exerts a larger foycén almost equal num- the more popular “larger mass exerts a larger force” re-
bers. This equally divided response pattern paralleled the beponse B75% of incorrect responsed his preference for B
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Table 1. Responses to questions 1 and 8 on the gravitation pretest. Feent with a belief that the larger-magnitude charge exerts the
question 1, “larger” refers to responses A and B, “the same” refers to greater-magnitude force, including 80% of the explanations
response C, and “smaller” refers to responses D and E. An asté?bsk_ iven by those who had chosen response A for this question,
denotes the correct answer. The rat(_e of correct responses ﬂuctue_ltes sign jat is, the diagram consistent with the smaller force being
cantly from year to year, but the ratio of correct respor@@squestion 1 .
versus question)dis nearly constant. e_xerted by the Iarggr cha}rge. An example of an explanation

given to justify choice A is that Opposite charges attract.

1998 1999 2000 2001 2002 Since q is the greater charge it will exert a greater force

This explanation is consistent with the hypothesis that the
large proportion of responses observed for the A option
1. force by the sun is (smaller mass exerts a larger foroen question 8 of the
gravitation quiz was due to students’ confusion about
whether the arrow in such diagrams represents the force ex-
*the same [C] 14% 10% 20% 23%  14% ertedon or the force exertethy the object.

There also were several students who gave a correct re-
sponse on th¥ question, but an incorrect response onthe
question, and whose explanations were consistent with the
dominance principle. This pattern is consistent with the ob-
G+ «—6 [B] 54%  45%  45%  55%  43% servation that almost 60% of those who gave the correct

response to th& question on the gravitation pretest from
1998 to 2002 did not correctly answer tBe question, but

N 78 96 83 77 74

larger [A or B] 81% 8% T6% 0% 84%

smaller [D or E] 5% 6% 4% 6% 3%

8. earthimoon force

O><+0© 6% 6% 2% 12% 7% instead gave an A or B response consistent either with the
dominance principle or its opposite.
GO— <@ (Al 38%  47%  41%  34%  46% In 2002, 64% of the students who made errors on either

the gravitation posttest or the final exam questions made
representation-related errors on one or the other, but not on
other 1% 2% 2% 0% 4% both tests. A representation-related error refers either to a
correct answer on only one of the twb (andV) questions
contrasted with the much more even split observed on the, the pair, or incorrect but inconsistent answers on both
pretest:’ A large majority (81%) of the incorrect responses questions, such as B on 1 and A on 8. This observation is
on theV posttest question were for response E, correspondeonsistent with results regarding the consistency of students’
ing to the smaller mass exerting the smaller force. Thereforaesponses, as will be discussed further in Sec. IV.
among students who responded incorrectly, the preference
for a response consistent with the dominance principle

(larger mass exerts a larger foyogas unchanged from the IV. MULTI-REPRESENTATIONAL QUIZZES:

pretest.
In 2002, a pair of questions nearly identical to questions {COMPARISON OF RESPONSES ON DIVERSE

and 8 in Fig. 1 was placed on the final exam of the courseREPRESENTATIONS
(see Fig. 2 These questiofi® changed the context to elec-

trostatics, one of the major topics covered in the course. Ot&
the D question, students were required to explain their an-
swer. The error rate on these questions was 9%/aand Two additional quizzes were designed to incorporate ques-
14% onD (N=70). Again the errors o® were split almost tions posed in the four representations described in the Intro-
evenly between responses A and B. Most of the written exduction.(Note that in this context, “graphical” refers to bar

planations for these incorrect responses were clearly consisharts and not to line graphs.
The first quiz(Appendix A, Coulomb quigrequired stu-

dents to find the magnitude of the electrostatic force between
Table Il. Comparison of responses on gravitation pretest: diagramniiatic ( two interacting charges, given the initial force and the initial
question 8 versus verbal {, question 1 First row: ratio of number of  and final separation distances. This quiz was administered
correct(C) responses o to number of correc(C) responses o¥; fluc- midsemester and counted toward students’ grades. The sec-
tuations are in a relatively narrow range. Second row: ratio of humber Ofond quiz(Appendix B, circuits quiZinvoIved a comparison
rZZ“"’:)“rfsr;ga;w@r)a:ﬁ)sspc;?se;:’3} torgzgf’%:; ;:‘ea”i‘fr: t:“"l‘: (Daa::ngstemof two different two-resistor direct-current circuits, one se-

P o g > MPYINg ries and one parallel. The two circuits utilize batteries of the
response discrepancy. Data for algebra-based second-semester general prgs- P . .
ics course(1998-2002 are shown. The final column shows data for a ame VOItage’ but the individual r<_95|stances are different.
calculus-based second-semester general physics asprig 2000, which ~ Students were required to determine whether the current
are in good agreement with those for the algebra-based course. through a specified resistor in the parallel circuit is greater
than, equal to, or less than the current flowing through a
Calculus-based  specified resistor in the series circuit. This quiz also was
course(2000 administered midsemester, during 1998—-2002.

. Background

Ratio of 1998 1999 2000 2001 2002 N=240 The intention was to make the four questions on each quiz

correct onD/ as nearly equal in difficulty to each other as possible. For
correct onV 045 060 059 050 050 0.61 example, the separation ratios in the Coulomb dlazger

“smaller” on D/ separation distance divided by smaller separation disfance
“smaller"on V. 8 ) 1 5 18 26 are all small integer$2, 4, and 5, and all five answer op-

tions correspond to the same set of choices, that is, the force
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1. Particle A has a charge that is ten times the magnitude of the charge on particle B. How does the

magnitude of the electrical force exerted by charge A on the smaller charge B compare with the
magnitude of the electrical force exerted by charge B on charge A? The force exerted by charge A on the
smaller charge B is:

100 times larger
10 times larger
exactly the same
10 times smaller
100 times smaller

MmO 0w

N

In the figure below, particle q1 has a charge of +10 C, and particle q2 has a charge of -2 C.

A ‘—> (@ D .—> (@» G (@»
B —@ E .——> @— H 4— @—>
C .———f 4—@ F“ 4_@ I 4— (:?—-—V

(A) [3 points] Which of these diagrams most closely represents the electrical forces that the two charges
exert on each other?

(B) [2 points] Explain your answer to part (A).

Fig. 2. Electrostatic version of Newton’s third-law questions; administered as part of 2002 final exam.

increases or decreases by a factor equal to the separatifact that in this question, the separation between the charges
ratio or the separation ratio squared, or no change. It is imhas been changed in the diagram on the right.
portant to emphasize that by the time these quizzes were |n 2001 non-multiple-choice variants of tH@ and M
administered, the students had had extensive exposure to agdestions on the Coulomb quiz were given as part of a
practice with various questions and problems utilizing allfollow-up quiz (see Fig. 3 On this quiz, students were re-
four representations on many quizzes, exams, and homewog,ired to explain their answers to tRequestion. The nearly
assignments. identical error rates on these questigd8% and 25% orD
andM, respectively, disregarding explanatiohs: 75) were
approximately double those on the earlier multiple-choice
B. Common errors on Coulomb quiz and circuits quiz quiz (15% and 13%, respectivelyThe “1/r” error contin-
Sued to represent the majority of incorrect responses, which
the assumption that the electrical force was proportional t as consistent with StUd?ntS’ written explanations and alge-
1/r, instead of 17?. This error corresponded to the response raic work. _The proportion of incorrect responses repre-
sequence B, B, D, D on questions 1—4, respectively. Thg€nted by this error on the follow-up quiz6% forD, 58%
proportion of all incorrect responses represented by this errdP’ M) was comparable to that observed on the initial quiz in
was 74%, 62%, 51%, and 50%, respectively. Very few of the2001(64% for D, and 80% forM).
incorrect responses corresponded to the “no change” answer It appeared that many students who had not made the 1/
with the exception of question 2. On this questighe D error on the original quiz did make this error on the
version, the “no change” response C represented 16% of allfollow-up quiz on one or another of the two questions. There
incorrect responses. Interview data and informal discussionsas no clear pattern which would suggest that their error was
with students indicated that they sometimes overlooked theue specifically to the form of representation. The number of

On the Coulomb quiz, the most common error by far wa
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3. The diagram on the left shows two isolated particles with equal magnitude charges, along with the electrical forces
acting on those particles due to their mutual interactions. The same charges are to be repositioned in the diagram on the
right, this time separated from each other by half the distance that separated them in the diagram on the left. Complete
the figure in the right diagram to represent the new positions and forces.

Explain how you decided on the lengths of the arrows:

4. Isolated particles with charges ¢, and q> (q; = q2) are separated by distance #, and initially experience mutual
interaction forces with magnitudes F;™ = F,™ = 40 N; r"** = 10 m. The particles are repositioned so /" = 2 /™",

F Iﬁnal —

[no partial credit; answer must be within 15% of correct answer; —1 deduction for missing or incorrect units]

Fig. 3. Non-multiple-choice versions of diagrammatic and mathematical questions on the Coulomb quiz, administered as part of a follow-up uiz in 200
numbered according to their position on the quiz.

students who switched from correct Bn(on the initial quiz ~ C. Error rates
to incorrect(on the follow-up quiz was exactly the same as
the number who switched from correct to incorrect Mn One question of interest is whether, on average, students
and the proportion who moved in the other direction—fromfind particular representations more difficult than others. The
incorrect to correct—was almost identical in the two repre-error rates for each question on the Coulomb and circuits
sentations. Of the students who made errors on the follow-upguizzes are shown in Table Ill. There were no blank re-
quiz, only 28% made consistent errors on b&thand M sponses. “Any Error” refers to students who made errors on
questiongfor example, making the f/error on both, while ~ one or more of the questions on a given quiz, with the fol-
most(62%) made errors on only one of the two questions. l0wing exception: Students who gave four incorrect answers
On the circuits quiZAppendix B, the most common in- that were clearly consistent with each other were not counted
correct response corresponded to greater current flowini the “Any Error” statistic. Such a set of responses was, for
through the resistor in the series circ(itthas the smaller of instance, B, B, D, D on the Coulomb quiz, because each of
the two resistances in three of the four questipitstead of these corresponded to an answer that assufetir (in-
the one in the parallel circuit. The proportion of all incorrect stead ofF o 1/r?). Such a set of consistent responses gives no
responses represented by this error was 88%, 89%, 79%, aeglidence of any confusion related strictly to the representa-
67%, respectively, on questions 1-4. The “equal currents’jon.
responseresponse B in all casesepresented 8%—15% of  The error rates are low; 31% is the highest rate observed
the incorrect responses on questions 1-3, but 30% on quegn any of the quiz questions in any one year, and the year-
tion 4. This difference might be due to the fact that in con-to-year fluctuations are substantial. The error rates on the
trast to questions 1-3, the pa_rallel an_d series resistors whoggcuits quiz are much higher than those on the Coulomb
currents are being compared in question 4 are shown to be @liz. However, the mean error rates of different representa-
equal resistancdinstead of the parallel resistance beingtions on the same quiz differed only slightly. Moreover, the
greatey. This response pattern might imply the existence of gg|ative ranking of the four representations with respect to
nonrepresentational artifact in the data. _ _error rate varied from year to year, and varied between the
The diagrams, algebraic work, and other notations writtefy, quizzes in the same year. No one representation yielded
on students’ papers were scrutinized carefully to ascertaithe nighest error rate consistently for all five years on either
why some students made an error on one or two questlonauiz_

and yet did not do so on other questions on the same qUIZ. gyatistical comparisons were made between representa-
No pattern could be determined—the errors appear to ocCY[ons using a paired two-samptetesf® in which the error

almost randomly. This finding was consistent with observa- ates on. for instance. thé question on the Coulomb aui
tions made of students’ work on all instruments employed il » forl » (N€ question u quiz
this study. In a further attempt to probe for any possibleVere compared to those for tiequestion on the same quiz,

representation-related learning difficulties, students’ refor the sample of five pairs of error rates, one pair for each
sponses to the quiz questions were subjected to considerapigar. Of the 12 possible comparisons, thaMssersusD, V
additional statistical analysis as will be described in the fol-versusM, V versusG, D versusM, D versusG, andM
lowing. versusG (all six on each quig only one difference between
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Table Ill. Error rates on multi-representational quizzes, in percent; the proportion of all students giving incor-
rect responses to each of four quiz questions. “Verbal” corresponds to question 1 on both Coulomb quiz and
circuits quiz; “Diagrammatic” corresponds to question 2, Coulomb quiz and question 3, circuits quiz; “Math-
ematical” corresponds to question 3, Coulomb quiz and question 2, circuits quiz; “Graphical” corresponds to
question 4 on both Coulomb quiz and circuits quiz. “Any Error” corresponds to students who made an error on
one or more of the quiz items, not including students who gave four incorrect responses that were clearly
consistent with each othésee text Error rates in the “Average” row were calculated from cumulated total
errors(1998-2002 divided by the 5-year total number of students.

All
students N Verbal Diagrammatic Mathematical Graphical Any Error
1998 71 4 7 10 14 24
1999 91 11 15 18 21 30
Coulomb 2000 79 14 11 10 11 24
quiz 2001 75 12 15 13 23 35
2002 67 15 16 24 19 33
Average 11 13 15 18 29
1998 68 24 18 28 31 49
1999 88 22 18 22 31 53
Circuits 2000 68 15 19 15 18 31
quiz 2001 75 19 24 24 24 48
2002 63 22 13 13 19 32
Average 20 19 20 25 43

the means was statistically significant at the0.05 level  score. | analyzed students’ responses on the extra-credit op-
according to a two-tailed test. This difference was on theion to gauge their confidence with the various representa-
Coulomb quiz,D versusG (p=0.03). tions.

The discrepancy that appears to be most consistent is that Students who gave a correct response but did not choose
between the error rates @ and those oV, D, andM. The the extra-credit option are defined as giving a “low-
overall error rates ofs, on both quizzes, are 5% higher than confidence correct” response. This response suggests that al-
the combinedv-D-M mean error rates on the respective though the student is able to find a correct answer, they lack
quiz, while the differences among the mean error rateg,on full confidence in the correctness of their response. In Table
D, andM are all<49%. This will be discussed further in 1V, low-confidence correct responses are tabulated for each
Sec. V below. question on each quiz.

On both quizzes, the proportion of low-confidence correct
responses on th¥ question is lower than that on the three
D. Confidence levels other questions on the same quiz. The differences are not
large, and so | tested the significance of the differences be-
| attempted to assess students’ confidence in their use @fveen low-confidence correct response rates orvtligies-
the various representations. Each question had an extrgpns and those on the, M, andG questions by employing

credit option that allowed students with high confidence ina pairedt-test. Each sample consisted of the five péinse

the correctness of their response to gain additional points f . .
a correct answefsee Appendices A and)BIf this option is %r each yearof the error rates on thé question, and either

chosen, a correct answer is credited with 3.0 points instead f€ D, M, and G question, respectively, for a total of six
the 2.5 points it would be worth normally. However, there isComparisongthree for each quiz The difference between
a substantial penalty for an incorrect response. Instead of d&fe¢ means was found significant at the<0.01 level(one-
incorrect answer being worth zero points, it is worti.0  tailed test for the V-D and V-G comparison on the Cou-
points; that is, a deduction is taken from the student’s totalomb quiz, andp=<0.05 for theV-M andV-G comparison

Table IV. Correct but low-confidence responses: the proportion of students giving correct response but not
choosing extra-credit option.

1998-2002 Verbal Diagrammatic Mathematical Graphical
Coulomb Number correct 340 333 326 315
quiz Low-confidence correct 17% 24% 22% 24%
Circuits Number correct 289 295 288 272
quiz Low-confidence correct 33% 37% 41% 45%
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Table V. Consistency of responses: the students who took both quizzes and made one, two, or three errors on
at least one quiz. A “repeat” error refers to an error on both quizzes for questions in a particular form of
representation; £50% repeat errors” indicates that half or fewer of all incorrectly used representétioms
bined for both quizzeswere part of a repeat-error paisee text (Students who gave four incorrect but
consistent responses on a single quiz as defined in the text were not counted as having made any errors on that
quiz for the purposes of this tabulatipn.

Errors on one Errors on both Errors on both Errors on both

quiz only quizzes but quizzes, but quizzes,
N (norepeat erronrs  norepeat errors  <50% repeat errors  >50% repeat errors
2000 23 78% 9% 9% 4%
2001 44 73% 7% 14% 7%
2002 26 77% 12% 8% 4%

on the circuits quiz. Corresponding values for the remaininge. Consistency of students’ error

comparisons werp=0.10 (V-M on the Coulomb quiz and To explore whether a given student consistently made er-
p=0.12 (V-D on the circuits quiz These results suggest rors with the same form of representation, a subset of the
that students had slightly greater confidence when respongata was examined in more detail. For the years 2000, 2001,
ing correctly to questions posed in the (“‘words only”)  and 2002, a tabulation was made of students who took both
representation on these two quizzes. In comparison, amonglizzes and made one, two, or three errors on at least one
students respondingncorrectly, lower-than-average confi- quiz. When students made four errors, there is no direct evi-
dence was associated withandM responses on the circuits dence as to whether they have—or have not—made a
quiz. representation-related err@in contrast to a physics ernor

Table VI. (a) Error rates on multi-representational quizzes, in percent; male studentgmnBrror rates on
multi-representational quizzes, in percent; female students only.

470

N Verbal Diagrammatic Mathematical Graphical Any Error
@
Males
1998 27 7 7 7 11 26
1999 36 6 11 11 11 14
Coulomb 2000 32 13 16 9 13 22
quiz 2001 30 10 10 10 10 31
2002 30 17 10 30 20 30
Average 10 11 14 13 24
1998 27 26 11 33 33 52
1999 35 9 14 14 29 49
Circuits 2000 29 14 14 14 21 31
quiz 2001 28 18 21 21 14 43
2002 28 14 11 14 11 29
Average 16 14 19 22 41
(b)
Females
1998 44 2 7 11 16 23
1999 55 15 18 22 27 40
Coulomb 2000 47 15 9 11 11 26
quiz 2001 45 13 18 16 31 38
2002 37 14 22 19 19 35
Average 12 14 16 21 32
1998 41 22 22 24 29 46
- 1999 53 30 21 26 32 57
qcl:rizu'ts 2000 39 15 23 15 15 31
2001 47 19 26 26 30 51
2002 35 29 14 11 26 34
Average 23 21 21 27 45
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Therefore, students who made four errors on either qa_liz vation that theG error rates are higher thah D, or M error
very small proportion of students ovepadire not counted in  rates on the same quiz during the same year, | employed a
this tabulation. In contrast, students who gave four incorreciyjicoxon sign rank test® This is a nonparametric test that
but consistent responses on a particular quiz were NQfses not depend on the shape of the distribution of sample

nggtsegfatiiga;;&? rs?gd'?'haer;;ye eJ;?;Sa?Q Eshhagve#lizn f%kt)T: \F;uXalues, and thus is less sensitive to deviations from normality
P ySIS. __In the data sample. In this test | considered all pairwise com-

“repeat” error refers to an error on both quizzes for ques-" "
tions in a particular representation. If students made errors oR@risons between tt@ error rate and th¥, D, andM error
V, D, andM on one quiz and, M, andG on the other, rates, respectively, on a given quiz for a given year. This
50% of their errorgtwo [D,M] out of four[V,D,M,G]) are ~ Procedure yielded 15 comparisons on each dthzee for
considered to be repeats. The statemest0% repeat er- each yegr both for males and females. For instance, for
rors” in Table V indicates that half or fewer of all incorrectly male students on the Coulomb quiz, teeV, G-D, and
used representations were part of a repeat-error pair. G-M pairs for 2000 werg0.13, 0.13, (0.13, 0.1, and
The results of the three years are very consistent: mogp.13, 0.09. For female students during the same year, the
students made errors on one quiz only. Of those who madﬁairs were(0.11, 0.15, (0.11, 0.09, and (0.11, 0.1}. The

errors on both.qmzzes, most did not repeat the same erM%ur samples and their resulting values(for a two-tailed
That is, they did not make two errors using the same repre-

sentation. If they did repeat an error, half or fewer of their€S? areé Coulomb-male, p=0.10; Coulomb-female,
representation errors were repeated. These data do not sup=0.01; Circuits-male, p>0.10; and Circuits-female,
port the hypothesis that students tend to err consistently ip<<0.02; each sample consisted of 15 pairs of values. These
one or another representation. results suggest that the error rates for females might be
higher onG questions than ol-D-M questions.
A paired two-sample-test was used to make a full set of

V. GENDER-RELATED DIEFERENCES 12 interrepresentation .comparisons,. separately for males and
females. There were six on each quiz, thaMsjersusD, V
In Table VI, error rate data are shown for male, Table VlversusM, V versusG, D versusM, D versusG, and M

(@), and female, Table V(b), students. This breakdown al- yersusG. Each sample consisted of five pairs of values, one

lows us to test for possible gender-related differences. W?or each year. No interrepresentation differences were found
see that the mean error rat@werage values, all years com-

bined for the female students are higher than those of thd® be significant .at the=0.05 .Iev.ell using a two-tailed test.
males, on all questions on both quizzes. In most cases, theeveral comparisons were significant at {ve0.10 level
male-female difference is relatively small. To gauge the stausing a one-tailed test; alp values corresponding to the
tistical significance of the differences, a pairetiest was one-tailed test are shown in Table VII.

carried out separately for each question on each quiz, where

each sample consisted of five pairs of val(resle error rate,

female error ratg one pair for each yed?.This test also was

done for the “Any Error” rate. Of these ten cases, the only

difference in the mean error rate significant at e 0.05

level with a two-tailed test was tHe question on the circuits Table VII. p values for statistical testene-tailed testof the significance of

. differences between mean error rates on questions from the same quiz posed
. 0 : Up =
quiz (male: 14%, female: 21%)=0.008). Due to the low in different representations. The pairédest and the test for correlated

Stanst'Cal power of a test with a sample of only five PaIrs, proportions are described in the text. Thesealues represent the probabil-
and in view of the consistency of the observed male—femal@y that differences in mean error rates equal to or larger than those actually

error rate difference, it may be more appropriate to uge a observed(but with the same signwould occur in an ensemble of paired
=<0.10 criterion and apply a one-tailed test. Two additionalrandom samples of the same size, drawn from an infinitely large population
cases met that criterion: Coulomb qui, question(male: in which the true difference in mean error rates is zero.

13%, female: 21%p=0.08), and Coulomb quiz, any error

Coulomb quiz Circuits quiz
(male: 24%, female: 32%p=0.09).

A noticeable contrast between the Table VI and Table lII Paired  Correlated Paired  Correlated
data is that the difference among the male students between t-test  proportions  t-test  proportions
the G error rate on the Coulomb quid3%) and the mean G versusy  0.04 0.001 0.12
combinedV-D-M error rate on the same quiz2%) is much G versusD  0.05 0.02 0.10 0.05
smaller than the corresponding difference in the “all stu- G versusM  0.07 0.04 0.03 0.07
dents” sample(Table Ill). In contrast, a sizeable difference Females . <usD 0.5 0.34
still exists for the female student&( 21%;V-D-M: 14%). V versusM  0.08 0.08 0.29
This observation suggests that the larger error rateGon D versusM  0.26 0.42
(relative toV—D—M) in Table Il is primarily QUe to the fe- G versusy  0.04 023 014
male students_. It is not as clear whether this pattern may _be G versusD  0.20 0.12
trL_Je for the circuits quiz as well, for here a discrepancy |sMales GversusM 040 031
still present for malesG: 22%, V-D-M: 16%), as well as VversusD 043 0.32
for females G: 27%,V-D-M: 22%). V versusM  0.17 0.04 0.18

To examine this question more closely, | did three statis- D versusM  0.29 0.15

tical tests. To probe the statistical significance of the obser:
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To examine these possibly significant comparisons moréarger(smalle) force” responsddescribed belowis one that

closely, a test for the difference between correlated proporeharacterizes a sizeable fraction—perhaps more than a
tions was applied! With this method a test statistic is  third—of this population.

calculated by comparing, for instance, the number of stu- It was observed that response A on the diagrammatic ques-
dents(all five year$ who were correct on th& question but ~ tion 8 of the gravitation quiz—what we call an “antidomi-
incorrect on theV question (Gy) to those who were incor- hance principle” responselarger mass exerts a smaller
rect on theG question but correct on thé question (Gg).  [Orce—represents more than 40% of responses to this ques-
After applying a continuity correctiorf, we havez= (|Cgy goln, Wh'le. thelcorrespondmng g(';d Ef relfponses on the Vﬁr'
— Cyal— 1)/(Cay+ Cye)®S. The calculatedh values result- al question 1 represent only 5% of all responses to this

ing f this stafisti h in Table VI for th . _question. The implication is that many students have an in-
Ing from this stalistic are shown in fable Or tNOSE palrs ¢ rect understanding of vector arrow conventions, that is,
that met thep=<0.10 criterion on the-test.

i , - . the arrow whose tail is attached to an object represents the
Even with this wealth of statistical data, the conclusionstorce that is exerted on that object, not by it. This implication
remain ambiguous. However, the various results support thg strongly supported by the written explanations offered by
hypothesis that there is a discrepancy between the male arRgl,jents on the 2002 final exam questighs.
female students regarding the relative error rateSaques- These observations are intriguing and important, and yet
tions in comparison to/-D-M questions, at least on the |eave unanswered questions. What is still unclear is the pre-
Coulomb quiz. On this quiz, the female students did morecise nature of students’ thinking that leads some to answer
poorly onG questions in comparison td-D-M questions, that the gravitational forces exerted by the sun and earth on
whereas the male students did not, or at least not as mucbach other are of equal magnitude, and yet moments later to
There also was suppofhoted abovgfor the hypothesis that select a vector diagram in which the interaction forces of
female students perform more poorly on the diagrammatiearth and moon are clearly not the same. Similarly, the de-
question on the circuits quiz, in comparison to male studentgails of students’ thinking regarding the representation of
Because the male and female students in this study receivdédrces exerted on or by an object are not well understood. It
identical instruction, these results are potentially significantis possible that confusion related to the specific words or
phrases used in the gravitation questions has contributed to
the differences observed in students’ responses, independent
VI. DISCUSSION of confusiqn introduced by the diagra_mm_atic repre_:senta_\tion.
Our experience suggests that extensive interviewing will be
required to clarify these matters.
A. Newton'’s third-law questions

The analysis of the gravitation quiz data leaves no doubt
that there is a systematic discrepancy among students in this
sample between their interpretation of the verbal and diaB. Multi-representational quizzes
grammatic versions of the Newton’s third-law question. Al-
though the correct-response rate on the pretest version of the The mean error rates on the Coulomb and circuits quizzes
two questions varied substantially from year to year, the ratevere consistently low(below 30% on each questipnand
of correct responses on the diagrammatic version was nevgear-to-year variations were highp to 400%. These facts
greater than 60% of that on the verbal version. A substantidmply that statistical conclusions from this data set will have
majority (59%) of students who correctly answered the ver-limited reliability. In particular, it would not be reasonable to
bal version gave an incorrect response on the diagrammatgeneralize conclusions from these data to problem sets of
version. In the latter context they were influenced by thesignificantly greater difficulty without further investigation.
dominance principle that had not, apparently, determinedlost students in this data sample did not make errors on the
their response to the verbal version. Written explanations otest questions; therefore, one could argue that the interrepre-
the electrostatic version of these questions on the 2002 finalentational competence of a substantial fraction of the popu-
exam are consistent with this interpretation, although they ddation sample was not directly probed by these instruments.
not directly support it (It is notable, however, that of the More difficult test questiongincluding non-multiple-choice
students who correctly answered the diagrammatic version afems that could probe a larger fraction of the population
this question on the pretest, only 23% gave an incorrect resample might yield conclusions that are different than, and
sponse to the verbal version on the same )test. even contradictory to, those discussed here.

Over the five years of this study, 59% of students who Most students in this sample did not show a pattern of
answered the Newton'’s third-law pretest question with a coreonsistent representation-related errors on the multi-
rect “equal-force” response on the verbal representatiorrepresentational quizzes. The specific physics errors made by
gave an “unequal-force” response on the diagrammatic repstudents were quite consistent; as discussed in Sec. IV, a
resentation. Yet the total number of such students is relalarge proportion of incorrect responses were concentrated on
tively small in comparison to the size of the full sample sincejust one conceptual error on each quiz. However, the typical
only 16% of all students gave a correct response on the vestudent made errors on only one or two questi@isnone,
bal pretest question. This discrepancy in response rates derand gave correct answers on the other questions. They typi-
onstrates how sharply divergent students’ responses may fally did not make an error with the same representation on
in different context8—even when the context is merely a both quizzes, and this pattern of no repeat errors was consis-
different representation accompanied by slightly differenttent with results on the Newton’s third-law questions dis-
wording®® However, this particular divergence is not repre-cussed in Sec. lll. The precise trigger that led a student to
sentative of a large fraction of the student population. Inmake a “standard” physics error when using one particular
contrast, the error corresponding to the “larger mass exerts @presentation on a particular quiz—and not with any other
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representations, nor on a follow-up quiz—is unclear, and apwas substantial evidence that females had a slightly higher
peared to be almost random, both for individual students andrror rate on graphicdbar chart questions in comparison to
for the students as a whole. On the Coulomb questions inerbal, diagrammatic, and mathematical questions, whereas
2001, for example, the number of students gettirig) ques- the evidence for male students was more ambigu®s.
tion incorrect later in the semestéafter they had already Some evidence of possible gender-related differences was
answered it correctly earlier in the semeytetas exactly identified. Specifically, a possible difficulty related to electric
matched by the number of students displaying the same pagircuit diagrams has been identified for females in compari-
tern with theM questions(See Sec. IV R son to males.

There is evidence for slightly higher confidence rates on Although the observed error rate differences among the
the verbal questions. This finding might surprise some, bedifferent representations were quite small or statistically in-
cause many physics instructors would find the verbal versiogignificant in general, this result was in the context of a
of the quiz questions to be awkward to interpret and analyzegourse that emphasized the use of multiple representations in
in comparison to thé®, M, andG versions based on very all class activities. In addition, the overall error rates were
familiar and long practiced representations. This result sugduite low and suggest that the questions were too simple to
gests that the instructor’s view of the ease or difficulty of aProbe possible representation-related difficulties among the
particular representation in a particular context mightmajority of the students. What results might be found for
not match the views of a large proportion of students. Thestude_nts in a more tr_adltlo_nal course Whlch_ focuse_s on math-
results of previous investigations regarding student undef€matical representations is an open question, as is the ques-

standing of kinematics diagrafi€®-3%are consistent with tion of what results might be observed if significantly more
this inference. challenging problems were posed.

However, this preliminary investigation has yielded at
least one dramatic example of how student performance on
C. Gender differences very similar physics problems posed in different representa-
. . . . . tions might yield strikingly different resultgravitation quiz,

On the multi-representational quizzes, there is ?V'dencﬁuestions 1'and)&® This “existence proof” serves as a cau-
that student performance on ti@ questions was slightly  tijon that potential interrepresentational discrepancies in stu-
inferior to that on thev, D, andM questions. However, this  dent performance must be carefully considered in the design
evidence is strong only for female students on the Coulomiand analysis of classroom exams and diagnostic test instru-
quiz. The poorer performance @b questions might be as- ments.(This idea is already implicit in the work of many
cribed to less familiarity and practice with this representa-other authors cited in this papeFor instance, if students are
tion. However, the instruction for both females and malesobserved to make errors on Coulomb’s law questions using a
was identical, and the relatively poorer performance by fevector representation, representational confusion would be
males on theG questions, at least on the Coulomb quiz, signaled by correct answers on closely related conceptual
suggests a genuine performance discrepancy between thaestions using other representations.
genders in the larger population. Whether this discrepancy The evidence provided here for possible gender-related
may be due to different degrees of previous experience witldiscrepancies in interrepresentational performance suggests
G representations or some other cause is a matter for spectiat substantial additional investigation of this possibility is
lation. Similarly, the substantial evidence for poorer perfor-warranted, with a view toward possible implementation of
mance by females on the circuit-diagram questibnques- ~ appropriately modified instructional strategies. Many unan-
tion; female error rate 21%; male error rate 14%) cannot SWered questions regarding the details of students’ reasoning
be explained based on available information. The slightlyVhen using diverse representations must await more exten-
higher error rates by females overall, in comparison to malesiveé data from interviews and analysis of students’ written
are not statistically significant for the most paft. explanations.
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VII. CONCLUSION
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APPENDIX A

Coulomb quiz. Designations of representations, and correct answers: 1, Verbal, answer: A; 2, Diagrammatic, answer: A; 3,
Mathematical, answer: E; 4, Graphical, answer: E.

Physics 112
Quiz #11
October 6, 2000

Name:

IF YOU WANT A QUESTION GRADED OUT OF THREE POINTS (-1 [MINUS ONE] FOR WRONG
ANSWER!!) WRITE “3” IN SPACE PROVIDED ON EACH QUESTION.

1. When two identical, isolated charges are separated by two centimeters, the magnitude of the force
exerted by each charge on the other is eight newtons. If the charges are moved to a separation of eight
centimeters, what will be the magnitude of that force now?

one-half of a newton
two newtons

eight newtons
thirty-two newtons

one hundred twenty-eight newtons Grade out of three? Write “3” here:

MY QW

2. Figure #1 shows two identical, isolated charges separated by a certain distance, The arrows indicate the
forces exerted by each charge on the other. The same charges are shown in Figure #2. Which diagram
in Figure #2 would be correct? 73

[A] N
b1 (B]

(C]

(D]

[E]

mYawp

Grade out of three? Write “3” here:

initial __

3. Isolated charges ¢q; and g; are separated by distance r, and each exerts force F on the other. g,
ted charges ¢; and g, are separated by distance 7 ,
qjﬁna and qzmma = qzﬁna; rmma — 10m; 'ﬁna =%m. meal - 25N, Fﬁna =97

A IN
B. 5N
C. 25N
D. 125N Grade out of three? Write “3” here:
E. 625N
4. Graph #1 refers to the initial and final separation between two identical, isolated charges. Graph #2
refers to the initial and final forces exerted by each charge on the other. Which bar is correct?
Grade out of three? Write “3” here:
7] Final |
A. #1 ’
B. ? K
c. E 56
D. H % 5
‘g ° Initial
T I Final  Final
1
04

A) ® © ) (B)
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APPENDIX B

Circuits quiz. Designations of representations, and correct answers: 1, Verbal, answer: A; 2, Mathematical, answer: A; 3,
Diagrammatic, answer: A; 4, Graphical, answer: C.

Physics 112
Quiz #16
October 27, 2000

Name:

IF YOU WANT A QUESTION GRADED OUT OF THREE POINTS (-1 [MINUS ONE] FOR WRONG
ANSWER!!) WRITE “3” IN SPACE PROVIDED ON EACH QUESTION.

1. In a parallel circuit, a three-ohm resistor and a six-ohm resistor are connected to a battery. In a series circuit, a four-
ohm and an eight-ohm resistor are connected to a battery that has the same voltage as the battery in the parallel
circuit. What will be the ratio of the current through the six-ohm resistor to the current through the four-ohm resistor?
Current through six-ohm resistor divided by current through four-ohm resistor is:

A. greater than one

equal to one

less than one

equal to negative one

cannot determine without knowing the battery voltage

Grade out of 3? Write “3” here: ___

moaw

2. Parallel circuit: R4 =6 Q; Rg =9 Q.
Series circuit: Re =7 Q; Rp=3 Q.
AV (series) = AV (parallel)

1
I B £= Cc. 2«1 D. =1 E. need AV,,
c Ie Ic Ic

Grade out of 3? Write “3” here:

A

3. The arrows represent the magnitude and direction of the current through resistors A and C. Choose the correct

diagram. Iy RA b, R, " I, _Ic’
A 2Q 16Q
B. B [B] —» —_—
C.
D. . | | — € — —
E. need to know AV, * AV

D] —» «—
Grade out of 3? Write “3” here: _____ [E] (need to know AV,

4. Graph #1 represents the relative resistances of resistors A, B, C, and D. Resistors A and B are connected in a
parallel circuit. Resistors C and D are connected in a series circuit. The battery voltage in both circuits is the
same. Graph #2 represents the currents in resistors C and B respectively. Which pair is correct?

A. #1 #2
B +
C. resistance current
D. NICIRNIL
E. need to know voltage
\_Vl_l_l_J — 0 B
paralle series L J )\ |
Grade out of 3? Write “3” here - [A] (B] [C]

475 Am. J. Phys., Vol. 73, No. 5, May 2005 David E. Meltzer 475



160
@Electronic mail: dem@iastate.edu
IAlan Van Heuvelen, “Learning to think like a physicist: A review of
research-based instructional strategies,” Am. J. P69s891-897(1991);
“Overview, Case Study Physicsjbid. 59, 898—-907(1991).
’David Hestenes, “Modeling methodology for physics teachers, The

Changing Role of Physics Departments in Modern Universities: Proceed-

ings of the International Conference on Undergraduate Physics Education
edited by Edward F. Redish and John S. Rig¢latP Conf. Proc.399,
935-957(1997], pt. 2.

SLillian C. McDermott, “A view from physics,” in Toward a Scientific
Practice of Science Educatiprdited by M. Gardner, J. G. Greeno, F.
Reif, A. H. Schoenfeld, A. diSessa, and E. StageErlbaum, Hillsdale,

NJ, 1990, pp. 3—30.

“In this investigation we will concentrate on the representatidéon®, M,
andG. In this papelG refers to bar charts and not to line graphs. “Graphi-
cal” is used in a broad sense to refer to bar charts because they often a
grouped together with line graphs, but there are very significant differ-
ences between the two representations that would have to be considered

J. Phys55, 878—-884(1987); Richard R. Hake, “Socratic pedagogy in the
introductory physics laboratory,” Phys. TeacB0, 546-552 (1992;
Ronald K. Thornton and David R. Sokoloff, “Learning motion concepts
using real-time microcomputer-based laboratory tools,” Am. J. P&§s.
858-867(1990; Priscilla W. Laws, “Calculus-based physics without lec-
tures,” Phys. Todayt4(12), 24—-31(1992); “Millikan Lecture 1996: Pro-
moting active learning based on physics education research in introductory
physics courses,” Am. J. Phy&5, 14-21(1997).

Bpatricia Heller and Mark Hollabaugh, “Teaching problem solving through
cooperative grouping. Part 2: Designing problems and structuring groups,”
Am. J. Phys60, 637—-644(1992.

YRobert J. Beichner, “The impact of video motion analysis on kinematics
graph interpretation skills,” Am. J. Phy§4, 1272-12771996.

Robert J. Dufresne, William J. Gerace, and William J. Leonard, “Solving
physics problems with multiple representations,” Phys. Te&&h.270—

€275 (1997; Lawrence T. Escalada and Dean A. Zollman, “An investiga-

_tion on the effects of using interactive digital video in a physics classroom

IBn student learning and attitudes,” J. Res. Sci. Te@dh467—-4891997);

future work. We restrict ourselves primarily to these four representations \jqjissa Dancy, Wolfgang Christian, and Mario Belloni, “Teaching with

for practical and logistical reasons. There are certainly other pedagogicall

significant representations, for example, pictorial representations, com- 3 =« Mario Belloni. Melissa Dancy.

puter animations and simulations, haptense of touchand kinesthetic

Y Physlets: Examples from optics,” Phys. Teadh, 494—4992002; Anne
and Wolfgang Christian, “Teaching
thermodynamics with Physlets in introductory physics,” Phys. EQ&;.

interfaces and representations, video recordings of actual physical PrO-433_440(2003.

cesses, and actual physical objects and systems using laboratory equ
ment. All of these are under investigation by many research grGops
cluding ourg, but they lack the relative standardizati@ue to long-term
use in instructionand ease and flexibility of implementation that charac-
terizeV, D, M, andG. Historically,V, D, M, andG have been ubiqui-
tous in scientific work.

5M. T. H Chi, P. J. Feltovich, and R. Glaser, “Categorization and represen-

tation of physics problems by experts and novices,” Cogn.5di21-152
(1981); Yuichiro Anzai, “Learning and use of representations for physics
expertise,” inToward a General Theory of Expertisedited by K. Anders
Ericsson and Jacqui SmitiCambridge U. P., Cambridge, 199Dpp. 64—
92.

8Jill H. Larkin, “The role of problem representation in physics,”Nfental
Models edited by Dedre Gentner and Albert L. Stevehs Erlbaum,
Hillsdale, NJ, 1988 pp. 75-98.

"David P. Maloney, “Research on problem solving: Physics, Handbook
of Research on Science Teaching and Learniedjted by Dorothy L.
Gabel(Macmillan, New York, 1998 pp. 327-354.
8R. Kleinman, H. Griffin, and N. K. Kerner, “Images in chemistry,” J.
Chem. Educ64, 766—-770(1987); Robert Kozma, Elaine Chin, Joel Rus-
sell, and Nancy Marx, “The roles of representations and tools in the chem
istry laboratory and their implications for chemistry learning,” J. Learn.
Sci. 9, 105-143(2000.

Frederick Reif, “Millikan Lecture 1994: Understanding and teaching im-
portant scientific thought processes,” Am. J. Ph§3.17-32(1995.

%Alan Van HeuvelenALPS Kit: Active Learning Problem Sheets, Mechan-
ics; Electricity and Magnetisn{Hayden-McNeil, Plymouth, MI, 1990
Ruth W. Chabay and Bruce A. Sherwoddatter & Interactions I, 11 (J.
Wiley, New York, 2002; Frederick ReifUnderstanding Basic Mechanics
(J. Wiley, New York, 1995 Lillian C. McDermott and the Physics Edu-
cation GroupPhysics by InquirJ. Wiley, New York, 1995 Randall D.
Knight, Physics for Scientists and Engineers: A Strategic Appra&ear-
son Addison-Wesley, San Francisco, 20@®ric Mazur,Peer Instruction:

A User’s Manual(Prentice Hall, Upper Saddle River, NJ, 199Gregor

M. Novak, Evelyn T. Patterson, Andrew D. Gavrin, and Wolfgang Chris-
tian, Just-In-Time Teaching: Blending Active Learning with Web Technol-
ogy (Prentice Hall, Upper Saddle River, NJ, 199%homas L. O’Kuma,
David P. Maloney, and Curtis Hieggelke, ed?anking Task Exercises in
Physics(Prentice Hall, Upper Saddle River, NJ, 200Wolfgang Chris-
tian and Mario BelloniPhyslets: Teaching Physics with Interactive Cur-
ricular Material (Prentice Hall, Upper Saddle River, NJ, 200illian C.
McDermott, Peter S. Shaffer, and the Physics Education Groutpyials

in Introductory Physics(Prentice Hall, Upper Saddle River, NJ, 2002-
2003.

YFred Goldberg, “Constructing physics understanding in a computer-
supported learning environment,” iThe Changing Role of Physics
Departments in Modern Universities: Proceedings of the International
Conference on Undergraduate Physics Educatiedited by Edward F.
Redish and John S. RigdgIP Conf. Proc.399 903-911(1997],
pt. 2.

?R. R. Hake, “Promoting student crossover to the Newtonian world,” Am.

476 Am. J. Phys., Vol. 73, No. 5, May 2005

®bavid E. Meltzer and Kandiah Manivannan, “Promoting interactivity in
physics lecture classes,” Phys. Tea8d, 72—78(1996; “Transforming
the lecture-hall environment: The fully interactive physics lecture,” Am. J.
Phys.70, 639-654(2002.

K. A. Burke, Thomas J. Greenbowe, and Mark A. Windschitl, “Develop-

ing and using conceptual computer animations for chemistry instruction,”

J. Chem. Educ75, 1658-1661(1998; Thomas J. Greenbowe, “An inter-

active multimedia software program for exploring electrochemical cells,”

J. Chem. Educ71, 555-557(1994; Michael J. Sanger and Thomas J.

Greenbowe, “Addressing student misconceptions concerning electron flow

in aqueous solutions with instruction including computer animations and

conceptual change strategies,” Int. J. Sci. Ed@2, 521-537(2000;

Hsin-kai Wu, Joseph S. Krajcik, and Elliot Soloway, “Promoting under-

standing of chemical representations: Students’ use of a visualization tool

in the classroom,” J. Res. Sci. Tea@8, 821-842(2001).

8Robert J. Beichner, “Testing student interpretation of kinematics graphs,”
Am. J. Phys62, 750—762(1994.

1%John Clement, “Observed methods for generating analogies in scientific
problem solving,” Cogn. Scil2, 563-586(1988.

2%Rolf Plotzner, The Integrative Use of Qualitative and Quantitative Knowl-
edge in Physics Problem SolviiBeter Lang, Frankfurt am Main, 1994
pp. 33-46.

2IRonald K. Thornton and David R. Sokoloff, “Assessing student learning
of Newton’s laws: The Force and Motion Conceptual Evaluation and the
evaluation of active learning laboratory and lecture curricula,” Am. J.
Phys.66, 338—352(1998.

Zplan Van Heuvelen and Xueli Zou, “Multiple representations of work-
energy processes,” Am. J. Phy89, 184-194(2001); Xueli Zou, “The
role of work-energy bar charts as a physical representation in problem
solving,” in Proceedings of the 2001 Physics Education Research Confer-
ence edited by Scott Franklin, Jeffrey Marx, and Karen Cummings
(PERC, Rochester, NY, 2001pp. 135-138.

ZAllan Paivio, Imagery and Verbal Processédolt, Rinehart and Winston,
New York, 1972.

%Claude Janvier, edProblems of Representation in the Teaching and
Learning of MathematicéL. Erlbaum, Hillsdale, NJ, 1987

ZRichard Lesh, Tom Post, and Merlyn Behr, “Representations and transla-
tions among representations in mathematics learning and problem solv-
ing,” in Problems of Representation in the Teaching and Learning of
Mathematicsedited by Claude Janviék. Erlbaum, Hillsdale, NJ, 1987
pp. 33—-40; Paul White and Michael Mitchelmore, “Conceptual knowl-
edge in introductory calculus,” J. Res. Math. Ed@¥, 79-95(1996);
Peter C.-H. Cheng, “Unlocking conceptual learning in mathematics and
science with effective representational systems,” Comput. E88,c109—

130 (1999; Shaaron Ainsworth, “The functions of multiple representa-
tions,” ibid. 33, 131-152(1999.

%Robert B. Kozma and Joel Russell, “Multimedia and understanding: Ex-
pert and novice responses to different representations of chemical phenom-
ena,” J. Res. Sci. Teacl34, 949-968(1997).

?Donald R. Jones and David A. Schkade, “Choosing and translating be-

David E. Meltzer 476



161

tween problem representations,” Organ. Behav. Human Decision Proces$Jiajie Zhang, “The nature of external representations in problem solving,”

61, 214-223(1995.

%8Janice R. Mokros and Robert F. Tinker, “The impact of microcomputer-
based labs on children’s ability to interpret graphs,” J. Res. Sci. Teath.
369-383(1987; Lillian C. McDermott, Mark L. Rosenquist, and Emily
H. Van Zee, “Student difficulties in connecting graphs and physics: Ex-
amples from kinematics,” Am. J. Phy&5, 503-513(198%; Fred M.
Goldberg and John H. Anderson, “Student difficulties with graphical rep-
resentation of negative values of velocity,” Phys. Tea2H, 254—260
(1989.

25Craig A. Berg and Philip Smith, “Assessing students’ abilities to construct

Cogn. Sci21, 179-217(1997; Maarten W. van Someren, Peter Reimann,
Henry P. A. Boshuizen, and Ton de Jong, edittesarning with Multiple
RepresentationgPergamon, Amsterdam, 1998leff Zacks and Barbara
Tversky, “Bars and lines: A study of graphic communication,” Mem. Cog-
nit. 27, 1073-10791999; Bruce L. Sherin, “How students invent repre-
sentations of motion: A genetic account,” J. Math. Beh&9, 399-441
(2000; Andrea A. diSessa and Bruce L. Sherin, “Meta-representation: An
introduction,” ibid. 19, 385—-398(2000:; Roser Pintaand Jaume Ametiller,
“Students’ difficulties in reading images. Comparing results from four
national research groups,” Int. J. Sci. Ed@d, 333—-341(2002; Tae-Sun

and interpret line graphs: Disparities between multiple-choice and free- kim and Beom-Ki Kim, “Secondary students’ cognitive processes for line

response instruments,” Sci. Edu8, 527—-554(1994.

graphs and their components,” Proceedings of the 2002 Physics Edu-

30talo Testa, Gabriella Mouroy, and Elena Sassi, “Students’ reading images cation Research Conference [Boise, Idaho, August, 22002] edited by

in kinematics: The case of real-time graphs,” Int. J. Sci. EQ4.235—
256 (2002.

SlFor example, see: G. J. Hitch, M. C. Beveridge, S. E. Avons, and A. T.3

Hickman, “Effects of reference domain in children’s comprehension of
coordinate graphs,” infThe Acquisition of Symbolic Skillsdited by Don
Rogers and John A. SlobodRlenum, New York, 1982 pp. 551-560.

electric circuit: What do they mean?,” J. Coll. Sci. Teadf), 280—-285
(1981); Samuel Johsua, “Students’ interpretation of simple electrical dia-
grams,” Eur. J. Sci. Edud, 271-275(1984); Lillian C. McDermott and

Peter S. Shaffer, “Research as a guide for curriculum development: An

example from introductory electricity. Part I: Investigation of student un-
derstanding,” Am. J. Phys60, 994—-1003(1992; erratum,61, 81 (1993;
Peter S. Shaffer and Lillian C. McDermott, “Research as a guide for
curriculum development: An example from introductory electricity. Part II:
Design of instructional strategies,ibid. 60, 1003—-1013(1992; S.
Tornkvist, K.-A. Pettersson, and G. Transtrer, “Confusion

0
%2Norman H. Fredette and John J. Clement, “Student misconceptions of an

1

Scott Franklin, Karen Cummings, and Jeffrey MABERC, New York,
2002, pp. 91-94.

9A comparison of this type was made by Fernando Hitt, “Difficulties in the

articulation of different representations linked to the concept of function,”
J. Math. Behav17, 123-134(1998.

Melissa Hayes Dancy, “Investigating animations for assessment with an
animated version of the Force Concept Inventory,” Ph.D. dissertation,
North Carolina State UniversitfUMI, Ann Arbor, MI, 2000, UMI
#9982749.

David E. Meltzer, “Comparative effectiveness of conceptual learning with
various representational modes,” AAPT Announ2é(4), 46 (1996); “Ef-
fectiveness of instruction on force and motion in an elementary physics
course based on guided inquirytlid. 28(2), 125(1998; Antti Savinainen

and Jouni Viiri, “A case study evaluating students’ representational coher-
ence of Newton’s first and second laws,” 2003 Physics Education Re-
search Conference [Madison, Wisconsin, Augus?,62003] edited by

by representation: On student's comprehension of the electric field Jeffrey Marx, Scott Franklin, and Karen CummirigdP Conf. Proc.720

concept,” ibid. 61, 335-338(1993; Randal Robert Harrington, “An

77-80(2004)].

investigation of student understanding of electric concepts in the introduc?’Robert B. Kozma, “The use of multiple representations and the social

tory university physics course,” Ph.D. dissertation, University of Washing-
ton (UMI, Ann Arbor, MI, 1995, UMI #9537324, Chap. 5; Stephen Emile
Kanim, “An investigation of student difficulties in qualitative and

construction of understanding in chemistry,”limovations in Science and
Mathematics Educatignedited by Michael J. Jacobson and Robert B.
Kozma(L. Erlbaum, Mahwah, NJ, 2000pp. 11-46.

quantitative problem solving: Examples from electric circuits and “*Teresa Larkin-Hein, “Learning styles in introductory physics: Enhancing

electrostatics,” Ph.D. dissertation, University of WashingtédMlI,
Ann Arbor, MI, 1999, UMI #9936436, Chaps. 4—7; Leith Dwyer Allen,
“An investigation into student understanding of magnetic induction,”
Ph.D. dissertation, The Ohio State UniversityMIl, Ann Arbor, MI,
2001, UMI #3011018, Chap. 6; Rasil Warnakulasooriya and Lei Bao,
“Towards a model-based diagnostic instrument in electricity and
magnetism—an exampleProceedings of the 2002 Physics Education Re-
search Conference [Boise, Idaho, August 7-8, 200&jited by Scott
Franklin, Karen Cummings, and Jeffrey MafRERC, New York, 200

pp. 83-86.

33). Ramadas, “Use of ray diagrams in optics,” School 36i.1-8(1982);
Fred M. Goldberg and Lillian C. McDermott, “Student difficulties in un-
derstanding image formation by a plane mirror,” Phys. Te&h.472—
481(1986); “An investigation of student understanding of the real image
formed by a converging lens or concave mirror,” Am. J. Pth5.108—
119 (1987); P. Colin and L. Viennot, “Using two models in optics: Stu-
dents’ difficulties and suggestions for teachingfid. 69, S36-S44
(2002); Philippe Colin, Franaise Chauvet, and Laurence Viennot, “Read-
ing images in optics: students’ difficulties and teachers’ views,” Int. J. Sci.
Educ.24, 313-332(2002.

34Glenda Jacobs, “Word usage misconceptions among first-year university

physics students,” Int. J. Sci. Edutl, 395—-399(1989; P. Kenealy, “A
syntactic source of a common ‘misconception’ about acceleratiorRtin

student motivation, interest, & learning,” in Proceedings of the Interna-
tional Conference on Engineering and Computer Education, Faulo,
Brazil (2000, (http://nw08.american.edu/~tlarkin/larkin.htm

“Maria Kozhevnikov, Mary Hegarty, and Richard Mayer, “Spatial abilities

in problem solving in kinematics,” irDiagrammatic Representation and
Reasoningedited by Michael Anderson, Bernd Meyer, and Patrick Olivier
(Springer, London, 2002pp. 155—-171; Eun-Mi Yang, Thomas Andre, and
Thomas J. Greenbowe, “Spatial ability and the impact of visualization/
animation on learning electrochemistry,” Int. J. Sci. Ed@g, 329-349
(2003.

4SA preliminary analysis of some of these data has been published previ-

ously. David E. Meltzer, “Issues related to data analysis and quantitative
methods in PER,” irProceedings of the 2002 Physics Education Research
Conference [Boise, Idaho, August 7-8, 2008fited by Scott Franklin,
Karen Cummings, and Jeffrey Ma(RERC, New York, 200R pp. 21-24.

“The “dominance principle’(a term used by Halloun and Hestenesfers

to students’ tendency to attribute larger-magnitude forces to one or the
other object in an interacting pair, based on an ostensibly “dominant”
property such as greater mass, velocity, or charge. See David P. Maloney,
“Rule-governed approaches to physics—Newton’s third law,” Phys. Educ.
19, 37—42(1984); Ibrahim Abou Halloun and David Hestenes, “Common-
sense concepts about motion,” Am. J. Ph§8, 1056—-10651985; Lei

ceedings of the Second International Seminar: Misconceptions and Edu- B20, Kirsten Hogg, and Dean Zollman, “Model analysis of fine structures

cational Strategies in Science and Mathematicg@brnell Univ., Ithaca,
NY, 1987, pp. 278-292; Jerold S. Touger, “When words fail us,” Phys.
Teach.29, 90—-95(1991); H. Thomas Williams, “Semantics in teaching
introductory physics,” Am. J. Phy$7, 670—-680(1999.

of student models: An example with Newton'’s third lavibid. 70, 766—
778(2002.

This result suggests that some students’ expertise in using vector represen-

tations may have increased faster than did their understanding of Newton'’s

3patricia F. Keig and Peter A. Rubba, “Translations of representations of third law, because response B is an accurate representation of an answer
the structure of matter and its relationship to reasoning, gender, spatialbased on the dominance principle.

reasoning, and specific prior knowledge,” J. Res. Sci. Tea6h883—-903
(1993.

“8Question #2 in this set was designed by Leith Allen, private communica-

tion (2002.

3%, L. Yarroch, “Student understanding of chemical equation balancing,”*®J. P. Guilford,Fundamental Statistics in Psychology and Educatiéifn

J. Res. Sci. Teacl?22, 449—-459(1985.

ed. (McGraw-Hill, New York, 1965, p. 184. This test considers each pair

S’Andrew Elby, “What students’ learning of representations tells us about of values to be an independent measurement of the difference between the
constructivism,” J. Math. Behau9, 481-502(2000. paired quantities. It is the appropriate test here because there are many

477 Am. J. Phys., Vol. 73, No. 5, May 2005 David E. Meltzer 477



162
year-to-year variationén student demographics, course logistics,)é4at 56This convention—that the tail of the arrow representing a force exerted on
in each individual year, there is re priori reason to expect differences  an object is attached to the object—is certainly not universal. However, in

between the paired gquantities. the context of question 8, the attractive nature of the gravitational force
’Reference 49, p. 255. guarantees that the force exerted on an object must point toward the other
SlReference 49, pp. 188-189. object in the interacting pair. This fact makes the assignment of force
52David J. SheskinHandbook of Parametric and Nonparametric Statistical ~ vector arrows in question 8 unambiguous; regardless of the convention for

Procedure2nd ed.(Chapman & Hall/CRC, Boca Raton, 200(@. 498. locating the tails of the arrows, the arrow corresponding to the force ex-
53We have tried to further test this interpretation with interview déagith erted on the moon must point toward the earth. Therefore, it is not merely

Allen and Larry Engelhardt, private communicati¢®003]. Approxi- a confusion about notation or vector conventions that leads to the error

mately 15 students were interviewed in all; they had volunteered in re- identified here[lt is notable that not a single student chose either response
sponse to a general solicitation. None of the students interviewed showedG or H on the electrostatic final-exam questi@fig. 2); these responses
any clear evidence of the representation-related difficulties identified in would be acceptable representations of a dominance-principle answer, or
this paper. Our experiendand that of othepshas been that most students  the correct answer, respectively, if one ignored tail locafidinis obser-

who volunteer for interviews are well above the average in terms of course vation leaves open the question of whether the students’ confusion was
performance. It seems that the relatively simple nature of the questions primarily with the tail location, the meaning of the arrow direction itself,
used in this investigatiofindicated by the low error ratgsvas an inad- the meaning of “attractive force,” or some amalgam of thésed possibly
equate challenge for the interview volunteers. It will probably be neces- othe) issues.

sary to target potential interviewees in the future, soliciting students whd’Most gender-related differences in this study seem to be smaller than the

have already showfon quizzes or examsvidence of the learning diffi- differences documented to exist between traditional instruction and
culties being investigated. interactive-engagement instruction; see, for instance, Richard R. Hake,
*¥Lei Bao and Edward F. Redish, “Concentration analysis: A quantitative “Interactive engagement versus traditional methods: A six-thousand-
assessment of student states,” Am. J. Piegs.S49—-S532001). Also see student survey of mechanics test data for introductory physics courses,”
Ref. 45. Am. J. Phys.66, 64—74(1998, (http://www.physics.indiana.edukdil).
SSAlthough theV and D versions of the gravitation questidand related Marshall has recently reported on a study that suggests the existence of

Coulomb’s law questioninclude similar options regarding force magni-  gender differences in interpretation of electric circuit diagrams: Jill Mar-
tudes, theD version obviously portrays directional information as well.  shall, “Gender differences in representations of electric circuits,” AAPT
This directional information is an additional bit of complexity which prob-  Announcer34(4), 96 (2004).

ably contributes to overall confusion, although it is not clear h@w *8However, one must also consider the possibility that specific differences in
whethey it might make it more difficult for a student to pick out an “equal  the way the questions were worded also may have contributed significantly
magnitudes” option. to the discrepancies in responses that were observed.
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The relationship between mathematics preparation and conceptual
learning gains in physics: A possible “hidden variable” in diagnostic
pretest scores
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There have been many investigations into the factors that underlie variations in individual student
performance in college physics courses. Numerous studies report a positive correlation between
students’ mathematical skills and their exam grades in college physics. However, few studies have
examined students’ learning gain resulting from physics instruction, particularly with regard to
qualitative, conceptual understanding. We report on the results of our investigation into some of the
factors, including mathematical skill, that might be associated with variations in students’ ability to
achieve conceptual learning gains in a physics course that employs interactive-engagement methods.
It was found that students’ normalized learning gains are not significantly correlated with their
pretest scores on a physics concept test. In contrast, in three of the four sample populations studied
it was found that there is a significant correlation between normalized learning gain and students’
preinstruction mathematics skill. In two of the samples, both males and females independently
exhibited the correlation between learning gain and mathematics skill. These results suggest that
students’ initial level of physics concept knowledge might be largely unrelated to their ability to
make learning gains in an interactive-engagement course; students’ preinstruction algebra skills
might be associated with their facility at acquiring physics conceptual knowledge in such a course;
and between-class differences in normalized learning gain may reflect not only differences in
instructional method, but student population differen¢dsdden variables’) as well. © 2002

American Association of Physics Teachers.
[DOI: 10.1119/1.1514215

[. INTRODUCTION In Secs. Il and Ill, | review the results and limitations of
previous studies on the relation of students’ pre-instruction

A primary goal of research in physics education is to iden-preparation to their performance in physics courses. In Sec.
tify potential and actual obstacles to student learning, andV | describe a widely adopted measure of student learning
then to address these obstacles in a way that leads to mogalled “normalized learning gain” and explain why it is an
effective learning. These obstacles include factors that origiappropriate measure for the objectives of this study. In Sec.
nate during instruction—such as instructional method—ag/ various factors that may be related to learning gain are
well as those that relate to students’ preinstruction preparadiscussed, and the motivation of the present study is pre-
tion. Previous studies have examined various preinstructiogented. The context, methods, and results of the present study
factors that may or may not be related to students’ perforare described in Secs. VI, VII, and VIII, respectively, and the
mance in physics, with mathematics skill being the mostresults are discussed in Sec. IX. The limitations of this study
common factor. However, in almost all of these studies, theare outlined in Sec. X, and implications for instruction are
measures of performance adopted were student grades examined in Sec. XI. The methodological implications of
course exams that emphasized quantitative problem solvinghis study for physics education research are addressed in
Only in a few cases was students’ conceptual knowledg&ec. Xll, and Sec. XllI briefly summarizes the main results.
assessed through the use of qualitative problems. And with
only a handful of Qxceptions, there was no attempt to directly; pREVIOUS RESEARCH ON THE RELATION OF
mgtar\jgtrii;he gain in student understanding that resulted frOWARIOUS FACTORS TO STUDENTS'

This paper examines students’ mathematics skills and theI:r)ERFORMANCE IN PHYSICS COURSES
initigl physiqs con'ceptual knowledge as factc_)rs that' may Una  students’ mathematical preparation
derlie variations in student learning. Learning gain is as-
sessed through pre- and post-testing using a qualitative test Many studies appear to show that mathematical ability
of physics conceptual knowledge. One objective of the(mathematical aptitude or accumulated procedural knowl-
present study is to determine whether individual studentstdge is positively correlated to success in traditional intro-
learning gains are correlated with their initial level of con- ductory physics courses that emphasize quantitative problem
ceptual knowledge as measured by pretest scores on tlselving. Most of these studies have involved college physics
physics concept test. Another objective is to determinestudents; some have examined the preparation that these stu-
whether those learning gains are correlated with the studentdents received in high school. Some studies have found a
mathematics skills, as determined by preinstruction testingositive correlation between physics course grades and
with a college entrance exam or an algebra/trigonometrgcores on the mathematics part of college entrance ekams.
skills exam. Many investigators have found positive correlations between
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grades in college physics and a mathematics skills pretestot discussed explicitly. There is by now a large body of
administered at or near the very beginning of the coursditeraturéd®-2#that demonstrates convincingly that good per-
Typically, these pretests involve algebra and trigonometryformance on such problems does not necessarily indicate
althou%h most investigators do not provide samples of theigood understanding of the physics concepts involved. Perfor-
tests>~ mance on such traditional problems may not even be highly

The correlation between mathematics skill and physicsorrelated with conceptual understandifg. The author’s
performance has not been observed to hold consistently. Reenclusion is that virtually all previously published studies
ported correlation coefficients vary widely and are not statison the relationship between mathematics preparation and
tically significant for all groups tested. For example, onephysics course performance leave open the question of how,
study found that the overall correlation between grades andnd whether, such preparation may be related to conceptual
an algebra pretest was not significant for males ( understanding of physics.
=+0.10), while for females the correlation was highly sig- Although  various ~ factors—such as mathematics
nificant (r = +0.48) & preparation—may be correlated with students’ performance

All the studies cited have focused on student performanc@n Physics exams, this correlation is not direct evidence that
either on a single physics course exam or on a mean gradgere is a causal relationship between the two. To our knowl-
from several such exams. In contrast, Hakal® and Thore-  €dge, no studies directly test for such a relation. Therefore, it
sen and Gros8 have reported preliminary investigations of Would be improper to conclude from previous studies that,
student learning gains in physics courses, determined by bofR" instance, requiring students to practice and improve their
preinstruction and post-instruction testing. They found thafhathematics skills before beginning college physics would
students with the highest learning gains in physics had'€cessarily improve their performance in these courses.

scored higher on a mathematics skills test than students with Another important limitation of previous research is its
the lowest learning gains. failure to examine student learning. A student’s performance

Several investigators have found positive correlations be@" @ course exam is an indication of the student’s knowledge
tween grades earned by students in their college physicate at the time of the exam, and is not necessarily related to
courses and their previous experience and/or grades in eith¢hat the student has learned in a particular course. Hence, it
high-school, college mathematics courses, or high-schodf Necessary to have some measure of student Ieafmng, in
physics course¥:'? However, the overall weight of the lit- contrast to a measure that merely quantifies students’ knowl-
erature on factors related to college students’ performance ifdge. One way to provide such a measure is to test students
introductory physics is that the measurable impact on perforP0th at the beginning and &r neay the end of a course to
mance is substantially larger for mathematics skills as dete/@SS€ss how much they may have learned. In this way we can
mined by preinstruction testing, than it is from any measure?Ptain a measure of students’ learning gain, which is the
derived simply from students’ experience or lack of it in quantity that, in principle, is most susceptible to change by

previous physics or mathematics courses. actions of the instructor and students during the course. Stu-
dents’ performance on course exams may or may not be cor-
B. Students’ reasoning skills and other factors related with learning gain, and the relationship between per-

formance and learning gain is, at best, an indirect one.

Another factor that has been studied extensively is th early all previous studies have failed to directly investigate

possible relation between precourse measures of studenig. . qinle relationship of mathematiesid other prepara-
reasoning ability and their college physics grades. Significa ion to students’ learning gain in a college physics course.
correlations between these variables have been reported by

numerous investigators:~%83However, the reported corre-

lations are not significant for all groups, and in most case$y; NORMALIZED LEARNING GAIN: A KEY

the reports do not provide samples of the specific queStionl?/lEASURE OF STUDENT LEARNING

used to assess reasoning ability. Recently, Cletféais re-

ported a positive correlation between a pretest measure of The question of how to measure learning gain is not

reasoning ability and learning gain in a high-school physicsimple and is subject to many methodological difficulfies.

course. S Because the maximum on a diagnostic instrument is 100%, it
Other factors that have been found significant to one deis common to observe a strong negative correlation between

gree or another are students’ achievement eXpeCta}ltzonS,students’ absolute gain scorgsosttest minus pretest score

homework grade$, high-school GPA*? college GPAY®  and their pretest scores: higher pretest scores tend to result in

and a variety of cognitive and emotional factofsA large  smaller absolute gains, all else being equal. For example, in

number of significant preparation and demographic factor¢iake's study of 62 introductory physics courses, absolute

were identified by Sadler and T&TWO Studieg’ found that ain scores on the Force Concept |nvent(ﬁ¢|) were Sig_

students’ performance on a pretest of physics conceptugfificantly (negatively correlated with pretest scorer (
knowledge had a significant positive correlation with course_ —0.49) 2 An alternative is to normalize the gain score to

grades. account for the variance in pretest scores. Such a measure is
g, the normalized gain, which is the absolute gain divided by
[ll. LIMITATIONS OF PREVIOUS RESEARCH the maximum possible gain:

Almost all of the investigations discussed in Sec. Il used
students’ scoregor grades derived from those scorem g= : i .
physics course exams as a performance measure. It is very maximum possible scorepretest score
likely that in most cases, all or most of the exam questions
would be described as traditional quantitative physics probHake found tha{g), the mean normalized gain, on the FCI
lems, although in most cases the nature of the questions wésr a given course was almost completely uncorrelated (

post-test score pretest score
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=+0.02) with the mean pretest score of the students in thélowever, in a separate stutfythe correlation betweetg)
course”® Therefore, the normalized gain seems to be relaand pretest scores was very low=—0.06 on FCI;r
tively independent of pretest score. This independence leads +0.16 on FMCE.
us to expect that if a diverse set of classes has a wide range The objective of the present study is to aid in building a
of pretest scores but all other learning conditions are similaimodel of the factors that significantly affect students’ learn-
the values of normalized learning gain measured in the difing success in physics. To this end, we examine individual
ferent classes would not differ significantly. This pretest in-students’ normalized learning gain scores using a qualitative
dependence of the normalized gain also suggests that a magst of physics conceptual knowledge; students are tested
surement of the difference i) between two classes having both before and after instruction. We hope to deterntije
very different pretest scores would be reproduced even by whether individual learning gains are correlated with stu-
somewhat different test instrument which results in a shiftingdents’ initial level of conceptual knowledge as measured by
of pretest scores. pretest scores on the same physics concept test(Znd

Empirical evidence for this hypothesis is provided by anthose learning gains are correlated with the students’ math-
analysis of the data from Table Il of Ref. 21. Students’ematics skills, as determined by pre-instruction testing with a
knowledge of mechanics concepts was tested with two difeollege entrance exam or an algebra/trigonometry skills
ferent diagnostic instruments, the FCI, and the Force andxam.
Motion Conceptual EvaluatiotFMCE).?? The pretest scores
and absolute gain scores yielded by the two instruments were
significantly different, but the normalized gains were statis-VI. CONTEXT OF THIS STUDY
tically indistinguishable. The most persuasive empirical sup- o o ) ]
port for use of(g) as a valid and reliable measure is thg} This investigation was carried out in the second semester
has now been measured for tens of thousands of students §fj & two-semester algebra-based general physics sequence.
many hundreds of classes worldwide with extremely consis- N€ data reported here originate in four courses taught by the

tent results for classes at a broad range of institutions witguthor: two at Southeastern Louisiana UniversBiU) in
widely varying student demographic characteristicslud- ~ Fall 1997 and Spring 1998, and two courses taught at lowa
ing pretest scoreg’ State UniversityISU) in Fall 1998 and Fall 1999. The num-

ber of students in each course ranged from 65 to 92. The
focus of the course was electricity and magnetism, including
DC circuits. The SLU course consisted of three 50-minute
V. FACTORS THAT MAY BE RELATED TO meetings each week held in the lecture rodfseparate lab
NORMALIZED LEARNING GAIN course was optional and was not taught by the lecture course
instructor; there was no recitation sessjokt ISU, in addi-

An obvious question is, What are the factors that are retion to three weekly 50-minute meetings in the lecture room,
lated tog? Is g related to instructional method, or to indi- there is one 50-minute recitation session each weBthere
vidual characteristics of the students and their pre-instructio#f also a separate required lab in which the lecture instructor
knowledge state? has only I!mited i_nvolvemerDt.These courses made r_nuch
chanics courses as determined by pre- and post-testing of tA#azur’s Peer Instructioff.*® The primary curricular mate-
FCI. He distinguished two separate groups of courées: rlal was theV\/orkbooK for Introductory Physics Instruction
those taught with interactive-engageméiit) methods, and in the recitation sessions at ISU was modeled closely on the
(2) traditional courses that make little or no use of IE meth-University of Washington tutoriaf%; although most of the
ods. Many studies have been published that broadly confirfiaterial used came from th@/orkbook for Introductory
Hake’s major finding€’ which are that normalized learning Physics
gain{g) as measured by the FCI in introductory mechanics
courses is(1) largely independent of class mean pretes
score;(2) virtually independent of the instructor when tradi-tV”' METHODS
tional instructional methods are used; af®l tends to be  gtydents’ conceptual knowledge was assessed by the ad-
significantly higher(by a factor of about two or moyevhen  minjstration of a physics concept diagnostic test on the first
IE methods are used in comparison with traditional instrucyn |ast days of class; only students who took both pre- and
tional methods. The issue of whather factors may be re- post.tests are part of the sample. Students’ preinstruction
lated to variations ing, besides instructional method, has, mathematics skill was assessed by their score either on the
with few exceptions, not been addressed. ACT Mathematics Test or on an algebra—trigonometry skills

Another way of investigating the factors that are related taest. A variety of statistical tests were then performed to as-
g is to examine they scores ofindividual students to see if sess the relatiotif any) between students’ individual nor-
the characteristics of individual students may be related tenalized learning gain, and their preinstruction scores on both
their own learning gains. Haket al? found indications that the physics concept test and the mathematics skills test.
students’ mathematics skills and spatial visualization abilities The diagnostic instrument was the Conceptual Survey in
might be related to their normalized learning gain, and simiElectricity (CSB. This 33-item multiple-choice test surveys
lar results were reported in Ref. 10. Research on high-schodnowledge related to electrical fields and forces and the be-
students has led Clement to suggéshat reasoning ability havior of charged particles. The questions on the CSE are
may be an independent factor. Preliminary data reported ialmost entirely qualitative. About half of the items are also
Ref. 28 strongly suggest that there may be a certain amoumicluded on the Conceptual Survey in Electricity and Mag-
of variation in{g) that can be ascribed to pretest scdteat  netism(CSEM).'® The creators of the CSEM remark that it
is, students’ initial degree of physics conceptual knowlgdge contains “a combination of questions probing students’ alter-
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Table |. Correlation between normalized learning gain and pretest score on CSE.

Correlation coefficient between student Statistical significance

Sample N learning gaing and CSE pretest score (two-tailed
SLU 1997 45 +0.15 p=0.35(not significant
SLU 1998 37 +0.10 p=0.55 (not significant
ISU 1998 59 0.00 p=0.98 (not significant
ISU 1999 78 +0.10 p=0.39 (not significant

native conceptions and questions that are more realisticallylll. RESULTS

described as measuring students’ knowledge of aspects of the

formalism.” ° A. CSE pretest scores are not correlated with individual
On the pretest, students were given enough time to redormalized learning gain

spond to all 33 questions. Neither grades nor answers for this

retest were posted or discussed. On the last dav of class theTable | shows the correlation coefficients between indi-
P P ' Y ' “vidual studentsy scores and their CSE pretest score for the

same CSE was administered as an extra-long in-class AUgsur samples. The correlations are very small and none is
However, students were asked to respond to only 23 of th lose to being statistically significant. Figure 1 shows the

questions® The CSE was used in this abridged form for .
various reasons. For example, in some cases, the notatior\\@‘lue ofg and the CSE pretest score for all students in the

conventions differed from what was used in cldéar in- U 1998 sample. The correlation coefficient for this relation
stance, electric field lines are used on the CSE, but only fiell® _r=0.005 there is no ewde_nce Qf any pattern in the data
vectors were used in classin other cases, the questions points. This random pattern. is typical of all four sqmples.
involved material that was covered peripherally or not at all 'lgable I prfetsentds.f(f:omptarlsoni F> fotrhselvgegrgl dlfferlen.t
in class. Only the 23 designated items were graded, both a Hbgroups orwo diiferent samplest-or the sampie in

the pretest and the post-test. All CSE scores discussed in thssgglgsnb:;rg]% rglg;’zrefrgzé? 'f%eotstgjn(:e;;lsf,\,’\g?etrgetg?hrgghrgit
paper(as well as quantities derived from thgnefer only to ith the 30 I P cs ’ h 9 dg P
the 23-item abridged CSE. with the owest E pretest scorgThe 59-student

For the SLU samples, scores on the ACT Mathematic sample was divided in this way to form two groups of nearly

) . - Bqual size; the groups had zero overlap in pretest scores.
Test were used to assess pre-instruction mathematics ski q ! group P P

; - . . retest scores ranking #24—-29 were identieajht correc},
This test is a college entrance exam, and so there is typmallgnd scores in the group #30—43 were edsaben corred!

a 1-3 year gap between the time students take this test anﬂwis method was used to form the other subgroups repre-

the time they take the CSE. The instrument used at ISU is @enteq in Tables Il and 1Y The mean CSE pretest scores of
38-item multiple-choice test originally developed by Hudson

during the course of his investigatiofted in Sec. 1) into

the effect of mathematics preparation on students’ physics
performance. It includes the following topics among others:

solving and manipulating one- and two-variable algebraic 10
equations; factoring quadratic equations; unit conversions; *
elementary trigonometry; straight-line graphs; powers-of-10 .
notation; simple word problems; and addition of numerical
and algebraic fractional expressioliSee Appendix for rep- e e
resentative problems.

All students who register for the first semester course in
the algebra-based physics sequence at ISU are required to
take this test; it does not count toward the students’ grade.
Because students take this exam at the beginning dirgte
semester course, there was a gap of at least two méenthia
the case of summer-school studertstween when they took
the mathematics test and when they took the CSE. More
often, the gap was 5 to 12 months.

Several modifications were introduced during the ISU
1999 course which, it was hoped, would improve instruction. ¢
Both graduate student teaching assistants for the course were
members of the Physics Education Research Group and had
extensive experience and capabilities in inquiry-based in-
struction. For many of the recitation-session/tutorials, an ad- CSE Pretest Score (% correct)
d".:lonal undergraduate teachlng aSS.IStant was present. Du”ﬁl%. 1. Scatter plot of ISU 1998 sample; data points correspond to individual
this course, both the teaChmg assistants and the course 'E}Ddents. plotted according to their individual normalized learning gain

structor spent many out-of-class hours in individual instruc-score on the Conceptual Survey in Electridi§SE and their pretest score
tion with students who solicited assistance. on that same exam. Correlation coefficiert0.00.

Normalized Gain vs. CSE Pretest
(ISU 1998)
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Table 1l. ISU samples: Gain comparison, students with high and low CSETable Ill. Correlation between normalized learning gain and mathematics
pretest scoreg.g) represents the mean of individual students’ normalized pretest score.
gains; s.d=standard deviation.

Correlation coefficient

N Mean CSE pretest score  (g) (s.d) between student
learning gaing and Statistical significance

1998 Sample N mathematics pretest score (two-tailed
Top half 29 44% 0.680.19
Bottom half 30 25% 0.630.23 SLU 1997 45 +0.38 p<0.01
Top quartile 15 50% 0.680.21) SLU 1998 37 +0.10 p=0.55 (not significant
Bottom quartile 16 20% 0.660.249 ISU 1998 59 +0.46 p=0.0002

ISU 1999 78 +0.30 p<0.01
1999
Top third 30 43% 0.740.18
Bottom third 27 18% 0.720.17)
Top fifth 14 49% 0.730.20 that the pretest score on the CSE is not a significant factor in
Bottom fifth 15 14% 0.670.13 determining a student’s normalized learning gain.

B. Mathematics pretest scores are correlated with

] ] ~normalized learning gain
these two groups were very different, but their normalized

gains were not statistically distinguishable according to the Table lll presents the correlation coefficient and corre-
one-tailed t-test: (Giop na =0-68, (Gpottom hap =0.63, t sppndlng statistical significandéhat is,p va!ue for the re-
=0.84,p=0.20. A comparison between even more disparatdation between studentg) scores and their scores on the
groups is also shown in Table Il. “Top quartile” refers to Pre-instruction mathematics skills test. The c_orr_e_latlon for
students with the 15 highest CSE pretest scores in the 1998€ SLU 1998 sample was not statistically significant; the
sample, while “Bottom quartile” refers to the 16 lowest in correlations for the other three samples were all statistically
that sample. The normalized gains of these two groups wergignificant at thep<0.01 level.

virtually identical. Table Il also presents a similar set of com- Figure 3 showg as a function of score on the Mathemat-
parisons for the ISU 1999 sample. The results for this samplies Diagnostic Test for the ISU 1998 sample. A positive cor-
share the main characteristic of the 1998 sample, even for thelation between the two variables is evident. A similar cor-
extreme “Top fifth” and “Bottom fifth” groups: (gwp ey relation(though not as larges also evident in the SLU 1997
=0.73, (Gpotiom iy = 0.67; these gains are not significantly and ISU 1999 sample data. Examination of the residuals, that
different according to the one-tailetttest ¢=0.98, p IS, the differences between data points and regression fit line,
~0.17). shows that there are no marked nonlinearities evident in the

Figure 2 shows the distributions of the normalized gain
among the Top half and Bottom half groups from the 1998

sample; there are no striking differences between the pretest Normalized Gain vs. Math Pretest

groups. A similar result was found for the 1999 sample. This 1.0 (ISU 1998) .
result reinforces the conclusion from the correlation analysis . * .
*
ot e
0.8 RN
$° ¢
OBottom half CSE pretest scores t 8
M Top half CSE pretest scores :tn te ¢
y * *
10 c - ¢ o
= 0.6 *
9 8 *
81 2 “ e o
8 7] N . *
c | ® 0.4 -
[+}) 6 £ * ’.
T 51 s .
3 4 | =z *
n 5 *»
*® ] 0.2 .
r=+0.46
1 * p =0.0002
0 4
QO O O O O O O D O 0.0 T T
o - N [3p] < [Te) © N~ [ce] o
f ¢ ¢ ¢ ¢ ¢ 9 % 9 % 0 10 20 30 40
S 2§ 8988 R 8 3
© 86 o ©o o ©o ©o ©o o o Math Pretest Score (Max = 38)
g Fig. 3. Scatter plot of ISU 1998 sample. Data points correspond to indi-

vidual students, plotted according to their individual normalized learning
Fig. 2. Distribution of normalized learning gains for ISU 1998 sample: light gain g on the CSE and their pre-instruction score on the Mathematics Di-
bars, students with 30 lowest scores on CSE pretest<0.63); dark bars,  agnostic Test. Correlation coefficient= +0.46, p=0.0002; the data are
students with 29 highest scores on CSE pret@st0.68). (g) represents  best fit by the linear relatiog=0.228+0.01496M, whereM is the number
the mean of individual students’ normalized gains. of correct answers on the Mathematics Diagnostic Test (maxima@).
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Table IV. ISU samples: Gain comparison, students with high and low math-

ematics pretest scorely) represents the mean of individual students’ nor- O Bottom half math pretest scores
malized gains. s.ekstandard deviation. M Top half math pretest scores
) 10
N Mean mathematics pretest score(g) (s.d) 9]
1998 o 8
Top half 28 89% 0.750.15 ‘E 7 1
Bottom half 31 63% 0.560.22 @ 6
Top quartile 13 93% 0.770.14 'g 5 4
Bottom quartile 14 49% 0.4€0.2H ,.‘;; 4
3
1999 ¥+ 5
Top half 37 86% 0.750.20 14
Bottom half 36 55% 0.660.22 0 -
Top quartile 21 90% 0.780.17) 2 o o o o a.a o a4 9
Bottom quartile 20 44% 0.600.23 ¢ § § © § 9 © oS «w
o o o o o o (o] o o o
Q v N ™o % 1 © N O O
o o o o o o o o o o
g

. . Fig. 4. Distribution of normalized learning gains for ISU 1998 sample: light
data, and further that the sample variances are fairly Uninars, students with 31 lowest scores on the Mathematics Diagnostic Test

formly distributed(that is, the data are “homoscedastic” ({(g)=0.56); dark bars, students with 28 highest scores on the Mathematics
Table IV presents comparison data for subgroups chosebiagnostic Test(g)=0.75).

in a manner analogous to that used in Table II. For instance,

the first two lines comparég) for the group of students in

the ISU 1998 sample with the highest math pretest scoretfempting to ascribe these highgrvalues to the differences

(Top half, actually the top 47%4o the group with the lowest in the instructional methods implemented in 1999, although

scores in the same sampiBottom half, the lowest 53%In  this is merely speculation.

this case—in sharp contrast to the situation in Table II—theC The math scordlearning gain correlation is present

learning gains of the two groups are very different, with highfo'r both males and females

statistical significance{giop haip =0.75, {Gbottom haiy = 0.56; _ o

p=0.0001(one-tailed. When we go to groups even further ~ Table V presents the correlation coefficients and corre-

separated by their mathematics pretest scores—the Top qu&iRonding statistical significance for the male and female sub-

tile and Bottom quartile groups—we find an even greateidroups of the two ISU sampleselected because they are

difference between their mean normalized g&lop quarid larger and cqntam more reliable d)itAIt_hough the value of

=0.77,(9pottom quarti¢ = 0.49, p=0.001 (one-tailed. r for males in the ISU 19_98 sample_ is larger .tha.r! that for
Also shown in Table IV is an analogous set of data for thel€males, the difference is not statistically significant (

ISU 1999 sample. The differences {g) between the Top —0-50, using Fisher transformed valifgs In the 1999

half and Bottom half mathematics pretest groups are substafMPle, the correlation coefficients for males and females are

tially smaller than in the 1998 sample, but are still statisti-neatrlyt":re]m'iacl)' ggl lfourlcforrelanon? z.airedsttatltsncally s;gglf}-

P . _ _ cant at thep<<0.05 level for a one-tailed test, warranted in
c:ag?/o 4?)%21;32;_ |<\/!|J(t)0rper§\|;> er,?ﬁ?&if?grpgg%%hiﬁl o :r-r?i%g g 4in this case given the positive correlation observed for both full

is substantially larger for the groups closer to the extremes O§amples.
the mathematics pretest score range, that is, the Top quartile
and Bottom  quartile  groups: (Qiop quarile =0.78, IX. DISCUSSION OF RESULTS

(Ybotiom quartid = 0-60, p=0.005 (one-tailed. This difference  The results in this study regarding theek of correlation

is consistent with the data from the 1998 sample and S'gnlflbetween normalized learning gain and CSE pretest score are
cantly strengthens the case that the observed correlation y&ry consistent. However, the results for the mathematics
real and not an artifact produced by the particular selectiopretest score are in striking contrast to those for the CSE

of the subgroups. pretest score: in three of the four samples, there is a signifi-
Figure 4 shows the population distributions for the nor-

malized gain for the ISU 1998 sample, portraying the top and
bottom mathematics pretest score groups. There is a verable V. Correlation between normalized learning gain and mathematics
noticeable skewing of the distribution toward the high end ofpretest score for males and femal{tSU samples

the g scale for the high math group. Again, this result is
consistent with the correlation analysis and is in striking con-

Correlation coefficient
between student Statistical

trast to the distributions shown in Fig. 2. learning gaing and significance
It is worth noting another feature of Table IV. Although N  mathematics pretest score(one-tailed test

the normalized gains for the Top half and Top quartile groups 1SU 1998 mal p~ oss ool

. . . _ : males . p<0.

in the 1999 sample are nearly identical to those for the cor ISU 1998: females 37 + 044 0<0.01

responding groups in the 1998 sample, that is not the case forISU 1999 males 33 +0.29 p=0.04
the Bottom half and Bottom quartile groups. Thes for ISU 1999: females 45 1031 p=0.03
those groups are substantially larger in the 1999 sample. It is
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cant positive correlation f<0.01) between normalized scores on the mathematics exam range from 0.68 to 0.85.
learning gain and mathematics pretest score. This relatiohherefore, we can be highly confident that—for an equiva-
observed between normalized learning gain and preinstrudent sample—the mean gain of the lowest mathematics group
tion mathematics skill is consistent with the preliminary re-would be below the class mean of 0.65, while that of the
sults presented in Refs. 9 and 10; however, the present studijghest mathematics group would abovethe mean. Obvi-

represents the first comprehensive examination of this relg@usly, no comparable statement could be made about the
tion. groups with the lowest and highest CSE pretest scores. The

Another way to look at the data is to compare the math-correlations observed for the other samples are lower, and

ematics pretest scores for high gainers and low gainers. HakBerefore so is the predictive power, but the same pattern

et al® arbitrarily define high and low gainers as those with PEISIStS.

0=1.3(g) and g<0.7%g), respectively, wher€g) is the

mean for the class. They found that high gainers scored 199%. LIMITATIONS OF THIS STUDY

hig_her on the.mathematics skills pretest.than_d.i(_j the lowa siudent population

gainers in their sample. If we apply their definitions and

examine mean mathematics pretest scongs(m is the per- Students enrolled in calculus-based physics courses often

centage of correct respongesve find that (M) pgn gainers have a much more substantial mathematics background than

—a1o  _eno el those in the algebra-based course used in this study; this
81%, (M)iow gainers=60% for ISU 1998 and Myrgh gainers background may be associated with a different relation be-

=80%, (M) jow gainers= 65% for ISU 1999. These results are

) . . tween mathematics skills and conceptual learning gain in

remarkably consistent with those reported in Ref. 9. hysics. It should also be noted that the population of the
. The.results of Ref. 8 suggested thfat any observed correlgy 0 ISU samples was 60% female, a high proportion in com-
tion mightnot be a general characteristic of all students, b_“tParison to the calculus-based course.
of females only. Just as CSE pretest scores were a potentially
confounding variable, students’ gender has to be considereg
one as well. With this consideration in mind, the fact that
results forboth ISU samples show statistically indistinguish-  Students have considerably less day-to-day experience and
able correlation coefficients for male and female subpopulaaccumulated common sense notions regarding electric and
tions is very significant. Moreover, all four of these correla-magnetic phenomena in comparison with mechanics. Many
tions were significant at thp<<0.05 level(one-tailed test  of the concepts studieffor example, the electromagnetic
for their individual subpopulation. field) are considerably more abstract than most encountered

The relatively low correlation coefficients found in this in the introductory mechanics course. It is conceivable that if
study (between+0.30 and +0.46) yield little predictive ~a comparable study were done in connection with student
power regarding the expected value of the learning gain of atearning in a less abstract and more familiar domain, and if
individual student, based on his or her pre-instruction scoré@ssessment relied less on interpretation and analysis of for-
on the mathematics skills test. On the other hand, when agnal representations, the results might be different.
sessing the likelihood of a student becoming a high gainer or
a low gainer(defined, in this case, as one with gains above oIC. Instructional methods
below the class median, respectivelgonsiderably more . . . .
predictive power is possible. For instance, if we look at the, _Tlhe |r][struct|onatl)l mftTO%S.’t.useF In ﬂt]h'g st?_dy twertt_a cer-
students in the ISU 1998 sample with the lowest mathemat-a.'(rj1 y ho Cgmpé‘fa Ie o tra hl lona rge 0 ?10 Ins rfuc lon mh
ics scoregthe Bottom quartile in Table I\ we find that only widespread national use. They made much use of IE meth-

21% of them(3 of 14) have gains above the class median 0f0ds including interactive lecti#&and group work in the
_ . : . tyle of the University of Washington tutorials. On the ex-
g=0.693. In comparison, among the group with the highes

. ) ms, quizzes, and homework, the emphasis was very much
mathematics score€Top quartile, 77% (10 of 13 have o yhe'yne of qualitative questions that are used on the Con-
gains above the class median. Therefore, knowledge

. Subject matter

scores could have allowed a fairly high-confidence predic
tion of whether they would end up with above- or below-
average gains.
In striking contrast to this predictability based on math-
ematics pretest score, the knowledge of a student’s CSE pre- Hidden variables
test score would have allowed no such prediction. The grou@'
with the lowest CSE pretest scor@ottom quartile in Table It is an inherent limitation of any study that relevant vari-
Il) had 50%(8 of 16) with gains above the class median. At ables might be neglected. For a study such as this one, the
the same time, the group with the highest CSE pretest scorggrticular danger is that some of the neglected variables
(Top quartile in Table lalso had the same number of above-might actually be so important that their omission is ulti-
median and below-median gaifis of each, with one student mately the source of a spurious apparent correlation that
at exactly the class median would disappear if these variables had been included. This
Higher predictive power is associated with the mean learnean happen if the neglected variable is strongly correlated
ing gains of the subgroups at the high and low ends of thevith the targeted dependent varialflearning gain, in this
mathematics scale. The students in the ISU 1998 sample wittase).
the lowest mathematics scores have an expected normalizedFor example, logical reasoning ability is a variable that
gain (95% confidence intervalanging from 0.35 to 0.64. In  some investigators have found to be significant. Suppose that
comparison, the expected gain of the group with the highedbgical reasoning ability is strongly correlated with physics

Standards. It is possible that the results reported in this study
are related in some fashion to the courses’ instructional em-
phasis on qualitative and conceptual problem solving.

1265 Am. J. Phys., Vol. 70, No. 12, December 2002 David E. Meltzer 1265



172

learning gain, and moreover that this reasoning ability is alsdevels might find that lower learning gains are achieved.
strongly correlated with pre-instruction mathematics skill. However, the poorer expected outcome of using shme
We might find that, for a given level of reasoning ability, instruction with students of lower mathematics skill leaves
there is no separate correlation between mathematics skitpen the possibility that different instructional methods and
and physics learning gain. That would imply that improving curricula might ultimately achieve the same levels of learn-
reasoning ability might improve learning gain, but that im- ing gain success with the new population as with the old. The
proving mathematics skill would not have such an effect inhigher learning gains of the low-math group in the ISU 1999
the absence of any accompanying changes in reasoning abdample (which received modified instructiprmight offer

ity. some mild support for this speculation.

XI. IMPLICATIONS FOR INSTRUCTION XIl. METHODOLOGICAL IMPLICATIONS

The evidence from this study is that in an IE course, stu- . o .
dents’ normalized learning gains on the CSE are essential§)- The observed correlations might imply that widely
independenof their pretest scores. The implication is that, atdiverse populations taught with identical instructional
least with this type of instruction, students’ potential to Methods might manifest different normalized learning

achieve gains in understanding is independent of whetheé#&nS
they begin the course with high, low, or even zero initial tpg |ow-math and high-math subgroups in this study were
Ievels’ of physics concept kn.owledge. Knowledge. O.f Stu'aught with identical instructional methodfor all practical
dents’ CSE pretest scores might allow some prediction OL

. . X urposes And yet it is clear that their mean normalized
their probable final level of understanding, but would allow 4hing” gains were significantly different. If one imagines
no prediction of their ultimate learning gains. This result is

; LS an entire class populated with low-math students at institu-
encouraging because it implies that students have an eq

, R n A, and a different class—perhaps at a different institu-
chance at learning regardless of their initial knowledge of;,, B—populated with high-math students, it is plausible
concepts in electricity.

TN . that instruction carried out with identical methods and
Although students’ initial level of physics concept knowl- materials—perhaps with the identical instructor—might

edge may have no impact on their learning gains, the samg,ieless result in different values @) for the two
cannot be said for their initial level of mathematics skill. In classes

three of the four samples in this study, students with higher T . .
levels of preinstruction mathematics skill had substantially 'The extent Qf the variation g in a given populatlon that.
ight be ascribed to variations in mathematics preparation

gégPheerirlei?]ritr; g;gkﬂzufesg eth(()af F:Egzlecscgzgce;gs__v\;ﬂgﬁpggﬁwould depend on the range of mathematics skills represented
in that population; it could be estimated by using the linear

ared to students with lower mathematics skill lev@isie X . : :
fpor both males and females at 15U ve regression equation that is a best fit to ¢heersusM . data,

Whether or not this correlation would hold up if other Where My is the mathematics pretest scdfer example,
variables, unknown and therefore hidden to us, were inthe data shown in Fig.)3Using this method, we estimate for
cluded in the analysis is irrelevant to the potential utility of the ISU samples that variations {g) ascribable solely to
mathematics skill as an indicator of probable high and lowthe average variability of students’ mathematics preparation
gainers. If there are indeed other relevant variables assodithat is, for students haviny! . within the range(M .
ated with learning gain, it seems likely that they would be+ 1.0 s.d., where s.d. is the standard deviation of Mhg,
correlated with mathematics skill. Until they are known, score3 are confined to the range(g)~(d)mean
mathematics skill may be used as a substitute measure fof0.15g)nean

those variables—perhaps not so directly related as those |f e speculate that mechanics courses would show corre-
other (hypothetical variables to the targeted parameter of |ations between normalized gain and mathematics prepara-
learning gain, but associated with it nonethelé$he possi- tion similar to those in this study, we can estimate that the
bility of using mathematics skill as an indicator of physics yariation in(g) ascribable to mathematics preparation would
Iearr_ung p_otentlal was _suggested in Ref. 9 and by many %e +0.07 for (g)~0.45 (a typical value for mechanics
the investigators cited in Sec.)lllt should be emphasized courses that employ interactive engagemeTiis variation
that the correlation observed between mathematics prepargs 1 ioh smaller than the difference commonly found be-

tion a}nd nqrmallzed learning gain does not imply that m.ath'tween courses taught with IE and traditional methods, re-
ematics skill iscausallyrelated to physics concept learning spectively.

gains. It simply means that whatever factors may ultimately
be found to be causally related to learning gain, mathematics

skill is probably associated with them in some manner. g |t may be necessary to consider possible second-order
In the same sense in which the lack gfversus CSE  effects due to sample-to-sample differences in
pretest score correlation was encouraging, the positive correyeinstruction knowledge state

lation betweeng and a mathematics pretest score is some- . . ) -
what disconcerting. The implication may be that students This particular statement can easily be put in a familiar
with lower levels of preinstruction mathematics skilighat- ~ context. The author measuregl) on the CSE to be=0.48 in
ever the causanay be unlikely as a group to attain a level of his courses at SLU. After attempting to improve his instruc-
physics learning gain achieved by those with greater mathtional methods and materials, he foud)~0.67 in the
ematics skill, all else being equal. An instructor who trans-courses he taught at ISUMean CSE pretest scores were
ports instructional methods and curricula from one studen8% at SLU, 32% at IS Does this difference imply that he
population to another with much lower mathematics skillsucceeded in improving his instruction? Does the large ap-

1266 Am. J. Phys., Vol. 70, No. 12, December 2002 David E. Meltzer 1266



173

parent gain ing) perhaps overstate the actual improvement? (b) 21/20,
This type of practical question is one that we often attemptto  (¢) 10/21,
answer with pre-/post-test data. d) 18/49,

If one is actually planning an experiment in whi¢t) is (e) 5/21.
to be a measure of comparative learning gains, it is standarg) |f the angleA=4#/6 radians, what is the value @ in
practice to randomize the different samples so that the effects  gjegrees?
of any pqtentlal uncontrolled variablésuch as mathematics (a) 60°, (b) 120°, (c) 90°, (d) 45°, (e) 210°.
preparatiop may be expected to cancel each other out. One ,
can argue thatg) should never be used to compare poten-(5) 12x10°12x107 2 =____.
tially nonequivalent(that is, nonrandomizédsamples. The (a8 6x10%, (b) 10x10', (c) 10x107*, (d) 6x 10",
author’s courses at SLU and ISU are a good example of this (€) 10x 1¢P.
problem. Should one directly compare #®'s in the two
cases, or is some set of hidden variables at work, variables
that actually make the two student samples not equivalent?:raiph H. Blumenthal, “Multiple instruction and other factors related to

It is important to emphasize that there is no reason to achievement in college physics,” Sci. Edus, 336—-342(1961).
believe that effects of hidden variables—even combined—?2H. Daniel Cohen, Donald F. Hillman, and Russell M. Agne, “Cognitive
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Issues Related to Data Analysis and Quantitative Methods in PER

David E. Meltzer
Department of Physics & Astronomy, lowa State University, Ames, 1A 50011

A variety of issues are always relevant (either explicitly or implicitly) in analysis of
quantitative data in Physics Education Research. Some specific examples are discussed.

There are a number of issues that always arise,
implicitly or explicitly, when conducting
quantitative research and carrying out data analysis
in Physics Education Research. (Most are relevant
for qualitative research as well.)

I. Validity. Broadly speaking, validity refers to
the degree to which the conclusions of an
investigation truthfully and accurately respond to
some specific research questions. Among the
particular issues that may arise is: Does your
instrument provide data that could actually answer
your research question? A common flaw is that the
instrument (or test item) is not sufficiently
focused, in this sense: To try to answer the
question, “Do students understand concept 4?” the
test item (or test instrument) requires knowledge
of concepts 4, B, and C. Here, B and/or C might
correspond to specific mathematical tools or
formal representations. A related question that
might arise is: Is your interpretation of the data an
accurate representation of students’ knowledge?

For example, consider how one might assess
students’ knowledge of Newton’s third law in the
context of gravitational forces. At lowa State I
have given a quiz on gravitation on the second day
of class for five consecutive years. (The course is
the second semester of the algebra-based general
physics sequence, focusing on electricity and
magnetism. All students in this course have
completed their study of mechanics.) Question #1
on the quiz asks whether the magnitude of the
gravitational force exerted by the sun on the earth
is larger than, the same as, or smaller than the
magnitude of force exerted by the earth on the sun.
(This question uses words, but no diagrams or
equations.) The correct answer (“the same”) was
given by 10-23% of the students (representing the
low and high scores among the five classes). The
most popular response by far was “larger,” and it
was given by 70-83% of all students.

On the very same quiz, Question #8 asks the
students to choose a vector diagram that most
closely represents the gravitational forces that the
earth and moon exert on each other. The three
most popular choices are shown in the figure
below.

The correct answer
“b” was given by 6-
12% of students. In
each of the five
independent adminis-

b)) Er» +«®
trations of the quiz, (c) @—P Q)
the proportion of cor-

rect responses on Question #8 was about half that
on Question #1 (0.43, 0.60, 0.59, 0.50, and 0.50).
The implication seems to be that Question #8 was
measuring not only students’ knowledge of
Newton’s third law of motion and law of
gravitation, but also (in part) students’
understanding of vector diagrams. This conclusion
is considerably strengthened by the fact that 34-
47% of students gave answer “c” on Question #8
[answer “a”: 43-55%]. The “c” response cor-
responds to the force exerted by the more massive
object having the smaller magnitude, a response
that was given by only 3-6% of the same students
on Question #1. We see, then, that the validity of
two inferences that might have been drawn from
the results on Question #8 are thrown into
question: (1) the proportion of students who
misunderstood Newton’s third law, and (2) the
proportion who believed that in a gravitational
interaction involving two masses, the more
massive object exerts the smaller magnitude force.
Although a more definitive analysis of students’
reasoning on these questions must await
examination of interview data (currently
underway), it seems clear that the validity of
conclusions that might have been based on only
one of these test items would be very uncertain.

(a) @-}4—@

This paper appeared in Proceedings of the 2002 Physics Education Research Conference [Boise, Idaho, 7-8 August
2002], edited by Scott Franklin, Karen Cummings, and Jeffrey Marx (PERC Publishing, New York, 2002), pp. 21-24.




The lesson to be drawn from this example is
simply the ever-present need to be cautious in
collecting and interpreting PER data. Although
writers of diagnostic instruments and test items
must always make some assumptions regarding
the previous knowledge of the students being
tested, it is important to (1) be aware of what
specific assumptions are being made, and (2) have
some sound basis (e.g., previous investigation) for
believing that the assumptions are accurate.

Another threat to validity of interpretations of
test data is associated with analysis of students’
answers without regard for explanations of their
reasoning. Although there are many good practical
reasons for employing diagnostic instruments that
yield “answer only” data without students’
explanations, it is important for researchers to be
aware of possible pitfalls in the data analysis.
These dangers are associated most particularly
with attempts to draw conclusions from only one
or a small number of test items. For example, in a
study at the University of Washington [1], students
were asked to compare the changes in kinetic
energy and momentum of two objects of different
mass, acted upon by the same force. For both of
these comparisons, the proportion of correct
responses observed when ignoring students’
explanations was substantially higher than when
answers were judged correct only when
accompanied by a correct explanation. (KE
comparison: 45-65% correct vs. 30-35% correct;
momentum comparison: 55-80% correct vs. 45-
50% correct.) Many other researchers have
reported anecdotal evidence that supports the
conclusion suggested by this study, that is, that
data regarding students’ explanations of their
reasoning (whether in written or verbal form) very
substantially strengthen the potential validity of
conclusions drawn from any given investigation.

II. Reliability. Reliability refers to the
consistency of results produced by a specific
instrument or investigative protocol. It is related to
validity in the sense that an unreliable instrument
is very unlikely to lead to valid conclusions about
a research question. Reliability encompasses
several distinct concepts: (1) Is the instrument
internally consistent, that is, do different
components of the instrument measure (more or
less) the same property? This may be investigated
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with such measures as KR-20 or Cronbach’s alpha
[2]. Note that an instrument might well be
designed that intentionally measures two or more
distinct conceptual areas and therefore might not
be expected to yield similar results on different
subsections. (2) If you made the same
measurement again (with all conditions apparently
identical), would your instruments yield the same
result? If a particular test item or a small set of
items deal with a concept of which students have
little or no knowledge, responses tend to be
random. Therefore, even two consecutive
administrations of the same instrument might yield
substantially different results and analysis should
take that into consideration. (3) Would minor
variations in your test items (e.g., slight contextual
or representational changes, or alterations in
question format) lead to large variations in results?

For example: Schecker and Gerdes [3] reported
significant differences in student responses to
certain FCI questions when the questions were
posed in slightly different physical contexts, i.e., a
soccer ball instead of a golf ball, or a vertical
pistol shot instead of a steel ball thrown upward.
Steinberg and Sabella [4] administered final-exam
problems in free-response format that were similar
to several FCI questions. They found that in some
cases, there were significant differences in percent
correct responses between the final-exam
questions and corresponding FCI items
(administered post-instruction) for students who
took both tests. In the example discussed in
Section | above, two very similar questions on
gravitation posed in different representational
forms yielded significantly different results,
suggesting that the reliability of an instrument that
depended on only one or the other type of question
might be compromised. With regard to multiple-
choice exams, Rebello and Zollman [5] have
provided evidence that even well-validated
multiple-choice questions might miss categories of
responses that students would offer were the
questions posed in free-response format. They also
show that in some cases, the specific selection of
distracters provided to students can significantly
affect the proportion of correct responses.

Again, it should be emphasized that researchers
are always forced to make some assumptions
regarding the reliability of their instruments and



methods. Nonetheless, some efforts — however
informal — should be made to gauge the reliability
of any particular investigative protocol.

More generally, diagnostic items that omit
students’ explanations may have their reliability
threatened for that reason alone. In the University
of Washington study discussed above [1], both
questions (i.e., KE comparison and momentum
comparison) were posed in two separate variants:
one in which the different objects experienced
forces for the same time period, and one in which
the time periods differed. Remarkably, the
proportion of correct responses when explanations
were required was nearly identical for the two
variants (KE: 35% and 30%; momentum: 50% and
45%). However, when explanations were ignored,
results on the two variants were significantly
different (KE: 65% and 45%; momentum: 80%
and 55%). This suggests that reliability, and not
merely validity, may be strongly dependent on
consideration of student explanation data.

III. Statistical Significance. Before drawing
any conclusions from one’s data it might be
helpful to ask whether there is a substantial
probability (10% or more) that your result might
have occurred purely by chance. Do you have a
measure of variance, or can one be estimated? If
standard deviations are available a #-test (or similar
measures) could be used to assess significance of
differences in sample means. If not, an assumption
of binomial distribution might be made and a test
for difference between binomial proportions could
be applied [6].

If many individual variables or inter-sample
differences are being tested for significance, then
substantial deviations from “null hypothesis”
values may be expected to occur, purely by
chance, for some tested items. For instance, if 100
different sample means are compared, random
fluctuations would dictate that several are likely to
show a two-sigma (p = 0.05) effect (i.e., means
separated by two or more standard errors).

Another important consideration is that the
sample size being utilized may be inadequate to
yield a statistically significant result for the
specific effect being investigated. In that case,
failure to observe a difference between control and
experimental groups may not imply non-existence
of a treatment effect, but merely that the sample
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size used or the experimental protocol employed is
inadequate to demonstrate the existence of the
effect at an acceptable level of statistical
significance.

IV. Pedagogical Significance. Is the observed
effect likely to be of practical significance in the
classroom? Are there cost-benefit relationships
implied in the magnitude of the effect [7]? Even if
an effect is statistically significant (e.g., large
“effect size” [8]) the actual learning gains (as
measured for instance by Hake’s g [8, 9]) might be
small and of limited practical pedagogical interest.

V. Representativeness of Sample. Is your
student sample representative of the larger group
from which it is (implicitly or explicitly) drawn?
Are samples from the different student groups that
are being compared equivalent in all respects
except for the variable being investigated? If
sample selection is truly random the expectation is
that the answer to both of these questions should
be “yes.” In random samples that are sufficiently
large, the probability that both answers actually
are “yes” is very high. However, samples are
rarely “sufficiently large” nor, for that matter,
truly randomly selected. In that case one must
consider which relevant population variables may
differ among the various student samples, for
example:  demographic  makeup, previous
preparation, pre-instruction knowledge, etc.
Although some measures of learning gain such as
Hake’s g explicitly incorporate normalization to
reduce the dependence on pretest scores [8, 9], so-
called “hidden wvariables” such as mathematics
preparation, gender, spatial visualization ability,
reasoning ability, etc. may nonetheless exert an
influence for which account should be taken [8,
10]. Even more subtle variables such as whether
students are enrolled in an “on-sequence” or “off-
sequence” course might have an effect [11].

One should always ask: How have you
controlled variables that might be relevant? Have
you done random selection? If not, what
alternatives were used? In any case, what is the
basis for believing that the different population
samples being compared are equivalent except for
the treatment being tested?

VI. Reproducibility. Just because you saw an
effect in one PER experiment does not necessarily
mean you will observe it again. In physics, all



groups of electrons in identical states are
completely equivalent. In PER, different groups of
students are never in identical states and are never
truly completely equivalent. This reality requires
answers to questions such as these: Did you repeat
the experiment? Did anybody else repeat the
experiment? Are your results substantially
different from what others have observed, or are
they otherwise very surprising? If so, better check
again!

It is important to keep in mind that PER
necessarily deals with many variables that are
often difficult (and sometimes impossible) either
to identify or to control (or both), e.g.: student
demographics, instructor style, course logistics,
issues of validity and reliability of diagnostic
instruments, etc. Moreover, students’ mental
models of physics concepts are often complex and
incorporate overlapping and frequently conflicting
themes. Therefore, students’ responses to different
(though related) questions may be highly variable.
Largely due to this assortment of variables,
fluctuations from one PER data run to the next
tend to be large (and, of course, each data run may
require an entire academic quarter or semester).
This inherently large scale of fluctuations
substantially increases the importance of
replication in PER investigations in comparison,
for instance, to more traditional physics research.
Even investigations that yield large treatment
effects with high statistical significance should
probably be replicated by the original research
group at the same institution, and/or by other
researchers working at different institutions with
diverse student populations.

SUMMARY

Although the issues that are discussed here
often get no explicit attention in Physics Education
Research papers and presentations, I believe that
PER investigators should formulate responses — at
least implicitly and approximately — to all
questions of this type. Substantial neglect of one or
more of these issues can threaten the validity and
usefulness of the results of an investigation, and
vitiate the product of hundreds of hours of
laborious study.

I am grateful for discussions with Leith Allen and R.
Hake. This material is based upon work supported by

the National Science Foundation under Grant Number
DUE-9981140 and Grant Number REC-0206683.
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The Questions We Ask and Why:
Methodological Orientation in Physics Education Research

David E. Meltzer
Department of Physics & Astronomy, lowa State University, Ames, 1A 50011

Research methodology is discussed using a simple model of students’ knowledge. I argue
that the nature of data obtained is closely linked to the type of knowledge being probed.

Objectives of Physics Education Research

The research methodology one employs will
necessarily depend on one’s particular objectives.
Our group’s objective is to find ways to help
students learn physics more effectively and
efficiently, to understand concepts more deeply.
To do this we seek to understand the process by
which students develop their physics knowledge,
and what difficulties they encounter along the way.

A Model for Students’ Knowledge Structure

To model students’ knowledge, Redish uses the
analogy of an archery target [1]. The central black
bull’s-eye represents what the students know well.
It contains a tightly linked, hierarchically
structured network of concepts understood in
depth. When problems related to knowledge in that
region are posed to the students, they answer
rapidly, confidently, consistently, and correctly,
independent of context or representational mode.

The gray circle surrounding the bull’s-eye
represents what students understand partially and
imperfectly. Some concepts are understood well
and some not so well; some firmly held beliefs in
this region are inconsistent with physical reality.
Some links between concepts are strong, but most
are weak, absent, or miswired from the standpoint
of an expert’s knowledge. Knowledge in this
region is dynamic and still in the process of
development. When questions from this region are
put to students they may answer correctly in some
contexts, yet incorrectly or incompletely in others.

The outer white region represents what students
don’t know at all. It contains disconnected
fragments of concepts, poorly understood terms
and equations, and few or no links relating one
fragment to another. Questions from this region
yield responses that are mostly noise: highly
context-dependent, inconsistent and unreliable,
with deeply flawed or totally incorrect reasoning.

Redish, following Vygotsky — who called the
gray region the “zone of proximal development” —
says that teaching is most effective when targeted
at concepts in the gray. (“The zone of proximal
development defines those functions that have not
yet matured but are in the process of maturation,
functions that will mature tomorrow but are
currently in an embryonic state [2].””) This region
is analogous to a substance near a phase transition:
a few key concepts and a handful of crucial links
can catalyze substantial leaps in student
understanding. Conversely, in the bull’s-eye
region one is merely refining a well-established
body of knowledge, while instruction targeted at
the white region yields only infrequent and poorly
retained gains, lacking stability and durability.

Probing Students’ Knowledge

When we administer diagnostics or carry out
interviews in which students’ bull’s-eye regions
are probed, we get consistent, reliable, and rather
uninteresting results. When we probe under-
standing in the white region we get inconsistent,
context-dependent responses, also uninteresting
from a research or teaching standpoint. In contrast,
when we probe the gray area, we tend to get rich,
diverse, and potentially interesting and useful data.

Sometimes we find relatively stable, internally
consistent conceptual islands which may, or may
not, be consistent with physicists’ knowledge.
These islands are likely to have flawed or broken
links to the bull’s-eye region. When persistent pat-
terns with well-defined characteristics are found,
we identify and analyze them. By necessity, we
are probing students’ responsiveness to minimal
guidance, since even asking a question is a form of
guidance. In physics terminology we are trying to
determine the student’s “response function.”

We attempt to map a student’s knowledge
structure in the gray region, and then amalgamate
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a set of such individual mappings into an ensemble
average. We determine the population average of
things such as typical reasoning patterns, stability
of links, responsiveness to probes, etc. We also
gauge the magnitude of the natural “line width” to
the distributions, that is, the spread around the
mean value of the measured parameters [1].

Applying the Model: Sample Research Design
Our group has recently investigated student
learning in thermodynamics. A short written
diagnostic was administered to several hundred
students in three separate offerings of the calculus-
based general physics course, and 32 students from
a fourth offering of the course were interviewed.
Analysis of the written responses had indicated
several surprising results, including a widely
prevalent belief that heat and work behaved as
state functions, and a very weak understanding of
the first law of thermodynamics [3]. The recently
published paper by Loverude, Kautz, and Heron
[4] had documented very similar difficulties.
These results guided our objectives for the
interviews; to focus on “gray region” knowledge:

e pose elementary baseline questions to deter-
mine “lower” bounds on understanding;

use a pictorial representation of a cyclic
process to present diverse real-world
contexts in order to probe students’ ideas in
depth throughout the gray region;

gauge resilience and stability of students’
concepts upon minimal probing;

identify key learning difficulties, and gauge
their approximate prevalence.

By contrast, there were several alternative
research objectives on which we did not focus:

e cxactly how students had acquired their
knowledge /would be a very difficult task];
students’ attitudes towards learning /separ-

ate investigation, not our primary interest]

Although these are limitations on the completeness
of our picture of students’ thinking, any
investigation must be constrained in some manner.

Learning Difficulties, Not Alternative Theories

Even alternative conceptions that are clearly
and confidently expressed are unlikely to be
defended with the strength of a full-blown
“theory.” Different contexts or representations, or
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questions using related concepts, may trigger
dormant links and influence students to reconsider
their reasoning.

For example, in the thermodynamics interviews
a lengthy description of a cyclic process was
given, with diagrams portraying varying positions
of a piston as a volume of ideal gas was alternately
expanded and compressed back to its original
state. Students were asked this question:

Consider the entire process from time A4 to
time D. Is the net work done by the gas on
the environment during that process (a)
greater than zero, (b) equal to zero, or (c)
less than zero?

A P-V diagram of the process referred to in the
question (not shown to the students) is given in
Fig. 1. The magnitude of the net work done by the
system is represented by the enclosed area, and
since the path is traversed counterclockwise the
net work done is negative.

——Process #1
-- - Process #2

Pressure

Y

Volume

Figure 1. A P-V diagram (not shown to students) of the
process (Process #1) discussed during interviews.

Most students (over two thirds) quickly and
confidently answered that the net work done would
be equal to zero. Their explanations expressed just
a few common themes, typified by these two:

“The net work done by the gas...I put equal
to zero. I was measuring work as the force
over a certain distance, and if your piston is
back to your original spot you had a positive
work, and you had a negative work. And if
you all measured it from the same starting
point, you’re back to the original point with
the same thing. So, you’re equal to zero.
There was work done by the gas on the
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environment, but the fotal work over the
entire process is equal to zero.”

“I think the net work is zero, because no
change in volume...Because work is equal
to the integral of PAV...and AV =0.”

Variations of these arguments were readily vol-
unteered and persistently defended by most of the
students. However, 17% of those who initially
answered “zero” changed their response after they
were asked to draw a P-V diagram of the process.
Some changed to “greater than zero,” and some to
the correct response. For these students, drawing
the diagram triggered a recollection of the
relationship between work done and area under the
curve. Their original belief — despite being con-
fidently expressed and defended with a plausible
physical argument — was not so stable as to resist a
counter-argument spontaneously arising from the
students themselves with only a minimal external
influence. Thus we found that an apparently strong
student conception was at least somewhat unstable
when confronted with alternative reasoning.

Although this zero-net-work idea reflects a
serious misunderstanding of work in a thermo-
dynamic context, there is no basis for ascribing to
it attributes of a full-blown alternative theory.
There is no reason to think that students had this
conception pre-formulated in any consciously
articulated form before they were interviewed.
They seemed to be offering explanations that had
been worked out on the spot, although most of
them obtained the same answer and defended it
with similar reasoning. However, their expla-
nations lacked the depth that would be expected
from a carefully thought-out physical model.

The precise origin of this student idea — how it
abruptly crystallized based on previous instruction
and experience — is an open question. It is based to
some extent on the common-sense notion that
properties of a system returned to its original state
must have undergone no net change. However, this
line of reasoning also includes specific physical
arguments based on students’ prior knowledge of
physics, including overgeneralizations of both net
mechanical work done by conservative forces, and
of net changes in state functions during a cyclic
process. Those arguments would need to be
addressed before students could thoroughly
resolve their understanding of these concepts. It is
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quite possible that this conception, however
lacking in the attributes of a full-blown alternative
theory, may be quite resistant to instruction.

Investigating Stability of a Learning Difficulty

Through research I try to map out conceptions
related to learning difficulties, and to understand
what systems or situations elicit them with greatest
consistency. Some of these conceptions may be
pre-existing in students’ minds before their first
physics class, but more often they are only
vaguely and incompletely expressed until
encountered in an instructional setting. There,
however, one often finds that they arise with mo-
notonous regularity. An example is students’ idea
that heat is or behaves as a state function.

We asked students to compare the heat
absorbed by the same system in two different
processes represented on a P-J diagram, both
processes sharing the same initial and final states.
It was clear from the diagram that the work done
was different in the two processes, and so the heat
absorbed also had to be different [3]. However,
39% of the students asserted that the heat absorbed
by the system would be equal for both processes.
Many offered explicit arguments regarding the
path-independence of heat, for example: “I believe
that heat transfer is like energy in the fact that it is
a state function and doesn’t matter the path since
they end at the same point,” “they both end up at
the same PV value so...they both have the same QO
or heat transfer.” Students offered similar argu-
ments to explain — in response to an interview
question — why they believed a system undergoing
a cyclic process would receive zero total heat
transfer. Thus the belief that heat is or behaves as
a state function proved sufficiently persuasive that
students’ responses in two very different contexts
were extremely consistent with each other.

A remarkable aspect of our findings was the
popularity of explicit statements to the effect that
heat was “a state function,” “doesn’t depend on
path,” or “depends only on initial and final states.”
Well over 100 students volunteered statements of
this type (either in written responses or during
interviews), notwithstanding the virtual certainty
that they had never read them in any textbook nor
heard them from any instructor [5]. They were
synthesized by students on their own, and with
startling regularity.

Downloaded 12 Oct 2004 to 129.186.116.6. Redistribution subject to AIP license or copyright, see http://proceedings.aip.org/proceedings/cpcr.jsp


admin
13


It seems that students have some useful
intuitions regarding state functions that they im-
properly generalize (perhaps unconsciously) to the
cases of both heat and work. It would be worth-
while to investigate in more detail just how and
why this overgeneralization occurs during the in-
structional process. However, there is great value
simply in knowing that it does tend to occur, in
knowing the approximate frequency of its oc-
currence in a given population, and in knowing the
form that students’ explanations tend to follow.

Interpretation of Students’ Reasoning

When we report the results of research, we do
not confine ourselves to a bare statistical summary
of the data. We offer qualitative assessments based
on an overview of all data sources. In particular,
we must determine how consistent are the various
assessments of student thinking. Are the results
qualitatively and quantitatively in agreement with
each other? Do students offer the same or similar
answers when repeatedly probed with related ques-
tions? How confident are they in their responses?

Do students offer numerous lines of
unproductive reasoning, or do they gravitate
toward just one or two? Are there common themes
in students’ thinking that are not directly reflected
in the tabulated data, or in the selected quotations?
Do the data and quotations as presented fairly
represent the stability and consistency of students’
thinking? 1 believe that researchers should make
clear their answers to these questions based on an
overall assessment of their data.

Conclusion

The fundamental challenge of research into
student understanding is that we are investigating a
moving target. Students are always learning, and
their mental states are always undergoing change.
It is precisely these changes — in response to
instructional interventions — that are our primary
interest. One might well find that two students,
whose instantaneous mental states (and ability to
answer questions) appear to be identical, are
actually following very different learning trajec-
tories, with different learning rates.

All assessments — particularly interviews —
probe students’ thinking not at a single moment,
but over a period of time. Students often alter their
initial responses under the most minimal probing.
The dynamic nature of any assessment raises
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profound issues of how to view the student’s
knowledge at one moment in time from the
perspective of the learning trajectory (rate and
direction) along which they are moving.

Recognition of the fluid nature of assessment
has motivated development of the field of Dynam-
ic Assessment, documented in many books and
journal articles over the past two decades [6].
Practitioners of Dynamic Assessment — explicitly
motivated by Vygotskian thinking — have de-
veloped assessment protocols that gauge student
responsiveness to short-term instructional inter-
ventions. These methodologies hold promise for
application within physics education research.

The underlying theme of this methodology is
that we are probing student thinking that is truly in
a state of flux and development, such that con-
ceptual understanding is constantly undergoing
evolution and restructuring. The aim of research is
not to portray a misleading picture of firmly rooted
student concepts, but to provide a snapshot of the
interplay and evolution of student thinking — to
gauge which aspects are more clearly defined and
persistent, and which are relatively flexible and
fluid. The more accurately and thoroughly we ac-
complish that, the better we will be able to develop
improved curricula and instructional methods.

This material is based upon work supported by the
National Science Foundation under Grant
Numbers DUE-9981140 and REC-0206683.
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How Do You Hit A Moving Target?
Addressing The Dynamics Of Students’ Thinking

David E. Meltzer
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Abstract. From the standpoint both of research and instruction, the variable and dynamic nature of students' thought
processes poses a significant challenge to PER. It is difficult merely to assess and characterize the diverse phases of
students' thinking as they gain and express understanding of a concept. (We might call this the "kinematics" of students'
thought processes.) Much harder still is uncovering the various factors (instructional method, student characteristics,
etc.) that influence and determine the trajectory of students' thinking. (We could call this the "dynamics™ of students
thinking.) The task of deciphering the mutual interaction of these factors adds to the challenge. | will outline some of
the initial work that has been done along these lines by various researchers, and | will identify some directions for future

research that | think might be fruitful for workers in PER.

INTRODUCTION

Our goal as educators is to better understand the
process of student learning so as to be able to
influence it more effectively. Students’ learning of
physics is characterized by a knowledge state that is a
generally increasing function of time. Often, however,
the inherent time-dependence of this process is given
inadequate examination, in part due to the difficulty of
investigating students’ thinking at multiple time points
during its evolution.

Characterization of a time-dependent process
requires a bare minimum of two probes at different
time points, while a varying rate requires three such
probes. Alternatively, a probe may be carried out over
a continuous (brief) time interval and variations during
that interval observed. (This type of probe is charac-
teristic of so-called “dynamic assessment” [1] and the
“teaching experiment” [2].) In any case, such repeated
probes of student thinking are logistically difficult to
implement within actual classroom settings involving
ongoing instruction.

In this paper | will outline some of the work that
has been done by various researchers in exploring
changes in student thinking over time, and | will

identify some directions for future research that | think
might be fruitful for workers in PER.

ASSESSING STUDENTS” MENTAL
STATES AT APARTICULAR TIME

It is useful to recall the complexity of a thorough
probe of students’ thinking at even a single point in
time. Such a probe would require analysis not only of
a students’ ideas about a set of physics concepts and
the relationships among them, but also of the ways in
which the student perceives and implements the learn-
ing process itself.

Students’ “Knowledge” State

At any given moment a student has a collection of
ideas related to specific physics concepts, and a related
set of ideas corresponding to the expressed or implied
interconnections among those concepts. These ideas
are in significant part dependent on context, that is,
they often depend on the physical setting of a given
problem, the form of representation employed in the
problem, and so forth. One can try to assess this
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collection of student ideas by posing questions in-
volving diverse contexts and a variety of represen-
tations [3-9]. In this fashion one can try to determine
the “distribution function” of ideas (sometimes called
the “mental model” [4,5]) characteristic of a particular
student, or of a particular student population.

Students’ “Learning State”

Another key component of students’ thinking is the
set of their ideas related to the practice of learning
physics, along with the methods they actually employ
to learn. This includes their study methods, their
attitudes toward physics and physics learning, their
motivation to learn, etc. One can attempt to assess
these factors through a number of methods including
observations of learning practices [10], attitudinal sur-
veys [11,12], “dynamic assessment” [1], “teaching
experiments” [2], etc.

CHARACTERIZING THE PROCESS OF
STUDENT LEARNING

If we are to carry assessment beyond a single time
point, we must determine the specific parameters
needed for an assessment of the overall learning
process. If we can obtain observable data corre-
sponding to those parameters, we then need to deter-
mine how exactly to analyze those data.

Qualitative Parameters

The basic elements of a time-dependent analysis of
student learning include sequences of the various
parameters that characterize students’ knowledge.
These include the following: (1) The sequence of
ideas and of sets of ideas (mental models) developed
by a student during the process of learning a set of
related concepts; (2) The sequence of difficulties
encountered by a student during that learning process
(difficulties are related to “ideas,” but are not
necessarily the same thing); (3) The sequence of
knowledge resources and study methods employed by
the student during that process; (4) The sequence of
attitudes developed by a student during that process.

The fundamental assumption in this analysis is that
all of the various elements may (and probably do) un-
dergo change over time. There will always be a ques-
tion of how rapidly this change occurs and, conse-
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quently, how frequently an assessment must be made
in order not to overlook key stages of the process.

Quantitative Parameters

In addition to qualitative parameters, one can
identify a number of potentially relevant measures to
which numbers can be attached. These include the
following: (1) The progression in depth of knowledge
as measured by probability of correct response on a set
of related questions (e.g., score S, range [0.00,1.00]);
(2) The average rate of learning R of a set of related
concepts (e.g., R = g/At where g = normalized gain
calculated using Sjeresr and Spoes); (3) The variations
in the learning rate V encountered by a student during
that process (e.g., V= AR/At); (4) The time-dependent
distribution function characterizing the idea set of a
student population. (This might be defined through a
method analogous to that of Bao [4,5].)

Phase I: “Kinematics” Of Students’
Thinking

The first level of investigation is to characterize the
pattern of students’ thinking as it evolves during the
learning process. In principle the objective is to de-
termine, at a number of different points in time, the set
of students’ ideas, difficulties, learning resources, etc.
with respect to a well-defined concept or set of related
concepts. (For instance, one might acquire data re-
lated to students’ understanding of Newton’s second
law of motion.) Then, based on this time-series data,
one can try to determine the normal course of
evolution of those ideas and difficulties under a variety
of standard learning situations.

Phase II: “Dynamics” Of Students’
Thinking

The second phase of the investigation would be to
determine the factors that influence the evolutionary
pattern of students’ thinking during the learning
process. One might describe this objective as an
attempt to answer the question, “What are the social
and pedagogical forces that determine the path of a
student’s ‘learning trajectory’?” More specifically,
one could ask: What is the relative influence of (a)
individual student characteristics (preparation, back-
ground, etc.) and (b) instructional method (including
pedagogical techniques, classroom environment, etc.),
on the observed sequences of ideas, difficulties, and
attitudes? A crucial question would be to determine



the extent to which the observed sequences might be
altered due to efforts of the instructor and/or the
students.

PREVIOUS WORK

A number of workers have investigated various
aspects of the issues discussed in this paper. However,
many related issues have been explored little or not at
all. Here I will outline some of this previous work.

Sequence of ideas: A number of investigators have
described shifts in mental models by analyzing the
differences in typical student response patterns
between pretests and posttests [4,5,7-9]. Savinainen et
al. have also explored such patterns at mid-instruction
points (between pre- and post-instruction) [8,9], while
other workers have attempted to describe and charac-
terize the sequence of ideas acquired by students dur-
ing the learning process in a more detailed, step-by-
step fashion [13-15]. Some workers (e.g., Thornton
[3] and Dysktra [6]) have postulated the existence of
specific “transitional states,” which are well-defined
sets of ideas occurring during the transition from
novice to expert thinking.

Sequence of difficulties: The generalizability of
patterns of learning difficulties is well established
[16], but that of difficulty sequences has not been thor-
oughly investigated. In general, there has not been
much detailed exploration into how the specific learn-
ing difficulties students encounter may change and
evolve over the course of a semester or year.

Sequence of attitudes: There is evidence of
regularities in attitude change during instruction [11],
but also evidence that these regularities are dependent
upon instructional context [12].

DYNAMIC ASSESSMENT

As an alternative to assessment of student thinking
at a single instant (through a quiz, exam, etc.), a pre-
planned sequence of questions, hints, and answers may
be provided and the students’ responses observed
throughout a time interval. This method has been for-
malized under the rubric “Dynamic Assessment” [1].
One first attempts to determine what types of problems
the students can solve on their own, without additional
assistance. One then continues by providing carefully
measured and sequenced assistance through hints and
answers, in order to assess the students’ ability to re-
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spond to instructional cues with efficient learning.
Among the assessment criteria are the amount of assis-
tance required, the rapidity and depth of response, etc.
A similar method is the “teaching experiment” [2], in
which a mock instructional setting is used as a means
to probe students’ responses to various instructional
interventions.

QUESTIONS FOR FUTURE WORK

Here I will list a number of questions that might
serve as a basis for future investigations on these
topics. For convenience, I will divide them according
to whether they refer primarily to characterizations of
the evolutionary process of students’ thinking (“kine-
matics”), or to the factors that influence that process
(“dynamics”).

1. Kinematics

(1) Can one confirm the existence of well-defined
“transitional mental states” related to learning of
specific concepts, that is, sets of ideas concerning
those concepts that are intermediate between those of a
novice and those of an expert? If such transitional
states do exist, do they vary among individuals ac-
cording to differences in their background and
preparation? Are different transitional states observed
in traditional and reformed instruction?

(2) More broadly, one can ask: Does the
individual “mental model” distribution function evolve
according to some characteristic pattern?  (This
“distribution function” refers to the collection of
student concepts related to a specific topic, as reflected
for instance in the set of responses to a group of
related diagnostic questions [4,5].) Is the evolution
pattern correlated with individual characteristics
(demographics, preparation, etc.) and/or with the
nature of the instructional method?

(3) How does the population “mental model”
distribution function evolve in general? (Here we
refer to the average set of responses given by an entire
class of students, or a number of similar classes.) Is
the evolution pattern correlated with population demo-
graphics?

(4) Are there common patterns of variation in
learning rates? For example, do learning rates
typically increase or decrease monotonically through-
out the course of a semester?



(5) Is the magnitude of the learning rate at an early
phase of the process correlated with the long-term
learning rate [17]?

(6) Is the picture of a student’s learning trajectory
provided by “dynamic assessment” (or teaching ex-
periments) over a brief time interval more complete
and accurate than that provided by a single standard
quiz or exam?

I1. Dynamics

(1) Can one trace back, in a causal fashion, the set
of student ideas at a particular time, to the specific set
of ideas and difficulties that had been acquired at an
earlier time? More specifically: To what extent does
the student’s present set of ideas and difficulties
determine the pattern of his or her thinking in the
future?

(2) Are transitional states (if they exist) actually
influenced by differences in students’ preparation,
and/or by the nature of the instructional method?

(3) Are the sequences of individual and population
“idea distribution functions” (mental models) influ-
enced by individual background and/or instructional
mode?

(4) Are learning-rate variations influenced by
individual background and/or instructional mode?
More broadly, what are the factors that influence the
trajectory of student learning, and what is the nature of
the interaction among the various determining factors?

SUMMARY

The dynamic, time-dependent aspects of the
student learning process are essential features of that
process, and yet they are logistically difficult to
observe and analyze. Future investigations in this area
have the potential to yield valuable information that
could help instructors increase the effectiveness of
instruction in physics.
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Supported by the U.S. National Science Foundation, Division of Undergraduate Education, and Division
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L Physics Education Research: Laying the Basis for Improved Physics Instruction

Over the past 20 years, systematic investigations have helped to clarify the dynamics
of students’ thinking during the process of learning physics. This research has revealed
Students’ learning difficulties, as well as aiding in the development of more effective
instructional strategies. I will describe the principal goals and methods of Physics
Education Research, and discuss some of the methodological issues related to this work.
With examples drawn from investigations we have carried out at lowa State University, [
will illustrate this research process and show how it can lead to improved curricula and
instructional methods.

Within the past 20 years, physicists have begun to treat the teaching and learning of physics as a
research problem. This includes (1) systematic observation and data collection, and carrying out of
reproducible experiments, (2) identification and control of variables, and (3) in-depth probing and
analysis of students’ thinking. This field of study has come to be known as “Physics Education Research”
(PER). Broadly speaking, the goals of PER are to improve the effectiveness and efficiency of physics
instruction. This is carried out primarily by developing and assessing instructional methods and materials
that address obstacles which impede students’ learning of physics. The methods of PER include the
development and testing of diagnostic instruments that assess student understanding, and the utilization of
these instruments to investigate student learning. Students’ thinking is probed through analysis of written
and verbal explanations of their reasoning, supplemented by multiple-choice diagnostics. Learning is
assessed through measures derived from pre- and post-instruction testing.

It is important to realize that there are certain things PER can not do: PER can not determine an
instructor’s “philosophical” approach toward education, such as whether one should focus on improving
the achievement of the majority of enrolled students, or instead focus on a subgroup, such as high-ability
or low-ability students. PER can not specify the goals of instruction in particular learning environments,
such as the appropriate balance between learning of “concepts,” and development of mathematical
problem-solving skills. PER may help instructors make informed choices about these goals, but it can not
determine what they should be.

There are now more than 60 PER groups in U.S. physics departments, including more than 30 in
Ph.D.-granting departments. The primary activities of PER groups include (1) research into student
learning, (2) research-based curriculum development, (3) assessment of instructional methods, and (4)
preparation of K-12 physics and science teachers. Curriculum development is directed both at
introductory and advanced courses, lab- and non-lab courses, and courses for teacher preparation. There
are many different research themes, including investigations of students’ conceptual understanding,
development and assessment of diagnostic instruments, students’ attitudes and beliefs about learning
physics, and many others.

Among the specific issues addressed by PER are these: many (if not most) students (1) develop weak
qualitative understanding of physics concepts after standard introductory courses, and (2) lack a
“functional” understanding of concepts that would allow them to solve problems in unfamiliar contexts.
There are many reasons for this. For one, students hold (or develop during instruction) many firm ideas
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about the physical world that may conflict with physicists’ views. (Examples: an object in motion must be
experiencing a force; a given battery always produces the same current in any electric circuit.) Beyond
that, most introductory students need a great deal of guidance in developing scientific reasoning skills and
using abstract concepts. Most of these students lack “active-learning” skills that would permit more
efficient mastery of physics concepts.

One of the ways that PER researchers address these problems is through research-based curriculum
development. This involves investigation of student learning with standard instruction, with a focus on
probing learning difficulties encountered by students during this instruction. Based on this research, new
curricular materials are developed, tested, and modified. Student understanding is assessed to determine
whether the new materials actually result in improved learning. I will discuss a simple example of how
this process is carried out by outlining some of the work done at lowa State University to investigate
student learning of concepts in gravitation. I will also briefly sketch out another project related to student
learning of thermodynamics, and in my next presentation [ will describe that project in detail.

In addressing the issues involved in curriculum development, it is useful to remember that at least
some students learn efficiently. Highly successful physics students are “active learners”: they
continuously probe their own understanding by posing their own questions, scrutinizing implicit
assumptions, examining varied contexts, etc. By contrast, most introductory students are unable to do
efficient active learning on their own. They don’t know “what questions they need to ask,” and they
require considerable assistance by instructors using appropriate curricular materials.

To help students become active learners, several principles can be used as a guide: (1) students are
led to engage in deeply thought-provoking activities during class time [“interactive engagement”]; (2)
students’ preexisting “alternative conceptions” and other common learning difficulties are recognized and
deliberately elicited; (3) the process of science (exploration and discovery) is used as a means for learning
science; students are not necessarily “told” things are true; instead, they are prodded to figure them out for
themselves as much as possible (“inquiry-based” learning). The term “Interactive Engagement”
[originated by R. Hake] usually implies very high levels of interaction between students and instructor,
collaborative group work among students during class time, and intensive active participation by students
in learning activities during class time.

Some strategies used to elicit students’ preconceptions and learning difficulties include: (1) having
students make predictions of the outcome of experiments; (2) requiring students to give written
explanations of their reasoning; and (3) posing specific problems that are known to consistently trigger
certain learning difficulties. Incorporating inquiry-based learning can be done by giving students an
opportunity to investigate or think about concepts before the instructor actually discusses the concept in
detail. This may be done either by leading students to draw conclusions based on evidence they acquire in
the instructional laboratory, or — in lecture courses — by guiding students through chains of reasoning
using printed worksheets. Research-based instruction emphasizes qualitative, non-numerical questions to
reduce students’ unthinking reliance on algebraic “plug-and-chug.” Extensive use is made of multiple
representations (graphs, diagrams, computer simulations, verbal descriptions, etc.) and diverse physical
contexts in order to deepen students’ understanding. Requiring students to explain their reasoning
(verbally or in writing) helps them to more clearly expose their thought processes.

I will describe some of the research that has been done on improving students’ problem-solving
abilities, and I will outline some instructional strategies that have been developed based on that research
(e.g., use of multiple representations by Alan Van Heuvelen, and “Context-Rich Problems” by Pat and
Ken Heller). I will also outline some instructional strategies using active-learning laboratories
(“Workshop Physics” by Laws et al.; “Socratic-Dialogue-Inducing Labs” by R. Hake), and active-
learning textbooks (Matter and Interactions by Chabay and Sherwood; Understanding Basic Mechanics
by Reif; Physics: A Strategic Approach by Knight). Perhaps the oldest and most thoroughly tested
instructional approach is that developed at the University of Washington by Lillian C. McDermott and her
co-workers. Their method (sometimes known as “Elicit, Confront, Resolve”) has led to the development
of the widely used research-based curricular materials Physics by Inquiry and Tutorials in Introductory
Physics. Implementing active-learning instructional strategies in large lecture classes is a particular
challenge; I will discuss that subject in detail during my third presentation.
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Finally, I will discuss some methodological issues involved in PER. A key question for teachers is
how to assess the effectiveness of instruction. A single exam measures only a students’ instantaneous
knowledge state, but instructors are interested in learning, i.e., the transition between states. For that, one
needs a measure of learning gain that has maximum dependence on instruction, and minimum
dependence on students’ pre-instruction state. A widely used measure that addresses these needs is
Hakes’ “normalized gain” or g, defined as the learning gain (pre-instruction to post-instruction), divided
by the maximum possible gain. I will discuss some of the properties of normalized gain, and some of the
issues that are involved in making use of it.

II.  Developing Improved Curricula and Instructional Methods based on Physics Education
Research

In many research-based curricula, physics students are guided to work their way
through carefully designed and tested sequences of questions, exercises, and/or
laboratory activities. Utilizing these materials, and interacting frequently during class
with instructors and with each other, students have often achieved significant gains in
understanding when compared with instruction based on lecture alone. In this
presentation I will describe in some detail the process of developing these research-based
curricula, as carried out by our group at lowa State over the past several years. I will
show how our research into students’ reasoning in thermodynamics is helping guide the
development of improved curricular materials. Similarly, investigations of the
pedagogical role played by diverse representational modes (mathematical, verbal,
diagrammatic, etc.) are also helping us lay the basis for developing more effective
instructional methods.

In this presentation I will describe in considerable detail some of the investigations we have carried
out regarding student learning of specific topics in physics, and how we have begun to use the results of
that research to develop improved instructional materials.

In collaboration with Prof. Tom Greenbowe of the lowa State Chemistry Education Research Group,
we initiated a project to develop improved curricular materials for teaching thermodynamics. To lay the
basis for that work, we carried out extensive investigations of student learning in courses using standard
instruction. Here I’ll discuss an investigation of reasoning regarding heat, work, and the first law of
thermodynamics among students in an introductory calculus-based general physics course. We found that
responses to written questions by 653 students in three separate courses were very consistent with results
of detailed individual interviews carried out with 32 students in a fourth course. Although most students
seemed to acquire a reasonable grasp of the state-function concept, it was found that there was a
widespread and persistent tendency to improperly over-generalize this concept to apply to both work and
heat. A large majority of interviewed students thought that net work done and/or net heat absorbed by a
system undergoing a cyclic process must be zero, while only 20% or fewer were able to make effective
use of the first law of thermodynamics even after instruction was completed. Students’ difficulties seemed
to stem in part from the fact that heat, work, and internal energy all share the same units. Results were
consistent with those of previously published studies of students in U.S. and European universities, but
portray a pervasiveness of confusion regarding process-dependent quantities that was previously
unreported. The implication is that significant enhancements of current standard instruction may be
required for students to master basic thermodynamic concepts.

Loverude, Kautz, and Heron (University of Washington) have pointed out that a crucial first step to
improving student learning of thermodynamics concepts lies in solidifying the student’s understanding of
the concept of work in the more familiar context of mechanics, with particular attention to the distinction
between positive and negative work [Am. J. Phys. 70, 137 (2002)]. Beyond that first step, it seems clear
that little progress can be made without first guiding the student to a clear understanding (1) that work in
the thermodynamic sense can alter the internal energy of a system, and (2) that “heat” or “heat transfer”
in the context of thermodynamics refers to a change in some system’s internal energy, or equivalently
that it represents a quantity of energy that is being transported from one system to another.
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I will describe some of our initial efforts to develop improved curricular materials and instructional
methods for these topics. We are planning to extend this work to more advanced topics, including student
learning of statistical physics.

In a related investigation we have explored students’ approaches to solving calorimetry problems
involving two substances with differing specific heats. We found that students often employ various
context-dependent rules-of-thumb such as “equal energy transfer implies equal temperature change,” and
“temperature changes are directly proportional to specific heat.” Through interviews we found that
students frequently get confused by, or tend to overlook, the detailed proportional reasoning or algebraic
procedures that could lead to correct solutions. Instead, they often proceed with semi-intuitive reasoning
that at times may be productive, but more often leads to inconsistencies and non-uniform conceptual
understanding. We have developed new curricular materials that are designed to address these and related
learning difficulties. I will illustrate and discuss some of these materials, and describe some of the
preliminary testing we have carried out.

Another project done in collaboration with Tom Greenbowe is an investigation of the role played by
diverse representational modes in the learning of physics and chemistry. There are two major phases of
this work: (1) Probe students’ reasoning with widely used representations, such as free-body diagrams, P-
V diagrams, vector diagrams of various types, etc., and (2) compare student reasoning with different
forms of representation of the same concept (verbal, diagrammatic, mathematical, graphical, etc.). In an
initial phase of this work with graduate student Ngoc-Loan Nguyen, we investigated the understanding of
vector concepts in graphical form among students enrolled in general physics courses at [owa State
University. We found a number of significant learning difficulties related to addition of vectors and
ability to manipulate vectors without a coordinate system or grid. Many students had an imprecise
understanding of vector direction and a vague notion of vector addition.

In further investigations, we compared students’ ability to solve similar (or identical) problems when
presented using different forms of representation. We used a “multi-representation quiz” in which a single
problem is presented in several different versions, utilizing either words only (‘“verbal” version),
mathematical symbols, graphs, or diagrams. We found significant differences in student performance on
some questions, in particular verbal and diagrammatic questions involving Newton’s third law. The
proportion of students making errors when responding to the diagrammatic version of the questions was
consistently higher than in the case of the verbal version. Moreover, many students had difficulty in
translating certain phrases such as “exerted on” or “exerted by” into vector-diagram form, and this led to
other discrepancies between responses in the two cases. We also found some preliminary evidence that
there might be differences between the performance of males and females on electrical circuit-diagram
questions: the error rate for females was about 50% greater than that of males, even after identical
instruction.

III. Research-Based Active-Learning Instructional Methods in Large-Enrollment Physics
Classes

A long-standing challenge has been to incorporate active-learning instructional
methods in large-enrollment physics classes traditionally taught in a lecture format. |
will describe the methods we have introduced to develop a ‘“fully interactive physics
lecture,” and discuss the curricular materials that we have created to support this form
of instruction. This involves both carefully designed sequences of multiple-choice
conceptual questions, and free-response worksheets designed to be used by students
working in collaborative groups.

SEE SLIDES BEGINNING NEXT PAGE
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Research in physics education and other

scientific and technical fields suggests that:

» “Teaching by telling” has only limited effectiveness
— listening and note-taking have relatively little impact

» Problem-solving activities with rapid feedback yield
improved learning gains
— student group work

— frequent question-and-answer exchanges with
instructor

Goal: Guide students to “figure things out for
themselves” as much as possible

What needs to go on in class?

» Clear and organized presentation by instructor is
not at all sufficient

» Must find ways to guide students to synthesize
concepts in their own minds

« Instructor’s role becomes that of guiding students
to ask and answer useful questions

— aid students to work their way through complex chains of
thought

193

Research in physics education and other
scientific and technical fields suggests that:

» “Teaching by telling” has only limited effectiveness
— can inform students of isolated bits of factual
knowledge
» For understanding of

— inter-relationships of diverse phenomena
— deep theoretical explanation of concepts

— students have to “figure it out for them-
selves” by struggling intensely with ideas

What Role for Instructors?

* Introductory students often don’t know what
questions they need to ask
— or what lines of thinking may be most productive

* Instructor’s role becomes that of guiding
students to ask and answer useful questions

Keystones of Innovative Pedagogy

» problem-solving activities during class time

* deliberately elicit and address common learning
difficulties

 guide students to “figure things out for
themselves” as much as possible




The Biggest Challenge:
Large Lecture Classes

+ Very difficult to sustain active learning in large
classroom environments

+ Two-way communication between students and
instructor becomes paramount obstacle

Curriculum development must be matched to
innovative instructional methods

“Fully Interactive” Physics Lecture
DEM and K. Manivannan, Am. J. Phys. 70, 639 (2002)

» Very high levels of student-student and student-
instructor interaction

» Simulate one-on-one dialogue of instructor’s office

» Use numerous structured question sequences, focused
on specific concept: small conceptual “step size”

» Use student response system to obtain instantaneous
responses from all students simultaneously (e.g., “flash
cards”)

Sequence of Activities

» Very brief introductory lectures ( 10 minutes)

» Students work through sequence of multiple-choice
questions, signal responses using flash cards

» Some “lecture” time used for group work on
worksheets

» Recitations run as “tutorials”: students use
worksheets with instructor guidance

* Homework assigned out of workbook
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Active Learning in Large Physics Classes

+ De-emphasis of lecturing; Instead, ask students to
respond to many questions.

+ Use of classroom communication systems to obtain
instantaneous feedback from entire class.

» Cooperative group work using carefully structured
free-response worksheets

Goal: Transform large-class learning environment into “office”
learning environment (i.e., instructor + one or two students)

Features of the Interactive Lecture

» High frequency of questioning

» Must often create unscripted questions
» Easy questions used to maintain flow

* Many question variants are possible

* Instructor must be prepared to use diverse
questioning strategies




Video (18 minutes)

Excerpt from class taught at Southeastern
Louisiana University in 1997
Algebra-based general physics course

First Part: Students respond to questions
written on blackboard.

Second Part: Students respond to questions
printed in their workbook.

“Workbook for Introductory Ph:

Part i, Edectricity and Magnes

Curricular Material for Large Classes
“Workbook for Introductory Physics”

Multiple-choice “Flash-Card” Questions
— Conceptual questions for whole-class interaction

Worksheets for Student Group Work

— Sequenced sets of questions requiring written
explanations

Lecture Notes
— Expository text for reference

Quizzes and Exams
— some with worked-out solutions
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Curriculum Requirements for Fully
Interactive Lecture

* Many question sequences employing multiple
representations, covering full range of topics

» Free-response worksheets adaptable for use
in lecture hall

» Text reference (“Lecture Notes”) with strong
focus on conceptual and qualitative questions

mmm)> Workbook for Introductory Physics (DEM and K.
Manivannan, CD-ROM, 2002)

Supported by NSF under
“Assessment of Student Achievement” program

Curriculum Development on the Fast Track

» Need curricular materials for complete course
= must create, test, and revise “on the fly”

+ Daily feedback through in-class use aids
assessment

* Pre- and post-testing with standardized
diagnostics helps monitor progress

High frequency of questioning

» Time per question can be as little as 15
seconds, as much as several minutes.
— similar to rhythm of one-on-one tutoring

* Maintain small conceptual “step size” between
questions for high-precision feedback on
student understanding.




Must often create unscripted questions

* Not possible to pre-determine all possible
discussion paths

» Knowledge of probable conceptual sticking
points is important

» Make use of standard question variants

» Write question and answer options on board
(but can delay writing answers, give time for thought)

Many question variants are possible

Minor alterations to question can generate
provocative change in context.

— add/subtract/change system elements (force,
resistance, etc.)

» Use standard questioning paradigms:
— greater than, less than, equal to
— increase, decrease, remain the same
— left, right, up, down, in, out

Interactive Question Sequence

» Set of closely related questions addressing
diverse aspects of single concept

» Progression from easy to hard questions

» Use multiple representations (diagrams,
words, equations, graphs, etc.)

+ Emphasis on qualitative, not quantitative
questions, to reduce “equation-matching”
behavior and promote deeper thinking
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Easy questions used to maintain flow

Easy questions (> 90% correct responses)
build confidence and encourage student
participation.

If discussion bogs down due to confusion,
can jump start with easier questions.

Goal is to maintain continuous and productive
discussion with and among students.

Instructor must be prepared to use
diverse questioning strategies

If discussion dead-ends due to student
confusion, might need to backtrack to
material already covered.

If one questioning sequence is not
successful, an alternate sequence may be
helpful.

Instructor can solicit suggested answers from
students and build discussion on those.

Achipu ) Sisotion Fries

“Flash-Card” Questions
In-Class Questions
=

© Pestrve sl segative charges; Coomb's e ¥ = hyqyr
i eiidgn grisinp
o Superpesiiion princphe Fuololy s . 0¥y
= Vewter widitiens Fous¥i, ¥ 4. oo W
= Newinn's wosed bew, 8 = P

st 440 e A iy g s A
e T e i B O e o o o

3 Wy i it e g s povies. whel s e rmctiom of e slecircl s o0 9,7

A i e posiivn 8 dwetion




Problem “Dissection” Technique

» Decompose complicated problem into
conceptual elements

» Work through problem step by step, with
continual feedback from and interaction with
the students

» May be applied to both qualitative and
quantitative problems

Example: Electrostatic Forces

Figure 2. Direction options
F

m

For questions #2-4 refer to Fig. 2 and pick a direction from
the choices A, B, C, D, E, and F.

Question #2: Direction of force on g, due to q,
Question #3: Direction of force on g, due to g
Question #4: Direction of force on q, due to q,

Quantitative Problem Solving: Are skills
being sacrificed?

ISU Physics 112 compared to ISU Physics 221 (calculus-based),
numerical final exam questions on electricity

N Mean Score

Physics 221: F97 & F98 320 56%
Six final exam questions
Physics 112: F98 76 7%

Six final exam questions

Physics 221: F97 & F98 372 59%
Subset of three questions

Physics 112: F98, F99, FO0 241 78%
Subset of three questions
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Figure 1. Diagram used for problem dissection

Four charges are arranged on a rectangle as shown in Fig.
1.(q;=g3=+10.0 uCand q,=q,=-15.0 uC; a =30 cm
and b = 40 cm.) Find the magnitude and direction of the
resultant electrostatic force on q;.

Question #1: How many forces (due to electrical
interactions) are acting on charge q,?

(A)0 (B)1 (C)2 (D)3 (E)4 (F)Not sure/don’t know

Assessment Data

Scores on Conceptual Survey of Electricity and Magnetism, 14-item
electricity subset

Sample N Mean pre-test score Mean post-test <g>
score

National sample 402 27% 43% 0.22
(algebra-based)

National sample 1496 37% 51% 0.22
(calculus-based)

ISU 1998 70 30% 75% 0.64

ISU 1999 87 26% 79% 0.71

ISU 2000 66 29% 79% 0.70

Summary

* Focus on what the students are doing in
class, not on what the instructor is doing

» Guide students to answer questions and solve
problems during class

* Maximize interaction between students and
instructor (use communication system) and
among students themselves (use group work)
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GUEST EDITORIAL

The future of physics education research: Intellectual challenges and
practical concerns

During the World Year of Physics, much effort is being munity outside the U.S. However, although many fundamen-
made to celebrate the unprecedented advances in our undéat issues of student learning are largely invariant across cul-
standing of the physical world made during the past centurytures, the diversity of approaches to education and,
However, we have not yet seen comparable advances in ogonsequently, of research goals is too broad to be addressed
understanding of student learning of our discipline. One possatisfactorily here.
sible explanation is that learning is inherently more complex Most early PER work focused on student ability to apply
than most physical processes. Although this explanation ithe concepts covered in typical introductory university phys-
plausible, we have not made similar systematic efforts tdcs courses. The results of these studies have proven invalu-
understand student learning. The enormous effort expendeable in guiding improvements in instruction. The breadth of
by many physics instructors over the past century was natiopics covered, their importance as a foundation for future
harnessed in a way that made cumulative progress likely. Astudy, and the many students involved ensure that the intro-
Lillian McDermott has observed, “Unless we are willing to ductory course will continue to be a major emphasis for the
apply the same rigorous standards of scholarship to issudereseeable future. Current research efforts range from exten-
related to learning and teaching that we regularly apply insions of earlier studies of student ability to interpret and ap-
more traditional research, the present situation in physicply kinematical conceptso investigations of student under-
education is unlikely to change-” standing of basic electromagnetism and modern physics.

In the past few decades, an increasing number of physi- In recent years, there has been an increasing focus on stu-
cists have taken up this challenge by applying methods oflent learning in upper-level courses such as quantum
research based on those that have been employed succesmchanics, thermal physic$, relativity,’ and advanced
fully in investigations of the physical world. This endeavor is mechanic$. This research should lead to learning gains for
broadly known as “physics education resear¢RER). Sys-  physics majors similar to those found for research-based in-
tematic studies of student learning have revealed a wide gagiruction at the introductory level.
between the objectives of most physics instructors engaged We also expect to see a greater emphasis on tracing stu-
in traditional forms of instruction and the actual level of dents’ intellectual development as they progress through the
conceptual understanding attained by most of their studentsundergraduate curriculum, both in physics and in related dis-
But PER has gone beyond documenting shortcomings in stwiplines such as engineering. Although a few relevant studies
dent learning and traditional instruction. Researchers havbeave been conductédthe results of which are consistgnt
developed instructional materials and methods that haveost are unpublished. It is important that these studies be
been subjected to repeated testing, evaluation, and redesigtanducted and the results be widely disseminated. These in-
Numerous reports have documented significant and reprorestigations should lead to the development of strategies that
ducible learning gains from the use of these materials antielp students apply the knowledge and skills developed in
methods in courses ranging from large-enrollment classes #eir physics courses to their subsequent studies or nonaca-
major public universities to small classes in two-year col-demic pursuits.
leges and high schools3 Still, there remain inadequacies in ~ Helping students to approach novel problems in a system-
even the most recent instructional approaches and many uatic fashion is a major goal of physics instruction. It also is
answered questions. In this Guest Editorial we will identify one of the most difficult goals to achieve, although signifi-
some of the current and emerging research directions that weant success has been reporfetHowever, much remains
consider promising. We also argue for the importance of dounknown. Efforts to understand the interrelationships among
ing research on the learning and teaching of physics in physzonceptual knowledge, mathematical skills, and logical rea-
ics departments. We do not mean to suggest that PER shousdning ability should significantly enhance our progress to-
not be conducted in schools of education, but, as we argueard helping students become better problem soRfers.
later, we do not believe that the field is viable without a The rapid proliferation of computer-based technologies
critical mass of faculty in physics departments. Finally, werepresents both an opportunity and a challenge. Technically
identify some practical and political challenges and proposeophisticated simulations, animations, and multimedia repre-
some steps that could be taken to help ensure the stabilitgentations of physics concepts are being developed and
growth, and productivity of PER. implemented by many instructors and curriculum designers,

Current and future research direction§Ve first briefly  but research into the effectiveness of these technologies lags
mention some of the research directions that have potentidar behind developmert It will be a major challenge to
for deepening our understanding of how students learn physassess the effects of these technologies on student under-
ics. This understanding should lead to more effective instrucstanding of abstract physics concepts, the nature of scientific
tional tools, techniques, and materials. We highlight thosamodels, and the relation of both to the natural world. Such
directions that address intellectual issues that are specific, brgsearch is crucial for informing the implementation and fur-
not necessarily unique, to the subject matter and reasonirther development of computer-based instructional tools.
patterns of physics. Therefore we omit important work on In recent years, students’ beliefs about the nature of
investigating gender-equity issues, for example. Moreoverknowledge in physics and how it is acquired have become a
we focus on the college and university level, although somenajor focus of interest There is reason to suspect that such
issues we mention have implications for K-12 instruction.epistemological beliefs can influence students’ learning of
We do not wish to neglect the large and vigorous PER comphysics and their development of more generalized reasoning
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skills. Future directions will include efforts to understand Physics is at the forefront, but discipline-based education
these relationships and to incorporate the results in practicaésearch is growing in the other sciences and engineering.
instructional strategies and materiifs. We believe that the PER community should actively cultivate
Although it has long been recognized that student knowl-connections with these related fields. Moreover, as we will
edge is complex, there is now an increasing amount of rediscuss, lobbying for increased funding is more likely to be
search that focuses on the organization of this knowledgesuccessful when broadly based.
the elements that it comprises, and the mechanisms by which Necessity for PER physicists within physics departments
it evolves® In particular, the dynamics of learning are being Research on education in general, and on science teaching in
investigated in studies that range from the construction oparticular, has been carried out for nearly a century. How-
statistical and/or qualitative models of the knowledge statesver, the impact of this research on undergraduate physics
of studentt®’ to qualitative analyses of student thinking instruction is small compared to that from PER. The expla-
over the course of a single interview. The systematic analysisation is simple: education research conducted by physicists
of student behavior during instruction will be an increasingin physics departments is more credible, more accessible,
focus for many worker®® The identification of common and, in general, more relevant to physics faculty than that
learning “trajectories” and strategies for promoting thoseconducted in colleges of education or departments of psy-
that are productive would provide valuable assistance in thehology (although the conclusions are typically consistent
design of instructional methods and materials. Thus for PER to be influential, it is essential that its research-
The findings of empirical investigations of student learn-ers maintain close ties with the traditional physics commu-
ing are usually accompanied by some speculation as to theity.
underlying causes of common student errors or the nature of For PER to be both valid and useful, it is important that
the learning process. In many cases this speculation is situaesearchers have close, sustained, and day-to-day contact
tion specific and is not tightly linked to an over-arching with physics students. Graduate students who work in this
structure or theory. In this frequently successful approachfield need advanced training in physics and physics research
one attempts to affeathat students do without being able methods, in addition to specialized training in PER. It is
to explain fully why. However, even this minimal- difficult to imagine that this training could occur without a
interpretation approach is carried out within a framework offirm base in a college or university physics department, for
specific ideas regarding the nature of the processes involveshich undergraduatéand graduateeducation is a central
in learning physicg? mission. In contrast, the mission of colleges of education is
The refinement of such frameworks, with the ultimate goalfocused almost exclusively on K-12 instruction, with much
of elucidating a few fundamental principles from which less attention to discipline-specific instruction at the under-
broad explanatory if not predictive power can be derivedgraduate level.
is the focus of some PER worket$Although this effort is The close links to the rest of the physics community have
potentially fruitful, it is important that theoretical descrip- enabled PER to make a contribution to education research
tions remain firmly linked to empirically observable phe- that is uniqueé’® Physicists have deep knowledge about phys-
nomena. The relationship between experiment and theory iits concepts as well as familiarity with the methods and cul-
PER will continue to be very different from that in traditional ture of the physics research community and the goals of
areas of physics from the standpoint of providing precisghysics instructors. These conditions have helped workers in
operational definitions and predictive power. In fact, in thePER to gain insights about physics learning and to develop
context of PER we prefer to use the phrases “models” orinstructional materials and methods that, although informed
“theoretical frameworks” to clearly differentiate generaliza- by work in related fields, have gone beyond those fields in
tions about learning from the physical theories with whichterms of their direct impact on instructional practice. It is
physicists are familiar. We expect that additional data fromworth noting that “the research-based development of tools
detailed studies of the dynamics of student learning will en-and processes for use by practitionéfslong the primary
hance efforts to establish useful theoretical frameworks. Agoal of most PER workers—is a relative rarity in traditional
the same time, we believe that empirical studies that are naducational research. One of the strengths of PER is that it is
necessarily closely identified with a specific theoreticalnot simply traditional education research conducted by indi-
framework will continue to lead to significant advances inviduals with a strong subject matter background, but rather it
instruction. is a unique enterprise in which the techniques are strongly
Whereas PER tends to focus on problems associated wittolored by the discipline in which it is embedded.
the teaching of physics, cognitive science considers the na- Practical and political issues facing the PER community
ture of knowledge and learning in general. There is roughn the past seven years, more than 50 people who were
agreement on general principles between the two fields, butained in PER through Ph.D. or postdoctoral studies have
there has been relatively little cross fertilization, in part be-obtained new tenure-track faculty positions in institutions
cause differing goals have led to studies that have little deranging from four-year liberal arts colleges to research-
tailed overlap. However, some PER researchers are workingriented universities. At the same time, a number of physi-
to build stronger connections between these twccists who had already achieved tenure through research in
disciplines?* As more is learned about memory and learning,traditional areas have “converted” to PER. The pace of such
it will be a challenge to incorporate those findings into newconversions has increased in recent years, and such individu-
lines of investigation within PER. An even greater challengeals form a significant fraction of PER workers. This dual-
will be to incorporate these findings in practical classroomtrack expansion has allowed the field to grow rapidly. Al-
applications. Collaboration between members of the PERhough the numbers suggest that the field is thriving, there
and cognitive science communities in designing and conare several serious hurdles that must be overcome for PER to
ducting experiments relevant to physics education could bbecome a viable subfield of physics.
useful and productive. The fact that a significant fraction of PER faculty are
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tenure-track assistant professors is a concern. Although atlommunity of physics educator@here are other journals in
tenure-track faculty have uncertain futures, there is an addiwhich research on physics teaching and learning is reported,
tional potential danger in PER. That is, there is a tendency ifbut most have a limited readership in the U.S. among physics
some departments for PER faculty to be viewed as resourdestructors at the postsecondary leydlhere are now fre-
people whose major responsibility is to provide local supporguent special sections in AJP, overseen by an editor with
for instruction rather than to conduct scholarly research. Thexpertise in PER, that provide a venue for PER articles that
responsibilities of PER faculty should be consistent withare more technically oriented than those in the main body of
those of the other faculty in their departments, and theythe journal. This development is an important acknowledg-
should have the same opportunities for promotion and tenurment of the role that AJP plays in the PER community. The
as faculty in other areas of physics. Although standards foproceedings of the annual Physics Education Research Con-
teaching and service are primarily locally determined, criteference provides a useful forum for the publication of short,
ria regarding publication can be set relative to national normg@reliminary accounts of investigations. The publication of
for PER, just as in other subfields of physics. These condithe proceedings by the American Institute of Physatart-
tions are necessary for ensuring that the quality of PER isng with the 2003 conferengewill make them much more
high and for ensuring that talented people continue to entewidely accessible. An additional on-line archival journal
the field. with the tentative titlePhysical Review Special Topics—

The current level of activity in PER requires a stable Physics Education Researd planned in partnership with
source of support to be sustained. Work in PER is primarilythe American Physical Society. Although a secure, long-term
funded by the National Science FoundatidSF) but the funding mechanism has not yet been established, we are
research aspect of funded projects is typically secondary thopeful that this new journal will greatly enhance the ability
curriculum development, teacher education courses andf members of the PER community to publish new and im-
workshops, and other applications of interest to the variouportant results with a minimum of delay. Because it is critical
funding programs. There is no source of funding for physicghat this new journal establish credibility in the physics com-
education researcper se When the research phase of a munity, we believe that the review criteria should resemble
project is subservient to teacher education workshops or thas closely as possible those in place for Physical Review as a
production of curricular materials, the overall research andvhole.
development endeavor is weakened. There are NSF pro- While growing in size, the PER community also has di-
grams that support science education research, but mamgrsified in terms of research themes, with both positive and
PER projects are not competitive because they are perceivettgative future implications. The complex problem of im-
by the reviewers to be too narrowly focuséBReviewers in  proving physics learning requires that many and varied ap-
these programs are drawn primarily from the traditional sciproaches be investigated and tested; not all will be fruitful,
ence education and cognitive science communities, insteduut that is the nature of research. However, the community is
of the physics communityThe traditional models of physics still relatively small and resources are limited. Too broad a
research funding, such as the renewable three-year grardsspersion of effort may result in research areas that fall be-
provided to individual researchers by the NSF Divisions oflow the critical mass needed to sustain a viable, self-critical,
Physics and of Materials Research, are virtually unknown irand productive research field. Collaborations could increase
PER. However, the NSF Directorate for Mathematical andthe impact of individual efforts and ensure that important
Physical Science@VPS) has recently taken tentative steps to issues receive adequate attention.
support a small number of PER projects. If this initiative The growing number of faculty positions indicates that
leads to increased and sustained support, it could have RER is increasingly viewed as a legitimate field for scholarly
significant impact. research by physicists in physics departments. However,

We would like to see the Directorate for Mathematical andmany physicists still question whether effective teaching,
Physical Sciences support fundamental research on the leariong considered a skill or even an art, is amenable to scien-
ing and teaching of physics through competitive proposalsific study. The large number of variables involved in student
submitted through standard procedures and peer-reviewed lyarning in the classroom is usually assumed to render the
experts in PER. A new program is not necessary—an expliciscientific study of physics education more difficult than most
expansion of the types of projects considered suitable foinvestigations of the physical world. We do not dispute this
submission would suffice. We recognize that the suggestioassumption, but we note that research in traditional areas of
that MPS spread its limited funds over a larger number ofphysics also is characterized by difficulties in identifying and
areas is unlikely to find favor with much of the physics com-controlling variables and by the necessity of making and
munity. However, the lack of a funding base within NSF for assessing assumptions, approximations, and models. Physi-
discipline-based education research, despite the documenteitts deal with these issues on a regular basis. Resolution
successes of this research, is a problem not just for physiames only through the continual testing of models and as-
but also for the other sciences and engineering. We wouldumptions by many research groups over the long term. In
like to see physicists at NSF take the lead in establishingractice, the situation may well be significantly more chal-
mechanisms for funding discipline-based education researdenging in PER, but it does not differ in principle.
within NSF. These programs could be jointly administered As in traditional areas of physics, there are many careful
by the Division of Undergraduate Education and the approexperiments in PER and some that are not. Critical review of
priate divisions within the traditional research directorates. evidence by expert peers, the open debate of alternative in-

A research field must have mechanisms to support théerpretations, and experimental challenges to reported find-
documentation, peer review, and dissemination of findingsings are the only way to ensure legitimacy. Therefore, it is
For more than 25 years, the American Journal of Physics hasspecially crucial for members of the PER community to
served this function for PER, and also has served as thdocument their findings in sufficient detail to permit replica-
principal link between the PER community and the broadetion, to consider alternate interpretations explicitly, to cite the
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work of others, and to draw conclusions that are only adorts from the PER community. Physicists in traditional areas
general as the scope of the given study warrants. A relativelpeed to acknowledge that the specialist knowledge of the
new field such as PER has a special responsibility in thesBER community on instructional issues merits special con-
matters. At the same time, it is reasonable to expect thasideration when physics pedagogy is the subject of discus-
respectful consideration by the broader community of physision.
cists will be given to well-executed PER investigations, just
as would be given to such investigations in other areas oOACKNOWLEDGMENTS

hysics.

P 'I¥here are numerous examples of PER results that are We are grateful to Professor L. C. McDermott and Profes-
highly robust and reproducible across diverse student popE0" E- L. Jossem, and a number of other colleagues who read
lations, institutions, instructors, and nations. It is tempting to@"d commented on an earlier version of this Guest Editorial.

believe that the growing weight of such evidence will even- | ) , _ o

tually overcome lingering doubts about the validity of PER z_iggé-wllzcdzi;?g:' oli?;ae:r:cg 'g physics education,” APS Nedd),
Wlthln the Iarger phySICS community. These doubts reﬂe?tzL. C. iVIcDermott, “Millikan ’Lecture 1990: What we teach and what is
intellectual concerns and perhaps a generally conservativeeamed—closing the gap,” Am. J. Phys9, 301-315(1992; “Guest
attitude about what and how we teach. However, efforts to comment: How we teach and how students learn—A mismatch®j’
convince skeptics by “drowning them in data” can engender 61, 295-298(1993; R. R. Hake, “Interactive-engagement versus tradi-
further resistance. A backlash effect is created when the mesdional methods: A six-thousand-student survey of mechanics test data for

ine i ; ; ; introductory physics coursesibid. 66, 64—74(1998.
sage heard by phySICS Instructors s tt‘r&tyare inefiective L. C. McD)(ler?nc))/tt and E. F. lRedish “ResofjrceaLetter: PER-1: Physics

and thatwe, the PER community, are the only ones who ¢y ¢ ion Research.” Am. J. Phys7, 755-767(1999: L. C. McDermott,
know how to teach. Results from a pilot study of attitudes «oersted Medal lecture 2001: ‘Physics Education Research—The key to
toward PER held by mainstream physics faculty suggest thatstudent learning’,ibid. 69, 1127—-11372001).

this type of miscommunication may be a significant is€le. “These were first published in AJP in the 1980s; see D. E. Trowbridge and
There is a clear lesson here for physics education researchk: C. McDermott, “Investigation of student understanding of the concept
ers. When communicating with the physics community, we ©f Velocity in one dimension,” Am. J. Phy#8, 1020-10281980; "In-.

. . vestigation of student understanding of the concept of acceleration in one
must pay attention to the message received as much as g ogion » ibi. 49, 242-253(1981. Also see F. Reif and S. Allen,
message that we intend to transmit. We must increase OUFcognition for interpreting scientific concepts: a study of acceleration,”
efforts to assure our colleagues that PER results do not implycCognit. Instruct9, 1—44(1992.
either that they are wasting their efforts in the classroom, or°C. Singh, “Student understanding of quantum mechanics,” Am. J. Phys.
that their ideas are without merit. We also must try to correct ﬁ?{ ziiggt?r?ézgfggm Cﬁc\i’;’irtstgig_”r;g%[\‘dS;iit"t?sf%ha;‘_is'f-S':b;?ginsé‘c; .

; _ ; ; vestigati u u i uantu ysics: u
the common inference that research-based instruction has ng\ ', *c - o i wid 70, 218-2262002; E. Cataloglu and R. W,
room for the creativity, intuition, or experience of |nd|V|(_juaI Robinett, “Testing the development of student conceptual and visualiza-
instructors. And we must be careful not to over-generalize O jon understanding in quantum mechanics through the undergraduate ca-
over-simplify our results. Instead we should try to convey the reer,” ibid. 70, 238—251(2002.
simple premise on which PER rests: systematic research i&v. E. Loverude, C. H. Kautz, and P. R. L. Heron, “Student understanding
an approprlate Way to |earn as much as poss|b|e about Whapf the first law of thermodynamics: Relating work to the adiabatic com-

; ; ; [ _pression of an ideal gas,” Am. J. Phy&0, 137-148(2002.
zgundargzrzrﬁ](;??ar.tnégg and to gwde Improvements in Ir]Strucﬁ?. E. Scherr, P. S. Shaffer, and S. Vokos, “Student understanding of time

. . in special relativity: Simultaneity and reference frames,” Am. J. PBgs.
ConclusionsWe have argued that it is important for PER = s24-s352001).

to preserve and cultivate close connections with the tradi-*B. S. Ambrose, “Investigating student understanding in intermediate me-
tional physics community, both to further the unique contri- chanics: Identifying the need for a tutorial approach to instruction,” Am. J.
butions made by physicists to the understanding of the Iearnaghys-fnr 453—“;59<§0fé4>-': 3P Ad JE I N Ooth
; ; ; ; ee, for example, G. E. Francis, J. P. Adams, and E. J. Noonan, “Do they
:QEROf ph{f'c.s and tto st_tren_gtherl} and W'%en the Tpact Of Sy fixed?.” Phys. Teacl26, 488-490(1998.
onp VS"?S Ins _I’UC lon n C(_) €ges and universi |es_. 10A. van Heuvelen, “Learning to think like a physicist: A review of

The regular mClUS'On of PER in AAPT and AP_S meetmg_s research-based instructional strategies,” Am. J. P89s891—897(1991);
and the growth in attendance at the annual Physics Educationoverview, Case Study Physics39, 898—907(1991); P. Heller, R. Keith,
Research Conference are among the many signs of vigorousnd S. Anderson, “Teaching problem solving through cooperative group-
activity in this field. Physics education researchers are fre- g Part 1. Group versus individual problem solviniid. 60, 627-636
quently invited to give colloguia in physics departments and (1992: P- Heller and M. Hollabaugh, "Teaching problem solving through
PER is highliahted at AAPT-sponsored conferences includ- cooperative grouping. Part 2: Designing problems and structuring groups,
! gniig p ibid. 60, 637—644(1992; F. Reif and L. A. Scott, “Teaching scientific
Ing the New Faculty Workshop _and the Co_nference Of Phys- thinking skills: Students and computers coaching each ottieid. 67,
ics Department Chairs. Prominent physics education re-g819-831(1999; A. Van Heuvelen and Xueli Zou, “Multiple representa-
searchers have been awarded the Oersted and Millikantions of work-energy processesfid. 69, 184—194(2001.
awards. the highest honors of the AAPT. The ExecutivellW- J. Leonard, R. J. Dufresne, and J. P. Mestre, “Using qualitative

) ; ; ; problem-solving strategies to highlight the role of conceptual knowledge
Committee of thle ?PE Forum rC])n Egg%atlor? II’? .Worr]klng Ijo in solving problems,” Am. J. Phy$4, 1495-15031996); F. Reif and L.
qreate stronger links between the ’_W ,'C, IS t_ e tradi- A. Scott, Ref. 10; C. Henderson, E. Yerushalmi, V. H. Kuo, P. Heller, and
tional home of PER, and Fhe APS. By maintaining h'gh Stan- K. Heller, “Grading student problem solutions: The challenge of sending a
dards for PER and reaching out to the general physics com-consistent message,” Am. J. Phyk2, 164—169(2004.
munity, we are optimistic that PER can become a firmlylzD. J. Grayson and L. C. McDermott, “Use of the computer for research on
established and productive subfield of physics. The APS Student thinking in physics, Am. J. Phy€a 557-565(1996; R. J. -

; . ; Hi _ Beichner, “The impact of video motion analysis on kinematics graph in-
Council eXpII.CItIyPeErgjprSid t_hISdOUt|00k£ its 1999 Sr:ate terpretation skills,”ibid. 64, 1272—-1277(1996; R. N. Steinberg, G. E.
mem SquOmng in physics departmentdowever, the . Oberem, and L. C. McDermott, “Development of a computer-based tuto-
d|ﬁe_r_ences in outlook b(:_-‘tween PER facylty and faculty in rial on the photoelectric effectjbid. 64, 1370-13791996; E. F. Redish,
traditional areas of physics cannot be bridged solely by ef- 3. M. Saul, and R. N. Steinberg, “On the effectiveness of active-
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engagement microcomputer-based laboratoriésd. 65, 45—-54(1997); by E. F. Redish and M. VicentifiOS, Amsterdam, 2004 pp. 591-601.
R. K. Thornton and D. R. Sokoloff, “Assessing student learning of New- *°P. R. L. Heron, “Empirical investigations of learning and teaching, Part I:
ton’s laws: The Force and Motion Conceptual Evaluation and the evalua- Examining and interpreting student thinking,” in Redish and Vicentini,
tion of active learning laboratory and lecture curriculéoitl. 66, 338—352 Ref. 18, pp. 341-350; “Part II: Developing research-based instructional
(1998; F. Reif and L. A. Scott, Ref. 10; K. Cummings, J. Marx, R. Thorn-  materials,”ibid. pp. 351-365; D. E. Meltzer, “The questions we ask and
ton, and D. Kuhl, “Evaluating innovation in studio physics,” Am. J. Phys.  why: methodological orientation in physics education research2da3
67, S38—-S441999; R. N. Steinberg, “Computers in teaching science: To  Physics Education Research Conference (Madison, Wisconsin, 6-7 August
simulate or not to simulate?jbid. 68, S37—S41(2000; Z. Zacharia and 2003) edited by J. Marx, S. Franklin, and K. CummingdP Conf. Proc.
O. R. Anderson, “The effects of an interactive computer-based simulation 720, 11-14(2004]; P. R. L. Heron, “Empirical investigations of student
prior to performing a laboratory inquiry-based experiment on students’ understanding,ibid. pp. 15-18.
conceptual understanding of physicipid. 71, 618—-629(2003; S. Yeo,  2%D. Hestenes, “Toward a modeling theory of physics instruction,” Am. J.
R. Loss, M. Zadnik, A. Harrison, and D. Treagust, “What do students Phys.55, 440—454(1987); E. F. Redish, “Millikan lecture 1998: Building

really learn from interactive multimedia? A physics case studyid. 72, a science of teaching physicsfid. 67, 562—-573(1999.

1351-13582004. 2IE. F. Redish, “Implications of cognitive studies for teaching physics,” Am.
1%, F. Redish, J. M. Saul, and R. N. Steinberg, “Student expectations in J. Phys.62, 796—803(1994; E. F. Redish, Ref. 20; E. F. Redish, “A

introductory physics,” Am. J. Phys66, 212-224(1998; D. Hammer, theoretical framework for physics education research: Modeling student

“Student resources for learning introductory physiciaitl. 68, S52—S59 thinking,” in Redish and Vicentini, Ref. 18, pp. 1-63.

(2000; D. B. May and E. Etkina, “College physics students’ epistemo- 22, C. McDermott, “A view from physics,” inToward a Scientific Practice

logical self-reflection and its relationship to conceptual learniitgd. 70, of Science Educatigredited by M. Gardner, J. G. Greeno, F. Reif, A. H.

1249-12582002. Schoenfeld, A. diSessa, and E. Stdgawrence Erlbaum, Hillsdale, New
“A. Elby, “Another reason that physics students learn by rote,” Am. J. Jersey, 1990 pp. 3—30.

Phys.67, S52-S571999; “Helping physics students learn how to learn,” 234, Burkhardt and A. H. Schoenfeld, “Improving educational research:

ibid. 69, S54—-S64(2001. toward a more useful, more influential, and better-funded enterprise,” Edu-
1°F. Reif, “Millikan Lecture 1994: Understanding and teaching important cational Research&?, 3-14(2003.

scientific thought processes,” Am. J. Phg8 17-32(1995. 24C. Henderson and M. Dancy, “Teaching, learning, and PER: Views from
18L. Bao and E. F. Redish, “Concentration analysis: A quantitative assess- mainstream faculty,” Poster CP-IP08, Physics Education Research Confer-

ment of student states,” Am. J. Phy89, S45-S53(200); L. Bao, K. ence 2004, Sacramento, California, 4—5 August, 2004.

Hogg, and D. Zollman, “Model analysis of fine structures of student mod- 2http://www.aps.org/statements/9®.cfm.

els: An example with Newton’s third law,ibid. 70, 766—778(2002.

E. Bagno and B.-S. Eylon, “From problem solving to a knowledge struc- Paula R. L. Heron
ture: An example from the domain of electromagnetism,” Am. J. P&gs. Department of Physics, University of Washington,
726-736(1997; N. S. Rebello and D. A. Zollman, “The effect of dis- Seattle, Washington 98195-1560
tracters on student performance on the force concept inventibig,” 72, .

116-125(2004. David E. Meltzer
18R. K. Thornton, “Uncommon knowledge: Student behavior correlated to Department of Physics and Astronomy,
conceptual learning,” irResearch on Physics Education: Proceedings of lowa State University,
the International School of Physics “Enrico Fermi” Course Cl.\édited Ames, lowa 50011-3160

MAXWELL'S GENIUS

In 1861, James Clerk Maxwell had a scientific idea that was as profound as any wark of
philosophy, as beautiful as any painting, and more powerful than any act of politics of |war.
Nothing would be the same again.

In the middle of the nineteenth century the world’s best physicists had been searching for|a key
to the great mystery of electricity and magnetism. The two phenomena seemed to be inextricably
linked but the ultimate nature of the linkage was subtle and obscure, defying all attempts to winkle
it out. Then Maxwell found the answer with as pure a shaft of genius as has ever been segn.

Basil Mahon,The Man Who Changed Everything: The Life of James Clerk Maxuéléy, 2003, p. 1.
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Chemical Education and Physics Education:
Facing Joint Challenges and Practical Concerns*

Paula R. L. Heron [pheron@phys.washington.edu]

David E. Meltzer [dem@jastate.edu]

Recently there have been discussions between chemists and
physicists directed at organizing a seriés of joint meetings on
learning and teaching, with chemical educators presenting
their work at conferences of the American Association of
Physics Teachers, and physicists reciprocating at ACS meet-
ings. During these discussions we have learned of the large
common ground we share in our work, particularly in the area
of discipline-based education research at colleges and univer-
sities. Our common experiences and interests suggest that
much may be gained by further joint discussions and activi-
ties.

For over a hundred years, colleges and universities in the
United States have carried out intensive instruction in chemis-
try, physics, and other technical subjects. Systematic research
in these fields has expanded tremendously during this period
as well. However, it is a relatively recent phenomenon that
the process of learning and teaching these subjects at the col-
lege level has been regarded as a potentially fruitful area of
research in its own right. As readers of this Newsletter are
probably aware, chemical education research (CER) has be-
come a research specialty pursued at about two dozen re-
search-oriented chemistry departments in the U.S. More than
half of these departments currently award the Ph.D. degree for
dissertation research in chemical education. Similarly, there
has been explosive growth in the field of physics education
research (PER) during the past fifteen years. There are now
over 80 physics departments at U.S. colleges and universities
employing at least one faculty member pursuing research on
the teaching and learning of physics. About 35 of these de-
partments are research-intensive Ph.D.-granting departments,

and approximately 15 such departments have already awarded

or plan to award a Ph.D. degree in physics for research in
physics education.

The development of PER reflects the growing realization by
many physicists that in contrast to the efforts that have led to
remarkable advances in science and technology, the enormous
effort expended by many physics instructors over the past
century was not harnessed in a way that made cumulative
progress in education likely. Instead, innumerable individual
instructors discovered and re-discovered inadequacies in

popular teaching methods and instructional materials, and
developed their own ways to address these problems based on
personal experience through trial-and-error methods. How-
ever, as one leading physics education researcher has ob-
served, “Unless we are willing to apply the same rigorous
standards of scholarship to issues related to learning and
teaching that we regularly apply in more traditional research,
the present situation in physics education is unlikely to
change.”! As is occurring in chemistry, an increasing number
of physicists have taken up this challenge by applying meth-
ods of research based on those that have been employed suc-
cessfully in investigations of the physical world. Systematic
studies of student learning have been carried out that incorpo-
rate careful collection and analysis of data based on deep
probes of students’ reasoning. Many such studies have been
replicated with widely diverse institutions, instructors, and
student populations. These investigations have revealed a
wide gap between the objectives of most physics instructors
engaged in traditional forms of instruction and the actual level
of conceptual understanding attained by most of their stu-
dents.”

But PER has gone beyond documenting shortcomings in stu-
dent learning and traditional instruction. Physics education
researchers have developed instructional materials and meth-
ods that have been subjected to repeated testing, evaluation,
and re-design. Numerous reports have documented significant
and reproducible learning gains from the use of these materi-
als and methods in courses ranging from large-enrollment
classes at major public universities to small classes in two-
year colleges and high schools.” In what follows, we will
identify some of the current and emerging research directions
in PER that we consider promising. We also identify some
practical and political challenges to the growth of PER, and
we argue that these are virtually identical to challenges facing
the CER community. With that in mind, we will propose
some common steps that could be taken to help ensure the
stability, growth, and productivity of both CER and PER.

Current and emerging research directions in PER
Most early PER work focused on student ability to apply the
concepts covered in typical introductory university physics

* This article is adapted from a paper to be published in the American Journal of Physics.
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courses. The results of these studies have proven invaluable in
guiding improvements in instruction. The breadth of topics
covered, their importance as a foundation for future study,
and the many students involved ensures that research in the
introductory course will continue to be a major emphasis for
the foreseeable future. However, in recent years, there has
been an increasing focus on student learning in upper-level
courses such as quantum mechanics, thermal physics, relativ-
ity, and advanced mechanics. This research should lead to
learning gains for physics majors similar to those found for
research-based instruction at the introductory level.

Helping students to approach novel problems in a systematic
fashion is a major goal of physics instruction. It also is one of
the most difficult goals to achieve, although a few approaches
have had significant success.’ Efforts to understand the inter-
relationships among conceptual knowledge, mathematical
skills, and logical reasoning ability should significantly en-
hance our progress toward helping students become better
problem solvers.

In both physics and chemistry, the rapid proliferation of com-
puter-based technologies represents both an opportunity and a
challenge. Technically sophisticated simulations, animations,
and multimedia representations of physics and chemistry con-
cepts are being developed and implemented by many instruc-
tors and curriculum designers, but research into the effective-
ness of these technologies lags far behind development. It will
be a major challenge to assess the effects of these technolo-
gies on student understanding of abstract concepts, the nature
of scientific models, and the relation of both to the natural
world. Such research is crucial for informing the implementa-
tion and further development of computer-based instructional
tools.

In recent years, students’ beliefs about the nature of knowl-
edge in physics and how it is acquired have become a major
focus of interest.* There is reason to suspect that such episte-
mological beliefs can influence students’ learning of physics
and their development of more generalized reasoning skills.
Future directions will include efforts to understand these rela-
tionships and to incorporate the results in practical instruc-
tional strategies and materials.

The empirical investigations of student learning in PER are
usually carried out within a framework of ideas regarding the
underlying causes of common student errors and the nature of
the learning process. The refinement of such frameworks,
with the ultimate goal of elucidating a few fundamental prin-
ciples from which broad explanatory if not predictive power
can be derived, is the focus of some physics education re-
searchers.’

Necessity for Discipline-Based Education Research

Research on education in general, and on science teaching in
particular, has been carried out for nearly a century. However,
the impact of this research on undergraduate science instruc-
tion is small compared to the influence of education research

originating from within the disciplines. The explanation is
simple: education research conducted by scientists in science
departments is more credible, more accessible, and more rele-
vant to college and university science faculty than that con-
ducted in colleges of education or departments of psychology,
although the conclusions are typically consistent. Moreover,
we note that “the research-based development of tools and
processes for use by practitioners™ —long a primary goal of
most CER and PER workers—is a relative rarity in traditional
educational research. Thus while we view increased collabo-
ration with cognitive psychologists, education researchers and
neuroscientists to be of potential benefit, we believe that for
CER and PER to continue to be influential, it is important for
researchers to maintain close ties with the traditional science
community.

Practical and Political Issues Facing the PER Community
Although the rapid growth of PER suggests that the field is
thriving, there are several serious hurdles that must be over-
come for it to become a viable subfield of physics. The fact
that a significant fraction of PER faculty are tenure-track as-
sistant professors is a concern. There is a tendency in some
departments for PER faculty to be viewed as resource people,
whose major responsibility is to provide local support for
instruction rather than to conduct scholarly research. We be-
lieve that faculty in PER and CER need to have the same op-
portunities for advancement based on their scholarly work as
those in other areas of research. This will ensure that the qual-
ity of physics and chemistry education research remains high
and that talented people continue to enter these fields.

Another area of concern is the availability of funding. The
current level of activity in CER and PER requires a stable
source of support to be sustained. Such work is now funded
primarily by the National Science Foundation, but in general
the research aspect of funded projects is secondary to curricu-
lum development, teacher education courses and workshops,
and other programs of interest to the various funding agen-
cies. There is no source of funding for chemistry or physics
education research per se. The traditional models of chemistry
and physics research funding, such as the renewable three-
year grants available to individual researchers by the NSF
Divisions of Physics and Chemistry, are virtually unknown in
PER and CER. The lack of a funding base within NSF for
discipline-based education research, despite its documented
successes, is a problem not just for chemistry and physics but
also for the other sciences and engineering. We believe that
chemists and physicists at NSF could be effective in promot-
ing the establishment of mechanisms for funding discipline-
based education research within the Foundation. The NSF
Directorate for Mathematical and Physical Sciences (MPS)
has recently taken tentative steps to support a small number of
PER projects. If this initiative leads to increased and sustained
support, it could have a significant impact.

The growing number of faculty positions indicates that CER
and PER are increasingly viewed as legitimate fields for
scholarly research by chemists and physicists in college and
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university science departments. However, many still question
whether effective teaching, long considered a skill or even an
art, is amenable to scientific study. The large number of vari-
ables involved in student learning in the classroom is usually
assumed to render the scientific study of science education
more difficult than most investigations of the physical world.
We do not dispute this assumption, but we note that research
in traditional areas of science also is characterized by difficul-
ties in identifying and controlling variables and by the neces-
sity of making and assessing assumptions, approximations,
and models. Chemists and physicists deal with these issues on
a regular basis. Resolution comes only through the continual
testing of models and assumptions by many research groups
over the long term. Therefore, it is reasonable to expect that
respectful consideration by the broader community of scien-
tists will be given to well executed CER and PER inVestiga-
tions, just as would be given to such investigations in other
areas of science. After all, CER and PER both rest on a sim-
ple, fundamental premise that should have wide credibility
among research scientists, that is: systematic research is an
appropriate way to learn as much as possible about what stu-
dents are learning and to guide improvements in instruction
where indicated.

Conclusion

By promoting joint discussions and collaborative projects,
workers in CER and PER have the opportunity to enhance
significantly the impact of their work on the traditional chem-
istry and physics communities. Some such collaborations
have already resulted in joint NSF-supported 7projects and
joint publications in science education journals.” We believe
that extension of such collaborations on a national scale
would be an important development in furthering discipline-
based science education research at the undergraduate level.
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A Call to the AAPT Executive Board and Publications Committee to Expand Publication of
Physics Education Research Articles within the American Journal of Physics

Summary: The recent dramatic expansion of activity in physics education research among AAPT
members has not been matched by commensurate increases in publication venues. Although the
impact of this research field within the broader physics community has sharply increased, the
viability of its continued existence is dependent upon substantially expanded publication
opportunities in the near future. The American Journal of Physics has served for three decades as
the primary publication venue for results in physics education research. An increased number of
pages devoted to physics education research is consistent both with AJP’s historical role and with
the greater prominence in recent years of the PER community within AAPT. We recommend (1)
considering PER submissions to the main section of AJP on a par with submissions in other subject
areas, (2) increasing the number of pages allocated to the PER Section, and (3) allowing the option
of increasing the publication frequency of the PER Section from its present rate.

Introduction: Evaluating and improving the teaching and learning of physics is a prime
concern for a large proportion of all physicists, and is the central focus of the AAPT. Significant
numbers of physicists have begun to apply to the problems involved in teaching and learning
physics the same systematic methods of research and analysis they have employed so successfully
in investigating the physical world. They have carried out detailed, systematic, and reproducible
studies involving the collection and analysis of data reflecting student thinking and performance.
This endeavor, broadly known by the term “physics education research” (PER), has in recent years
undergone rapid expansion both in the numbers of physicists involved, and in the recognition and
impact of its results within the broader physics community.

The role of physics education research in advancing the teaching of physics: The role of
PER within AAPT is perhaps best understood by examining the goals of AAPT itself. The AAPT
Mission Statement, posted on the AAPT home page [http://www.aapt.org/aboutaapt/mission.cfm],
stresses that it is “committed to providing the most current resources and up-to-date research
needed to enhance a physics educator's professional development.”” The Mission Statement
continues: “The Association has identified four critical issues that will guide our future activities,”
among which it includes the following: “#3: Improve the pedagogical skills and physics knowledge
of teachers at all levels; #4: Increase our understanding of physics learning and of ways to improve
teaching effectiveness.” Physics education research is devoted to achieving precisely these
objectives.

The goal of physicists working in PER is, broadly speaking, to increase the effectiveness and
efficiency of physics education at all levels, from the pre-secondary level up to the graduate level,
and for the public in non-academic settings. In recent years, PER has had a dramatic impact on the
way in which physics is taught, on the ways in which many physics educators view the issues
involved in their profession, and in the preparation of physics teachers at both the high-school and
university level. The published findings of physics education research, based on rigorous and
reproducible testing and measurement, have disclosed heretofore unknown or under-appreciated
aspects of the traditional process of physics education. Research has revealed the broad gap that
often exists between the objectives physics instructors have for their courses, and the actual level of
conceptual understanding attained by most students engaged in traditional forms of instruction.
Ongoing research has clarified the dynamics of student thinking during the process of learning
physics, revealing both particular learning difficulties, as well as effective strategies for guiding
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student insight and understanding. Based directly or indirectly on this research, many new forms of
curricular materials and instructional methods have been developed and disseminated throughout
the nation and the world. Countless reports have documented improved learning gains resulting
from the use of research-based curricula and instructional methods.

The results of research and of research-based instructional methods have thrust the concept of
“active engagement” or inquiry-based learning into the forefront of the entire physics education
community. Led by workers in PER, innumerable studies have demonstrated the effectiveness of
forms of instruction that supplement (in some cases, replace) traditional lecture-based methods with
inquiry-based learning based on cooperative groups. Students are guided to work their way through
carefully designed and tested sequences of questions, exercises, and/or laboratory activities.
Utilizing these research-based curricula, and interacting frequently during class with instructors and
with each other, students have often achieved significant gains in understanding when compared
with instruction based on lecture alone. By basing the design of curricula and instructional methods
on the results of physics education research, and by subjecting them to repeated testing, evaluation,
and re-design, dramatic learning gains have been made in physics courses of all types, from large-
enrollment classes at huge public universities to small-group laboratory courses in junior colleges
and high-school classrooms. Many workshops involving hundreds of new college and university
faculty members have been held by AAPT in which the new forms of research-based instruction
have been placed at the forefront, and PER researchers have led the majority of plenary sessions.

Due in significant part to the efforts of the physics education research community over the past
20 years, the field of physics education is enjoying a heretofore unknown degree of growth and
prominence at all levels, from the elementary and middle schools, through high schools, junior
colleges, four-year colleges, and universities. The rapid influx of new participants into the PER
community, now occurring to an extent never seen before, offers the promise of additional dramatic
advances in physics education in the future based on and guided by new research findings. The
degree to which this dynamic expansion in impact and outreach can be sustained will depend, in
large part, on the well-being and growth of the physics education research community itself. As is
true for any research field, a central issue for the PER community is the effectiveness and flexibility
of its means for documentation and dissemination of research results — that is, its form of
publication. For the field of PER over the past few decades, the American Journal of Physics has
been the central link between researchers in physics education, and the broader community of
physics educators worldwide.

In order to implement AAPT’s mission of providing the most up-to-date research needed by
physics educators, and of increasing our understanding of physics learning and of ways to improve
teaching effectiveness, some form of archival record is needed. Only such a record can ensure wide
and continuing dissemination of the results obtained by workers in physics education, and can serve
as a basis on which to build future advances. The unique tool available to the AAPT for providing
this archival record has been and continues to be the American Journal of Physics.

The place of PER within the American Journal of Physics: In a recent editorial introducing
the PER section in the American Journal of Physics, some specific criteria were given to
characterize research papers in PER:

Articles . . . are expected to focus more on questions of not only what we think we
know about student learning, but how we know and why we believe what we think we know.
Articles in PERS can be expected to address a wide range of topics from theoretical
frameworks for analyzing student thinking to developments of research instruments for the
assessment of the effectiveness of instruction and to the development and comparison of
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different teaching methods. Articles should include careful discussions of research
methodology and how the work was done.'

A somewhat broader characterization of PER was given by the editor of the PER
Supplement to AJP (introduced in 1999 and merged into AJP itself as a special section in 2002):

It focuses on using the methods and culture of science to help us understand how
students learn physics and how to make our instruction more effective. By the methods of
science, | mean careful observation and analysis of the phenomenon under study. By the
culture of science, I mean documenting and publishing research to evaluate and critique the
work for the purpose of building a community consensus of what we know.”

It is important to recognize that research falling under the broad definition of PER has been
carried out and published not only recently, but rather for several decades. For over 30 years, the
primary means of documentation of physics education research and of communicating its results to
the worldwide physics community has been the American Journal of Physics. More than 120 papers
describing the methods and results of research into physics learning were published in AJP from
1972 to 1998.° An approximate breakdown of these papers is as follows: 1972-1979: 35 papers (4.4
per year; range: 1-8 per year); 1980-1989: 38 (3.8 per year; range: 0-9 per year); 1990-1998: 54
papers (6.0 papers per year; range: 3-9 per year). Some of these early papers are listed in Appendix
A.

Although the official policy of AJP has always been that it is not a “research journal,” actual
editorial practice has long acknowledged, in effect, that the exclusion of research papers adopted by
the journal’s founders was aimed at research in the traditional subfields of physics (nuclear, high-
energy, condensed matter, etc.). As is demonstrated by the figures cited above, papers devoted to
research investigations in the teaching and learning of physics have been continuously published in
AJP for over three decades. Many of these papers (including dozens published before 1999)
incorporate extensive data tables, complex methodologies for data collection and analysis, and
lengthy discussions of methods and results. These features are characteristic of papers published in
archival physics research journals, and demonstrate that it has long been considered appropriate for
AJP papers devoted to physics education research to adopt the format and style of research papers
in traditional physics areas. (Such papers occasionally may be viewed as less readily accessible to
an ordinary physics teacher “practitioner.” However, this is surely no different from the similarly
limited accessibility of many highly specialized papers currently published in AJP, often readable
only by physicists with advanced-level training in very specific areas.)

In fact, the American Journal of Physics has long served as the dominant English-language
forum for publication of investigations carried out by physicists that focus on research into teaching
and learning of physics at the college and university level. Certainly there are other journals in
which research regarding physics teaching and learning is and has been reported. However, most of
these journals are primarily devoted to research carried out by non-physicists in broad areas of
science instruction at the pre-college level, and they have extremely limited readership among
physics instructors at the post-secondary level. By any measure, the circulation, readership, and
recognition of the American Journal of Physics among the university physics community is
overwhelmingly greater than any comparable publication.

The role of PER within the physics community: The reality of AJP’s dominant role has in
recent years taken on increased significance as the size and impact of the physics education research
community has grown. A very important indication of this increased impact was the May 21, 1999
statement by the Council of the American Physical Society:
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99.2 RESEARCH IN PHYSICS EDUCATION
(Adopted by the Council, 21 May 1999)

In recent years, physics education research has emerged as a topic of research within physics
departments. This type of research is pursued in physics departments at several leading
graduate and research institutions, it has attracted funding from major governmental
agencies, it is both objective and experimental, it is developing and has developed
publication and dissemination mechanisms, and Ph.D. students trained in the area are
recruited to establish new programs. Physics education research can and should be subject to
the same criteria for evaluation (papers published, grants, etc.) as research in other fields of
physics. The outcome of this research will improve the methodology of teaching and
teaching evaluation.

The APS applauds and supports the acceptance in physics departments of research in
physics education. Much of the work done in this field is very specific to the teaching of
physics and deals with the unique needs and demands of particular physics courses and the
appropriate use of technology in those courses. The successful adaptation of physics
education research to improve the state of teaching in any physics department requires close
contact between the physics education researchers and the more traditional researchers who
are also teachers. The APS recognizes that the success and usefulness of physics education
research is greatly enhanced by its presence in the physics department.”

In fact, as this statement suggests, the growth of physics education research as a research
subfield within U.S. physics departments has been extraordinarily rapid over the past six years.
There has been approximately a fourfold expansion in the number of physics departments that now
include among their faculty one or more members whose scholarly efforts are devoted primarily or
entirely to work in physics education. More than fifty tenure-track faculty positions in the U.S. have
been filled during this period by physics education researchers,” with almost all of these at the
junior-faculty level. At least 30 Ph.D.-granting physics departments now include tenured or tenure-
track PER faculty, most of whom are guiding (or preparing to guide) graduate students toward
Masters or Ph.D. degrees in physics education research.’

The explosion of interest and participation in physics education research has also been
dramatically apparent at the national meetings of the AAPT. For most of the past decade, sessions
devoted to PER papers have routinely been filled to overflowing, and increasingly large proportions
of both invited and contributed presentations at AAPT meetings have been devoted to physics
education research. Ever more workshops are being sponsored by the Research in Physics
Education committee. Attendance at the annual Physics Education Research Conference —
extending an extra day beyond the end of the summer AAPT meeting — has now nearly reached 200
physicists.

The current status of publication outlets for PER: In startling contrast to the rapid growth of
activity in physics education research, the availability of publication venues has not kept pace. A
PER Supplement to AJP began publication in 1999 and has recently transformed into a separate,
twice-yearly section within AJP itself. Although we have made some progress since the early years
(see next paragraph), the growth has been modest and it is clear that there is increasing demand.
Further, the hiring patterns described above suggest that we need to be prepared to respond quickly
and effectively to increasing demand.

Call to the AAPT to Expand Publication of PER Articles in AJP (Revised 12/29/03) 5
Meltzer, McDermott, Heron, Redish, and Beichner



214

The number of PER papers published in AJP since 1999 is as follows: 71999: main section, 9;
PER Supplement, 8; 2000: main section, 0; PER Supplement, 7; 2001: main section, 6; PER
Supplement, 6; 2002: main section, 7; PER Section, 7; 2003: main section, 3; PER Section, 4; 2004:
main section, 0; PER Section, 2. The average number of PER papers in the main section of AJP is
now actually lower than typical rates from earlier years.

This is not due to a lack of publishable work; rather, the artificial limitation on the number of
pages allowed for PER papers in AJP has itself served to constrain the efforts of researchers within
the field. The increasingly long backlog-induced delays for the PER Section — now at approximately
two years — and the impression that PER papers appear only infrequently within the main section of
AJP, have in some cases led researchers to delay writing and submitting mature research results that
had already been widely disseminated through other means such as invited and contributed
presentations, workshops, web sites, etc. Often, the only practical and rapid publication option for
researchers has been to submit short summary reports of their work to the annual Proceedings of the
Physics Education Research Conference.

The rapid increase in number of submissions to the Proceedings (47 papers were submitted to
this year’s edition) is evidence of the pent-up demand within the PER community for publication
venues. However, the extremely limited circulation of the Proceedings (now and for the foreseeable
future) implies both a much-lessened impact for this work within the broader physics community, as
well as uncertain acceptance by departmental tenure and promotion committees upon whose
decisions the continued employment of PER researchers depends. In many research-oriented
departments, Proceedings papers are not counted as being on a par with publication in established
journals, and in some departments they may not count at all.

Very recently the possibility has arisen of an electronic publication venue coming into existence
based on limited-term funding from the National Science Foundation. This electronic journal forms
one component of the PER-CENTRAL project (Community Enhancing Network for Teaching,
Research, and Learning). [Funding has been approved for one year, with the possibility of an
additional two years of funding.] The PER community has hopes that this outlet may grow, in the
long term, into a significant alternative publication venue for research papers in the field. However,
the overall project has a wide scope and will require substantial time to ramp up from its start-up
phases into full functioning. The journal component will require assembling additional editorial and
production resources, a process that necessarily requires time and some initial testing. A significant
challenge will be to develop, over time, a long-term funding mechanism that could sustain the new
publication into the indefinite future, beyond the initial three-year period of NSF funding.

For now, the question of the reputation and ultimate acceptance of the new publication venue
within the broader physics community is unresolved. This acceptance is critical to the journal’s
potential viability as an effective publication outlet for PER researchers. The current physics culture
includes very few “electronic-only” journals; the vast majority of physics research papers are
expected and required to have parallel paper publication. A new community still working to become
generally accepted may incur a significant risk by concentrating a large fraction of its output in a
venue seen as novel and somewhat “pioneering.” The risk of depending primarily on a publication
venue whose acceptance in the physics community is unproven may be particularly acute when
considering the possible response of physics departments at major research universities. Their
willingness to hire and promote PER faculty is critical to maintaining the credibility and influence
of the field.

It is true that some purely electronic journals have become the primary publication routes in
their field. Thus far, in the U.S. physics community, such publications have well-established and
stable funding sources. Over time, the new electronic PER journal may evolve to a point where it
can play a similar role. However, it is unrealistic to expect that any solely electronic journal can, in
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the short term, fulfill the role of primary publication outlet for all PER research articles. This is as
much for “reputability” reasons as for logistical ones. A more practical approach might be for the
new journal to take on a gradually increasing portion of the publication burden, as its production
mechanisms and community acceptance grow and strengthen. Thus this would represent more of an
“evolutionary,” rather than a “revolutionary” approach. At best, it will be several years before the
critical questions regarding the new venture can be answered positively and definitively. It will take
some time before the new publication can be established as a legitimate counterpart to AJP within
the PER and the broader physics communities

Meanwhile, the number of graduate students, post-doctoral researchers, and junior and senior
faculty in PER continues its steady increase. The quantity of research being carried out is rapidly
expanding, and adequate publication venues are an urgent, critical necessity to the continued
viability of the field. The PER community has previously expressed its strong sentiment that the
number of pages within AJP allocated to PER needs to expand at a rate commensurate with the rate
of high-quality articles submitted. An increase in the amount of AAPT publication resources
devoted to PER is more than adequately justified by the soaring levels of interest and participation
in PER work by AAPT members that have been repeatedly demonstrated at the national and
regional meetings of the AAPT. Moreover, any further delay in increasing PER publication within
AJP will likely have devastating effects on the ability of workers in the field to maintain their
effectiveness — if not their very existence — within their respective institutions.

As we have pointed out above, the recent trend has been that the number of PER papers within
the main section of AJP has declined (in some years, to zero), while at the same time the number
allowed in the PER Section has been rigidly constrained. The net result has been to greatly
underserve the needs of the PER community within AAPT with regard to publication opportunities.
A research community that has grown by more than an order of magnitude is being forced to
operate with fewer publishing opportunities than existed 20 years ago.

Conclusion: For these reasons we call on the AAPT Executive Board and Publications
Commiittee to take measures sufficient to allow rapid publication in AJP of PER papers accepted
through the normal review process, including the following: (1) recommending very strongly to the
editors of AJP that PER submissions be considered for inclusion in the main section of AJP on a
par with submissions in other subject areas, and that they not be automatically directed to the PER
section unless explicitly requested by the authors, (2) immediately increasing the total number of
pages within AJP allocated to the PER Section, (3) allowing the option of including several shorter
PER Sections within AJP more often than the current twice-per-year rate.
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Appendix A
A selection of PER papers published in AJP between 1976 and 1994:

F. Reif, Jill H. Larkin, and George C. Brackett, “Teaching general learning and problem-solving skills,” Am.
J. Phys. 44, 212 (1976).

John W. Renner and William C. Paske, “Comparing two forms of instruction in college physics,” Am. J.
Phys. 45, 851 (1977).

Richard Vawter, “Entropy state of a multiple choice examination and the evaluation of understanding,” Am.
J. Phys. 47, 320 (1979).

David E. Trowbridge and Lillian C. McDermott, “Investigation of student understanding of the concept of
velocity in one dimension,” Am. J. Phys. 48, 1020 (1980).

Audrey B. Champagne, Leopold E. Klopfer, and John H. Anderson, “Factors influencing the learning of
classical mechanics,” Am. J. Phys. 48, 1074 (1980).

John Clement, “Students' preconceptions in introductory mechanics,” Am. J. Phys. 50, 66 (1982).

P. C. Peters, “Even honors students have conceptual difficulties with physics,” Am. J. Phys. 50, 501 (1982).

Robert J. Whitaker, “Aristotle is not dead: Student understanding of trajectory motion,” Am. J. Phys. 51, 352
(1983).

R. Cohen, B. Eylon, and U. Ganiel, “Potential difference and current in simple electric circuits: A study of
students' concepts,” Am. J. Phys. 51, 407 (1983).

L. Viennot, “Analyzing students' reasoning: Tendencies in interpretation,” Am. J. Phys. 53, 432 (1985).

Peter W. Hewson, “Diagnosis and remediation of an alternative conception of velocity using a
microcomputer program,” Am. J. Phys. 53, 684 (1985).

W. T. Griffith, “Factors affecting performance in introductory physics courses,” Am. J. Phys. 53, 839 (1985).

Ibrahim Abou Halloun and David Hestenes, “The initial knowledge state of college physics students,” Am. J.
Phys. 53, 1043 (1985).

Ibrahim Abou Halloun and David Hestenes, “Common sense concepts about motion,” Am. J. Phys. 53, 1056
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Appendix B

The following departments have filled tenure-track PER positions within the past six and a
half years; numbers in parentheses indicate number of positions filled. (In some cases the
positions are joint between the physics department and another department.) Only five of
these positions were filled with faculty who were hired with tenure:

American University (DC)

University of Arizona (2) [Physics Department; Astronomy Department]

Arizona State University

Buffalo State College (SUNY)

California State University, Chico

California State University, Fullerton

California State University, San Marcos (2)

University of Central Florida

9. Chicago State University

10. City College of New York (2)

11. University of Colorado (2) [Physics Department; School of Education]

12. Concordia College (MN)

13. Davidson College (NC)

14. Dickinson College (PA) (2)

15. Drury University (MO)

16. Grand Valley State University (MI)

17. Hawai’i Pacific University

18. High Point University (NC)

19. Iowa State University

20. Kansas State University

21. University of Maine (2)

22. University of Maryland

23. McDaniel College (MD)

24. University of Minnesota [General College]

25. New Mexico State University

26. North Carolina State University (2)

27. University of Northern lowa (2)

28. The Ohio State University

29. Rochester Institute of Technology (NY)

30. Rutgers University (NJ) (2) [Physics and Astronomy Department; Graduate School of
Education]

31. Seattle Pacific University

32. Southeastern Louisiana University

33. Southern Connecticut State University

34. Southern Illinois University, Edwardsville (3)

35. Southwest Missouri State University

36. University of Texas at Dallas [Department of Science/Mathematics Education]

37. University of Texas at El Paso

38. Texas Tech University

39. Towson University (MD) (2)
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40. U.S. Air Force Academy (CO) (2)
41. University of Washington

42. Western Carolina University (NC)
43. Western Kentucky University

44. Western Michigan University

45. University of Wisconsin-Oshkosh
46. University of Wisconsin-Stout

47. Worcester Polytechnic Institute (MA)
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Appendix C

The following Ph.D.-granting physics (or physics and astronomy) departments have tenured,
tenure-track, or research or teaching faculty members with a substantial or a primary interest in
physics education research (* indicates non-tenure-track):

University of Arizona
University of Arkansas
Arizona State University
University of California, Davis*
University of Central Florida
City College of New York
University of Colorado
Harvard University
University of Illinois

. lowa State University

. Kansas State University

. University of Maine

. University of Maryland

. University of Massachusetts, Amherst

. University of Minnesota

. Mississippi State University

. Montana State University

. University of Nebraska

. New Mexico State University

. North Carolina State University

. The Ohio State University

. University of Oregon

. Oregon State University

. University of Pittsburgh*

. Rutgers University

. San Diego State University (joint program with University of California at San
Diego)

27. Texas Tech University

28. Tufts University

29. University of Virginia

30. University of Washington

31. Western Michigan University

32. Worcester Polytechnic Institute
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PER papers published in the American Journal of Physics since 1972

The following papers have a significant or primary focus on collection and analysis of data
regarding thinking or performance of students or instructors, or a focus on the methodologies or
models appropriate to collecting and analyzing data of this type. Underlined titles are
electronically linked to the AJP-online reference. This list is not intended to be comprehensive.

1972
Roger L. Ptak and Ronald E. Stoner, “A physics survey course with a large entropy,” Am. J. Phys. 40, 611 (1972).
J. H. Munsee, “An evaluation of a nonlecture technique in the teaching of physics,” Am. J. Phys. 40, 1119 (1972).

Owen T. Anderson and Robert A. Artman, “A self-paced, independent study, introductory physics sequence —
description and evaluation,” Am. J. Phys. 40, 1737 (1972).

1973
Allan D. Franklin, “Physics for educationally disadvantaged students,” Am. J. Phys. 41, 3 (1973).

Sam M. Austin, “Student performance in a Keller-Plan course in introductory electricity and magnetism,” Am. J.
Phys. 41, 12 (1973).

1974

>

C. S. Kalman, D. Kaufman, and R. Smith, “Introductory CAI dialogue in differential calculus for freshman physics,’
Am. J. Phys. 42, 392 (1974).

Allan D. Franklin and Franz Mohling, “Physics for educationally disadvantaged students: 1I,” Am. J. Phys. 42, 553
(1974).

Frank A. Smith, Jr. and Joseph S. Schmuckler, “Transfer of learning and the conservation laws,” Am. J. Phys. 42,
830 (1974).

David E. Golden, Robert G. Fuller, and Donald D. Jensen, “Repeatable testing — A tool for learning physics,” Am. J.
Phys. 42, 941 (1974).

Jacqueline Spears and Dean Zollman, “Orientation for the new teaching assistant — a laboratory based program,”
Am. J. Phys. 42, 1062 (1974).

Michael Zeilik II, “A PSI astronomy course,” Am. J. Phys. 42, 1095 (1974).
J. L. Aubel, “Competency-based general physics instruction with a one man staff,” Am. J. Phys. 42, 1101 (1974).

1975

Jacqueline D. Spears and C. E. Hathaway, “Student attitudes toward science and society,” Am. J. Phys. 43, 343
(1975).
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1976

Mary Diederich Ott, “Evaluation of methods of instruction and procedures for assigning students to methods,” Am.
J. Phys. 44, 12 (1976).

F. Reif, Jill H. Larkin, and George C. Brackett, “Teaching general learning and problem-solving skills,” Am. J.
Phys. 44,212 (1976).

John W. Renner, “Significant physics content and intellectual development---cognitive development as a result of
interacting with physics content,” Am. J. Phys. 44, 218 (1976).

Elmer G. Redford, “Attitudes toward physics in the high school curriculum,” Am. J. Phys. 44, 337 (1976).

Lillian C. McDermott, “Teacher education and the implementation of elementary science curricula,”” Am. J. Phys.
44, 434 (1976).

Donald F. Kirwan and Jack Willis, “Co-teaching experiment at the University of Rhode Island,” Am. J. Phys. 44,
651 (1976).

Ronald James Bieniek and Michael Zeilik II, “Follow-up study of a PSI astronomy course,” Am. J. Phys. 44, 695
(1976).

Thomas C. Taveggia, “Personalized instruction: A summary of comparative research, 1967--1974,” Am. J. Phys. 44,
1028 (1976).

1977

Albert B. Smith, Gray Ward, and Joseph S. Rosenshein, “Improving instruction by measuring teacher discussion
skills,” Am. J. Phys. 45, 83 (1977).

H. T. Hudson and W. R. Mclntire, “Correlation between mathematical skills and success in physics,” Am. J. Phys.
45, 470 (1977).

Graeme D. Putt, “Testing the mastery concept of self-paced learning in physics,” Am. J. Phys. 45, 472 (1977).

S. S. Jaswal, “Results of a two-trial examination system in a general physics course,” Am. J. Phys. 45, 575 (1977).

Robert Gerson and Russell A. Primrose, “Results of a remedial laboratory program based on a Piaget model for
engineering and science freshmen,” Am. J. Phys. 45, 649 (1977).

George Barnes, “Scores on a Piaget-type questionnaire versus semester grades for lower-division college physics
students,” Am. J. Phys. 45, 841 (1977).

John W. Renner and William C. Paske, “Comparing two forms of instruction in college physics,” Am. J. Phys. 45,
851 (1977).

G. Will Pfeiffenberger and Christopher C. Modu, “A validity study of the multiple-choice component of the
advanced placement physics C examination,” Am. J. Phys. 45, 1066 (1977).

1978
Larry Hedges, “Personalized introductory courses: A longitudinal study,” Am. J. Phys. 46, 207 (1978).
Judith D. Aubrecht, “Teacher effectiveness: Self-determined change,” Am. J. Phys. 46, 324 (1978).

Richard R. Boedeker, “Report on the use of follow-up orals in undergraduate and graduate physics teaching,” Am. J.
Phys. 46, 643 (1978).

George Barnes and George Bruce Barnes, “Students' scores on Piaget-type questionnaires before and after taking
one semester of college physics,” Am. J. Phys. 46, 807 (1978).

H. Daniel Cohen, Donald F. Hillman, and Russell M. Agne, “Cognitive level and college physics achievement,”
Am. J. Phys. 46, 1026 (1978).
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2003

Beth Ann Thacker, “A study of the nature of students' models of microscopic processes in the context of modern
physics experiments,” Am. J. Phys. 71, 599 (2003).

Chandralekha Singh and David Rosengrant, “Multiple-choice test of energy and momentum concepts,” Am. J. Phys.
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