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3K\VLFV(GXFDWLRQ
DW,68
'DYLG(0HOW]HU
$VVLVWDQW3URIHVVRURI3K\VLFV
,QUHFHQW\HDUVSK\VLFLVWVDW86FROOHJHV
DQG XQLYHUVLWLHV KDYH VLJQLILFDQWO\
LQFUHDVHG HIIRUWV WR LPSURYH WKH WHDFKLQJ
DQG OHDUQLQJ RI SK\VLFV DW WKH
XQGHUJUDGXDWH OHYHO 2QH RI WKH
FRPSRQHQWV RI WKLV HIIRUW KDV EHHQ WKH
FUHDWLRQRIZKDWLVQRZUHFRJQL]HGE\WKH
$PHULFDQ 3K\VLFDO 6RFLHW\ DV D QHZ
VXEILHOG RI SK\VLFV ³3K\VLFV (GXFDWLRQ
5HVHDUFK´ RU ³3(5´ 3K\VLFLVWV HQJDJHG
LQ 3(5 DWWHPSW WR WUHDW WKH SUREOHPV
LQYROYHGLQSK\VLFVHGXFDWLRQDVPXFKDV
SRVVLEOHDVWKH\ZRXOGDQ\RWKHUUHVHDUFK
SUREOHP 7KLV LQYROYHV V\VWHPDWLF
REVHUYDWLRQ DQG GDWD FROOHFWLRQ DQG WKH
GHVLJQ DQG H[HFXWLRQ RI SHGDJRJLFDO
H[SHULPHQWV WKDW PD\ EH UHSURGXFHG E\
GLIIHUHQWLQVWUXFWRUVLQGLYHUVHLQVWLWXWLRQV
ZLWK ZLGHO\ YDU\LQJ VWXGHQW SRSXODWLRQV
%DVHG RQ WKHLU DGYDQFHG WUDLQLQJ LQ
SK\VLFV 3(5 UHVHDUFKHUV DUH XQLTXHO\
VLWXDWHG WR LGHQWLI\ DQG FRQWURO PDQ\ RI
WKHYDULDEOHVLQYROYHGLQSK\VLFVOHDUQLQJ
DQG WR FDUU\ RXW LQGHSWK SUREHV DQG
DQDO\VHV RI VWXGHQWV¶ WKLQNLQJ DV WKH\
HQJDJH LQ WKH SURFHVV RI OHDUQLQJ SK\VLFV
FRQFHSWV
7KH UDSLGO\ H[SDQGLQJ UHVHDUFK OLWHUDWXUH
LQ 3(5 LQFOXGHV GHWDLOHG VWXGLHV RI
VWXGHQW OHDUQLQJ GLIILFXOWLHV LQ D ZLGH
YDULHW\ RI SK\VLFV WRSLFV VXFK DV
PHFKDQLFV HOHFWULFLW\ DQG PDJQHWLVP
RSWLFV DQG TXDQWXP PHFKDQLFV ,W DOVR
LQFOXGHV UHSRUWV RI WKH GHYHORSPHQW DQG
ULJRURXV WHVWLQJ RI LQQRYDWLYH FXUULFXODU
PDWHULDOV DQG LQVWUXFWLRQDO PHWKRGV

GHVLJQHG WR DGGUHVV
DQG UHVROYH PDQ\ RI
WKHVH
OHDUQLQJ
,68SK\VLFVVWXGHQWVUHVSRQGWRLQVWUXFWRU¶V
GLIILFXOWLHV
TXHVWLRQXVLQJ³IODVKFDUGV´
1XPHURXV LQYHVWLJDWLRQV KDYH
SURYLGHG VWURQJ DQG FRQVLVWHQW HYLGHQFH
WKDW UHVHDUFKEDVHG LQVWUXFWLRQDO PHWKRGV IURP D QHLJKERULQJ FROOHJH  KDYH KHOSHG
DQG PDWHULDOV FDQ VLJQLILFDQWO\ LPSURYH FDUU\ RXW WKH ZRUN  LQ RXU JURXS 2XU
WKH OHDUQLQJ RI SK\VLFV FRQFHSWV E\ UHVHDUFK JURXS HQJDJHV LQ FRRUGLQDWHG
HIIRUWV LQ D QXPEHU RI GLVWLQFW WKRXJK
FROOHJHDQGXQLYHUVLW\VWXGHQWV
FORVHO\ UHODWHG DUHDV )LUVW ZH FDUU\ RXW
³EDVLF UHVHDUFK´ LQ SK\VLFV HGXFDWLRQ E\
7KHUH DUH QRZ DSSUR[LPDWHO\  SK\VLFV
H[SORULQJ LQ GHSWK VWXGHQWV¶ OHDUQLQJ
GHSDUWPHQWV DW 86 FROOHJHV DQG
XQLYHUVLWLHV LQ ZKLFK RQH RU PRUH IDFXOW\ GLIILFXOWLHV LQ GLYHUVH DUHDV RI SK\VLFV
PHPEHUV GHYRWH D PDMRULW\ RI WKHLU 3URMHFWV FXUUHQWO\ RQJRLQJ RU QHDULQJ
UHVHDUFK HIIRUW WR 3(5 $ERXW D GR]HQ FRPSOHWLRQ LQFOXGH VWXGLHV RI VWXGHQW
UHVHDUFK XQLYHUVLWLHV FDUU\ RXW JUDGXDWH FRQFHSWV LQ JUDYLWDWLRQ E\ JUDGXDWH
UHVHDUFK SURJUDPV LQ 3(5 LQFOXGLQJ WKH VWXGHQW-DFN'RVWDOQRZDW0RQWDQD6WDWH
DZDUG RI 0DVWHUV DQG 3K' GHJUHHV LQ 8QLYHUVLW\  DVWURQRPLFDO VFDOH DQG OXQDU
SK\VLFV IRU GLVVHUWDWLRQV LQ SK\VLFV SKDVHV E\0DVWHUVJUDGXDWH7LQD)DQHWWL 
HGXFDWLRQ 7KH ODUJHVW RI WKHVH JURXSV DW DQG YHFWRUV E\ JUDGXDWH VWXGHQW 1JRF
/RDQ 1JX\HQ  8QLYHUVLW\ 3URIHVVRU RI
WKH 8QLYHUVLW\ RI :DVKLQJWRQ LQ 6HDWWOH
$VWURQRP\ /HH $QQH:LOOVRQ KDV EHHQ D
KDV DZDUGHG PRUH WKDQ  3K' GHJUHHV
SULQFLSDO FROODERUDWRU LQ WKH DVWURQRP\
LQ SK\VLFV HGXFDWLRQ UHVHDUFK %HJLQQLQJ
LQ $XJXVW  ,RZD 6WDWH 8QLYHUVLW\ HGXFDWLRQ UHVHDUFK FRQGXFWHG E\ 7LQD
MRLQHG WKH UDQNV RI XQLYHUVLWLHV RIIHULQJ )DQHWWL
DGYDQFHG GHJUHHV LQ SK\VLFV HGXFDWLRQ
UHVHDUFK RXU ILUVW 0DVWHUV GHJUHH LQ WKLV
ILHOGZDVDZDUGHGLQ0D\
$W ,68 RXU SK\VLFV HGXFDWLRQ UHVHDUFK
JURXS KDV HQJDJHG LQ FORVH FROODERUDWLRQ
ZLWK WKH ORQJVWDQGLQJ ,68 FKHPLVWU\
HGXFDWLRQ UHVHDUFK JURXS OHG E\ 7RP
*UHHQERZH 3URIHVVRU RI &KHPLVWU\
6LQFH  WKUHH SK\VLFV JUDGXDWH
VWXGHQWV DQG WKUHH XQGHUJUDGXDWHV RQH

,Q  ZLWK 7RP *UHHQERZH DV &R
3ULQFLSDO ,QYHVWLJDWRU , ZDV DZDUGHG D
JUDQWIURPWKH1DWLRQDO6FLHQFH
)RXQGDWLRQ WR GHYHORS LQQRYDWLYH
FXUULFXODU PDWHULDOV LQ WKHUPRG\QDPLFV
7KHVH PDWHULDOV LQFOXGH UHVHDUFKEDVHG
SUREOHP VHWV WKDW DUH FDUHIXOO\ GHVLJQHG
ERWK WR HOLFLW FRPPRQ VWXGHQW GLIILFXOWLHV
UHJDUGLQJ WKH VXEMHFWV XQGHU VWXG\ DQG
&RQWRQSJ
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3K\VLFV(GXFRQW
WKHQ WR OHDG VWXGHQWV WR FRQIURQW WKHVH
GLIILFXOWLHV KHDGRQ ZLWK WLJKWO\ IRFXVHG
DQG VWUDWHJLFDOO\ VHTXHQFHG VHULHV RI
TXHVWLRQVDQGH[HUFLVHV
$QRWKHU PDMRU SURMHFW IRU RXU JURXS KDV
EHHQ WR GHYHORS LPSURYHG LQVWUXFWLRQDO
PHWKRGV DQG FXUULFXODU PDWHULDOV IRU
ODUJHHQUROOPHQWFRXUVHLQFOXGLQJOHFWXUH
FRXUVHVLQZKLFKDQLQVWUXFWRUIDFHVWR
VWXGHQWVDWDWLPH2XUREMHFWLYHLVWR
LQFRUSRUDWH DFWLYHOHDUQLQJ PHWKRGV LQ
VXFKFRXUVHVLQZKLFKVWXGHQWVHQJDJHLQ
GLYHUVH SUREOHPVROYLQJ DFWLYLWLHV GXULQJ
FODVV WLPH 2XU FXUUHQW IRFXV LV RQ WKH
DOJHEUDEDVHG JHQHUDO SK\VLFV FRXUVH
SRSXODWHG SUHGRPLQDQWO\ E\ OLIHVFLHQFHV
PDMRUV 7KH OHYHO RI VWXGHQWVWXGHQW DQG
VWXGHQWLQVWUXFWRU LQWHUDFWLRQ LQ WKHVH
FODVVHV LV GUDPDWLFDOO\ LQFUHDVHG E\ WKH
XVH RI D VWXGHQW UHVSRQVH V\VWHP
LQFRUSRUDWLQJ ³IODVK FDUGV´ (YHU\ VLQJOH
VWXGHQWLQWKHFODVVKDVDSDFNRIVL[ODUJH

IODVK FDUGV B´ × ´  HDFK SULQWHG ZLWK
RQHRIWKHOHWWHUV³$´³%´³&´³'´³(´
RU  ³)´ 7KHVH IODVK FDUGV SHUPLW WKH
LQVWUXFWRU WR JHW LQVWDQWDQHRXV UHVSRQVHV
WRPXOWLSOHFKRLFHTXHVWLRQVE\DOO RI WKH
VWXGHQWV LQ WKH FODVV VLPXOWDQHRXVO\ VHH
DFFRPSDQ\LQJ SKRWR  &XUULFXODU
PDWHULDOV WR VXSSRUW WKLV LQVWUXFWLRQDO
PHWKRG ± LQFOXGLQJ D ODUJH FROOHFWLRQ RI
VSHFLDOO\ GHVLJQHG VHTXHQFHV RI PXOWLSOH
FKRLFHTXHVWLRQV±KDYHEHHQGHYHORSHGLQ
FROODERUDWLRQ ZLWK 3URI .DQGLDK
0DQLYDQQDQ RI 6RXWKZHVW 0LVVRXUL 6WDWH
8QLYHUVLW\ 7KHVH PDWHULDOV DUH
LQFRUSRUDWHG LQ WKH :RUNERRN IRU
,QWURGXFWRU\3K\VLFV QRZ DYDLODEOH LQ D
SUHOLPLQDU\ HGLWLRQ LQ &'520 IRUPDW
9DULRXV DVVHVVPHQWV HPSOR\HG
VWDQGDUGL]HG WHVWV KDYH GHPRQVWUDWHG WKDW
OHDUQLQJJDLQVE\,68VWXGHQWVHQUROOHGLQ
WKHVH ³DFWLYHOHDUQLQJ´ FRXUVH DUH
VLJQLILFDQWO\ KLJKHU WKDQ WKRVH IRXQG LQ
QDWLRQDO VXUYH\V RI VWXGHQWV LQ PRUH
WUDGLWLRQDOOHDUQLQJHQYLURQPHQWV

0XFK PRUH GHWDLOHG LQIRUPDWLRQ
RQ WKH ZRUN RI WKH ,68 3(5 JURXS
LV DYDLODEOH RQ RXU ZHEVLWH
KWWSZZZSXEOLFLDVWDWHHGXaSHU0DQ\
RI RXU SDSHUV DQG FRQIHUHQFH
SUHVHQWDWLRQV FDQ EH YLHZHG DW WKDW VLWH
DORQJ ZLWK GHWDLOV RI RXU 16)VSRQVRUHG
FXUULFXOXPSURMHFW:HZRXOGEHKDSS\WR
SURYLGHIXUWKHUGHWDLOVDQGVDPSOHVRIRXU
JURXS¶V ZRUN LQFOXGLQJ FRSLHV RI WKH
:RUNERRN IRU ,QWURGXFWRU\ 3K\VLFV &'
520 WR LQWHUHVWHG UHDGHUV RI WKLV
QHZVOHWWHU 3OHDVH FRQWDFW PH GLUHFWO\ DW
GHP#LDVWDWHHGX


/LOOLDQ&0F'HUPRWWDQG(GZDUG)
5HGLVK³5HVRXUFH/HWWHU3(53K\VLFV
(GXFDWLRQ5HVHDUFK´$P-3K\V
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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 21st 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 middleschool 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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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, Iowa State University, Ames, IA 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 demonstrations 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.1,2 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 Thornton3 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 equipment.
We have been developing new curricular
materials on interactive physics demonstrations 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 “hightech” demonstrations as well as with those
that are low-tech. The central feature is the
use of the problem-dissection technique4 to
break a given physics demonstration into
several
conceptually
linked
minidemonstrations. 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.
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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 studentstudent 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 demonstration 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 technique4 is
used to break a given physics demonstration
into several conceptually linked minidemonstrations.
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

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 use 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.
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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:

(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 demonstrations.
Here we focus specifically on an analysis
of students’ responses to Question #1 on the
Force Concept Inventory. This question

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 singlestory 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 demonstration (described in this paper) for free-falling
objects. The other courses used more limited
demonstrations involving only straightforward
predictions.
FCI
FCI
FCI
Full
n
#1
#1
#1
FCI
pre
post
<g> <g>
UVa 95 55
71%
82%
0.38 0.26
SLU 96 75*
57%
78%
0.49 0.15
SLU 97 66
79%
85%
0.29 0.30
SLU 98 31
65% 100% 1.00 0.34
SMS 00 22
36% 91%
0.86 0.50
*non-matched sample; npre=73; npost=77
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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

(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 is
suggested by the data in Table I. Since the
same instructor employing interactiveengagement 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.
REFERENCES
1. Pamela A. Kraus (1997). Promoting
Active Learning in Lecture-Based Courses:
Demonstrations, Tutorials, and Interactive
Tutorial Lectures. Ph.D. dissertation, U.
Washington, UMI #9736313.
2. J. P. Callan, C. H. Crouch and E. Mazur,
“Classroom demonstrations: education or
mere entertainment?” AAPT Announcer
29(4), 89 (1999).
3. D. R. Sokoloff and R. K. Thornton,
“Using interactive lecture demonstrations to
create an active learning environment,”
Phys. Teach. 35(10), 340-347 (1997).
4. D. E. Meltzer and K. Manivannan,
“Promoting interactivity in physics lecture
classes,” Phys. Teach. 34(2), 72-76 (1996).
K.M. acknowledges the support of a USDEPT3 Implementation grant P342A99041 and
FFT grants.

33

Transforming the lecture-hall environment: The fully interactive
physics lecture
David E. Meltzera)
Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011

Kandiah Manivannan
Department of Physics, Astronomy, and Materials Science, Southwest Missouri State University,
901 South National Avenue, Springfield, Missouri 65804

共Received 19 September 2001; accepted 29 January 2002兲
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 implementation. © 2002 American Association of Physics
Teachers.
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I. INTRODUCTION
Numerous investigations in recent years have shown
active-learning methods to be effective in increasing student
learning of physics concepts. These methods aim at promoting substantially greater engagement of students during inclass activities than occurs, for instance, in a traditional
physics lecture. A long-standing problem has been that of
transporting active-learning methods to large-enrollment
classes in which 50–300 students sit together in a single
classroom.
An important breakthrough in addressing this problem was
the 1991 introduction of the Peer Instruction method by Eric
Mazur at Harvard University.1 This now widely adopted
method restructures the traditional lecture class into a series
of short lecture presentations punctuated by a series of
‘‘ConcepTests.’’ These are qualitative multiple-choice questions to which all students in the class simultaneously respond, both before and after discussion.
In this paper we describe a variant of Peer Instruction that
we have developed and tested. It carries the transformation
of the physics lecture-room environment several steps further, aiming at the achievement of a virtually continuous dialogue between students and instructor of a type ordinarily
characteristic only of one-on-one 共or one-on-few兲 instruction
that takes place, for example, in the instructor’s office with a
handful of students present. This ‘‘fully interactive lecture’’
offers a useful option for physics instructors who want to
maximize the potential for instructor–student interaction in
the large-classroom environment. We have employed these
methods in our classes over the past seven years at Southeastern Louisiana University 共SLU兲, the University of Virginia, Iowa State University 共ISU兲, and Southwest Missouri
State University.
639

Am. J. Phys. 70 共6兲, June 2002

http://ojps.aip.org/ajp/

The basic elements of an interactive lecture strategy have
been described by Mazur.1 In this paper we broaden and
extend that discussion, explaining in detail how the lecture
component in large-classroom instruction may be almost
eliminated. Depending on the preferences of the instructor
and the specific student population, this strategy may yield
worthwhile learning outcomes. To carry out the rapid backand-forth dialogue observed in one-on-one instruction in
large-enrollment classes requires a variety of specific instructional strategies, an unusual form of preparation by the instructor, and specific characteristics of the curricular materials.
In Sec. II we review the research related to student learning in physics lecture classes. In Sec. III we give an overview of our general strategy for creating interactive lectures,
and the student response systems necessary to that strategy
are discussed in Sec. IV. In Sec. V we outline the format of
the fully interactive lecture class, while Sec. VI contains a
detailed, almost verbatim, excerpt from an actual class. This
excerpt is analyzed in Sec. VII. In Sec. VIII we discuss the
printed curricular materials that have been developed for use
with these instructional methods. In Sec. IX we discuss
implementation issues, and in Sec. X we discuss the analysis
of assessment data related to student learning in our classes.
We offer some concluding remarks in Sec. XI.
II. A LONG-STANDING CHALLENGE: PROMOTING
ACTIVE-LEARNING IN LARGE LECTURE
CLASSES
A. Motivation: Student–instructor disconnect in
large-enrollment classes
Recent research has cast serious doubt on the effectiveness
of instruction for the majority of students enrolled in intro© 2002 American Association of Physics Teachers
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ductory physics courses, the most common setting for largeenrollment, lecture-based instruction. Not surprisingly, the
large-enrollment lecture class is among the most challenging
environments in which to achieve improved learning gains. It
is very difficult for instructors to assess student learning and
to implement any needed alterations in instruction in ‘‘realtime.’’ Moreover, the high student/instructor ratio makes it
difficult for instructors to engage students in instructional
activities that go much beyond passive listening.
B. Limitations of the lecture approach: The case of
physics
An increasing body of evidence suggests that instruction
utilizing only lecture classes and standard recitations and
labs results in relatively small increases in most students’
understanding of fundamental concepts.2– 8 Complex scientific concepts are often not effectively communicated to students simply by lecturing about them—however clearly and
logically the concepts may be presented.9–12 Students taught
exclusively through lecture-based curricula are inclined to
short-circuit the highly complex scientific thought
process.13,14 Lectures that are particularly clear and wellorganized may, ironically, contribute to students’ tendency to
confuse the results of science with the scientific process itself. Students who avoid the intense mental struggle that often accompanies growth in personal understanding may
never succeed in developing mastery over a concept.15 In
other words, students do not absorb physics concepts simply
by being told 共or shown兲 that they are true, and they must be
guided to resolve conceptual confusion through a process
that maximizes the active engagement of their mental faculties.
A term that is often used to characterize an instructional
process of this type is ‘‘active learning,’’ and the term ‘‘interactive engagement’’ 共IE兲 has been used to describe the
type of physics instruction that most effectively engenders
active learning through discussion with peers and/or
instructors.4 Active learners are relatively efficient at learning physics concepts. They are perhaps most easily characterized as students who continuously and actively probe their
own understanding in the process of learning new concepts.
They frequently formulate and pose questions to themselves,
constantly testing their knowledge. They scrutinize implicit
assumptions, examine systems in varied contexts, and are
sensitive to areas of confusion in their understanding. By
contrast, the majority of students in introductory physics
courses are unable to do efficient active learning on their
own. In essence, they don’t know the questions they need to
ask. They are often unable to recognize when their own understanding is inadequate, and tend to lack confidence in
their ability to resolve confusion. In order to carry through
the learning process effectively, they require substantial
guidance by instructors and aid from appropriate curricular
materials.
There is good evidence that, in addition to improving
learning by students who may not be natural active learners,
interactive-engagement methods result in significant learning
gains by the best students as well.16,17 Pedagogical models
that engage students in a process of investigation and
discovery—often oriented around activities in the instructional laboratory—are specific types of interactiveengagement methods found to be effective.5,6,10,17–20 The targeted concepts are in general not told to the students before
they have the opportunity to follow through chains of rea640
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soning that might lead them to synthesize the concept on
their own. It is especially challenging to develop effective
active-learning methods that lack a laboratory component,
and the large lecture class is an inherently difficult environment in which to establish active learning.

C. Recent approaches to active learning in large physics
lecture classes
The issue of how to increase attention and engagement of
students during lecture courses is not unique to physics. Various systems have been designed that allow students in large
classes to provide instantaneous responses to instructors’
questions.21–23
Other
influential
methods
include
‘‘think-pair-share’’ 24 共periodic interruption of lectures for
student discussion兲, and the ‘‘minute paper’’ 25 共students’
written comments during the last minute of class兲. Various
strategies have been reviewed by Bonwell and Eison.26
Physics educators have explicitly addressed the challenge
of the large-class learning environment. Van Heuvelen27,28
has developed ‘‘active-learning problem sheets’’ 29,30 for student use during class meetings in the lecture hall.31 Mazur
has achieved great success in popularizing Peer
Instruction1,32–35 by suspending a lecture at regular intervals
with challenging conceptual questions posed to the whole
class. Other early strategies for lecture classes have been
described.36 –38 More recently, the group at the University of
Massachusetts has developed and popularized interactivelecture methods employing an electronic response
system.39– 41 Poulis et al.42 have also made use of interactive
lecturing with an electronic system, and other electronic
communication systems for use in lectures have been discussed by Shapiro,43 and by Burnstein and Lederman.44
Other strategies for implementing active learning in largeenrollment classes have been described by Beichner et al.45
and by Zollman.46 Sokoloff and Thornton have adapted their
very popular microcomputer-based laboratory materials,
originated in collaboration with Priscilla Laws,6,18,47 for use
in large lecture classes in the form of ‘‘interactive lecture
demonstrations.’’ 48,49 Assessment data from several groups
support the effectiveness of this method.6,17,18 Novak and
collaborators50 have developed the ‘‘just-in-time teaching’’
method in physics lecture courses, incorporating some techniques similar to those used by Hestenes and his collaborators in the ‘‘modeling instruction’’ 51 method. Textbooks and
workbooks with a high interactive component, usable in
large classes, include those by Chabay and Sherwood52,53
and by Knight.54 There is good evidence for the effectiveness
of both of these innovative curricular materials.55,56 The
interactive-lecture strategies to be discussed in this paper
build on the recent history of efforts to improve instruction in
large physics classes. Preliminary reports have been
published,57,58 and several workshops have been presented.59
Other important pedagogical reform methods focus more
particularly on activities that occur in small-class laboratories or recitation sections associated with lecture courses.
Among the most prominent are the Tutorials in Introductory
Physics,60,61 Collaborative Group Problem Solving,62– 65 and
RealTime Physics,66 along with its close relative, Workshop
Physics.67 Important research results related to instruction in
large-enrollment physics classes have been reported by
Kraus,68 and Cummings et al.17 have described a careful investigation of a technology-rich studio environment.69
D. E. Meltzer and K. Manivannan
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III. TRANSFORMING THE LECTURE-ROOM
ENVIRONMENT
Our goal is the transformation of the lecture class, to the
furthest extent possible, to the type of instructional environment that exists in an instructor’s office. When physics instructors have one or two students in their office, they would
likely speak for just a few minutes, solicit some feedback,
then continue the discussion based on that feedback. In the
office, instructors can get a sense of where students are conceptually and of how well they are following the discussion.
It is possible to tailor one’s presentation to the students’ actual pace of understanding. By asking students to consider
each other’s ideas, the instructor helps them to think critically about their own ideas. The key issue is whether it is
practical to do this in a room filled with 100 or more students.
We 共and others兲 have found that it is practical to bring
about this transformation to a very great extent. Success
hinges on two key strategies: 共1兲 students need to be guided
in a deliberate, step-by-step process to think about, discuss,
and then respond to a carefully designed sequence of questions and exercises; 共2兲 there must be a system for the instructor to obtain instantaneous responses from all of the
students in the class simultaneously. This system allows instructors to gauge their students’ thinking and to rapidly
modify their presentation, subsequent questioning, and discussion of students’ ideas. Our methods are a variant of Peer
Instruction,1,32–35 and are similar to methods used at the University of Massachusetts39– 41 and at Eindhoven.42
The basic objective 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. Students decide on an answer, discuss their ideas with each
other, and provide their responses using a classroom communication system. The instructor makes immediate use of
these responses by tailoring the succeeding questions and
discussion to most effectively match the students’ pace of
understanding.
In attempting to address the insufficiencies of the traditional lecture, the fully interactive lecture method that we
employ essentially abandons any effort to utilize class time
for presenting detailed and comprehensive explanations and
derivations of physics principles. Instead, that time is used in
much the same way as in one-on-one tutoring: there is a
continual interchange of questions and answers between instructor and students. The instructor guides the students in
step-by-step fashion to consider certain problems; the students listen, think, write or calculate, and then receive immediate feedback regarding the correctness of their responses,
both from their classmates and from the instructor.
In abandoning lecture’s traditional role of providing extensive and detailed background information, we must evidently
utilize other means for achieving that objective. The burden
of providing a detailed compendium of facts, derivations,
and explanations is carried by a set of lecture notes; these
largely substitute for the traditional textbook. Students are
expected to read and refer to the lecture notes for background
information and sample problems. Although we do review
during class the concepts developed in the lecture notes, we
do not find it productive to spend extensive amounts of time
on that activity.
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Fig. 1. Students signaling their response to instructor’s question using flash
cards.

IV. STUDENT RESPONSE SYSTEM
There are a number of student response systems available
for use with interactive-lecture methods, including commercially available electronic systems.70–72 Our method employs
flash cards on which oversize letters of the alphabet are
printed. Flash cards are less expensive and easier to implement, although they lack useful features of the electronic
systems such as instant graphical displays of responses. We
emphasize that almost everything we discuss in this paper
may be implemented equally effectively with electronic response systems.
With the use of the flash-card system, we are able to ask
many questions during class and no longer have to wait for
one daring individual to respond. Every student in the class
has a pack of six large cards 共5 21 in.⫻8 21 in.兲, each printed
with one of the letters A, B, C, D, E, or F. Students bring the
cards every day, and extra sets are always available. During
class we repeatedly present multiple-choice questions. Often,
the questions stress qualitative concepts involving comparison of magnitudes, directions, or trends 共for example, ‘‘Will
it decrease, remain the same, or increase?’’兲. These questions
are difficult to answer by plugging numbers into an equation.
We give the students time to consider their response, 15 s to
1 min depending on the difficulty. Then we ask them to
signal their response by holding up one of the cards, everybody at once 共see Fig. 1兲. We can easily see all the cards
from the front of the room. Immediately, we can tell whether
most of the students have the answer we were seeking—or if,
instead, there is a ‘‘split vote,’’ that is, part of the class with
one answer, part with another—or perhaps more than one
other. 共One of them, it is hoped, is the right answer!兲
One of the advantages of this system is that it allows the
instructor to observe the students’ body language. We can see
whether the students held up their cards quickly, with confidence, or if instead they brought them up slowly, with confused looks on their faces. Do a large number of students
delay their response, finally holding up an upside-down F?
This is our signal for ‘‘I don’t really know the answer, and I
can’t even give a very good guess.’’ It is not particularly easy
for students to see each others’ cards and so there is a fair
degree of anonymity in their responses. Students’ comfort in
signaling answers with the cards seems to increase as the
course progresses.
D. E. Meltzer and K. Manivannan
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V. FORMAT OF THE FULLY INTERACTIVE
LECTURE CLASS
A. Overview
Although there is considerable flexibility in the actual format of a fully interactive lecture class, it is possible to describe a characteristic pattern. The actual length and sequencing 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.
共1兲 A brief introduction/review of the basic concepts is
presented at the blackboard, a sort of mini-lecture usually
lasting around 3–7 min.
共2兲 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.73 Students provide responses by using the
flash cards. Every opportunity is taken to interrupt the sequence of multiple-choice questions with brief free-response
exercises, for example, drawing simple diagrams or performing elementary calculations.74
共3兲 Follow-up activities are carried out. These vary and
may consist of interactive demonstrations, group work using
free-response worksheets, or another mini-lecture and question sequence.
At ISU, in addition to the class meetings 共3 h/week兲 in the
lecture hall, we make use of a once-per-week 50-min recitation session, which has been converted into a full-fledged
tutorial in the style developed at the University of
Washington.10,60 Students spend the entire session working in
small groups on carefully structured printed worksheets,
guided by Socratic questioning from the instructors. Worksheets used in these tutorials have been designed by us and
also form part of the Workbook for Introductory Physics.75 At
ISU we also have been able to make use of four of the
weekly, 2-h laboratory periods to do additional activelearning instruction. In these we use Tutorials for Introductory Physics61 and materials from the text Electric and Magnetic Interactions.52
B. Mini-lecture
The instructor begins by taking a few minutes to outline
the principles and concepts underlying that day’s activities.
One or two key ideas are sketched, along with relevant diagrams and mathematical formulations. A demonstration
might be shown 共soliciting students’ predictions of the outcome兲 and an example problem solved at the board. From
then on the ball moves to the students’ court.
C. Interactive-question sequence
The instructor proceeds to ask a series of questions to
which the students all respond. We might use questions
printed in the Workbook 共which students always bring to
class76兲 or present questions on the board or with an overhead transparency. The sequence starts with easy questions,
in order to build confidence. Students consider the question
on their own, taking perhaps 15–30 s. At a certain moment,
all are asked to give their responses simultaneously. Because
the first few questions are simple, the responses should be
overwhelmingly correct. Gradually, the questions become
more challenging. The instructor takes any available oppor642
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Fig. 2. Diagrams used in interactive-question sequence: 共a兲 initial diagram,
requiring flash-card response; 共b兲 follow-up diagram, requiring free response
by students writing at their desks.

tunity to interject a question requiring a ‘‘free response,’’
such as a simple sketch. As the students work on the freeresponse questions, the instructor circulates around the room
and observes their work.
As an example, the diagram in Fig. 2共a兲 was presented to
the class 共e represents an electron, p a proton兲. Students
were first asked about the net electrical charge on the object
represented by the circle; is it 共A兲 greater than zero, 共B兲
equal to zero, or 共C兲 less than zero. Most students quickly
responded with the correct answer, B. The instructor then
drew in a nearby positive charge 关Fig. 2共b兲兴, inviting students
to consider the nature of the interaction between the circled
object and the positive charge 共assuming the electrons and
protons are fixed in position兲. He 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
around the room, and quickly assessed how well the students
were handling the assignment; he stepped to the board for a
few moments to offer some hints. This entire process took
less than 1 min. The instructor then asked the students
whether the net interaction force implied by the collection of
force vectors they had drawn was 共A兲 toward the right, 共B兲
toward the left, or 共C兲 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 answer 共B兲
without needing to discuss it with their neighbors. When we
came to question 2, however, we found that students were
split in their choices; in addition to the correct answer 共B兲, a
significant fraction of the class held up the A card. When we
came to question 3, the class response was very split; each of
the options received some support. 共Later, question 4 was
given as a follow-up question in a different context.兲
At some point, there is likely to be a significant split in
opinion reflected in the students’ responses. Perhaps 50%–
70% give one answer 共for example, A兲, while the remainder
give a different answer 共let’s say, C兲. The instructor informs
D. E. Meltzer and K. Manivannan
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Fig. 3. Excerpt from interactive-question sequence.

the class of the difference of opinion: ‘‘We have A’s and C’s,
perhaps a few more A’s. Why don’t you take a few seconds
to discuss it with each other?’’ The students are expected to
discuss the question with whoever is at a convenient distance. Almost always, an animated class-wide discussion ensues; nearly all students are actively engaged in comparing
their answers, arguing for their point of view, and listening
critically to their neighbors’ reasoning. The instructor does
not rush to press for an answer. A minute or more might
elapse before a decreased intensity of discussion is noticed.
Perhaps the instructor gives a warning, ‘‘another 30 seconds.’’ At a certain point, all students are asked to give their
response. Often, the students will have reached a consensus:
nearly everyone now has the same answer. Sometimes, how643
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ever, the split in opinion persists; that is a signal that more
discussion—with
some
additional
exercises
and
questions—is probably needed.
If student opinion remains divided and a split vote persists
despite the student discussion, we will often ask for an A
supporter to present his/her argument, followed by a proponent of the C viewpoint. If necessary, we will eventually step
in to alleviate the confusion. By this time, most of the students will have carefully thought through the problem. If
they haven’t already figured it out by themselves, they will
now at least be in an excellent position to make sense out of
any argument we offer to them. Before those minutes of hard
thinking, we could have made the same argument and
watched as almost every student in the class gave the wrong
answer to some simple question. We know this to be true
because we have tried it often enough.
One of the results of using interactive lectures is that the
instructor begins to acquire startling new insights into what
the students are really getting out of a typical lecture. One
can present a straightforward concept 共from the instructor
point of view兲 and a simple example, and then—instead of
proceeding rapidly to the next topic as would a traditional
lecturer—present a short set of questions for the students to
answer. One often discovers that the students are deeply
mired in confusion. This is precisely what might occur in the
office setting when, in the course of leading the student共s兲
through a series of questions, the instructor uncovers an unexpected and serious conceptual confusion. A tactical retreat
is usually necessary, backtracking to simpler concepts that
are more firmly understood by the student; one can then lead
once again from the new starting point. This process takes
some time but is necessary, because the student could not
hope to master the new idea without consolidating his or her
understanding of the foundation concepts.
This process is exactly what may be replicated through a
fully interactive lecture. By using a properly thought out sequence of questions 共often developed on the fly without having been scripted in advance兲 along with the student response
system, the instructor is able to identify an area of conceptual
confusion. Recognizing the need to retreat, the instructor offers another question that refers back to concepts previously
discussed. One may then probe to locate a region of relatively firm understanding that can serve as a new launching
point toward the original target.
As we work our way through a series of intermediate
questions, at each step, we get a reading on our class: Do
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
as they work their way through a conceptual minefield.
D. Follow-up activities
The sequence of interactive questions may be followed by
another such sequence, perhaps preceded by a new minilecture. Mini-lectures may also be judiciously sprinkled into
a class at various moments, allowing an opportunity for motivational or philosophical comments, or simply to provide a
break from problem solving. We also expend considerable
amounts of time on student group work using printed worksheets, included as an integral component of the Workbook;
an excerpt is in Appendix A. Another method that we have
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Fig. 4. Diagrams used in sample interactive-question sequence 共Sec. VI兲: 共a兲
initial diagram; 共b兲 follow-up diagram; 共c兲 diagram representing mnemonic
for circuit potential map 共instructor statement 9兲: left-side conducting segments 共light shade; referred to as ‘‘red’’ by instructor兲 are at potential of
positive battery terminal, right-side conducting segments 共dark shade; referred to as ‘‘blue’’兲 are at potential of negative battery terminal.

used with great success is to convert the standard physics
lecture demonstration into a fully interactive sequence.77
Our worksheets designed for use in large-enrollment
classes focus on qualitative questions or problems that require only elementary algebraic calculations. Responses required from students include simple sketches, diagrams,
graphs, and elementary numerical or algebraic expressions.
Such responses may be easily and rapidly scanned and evaluated by an instructor who walks through the room.78 By
quickly sampling a significant fraction of the class, the instructor is able to recognize common difficulties and offer
appropriate hints or other guidance.
VI. SAMPLE INTERACTIVE-QUESTION
SEQUENCE
The instructional sequence that follows below occurred
during the first half of an actual class. After having already
studied series and parallel circuits, as well as electrical
power, the students had started a new worksheet in the tutorial session on the previous day. The teaching assistant had
reported substantial confusion, and so the instructor began
class this day by posing a question 共Instructor Statement 1兲
regarding battery power in a parallel circuit.
The instructor asks students to consider the two-resistor
parallel circuit shown in Fig. 4(a), and then proceeds to ask
a sequence of questions as follows.
共1兲 Instructor: Suppose an additional resistor is added in
parallel to the circuit shown 关in Fig. 4共a兲兴, and so we get the
circuit shown 关in Fig. 4共b兲兴. Will the power produced by the
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battery 共A兲 increase, 共B兲 decrease, or 共C兲 remain the same?
关The instructor writes the question and the three response
options on the board, and follows the same procedure with
all questions cited in this segment.兴
Students’ responses are split approximately equally among
the three options.
共2兲 Instructor: Will the current through the battery 共A兲
increase, 共B兲 decrease, or 共C兲 remain the same?
Student responses are split approximately equally between
(A) increase, and (B) decrease.
共3兲 Instructor: Okay, how about this: is ⌬V R 3 共A兲 greater
than, 共B兲 less than, or 共C兲 equal to ⌬V R 2 ? Note: ⌬V R 3 represents the absolute value of the potential drop across resistor
R 3 , etc.
Students are slow to show their flash cards; responses are
still very split among the options.
共4兲 Instructor: Okay, let’s go back to the two-resistor circuit 关Fig. 4共a兲兴. Is ⌬V R 2 共A兲 greater than, 共B兲 less than, or
共C兲 equal to ⌬V R 1 ?
Student question: Is R 2 ⫽R 1 ?
共5兲 Instructor: Let’s assume they are.
The large majority of students correctly answer (C).
共6兲 Instructor: Okay, now assume that R 2 ⬎R 1 ; what will
be the answer in that case?
Again, the large majority of students correctly answer
(C).
共7兲 Instructor: What happens to I 1 if we increase R 2 , will
it 共A兲 increase, 共B兲 decrease, or 共C兲 remain the same? I 1
represents the current through resistor R 1 , etc.
The large majority of students correctly answer (C).
共8兲 Instructor: All right, now let’s go back to the threeresistor case. Is ⌬V R 3 共A兲 greater than, 共B兲 less than, or 共C兲
equal to ⌬V R 2 ?
Flash cards are slow coming up, responses are mixed.
共9兲 Instructor: All right, here’s a hint. 关Instructor uses red
chalk to highlight all conducting segments connected directly
to positive terminal of battery, and uses blue chalk to highlight all segments connected to negative terminal 关Fig. 4共c兲兴;
this mnemonic had been introduced in previous classes to
emphasize that the potential difference between any point in
the red region and any point in the blue region was equal to
the potential difference between the battery terminals, that is,
that V red⫺V blue⫽⌬V bat .兴
Now, the large majority of students hold up the correct
answer (C).
共10兲 Instructor: And how about compared to ⌬V R 1 , is
⌬V R 3 共A兲 greater than, 共B兲 less than, or 共C兲 equal to ⌬V R 1 ?
The large majority of students again hold up correct answer (C).
共11兲 Instructor: Okay.
Student question: So what changes? Doesn’t something
change?
共12兲 Instructor: Yes, but not ⌬V. Okay, let’s assume that
all three resistors are equal, R 1 ⫽R 2 ⫽R 3 , and let me ask you
about the current. Is I 3 共A兲 greater than, 共B兲 less than, or 共C兲
equal to I 2 ?
Nearly all students correctly answer (C).
共13兲 Instructor: And is I 3 共A兲 greater than, 共B兲 less than,
or 共C兲 equal to I 1 ?
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Fig. 5. Diagram used in sample interactive-question sequence 共Sec. VI兲,
drawn on board after instructor statement 16.

Again, nearly all students correctly answer (C).
共14兲 Instructor: Okay, now if we start with that initial
two-resistor circuit and add the third resistor, will the total
current through the battery 共A兲 increase, 共B兲 decrease, or 共C兲
remain the same?
Student response is approximately 50% for (A), 40% for
(B), and 10% for (C).
共15兲 Instructor: Okay, we still have a split vote. Will
somebody explain why they think the answer is 共A兲?
Student: It’s 共A兲 because the equivalent resistance of the
circuit will decrease.
共16兲 Instructor: And now will somebody explain why they
think the answer is 共B兲?
Nobody volunteers to defend answer (B). Instructor now
draws on board diagram shown in Fig. 5.
共17兲 Instructor: Okay, once again: If we start with that
initial two-resistor circuit and add the third resistor, will the
total current through the battery 共A兲 increase, 共B兲 decrease,
or 共C兲 remain the same?
Now there is a much larger proportion of correct (A) responses.
共18兲 Instructor: 共A兲 is correct. I guess that still seems
weird.
Several students agree out loud that it does seem weird.
Instructor reminds students that they have observed and discussed experiments in the laboratory that are consistent with
this conclusion.
Student question: How far can the battery go and still keep
putting out more current?
共19兲 Instructor: I don’t know. It basically depends on the
equipment you’re using.
Student: But aren’t you increasing the equivalent resistance, since R equiv⫽R 1 ⫹R 2 ⫹R 3 ?
共20兲 Instructor: Ah. No, that’s only for series circuits. It’s
not true for parallel circuits. Okay, let’s go back to our original question. If we add a resistor in parallel to the original
two-resistor parallel circuit, will the power produced by the
battery 共A兲 increase, 共B兲 decrease, or 共C兲 remain the same?
A full two minutes elapse before the students are asked for
a response. The large majority of students correctly answer
(A).
共21兲 Instructor: Okay, 共A兲 is correct.
VII. DISCUSSION OF SAMPLE INTERACTIVEQUESTION SEQUENCE
The sequence in Sec. VI is a representative example of
how closely a fully interactive lecture may resemble a oneon-one tutorial session, and how little it resembles a traditional lecture. The role of the instructor is essentially that of
asking questions, providing hints, and guiding discussion.
The instructor also confirms answers on which the class has
achieved consensus. Here we discuss key elements of the
fully interactive lecture exemplified by this sequence.
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A. The frequency of questioning may be as high as several
per minute. During this relatively brief sequence, which took
only approximately 20 min, the students were asked to use
their flash cards to respond to 13 separate questions. During
portions of the segment, there were two or three 共easy兲 questions in a single minute. This rate is similar to the rhythm of
one-on-one tutoring, in which there is often a rapid exchange
of questions and answers between students and instructor.
B. The instructor must often create unscripted questions
on the spot. All of the questions were improvised by the
instructor without previous scripting or preparation. In just
the way that an instructor must come up with appropriate
extemporaneous questions when doing one-on-one teaching,
an instructor in a fully interactive lecture must be prepared to
respond to the flow of the large-class discussion. It is important to write both the question and the answer options on the
board so students may refer back to them. However, it may
be useful to delay writing the answer options for a few moments to first give students time to consider their own response.
C. Easy questions are used to maintain the flow of the
discussion. Many of the questions are easy for the students to
answer, and they receive overwhelmingly correct responses.
Crouch and Mazur35 note that questions with correctresponse rates over 70% tend to produce less useful discussions than do more difficult questions. However, we find that
they build student confidence and are important signals to the
instructor of students’ current knowledge baseline. Often
enough, questions thought by the instructor to be simple turn
out not to be, requiring some backtracking. Because of that
inherent degree of unpredictability, some proportion of the
questions asked will turn out to be quite easy for the students. This small conceptual ‘‘step-size’’ allows more precise
fine tuning of the class discussion.
D. Virtually any system offers a rich array of possible
question variants. Almost any physics problem may be
turned into an appropriate conceptual question. By using the
basic question paradigms ‘‘increase, decrease, remain the
same,’’ ‘‘greater than, less than, equal to,’’ and ‘‘left, right,
up, down, in, out,’’ along with obvious variations, it is possible to rapidly create many questions that probe students’
qualitative thinking about the system. By introducing minor
alterations in a physical system 共adding a force, increasing a
resistance, etc.兲, students can be guided to apply their conceptual understanding in a variety of contexts. In this way,
the instructor is able to provide a vivid model of the mental
approach needed for active learning.
E. The instructor must be prepared to approach a given
problem with a variety of possible questioning strategies. It
often is found that students do not respond in an expected
manner, and that their knowledge base for a particular problem is shakier than anticipated. Just as in one-on-one tutoring, the instructor must be ready to pose easier questions set
in less complex physical settings, and to offer appropriate
hints to guide the students toward the target concept. By
remaining observant of students’ rapidity in offering responses, body language in showing the flash cards, and expressions on their faces, the instructor should be able to
judge which questions might require additional response
time.
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VIII. STUDENT WORKBOOK
A. Elements of the Workbook
As our experience in implementing these methods has
evolved, we have found it increasingly necessary to abandon
traditional curricular materials and to develop our own in
order to support the instructional techniques. The first need
was for a large stock of appropriate multiple-choice questions to be used in the fully interactive lectures. Despite the
excellent set of ConcepTests provided in Mazur’s book, our
methods required many more questions covering a wider
range of difficulty levels than were available in Mazur’s
book or in other sources. The materials we eventually developed for the second semester of the algebra-based general
physics course now form the Workbook for Introductory
Physics.79
Our early attempts to rely on standard textbooks as a
course reference eventually foundered due to the sharp clash
between the heavily mathematical approach of such texts,
and our strong focus on qualitative and conceptual problems.
This clash led to abandonment of a standard text for use in
our second-semester course, and the creation of a set of lecture notes as a substitute. These notes, now included as an
integral component of the Workbook, emphasize qualitative
reasoning, make heavy use of sketches and diagrams, and—
though treating fewer topics than standard texts—go into far
greater depth on those key concepts chosen for emphasis in
our course.
Another key element that was found to be necessary for
our Workbook was the creation of numerous free-response
worksheets 共see, for example, Appendix A兲. The worksheets
emphasize qualitative questions, often require explanations
of reasoning, and target learning difficulties that have been
identified in the research literature as well as those familiar
to us from our own experience. In addition to in-class use,
the worksheets also serve as a primary source of homework
exercises. Although superb worksheets based on extensive
research are available in the Tutorials for Introductory
Physics,61 there was simply not enough to satisfy our need
for every-day use in the algebra-based course, covering the
full range of topics in that course and appropriate for students even with very low levels of preparation. 共Other
sources of worksheets of a somewhat different type are now
also available.29,30,80兲
A final element now included in the Workbook is a large
collection of quizzes and exams 共and solution sets for the
exams兲 that have been given in previous years. These form
an invaluable source of additional flash-card questions, freeresponse exercises, and material for homework assignments
and student review. They also respond directly to incessant
student demands for samples of previous exams for exam
preparation and review.
B. Nature of the curricular materials
The materials are designed based on the assumption that
the solution of even very simple physics problems invariably
hinges on a lengthy chain of concepts and reasoning. The
question sequences guide the student to lay bare these chains
of reasoning, and to construct in-depth understanding of
physical concepts by step-by-step confrontation with conceptual sticking points. Carefully linked sequences of activities
first lead the student to confront the conceptual difficulties,
and then to resolve them. This strategy was developed at the
University of Washington.8 –10 Complex physical problems
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are broken down into conceptual elements, allowing students
to grapple with each one in turn and then return to synthesize
a unifying perspective.
Over several years the flash-card questions, worksheets,
and quiz and exam problems have undergone a continuous
共and unending兲 process of testing and revision in actual
classroom situations. Constant in-class use discloses ambiguous and confusing wording which is then rapidly corrected in
new printings of the materials—sometimes the same day, for
use in a later tutorial session. Analysis of assessment data
provides additional guidance for revisions.
IX. IMPLEMENTATION ISSUES
A. Constraints on topical coverage
The single greatest concern for most instructors who are
considering implementing interactive-lecture methods is that
of coverage: can one cover the same amount of material as in
a traditional course? The short answer is no. That is, the
instructor will not be able to present, at the board, the same
amount of material as in a standard course, and there will not
be enough time during class to discuss the usual wide variety
of topics. It is helpful to be very clear about this fundamental
reality.
However, that short answer only scratches the surface of
the issue. For one thing, there is extensive evidence that although instructors in introductory physics courses might
cover many topics, the majority of students do not gain any
significant degree of mastery over most of the material. Assessment data from our courses and from many others show
convincingly that student learning of basic concepts is improved with interactive-engagement methods. Moreover, as
much as we might wish to give a clear-cut answer to the
question of coverage, there really does not exist an answer
that is both accurate and general. The amount of material that
can be covered is critically dependent on the student population. We found, for instance, that an amount of material
requiring virtually the entirety of a fifteen-week semester at
one institution could be effectively covered before the midterm date at a different institution. There, the better-prepared
students were able to master the concepts more quickly.
The best response to this question is that instructors are
free to cover as many topics as they wish. The real issue is
depth of coverage. We choose certain concepts from each
topic—the big ideas in our view—and focus in-depth class
discussion on those concepts. We are content to discuss only
briefly, if at all, other concepts contained within the same
topical area. For instance, we cover dc circuits, but not ac
circuits or multiloop circuits requiring analysis with simultaneous linear equations. We cover interference, but not diffraction, the optics of lenses, but not of mirrors or optical
instruments. We omit topics such as special relativity, particle physics, and astrophysics. 共On a time-per-topic basis,
our second-semester course spends approximately 75% on
electricity and magnetism and about 25% on optics and modern physics.兲 If it is necessary for some reason to cover certain topics, there is nothing to prevent an instructor from
devoting a few traditional lectures to those subjects; that will
ensure rapid coverage indeed!
B. Consistency of implementation
In a traditional lecture class the initiative lies entirely with
the instructor; the student is free to relax, listen, and pasD. E. Meltzer and K. Manivannan
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sively observe the instructor’s board work. In the fully interactive lecture the student is continually being forced to think
hard about difficult concepts, commit to decisions about
problem solutions, and interact with classmates to discuss
challenging questions. At the very least this interaction requires a significant investment of thought and energy in a
course most students take merely to satisfy a requirement.
Many students who find themselves in this situation do not
automatically welcome the opportunity to engage in a learning experience that is far more intensive than normal.81,82
Largely for these reasons, we and others have found that it
is critical to the success of these methods that they be implemented consistently throughout the course, beginning with
the very first day. For example, our students pick up their
sets of flash cards as they walk in the first day of class, and
the first set of flash-card questions begins within the first
minute of class. 共These are questions such as ‘‘Did you take
high-school physics?,’’ etc.兲 We explain that these methods
have been repeatedly demonstrated to yield positive results,
and reassure students that the impact on grades is usually
found to be favorable. Virtually every class period includes
interactive questions and related activities. Instructors need
to be aware that attempting to introduce these or other forms
of active-learning methods mid-semester, after students have
already settled down into the routine of a traditional lecture
course, could be disastrous for student 共and instructor兲 morale.
C. Grade-related assessment
As has been pointed out by many educators, it is absolutely essential to the success of any instructional method
that students be examined and graded in a manner consistent
with the form of instruction. In our second-semester course,
we give a written in-class quiz twice per week; the majority
of questions are very similar to the flash-card questions. Indeed, actual past quiz questions are frequently used as part of
the flash-card question sequences. Exams also focus heavily
on qualitative questions, and on problems that involve little
algebra but require good conceptual knowledge and proportional reasoning skills. Some problems require explanations
of students’ reasoning. To help promote a cooperative atmosphere among the students, an absolute grading scale is used
so that any student accumulating a preset point total is guaranteed in advance, at the minimum, a certain corresponding
letter grade.
D. Student attitudes
We and others35 have found that during the first few weeks
many students are unsettled and uncomfortable with interactive lecture classes. It takes time for them to become accustomed to the new routine and to appreciate its benefits. We
find that by the end of the course, most students have positive attitudes. End-of-course surveys show that most students
react favorably to the instructional methods, with approximately 30%– 40% giving maximum ratings on evaluations.
共Sample comment: ‘‘... best physics instructor I have ever
had... . He makes physics fun and interesting to learn... .’’兲
Most of the remainder are positive or neutral, but there is
often a core of less than 10% that despises these methods.
共Sample comment from the same class: ‘‘... has a new way of
teaching he is trying to develop. It doesn’t work...going to
lecture was pointless other than to take required quizzes.’’兲
During the Fall 2000 semester at ISU the number of re647
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sponses in this most unsatisfied category dropped to zero but
it appears, unfortunately, that that was only an anomaly.
E. Demands on the instructor
Teaching a physics course using fully interactive lectures
is not an easy task; it requires much energy and commitment.
The instructor needs to come to class with a clear plan—
tentative though it may be—for that day’s intended sequence
of questions and activities. Pre-scripted questions must be
selected, and additional questions must be prepared as
needed. During class the instructor must be attentive to student reactions, willing to walk around the room and check on
student work, and prepared to shift gears and redirect discussion on short notice. 共When we find ourselves lecturing for
more than ten minutes at a time, it indicates that we have not
prepared adequately for that day’s class.兲
X. ASSESSMENT OF STUDENT LEARNING
We first note a remarkable effect that we have consistently
observed, that is, a very small number of dropouts, typically
1%–3% after the first week. Attendance is ⬇90% on virtually every class day 共no doubt largely due to frequent graded
quizzes兲. We should also acknowledge that, although we believe that the techniques would scale well with larger classes,
we have not personally tested these methods in classes with
over 100 students.
The Workbook has been used for the past five years at SLU
and ISU and has undergone continuous development. The
course at SLU consisted only of the interactive lectures,
while that at ISU has the very substantial additional element
of a weekly tutorial session. There are still other important
elements of the ISU course that certainly contribute to the
learning gains, including the four active-engagement laboratory sessions. 共We have no way of apportioning learning gain
contributions among the various course elements.兲 Our full
implementation model has been used only for the secondsemester algebra-based course, and data from that course are
reported here.
We discuss the results of the Conceptual Survey in Electricity 共CSE兲, the Conceptual Survey in Electricity and Magnetism 共CSEM兲,7 electric circuit concept questions, and
quantitative problem solving. Since 1997, an abridged version of the CSE has been administered on both the first and
last 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 identical 共or nearly so兲 to questions included on the CSEM. The items on the CSE and
CSEM are almost entirely qualitative and probe knowledge
both of physics concepts and aspects of related formalism.7
On the pre-test, students answered all questions, but on the
post-test they were instructed to respond only to a 23-item
subset.83 We refer to this subset of the CSE as the Abridged
CSE. Only the 23 designated items were graded, both on the
pre- and post-test. Table I gives these scores for the five
courses in which we administered the test; only students who
took both tests are included 共that is, data are ‘‘matched’’兲.
Despite the addition of tutorials, along with expansions and
improvements in the curricular materials, we cannot conclusively state that the improvements in post-test scores and
normalized gain84 共that is, Hake’s 具 g 典 兲 observed at ISU can
be entirely attributed to changes in instruction. 共‘‘Normalized
gain’’ is defined as the actual pre-test to post-test increase in
exam score, divided by the maximum possible increase.兲 As
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Table I. Scores on the 23-item abridged Conceptual Survey in Electricity
共CSE兲.

Sample
SLU 1997
共lecture only兲
SLU 1998
共lecture only兲
ISU 1998
(lecture⫹tutorial)
ISU 1999
(lecture⫹tutorial)
ISU 2000
(lecture⫹tutorial)
a

N

CSE mean
pre-test score

CSE mean
post-test score

具g典a

58

29%

62%

0.46

50

27%

66%

0.53

70

34%

76%

0.64

87

30%

78%

0.69

66

34%

79%

0.69

Calculated using exact 共unrounded兲 pre-test and post-test scores.

one of us has shown 共DEM兲 in a recent report, various other
factors probably play a significant role in determining student performance as reflected in assessment data of this
type.85
In all cases, our pre-test to post-test gains are quite high by
most standard measures such as normalized gain 具 g 典 共0.46 –
0.69兲 and effect size. 共‘‘Effect size’’ is the change in exam
score divided by the standard deviation of the scores.兲 By
way of comparison, it has been found in mechanics courses
that typical values of normalized gain on the Force Concept
Inventory are 具 g 典 ⬇0.25 for traditional courses, and 0.35
⭐ 具 g 典 ⭐0.70 for interactive engagement courses.4,19 共The
Force Concept Inventory is a very widely used mechanics
diagnostic test.兲 For the three ISU samples, treating the ‘‘pretest’’ and ‘‘post-test’’ populations as distinct, we find effect
size d⬎3.0, while values of d⬇0.8 are ordinarily considered
large.86
Although our post-test and 具 g 典 values are far higher than
comparable values found in a national survey of CSE
results,7 it would not be proper to attempt a direct comparison between our abridged-CSE data and other data reflecting
administration of the full CSE. Table II shows mean pre-test,
post-test, and normalized learning gain values for a 14-item
subset that consists of all questions included on both the
abridged CSE and on the CSEM; only ISU data are available. Also shown are comparable values from the national
survey data.7 共Note that these latter data are not matched.兲
These data show that although ISU pre-test scores are very
nearly equal to those in the algebra-based courses in the
national sample, post-test scores and normalized learning
gains are dramatically higher than both algebra-based and

calculus-based courses in that sample, with mean normalized
learning gains 共mean 具 g 典 ⫽0.68兲 triple those found in the
national survey 共具 g 典 ⫽0.22兲.87 We note also that our students’
scores on final-exam magnetism questions drawn from the
CSEM—well above those of the national sample post-tests—
are quite consistent with the data shown in Table II.
In Table III we present data on electric circuit questions
that have been administered on our final exams for the past
four years; these questions 共Fig. 6兲 are drawn from the study
of Shaffer and McDermott.88 The authors report assessment
data on these questions for several different courses, including both traditional courses and courses that used the electric
circuit tutorials from Tutorials in Introductory Physics. Although 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 courses.88
Our course differs from most traditional courses in three
key ways: 共1兲 use of fully interactive lecture and highly interactive tutorials, 共2兲 strong emphasis on conceptual problems, and 共3兲 coverage of a smaller number of topics than
most courses. Our data do not allow us to estimate the relative contribution of these three factors to the assessment results reported here. In relation to item 共3兲, we note that Hake
has concluded that the fraction of course time devoted to the
study of mechanics topics is not significantly related to superior learning gains on the Force Concept Inventory reported for IE courses.89 He also notes that only partial
implementation of interactive methods—even when there
may be some emphasis on conceptual problems—is correlated with poorer learning gains than those achieved in
courses with full implementation of those methods.90 However, a study by Greene suggests that improved learning
gains may be possible even in a relatively traditional noninteractive course in which conceptual examples and problems
are strongly emphasized on homework assignments and
exams.91
An important issue for many students in the algebra-based
physics course is preparation for pre-professional exams
such as the Medical College Admissions Test 共MCAT兲. The
most recent versions of the MCAT put substantial emphasis
both on qualitative physics questions and on the analysis of
complex reading passages requiring application of fundamental physics concepts in unfamiliar contexts. Physics
courses that emphasize conceptual understanding might well
provide superior preparation for this type of exam. Careful
studies of MCAT performance for students enrolled in such a
course at the University of California at Davis provide support for this hypothesis.92
An important concern of many physics instructors is the

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

Sample

Na

CSEM electricity subset
mean pre-test score

CSEM electricity subset
mean post-test score

具g典b

National sample 共algebra-based courses兲
National sample
共calculus-based courses兲
ISU 1998
ISU 1999
ISU 2000

402
1496

27%
37%

43%
51%

0.22
0.22

70
87
66

30%
26%
29%

75%
79%
79%

0.64
0.71
0.70

a

N for national sample is mean of values reported for each of the 14 individual questions, both pre and post;
data from Ref. 7.
b
Calculated using exact 共unrounded兲 pre-test and post-test scores.
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Table III. Post-instruction scores on circuit questions.
Four-bulb question
关Fig. 6共a兲兴: correct
with correct explanation

Five-bulb question
关Fig. 6共b兲兴: correct
with correct explanation

Sample

N

Traditional,
algebra-based,
university
Traditional,
calculus-based,
university
Tutorial,
calculus-based,
university
Tutorial,
calculus-based,
college
SLU 1998
ISU 1998
ISU 1999
ISU 2000

a

⬍50%

¯

a

⬍50%

15%b

a

⬎75%

45% c

a

65%

¯

61
76
86
79

54%
75%
59%
86%

59%d
33%
31%
46%

Four-bulb question, four classes, total N⬇500; Five-bulb question: see notes 共b兲 and 共c兲; data as reported in
Ref. 88.
b
N⬇50; administered in subsequent course.
c
N⬇50; administered in subsequent course.
d
Explanation not required.
a

extent to which a course’s focus on conceptual questions
may detract from students’ ability to solve standard quantitative problems. 共We stress, though, that our course’s emphasis on qualitative problems is accompanied by extensive
practice with some fairly standard quantitative problems, albeit ones requiring only a modest degree of algebraic ma-

nipulation; see Appendix B.93兲 We have attempted to address
this concern by including on our final exam problems drawn
directly from the traditional calculus-based introductory
physics course at ISU 共omitting problems using calculus兲. In
1998 we used six questions copied directly from two different final exams in the calculus-based course; in 1999 and
2000 we included three of those same six questions. 共All six
are shown in Appendix C.兲 The data in Table IV show that
students in our algebra-based course outperformed the students 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
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.94
Table IV. Scores on quantitative problems, ISU courses.
Sample

N

Mean score

Traditional calculus-based course,
1997 and 1998
six final exam questions

320

56%

76

77%

Traditional calculus-based course,
1997 and 1998
three-question subset

372

59%

Interactive-lecture course,
1998, 1999, 2000
共algebra-based兲
three-question subset

241

78%

Interactive-lecture course, 1998
共algebra-based兲
six final exam questions

Fig. 6. Questions used to assess understanding of circuits 共from Ref. 88兲. All
bulbs are identical, and all batteries are ideal. Students are asked to rank
relative brightness of bulbs, and to explain their reasoning; 共a兲 Answer: A
⫽D⬎B⫽C; 共b兲 Answer: A⫽D⫽E⬎B⫽C.
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XI. CONCLUSION
Our objective is to transform the large-enrollment lecture
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 carefully designed sequences of questions emphasizing qualitative reasoning. The students’ responses allow us to modify
the pacing and direction of further class discussion and questioning. Curricular materials designed to facilitate this instructional method have been developed, tested, and assembled 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
interactive lectures are now a practical and tested option,
available for immediate use by physics instructors virtually
anywhere. As with any other novel teaching method, there is
a learning curve for both students and instructors, but most
practitioners have found that a commitment to use the methods on an extended basis almost always results in at least
some degree of success.

direction of the magnetic force 共if there is one兲 or write
‘‘zero.’’ Is there a net force acting on the loop as a whole? If
so, state its direction. If not, explain how you can tell.

3. In this region, a uniform magnetic field is present that
points toward the bottom of the page. A wire segment carrying a current in the direction shown is placed in the region.
Indicate the direction of the force on the wire segment, using
either arrows or the ‘‘dot’’ or ‘‘cross’’ symbols. If the force is
zero, write ‘‘zero.’’

ACKNOWLEDGMENTS
Dan McCarthy edited an early version of the Workbook
with painstaking care and offered many helpful suggestions
for improvements. We are very grateful to the teaching assistants at Iowa State University: Michael Fitzpatrick, Tina
Fanetti, Jack Dostal, Ngoc-Loan Nguyen, Agnès Kim, Sarah
Orley, and David Oesper. Through close and dedicated work
with students in their tutorial sessions, they were able to
provide much valuable insight into student thinking and
many important suggestions for improvements to the curricular materials.

4. Now, a square wire loop carrying a clockwise current is
placed in the region. On each of the four sides of the loop,
indicate the direction of the magnetic force 共if there is one.兲
Is there a net force acting on the loop as a whole? If so, state
its direction. If not, explain how you can tell.

APPENDIX A: EXCERPT FROM FREE-RESPONSE
WORKSHEET
Torque on a Current Loop in a Magnetic Field
1. All throughout the boxed region below, there is a uniform
magnetic field pointing into the page 共as indicated by the
cross兲. 关This field is created by source currents outside of the
region.兴 A wire segment carrying a current in the direction
shown is placed inside the region. 关Wires leading to the battery are not shown in this or in any subsequent figure.兴

APPENDIX B: REPRESENTATIVE SAMPLE OF
QUIZ AND EXAM PROBLEMS USED IN COURSE

Indicate the direction of the force on the wire segment, using
either arrows or the ‘‘dot’’ or ‘‘cross’’ symbols. If the force is
zero, write ‘‘zero.’’
2. Now, a square wire loop carrying a steady clockwise current is placed in the region. 共Current in each of the four sides
is equal.兲 On each of the four sides of the loop, indicate the

1. An electron is located at 共0 m, ⫹1 m兲 and two protons are
located at 共0 m, ⫺2 m兲. A ⫹2-C charge is located at the
origin. What is the magnitude of the net electric field experienced by the charge at the origin, produced by the electron
and the protons?
2. Current flows out of a battery and into resistor A 共2 ohms兲.
When the current flows out of resistor A it branches, with
part of it going through resistor B 共2 ohms兲 and the rest
going through resistor C 共4 ohms兲. The current then recombines and returns to the battery. If the voltage drop across
resistor A is ⌬V A , what is the voltage drop across resistor
C?
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A. 1/3 ⌬V A
B. 21 ⌬V A
C. 2/3 ⌬V A
D. 43 ⌬V A
E. ⌬V A
F. 3/2 ⌬V A
G. 4/3 ⌬V A
H. 2 ⌬V A
I.
3 ⌬V A
3. A charge Q is fixed at the origin. An object with mass 3 kg
and charge 9 C is held motionless on the 6-V equipotential
circle 共a distance r from the origin兲, and then released. 共See
diagram.兲 Which of these will be closest to the velocity attained by the object when it is very far 共more than 1,000 r兲
from the origin?
A. 0 m/s
B. 2 m/s
C. 3 m/s
D. 4 m/s
E. 6 m/s
F. 36 m/s
G. 54 m/s

45

6. The diagram shows part of the path traveled by a particular light ray as it strikes a piece of three-layer material. The
different layers have different indices of refraction 共n1 , n2 ,
and n3 兲 as indicated. Note that no ray is observed in the n3
region.
What is the correct ranking 共largest to smallest兲 of the
three indices of refraction?
largest____________________smallest

APPENDIX C: QUESTIONS FROM ISU CALCULUSBASED PHYSICS EXAM
4. A 5-ohm and a 2-ohm resistor are connected in series to a
battery. In a separate circuit, a 5-ohm and a 2-ohm resistor
are connected in parallel to a battery with the same voltage.
In which resistor is the most power being dissipated?
A. The 5-ohm resistor in the series circuit.
B. The 5-ohm resistor in the parallel circuit.
C. The 2-ohm resistor in the series circuit.
D. The 2-ohm resistor in the parallel circuit.
E. Both resistors in the series circuit, which dissipate the
same amount of power.
F. Both resistors in the parallel circuit, which dissipate
the same amount of power.
G. All four resistors dissipate the same amount of power.
5. A positive charge q is shot into a region in which there is
a uniform electric field 共see diagram兲. First, it is shot along
path #1; then it is shot in again along path #2. CHOOSE
TWO CORRECT STATEMENTS (half credit for each).
A. It gains kinetic energy while traveling inside this region.
B. It loses kinetic energy while traveling inside this region.
C. Its kinetic energy is constant while traveling inside
this region.
D. The kinetic energy change from 关A to B兴 is greater
than the kinetic energy change from 关A to C兴.
E. The kinetic energy change from 关A to B兴 is less than
the kinetic energy change from 关A to C兴.
F. The kinetic energy change from 关A to B兴 is the same
as the kinetic energy change from 关A to C兴.
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Questions 1– 6 were given on the 1998 final exam in the
interactive-lecture course. Questions 1, 2, and 4 were also
given on the 1999 and 2000 final exams in that course; the
format of question 4 was slightly modified to increase its
difficulty.
1. Two point charges ⫹7.00⫻10⫺9 C and ⫹9.00⫻10⫺9 C
are located 4.00 m apart. The electric field intensity 共in N/C兲
halfway between them is:
A. 0 B. 1.1 C. 4.5 D. 9 E. 36
2. Two particles, X and Y, are 4 m apart. X has a charge of
2Q and Y has a charge of Q. A third charged particle Z is
placed midway between X and Y. The ratio of the magnitude
of the electrostatic force on Z from X to that on Z from Y
共Fzx : Fzy兲 is:
A. 4:1 B. 2:1 C. 1:1 D. 1:2 E. 1:4
3. An unknown resistor dissipates 0.50 W when connected to
a 3.0 V potential difference. When connected to a 1.0 V
potential difference, this resistor will dissipate:
A. 0.50 W B. 0.17 W C. 1.5 W D. 0.056 W
E. None of these.
4. In the diagram, the current in the 3.0-⍀ resistor is 4.0 A.
The potential difference between points 1 and 2 is:
A. 0.75 V B. 0.8 V C. 1.25 V D. 12 V E. 20 V

5. The electric field at a distance of 10 cm from an isolated
point charge of 2⫻10⫺9 C is:
A. 0.18 N/C B. 1.8 N/C C. 18 N/C D. 180 N/C
E. None of these
D. E. Meltzer and K. Manivannan
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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. ↓, 6 A B. ↑, 6 A C. ↓, 4 A D. ↑, 4 A E. ↓, 2 A
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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, completely, 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 explanaINSIDE
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tions right at the beginning. Instead, they
guide students to ﬁgure out concepts on
their own – as much as possible –
through hands-on laboratory investigations 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 multiplechoice 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 questions, 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 instruction 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 problems 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 instructional methods can be found on the
website of the ISU Physics Education
Research Group, http://
www.physics.iastate.edu/per/.
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 lifesciences 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 grouplearning 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
To be published in Best Practices and Lessons Learned: Highlights from the NSF Collaboratives for
Excellence in Teacher Preparation Program and Other Innovative Programs Around the Country,
edited by Diane Smith and Elisabeth Swanson (Montana State University, Bozeman, MT, in press)
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you whether they got anything out of your lecture? For years, I 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 all of the students are actively engaged in the discussion. It takes preparation
D. E. Meltzer, Enhancing Active Learning in Large-Enrollment Physics Courses
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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 understanding 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” (5½″ × 8½″), 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 I—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 I
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 selfsatisfaction 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 Iowa 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 Iowa
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 endof-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. I
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 I 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, and the first law of
thermodynamics in an introductory physics course

Pressure

David E. Meltzer, Department of Physics & Astronomy, Iowa State University, Ames, IA 50011
Abstract: Written quiz responses of 653 students in three separate courses are analyzed in detail.
The 1999 and 2000 classes were taught
There has been relatively little research
by the same instructor, using a different
on student learning of thermodynamics in
textbook in each course. The 2001 course
physics courses at the university level. A
was taught by a different instructor, using
1
recent study by Loverude et al. has made it
the same text that was employed in the 1999
evident that students at the introductory
course. Both instructors are very
level (and beyond) face many significant
experienced and have taught introductory
difficulties
in
learning
fundamental
physics at ISU for many years.
thermodynamic concepts such as the first
The quiz was administered in two
law of thermodynamics.
different ways: in 1999 and 2001, it was
I have been engaged in an ongoing
given as a practice quiz in the final recitation
project with T. J. Greenbowe to investigate
session (last week of class). In almost all
student learning of thermodynamics in both
cases it was ungraded; one instructor used it
2
physics and chemistry courses. As part of
as a graded quiz. In 2000 the quiz was
that investigation, a short diagnostic quiz
administered as an ungraded practice quiz in
has been administered over the past two
the very last lecture class of the year.
years in the calculus-based introductory
physics course at Iowa State University
This p-V diagram represents a system
(ISU). This quiz focuses on heat, work, and
consisting of a fixed amount of ideal gas
the first law of thermodynamics.
that undergoes two different processes in
going from state A to state B:
At ISU, thermodynamics is studied at the
end of the second semester of the twosemester sequence in calculus-based
Process #1
State B
introductory general physics. This course is
taught in a traditional manner, with large
lecture classes (up to 250 students), weekly
Process #2
recitation sections (about 25 students), and
State A
weekly labs taught by graduate students.
Homework is assigned and graded every
Volume
week. Thermal physics comprises 18-20%
of the course coverage, and includes a wide
[In these questions, W represents the
variety of topics such as calorimetry, heat
work done by the system during a
conduction, kinetic theory, laws of
process; Q represents the heat absorbed
thermodynamics, heat engines, entropy, etc.
by the system during a process.]
The diagnostic quiz used in this study is
shown below; it has been administered in
1. Is W for Process #1 greater than, less
three separate classes. The version shown
than, or equal to that for Process #2?
Explain.
here was administered in May 2001; the
other two versions (December 1999 and
2. Is Q for Process #1 greater than, less
December 2000) had very minor variations
than, or equal to that for Process #2?
from the one shown here. (There were one
Please explain your answer.
or two additional questions on these quizzes
Fig. 1. Thermodynamics diagnostic quiz
which are not discussed here.)

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.
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Table II: Students’ reasoning on Heat question

Answers:
1. W =

∫

VB
VA

in the p-V diagram, so W1 > W2.
2. ∆E1 = ∆E2 ⇒ Q1 – W1 = Q2 – W2 ⇒
Q1 – Q2 = W1 – W2. Therefore, W1 > W2 ⇒
Q1 > Q2. (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
integral

∫

VB
VA

1999
(n=186)

2000
(n=188)

2001
(n=279)

Q1 > Q2
Correct or partially
correct explanation

56%
14%

40%
10%

40%
10%

Q is higher because
pressure is higher

12%

7%

8%

Other incorrect, or
missing explanation
Q1 = Q2
Because heat is
independent of path
Other explanation,
or none
Q1 < Q2
Nearly correct, sign
error only
Other explanation, or
none
No response

31%

24%

22%

31%
21%

43%
23%

41%
20%

10%

18%

20%

13%
4%

12%
4%

17%
4%

10%

8%

13%

0%

4%

3%

pdV = the area under the curve

pdV , “working against higher

pressure,” etc.
A liberal standard was used in
assessing answers to #2; examples of
answers considered correct:
“∆E = Q – W. For the same ∆E, 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 + W and 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 Qin.”

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)

W1 > W2
Correct or partially
correct explanation
Incorrect or missing
explanation
W1 = W2
Because work is
independent of path
Other reason, or
none
W1 < W2

1999
(n=186)

2000
(n=188)

2001
(n=279)

73%

70%
56%

61%
48%

14%

13%

26%
14%

35%
23%

12%

13%

4%

4%

*
*
25%
*
*
2%

CONCEPTUAL DIFFICULTIES IDENTIFIED IN STUDENTS’ RESPONSES
1. Difficulty interpreting work as “area
under the curve” on a p-V diagram.
Although most students correctly responded
that W1 > W2, 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.
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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 Q1 = Q2 was justified by a wide variety of other explanations.
4. Association of greater heat absorption
with higher pressure. The most popular
alternative explanation for Q1 > Q2 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 W1 = W2 also argued
that Q1 < Q2; however, that argument was
made by 20% of students who had correctly
answered W1 > W2. In some cases, it was
clear that students were employing the first
law of thermodynamics in the form ∆E = 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 ∆E = Q –
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 W1 < W2; most of
them went on to argue that Q1 > Q2.

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 thermodynamics. 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.3 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 pathindependence of heat is somewhat more
common among students who answer W1
= W2, more than one third of those who
correctly answer W1 > W2 also claim that
Q1 = Q2. About half of the students who
answer W1 = W2 also state that Q1 = Q2
(1999: 40%; 2000: 51%; 2001: 53%).
However, a very substantial number of those
who realize that work is dependent on
process (and correctly answer W1 > W2) 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
W1 > W2 also claim that Q1 = Q2: 1999:
29%; 2000: 41%; 2001: 34%. This
somewhat unexpected result is made more
provocative by the following observation.
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2. Students are more likely to justify
a Q1 = Q2 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 Q1 = Q2
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 Q1 =
Q2 usually did explicitly claim that heat was
independent of process. (See Tables III, IV.)
Table III. Students who answer Q1 = Q2 (2000)

2000

Correct
on work
question
(n = 54)

Incorrect
on work
question
(n = 27)

Explain by claiming
“heat is independent of
path”

61%

36%

Explain with other
reasons, or no
explanation given

39%

63%

Table IV. Students who answer Q1 = Q2 (2001)

2001

Correct
on work
question
(n = 58)

Explain by claiming
“heat is independent of
path”

66%

Explain with other
reasons, or no
explanation given

34%

Incorrect
on work
question
(n = 55)

35%
65%

B. Conjectures on conceptual dynamics
1. Belief that heat is processindependent may not be strongly affected
by realization that work is not processindependent. The process-dependence of
both heat and work are fundamental
concepts in thermodynamics. Because the
formalism of p-V diagrams is ubiquitous in

physics instruction, a very natural
representation of the idea of process dependence 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 processdependence 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. © 2004 American Association of Physics Teachers.
关DOI: 10.1119/1.1789161兴
I. INTRODUCTION
Thermodynamics has a wide-ranging impact, as is demonstrated by the number of different fields in which it plays a
fundamental role both in practice and in instruction. The
broad-based and interdisciplinary nature of the subject has
motivated us to engage in a project to develop improved
curricular materials that will increase the effectiveness of
instruction in thermodynamics. We are initially investigating
the effectiveness of current, standard instruction in order to
pinpoint student learning difficulties that might potentially be
addressed with alternate instructional approaches.
Given the fundamental importance of thermodynamics, it
is surprising that there has been little research into student
learning of this subject at the university level. Although there
have been hundreds of investigations into student learning of
the more elementary foundational concepts of thermodynamics 共such as heat, heat conduction, temperature, and phase
changes兲 at the secondary and pre-secondary level, the number of published studies that focus on university-level instruction on the first and second laws of thermodynamics is
on the order of ten, of which only one was devoted to physics students at U.S. universities.1
Prior work has demonstrated convincingly that preuniversity students face enormous obstacles in learning to
distinguish among the concepts of heat, temperature, internal
energy, and thermal conductivity. In physics, heat 共or heat
transfer兲 is a process-dependent variable and represents a
transfer of a certain amount of energy between systems due
to a temperature difference. By contrast, in the kinetic theory
of a gas, temperature is a measure of the average kinetic
energy of the molecules in a system. However, among begin1432
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ning science students heat is frequently interpreted as a
mass-independent property of an object and temperature is
interpreted as a measure of its intensity. Often, temperature
and heat are thought to be synonymous. Alternatively, heat
often is interpreted as a specific quantity of energy possessed
by a body with temperature a measure of that quantity.2– 4
Objects made of materials that are good thermal conductors
are believed by students to be hotter or colder than other
objects at the same temperature, due to the sensations experienced when the objects are touched.5 Instructors at the university level often have noted similar ideas among their own
students,6 and investigations that have probed university students’ thinking about these concepts have recently appeared.7
A few investigations have been reported that examined
pre-university students’ understanding of the concept of entropy and the second law of thermodynamics.3,8 Several reports have examined student learning of thermodynamics
concepts in university chemistry courses.9–15 Some of these
studies have touched on first- and second-law concepts in
addition to topics more specific to the chemistry context.
Among the investigations directed at university-level physics
instruction, one in France focused on oversimplified reasoning patterns used by students when thinking about thermodynamics, particularly when explaining multivariable phenomena with reference to the ideal gas law.16 A German
study examined the learning of basic thermal physics concepts by students preparing to become physics teachers.17
There also was a very brief report of a survey of entrants to
a British university,18 and a study related to U.S. students’
concepts of entropy and the second law of thermodynamics.19
© 2004 American Association of Physics Teachers
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The first detailed investigation of university physics students’ learning of heat, work, and the first law of thermodynamics was published by Loverude, Kautz, and Heron in
2002.20 共Additional details are in Loverude’s dissertation.21兲
This study incorporated extensive data collected from observations at three major U.S. universities and documented serious and numerous learning difficulties related to fundamental concepts in thermodynamics. It was found that many
students had a very weak understanding of the work concept
and were unable to distinguish among fundamental quantities
such as heat, temperature, work, and internal energy. Only a
small proportion of students in introductory courses were
found to be able to make use of the first law of thermodynamics to solve simple problems in real-world contexts.
The present investigation includes an independent examination of some of the same research questions analyzed in
Ref. 20 and other, related questions. A preliminary report of
the work described here appeared in 2001.22
Our findings include several previously unreported aspects
of students’ reasoning about introductory thermodynamics.
In contrast to at least one previous report,11 it was found that
students have a reasonably good grasp of the state-function
concept. However, students’ understanding of processdependent quantities was seriously flawed, as sizeable numbers of students persistently ascribe state-function properties
to both work and heat. This confusion regarding work and
heat is 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. Interview data disclosed
unanticipated levels of confusion regarding the definition of
thermodynamic work and heretofore unreported difficulties
with the concept of heat transfer during isothermal processes.
Consistent results over several years of observations enabled
us to make a high-confidence estimate of the prevalence of
difficulties with the first law of thermodynamics among students in the calculus-based general physics course. Our findings should help provide instructors of introductory physics
with a solid basis on which to plan future instruction in thermodynamics.
II. CONTEXT OF THE INVESTIGATION
Our data were collected during 1999–2002 and were in
three forms: 共1兲 a written free-response quiz that was administered to a total of 653 students in three separate offerings
共Fall 1999, Fall 2000, Spring 2001兲 of the calculus-based
introductory physics course at Iowa State University 共ISU兲;
共2兲 a multiple-choice question that was administered to 407
students on the final exam during the 2001 course offering;
and 共3兲 one-on-one interviews that were conducted with 32
student volunteers who were enrolled in a fourth offering of
the same course in Spring 2002.
A. Written diagnostic
Thermodynamics is studied at ISU during the second semester of the two-semester sequence in calculus-based introductory general physics, which is offered during both the fall
and spring semesters. Most students taking this course are
engineering majors. The course is taught in a traditional
manner, with large lecture classes 共up to 250 students兲,
weekly recitation sections 共about 25 students兲, and weekly
labs taught predominantly by graduate students. Homework
is assigned and graded every week. Thermal physics comprises 18 –25% of the course coverage, and includes a wide
1433
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variety of topics such as calorimetry, heat conduction, kinetic
theory, laws of thermodynamics, heat engines, and entropy.
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 共later edition兲 that was employed in the 1999 course.23
Both instructors are very experienced and have taught introductory physics at ISU for many years. 共The author was not
involved in the instruction in any of the courses that served
as a basis for this study.兲
A written diagnostic quiz 共described in Sec. IV兲 was administered in two different ways: in 1999 and 2001, it was
given as a practice quiz in the final recitation session 共last
week of class兲. In nearly all cases it was ungraded, although
one recitation instructor used it as a graded quiz. In 2000 the
quiz was administered as an ungraded practice quiz in the
last lecture class of the semester. In addition, a multiplechoice problem similar to those on the diagnostic quiz was
administered on the final exam of the 2001 course.
B. Interviews
During the Spring 2002 offering of this course, instead of
administering a written diagnostic quiz, student volunteers
were solicited to participate in one-on-one problem-solving
interviews in which their reasoning processes were probed in
depth. This course was taught by the same instructor as the
Spring 2001 course. Thermal physics topics occupied 25% of
the class lectures, and a different text24 was used than in the
previous courses. Due to travel obligations, two different faculty members 共the professor in charge of the course, plus
another very experienced instructor兲 were responsible for
presenting the thermodynamics lectures.
Exam questions and assigned homework problems included calculations of work done, heat transferred, and
changes in internal energy during various processes 共some
represented on P-V diagrams兲, including adiabatic, isothermal, isobaric, and numerous cyclic processes. Other questions related to the temperature/kinetic energy/internal energy relationship, and to the efficiency of heat engines and
refrigerators. 共There also were many problems related to the
other thermal physics topics covered during the course.兲
All lectures and homework assignments related to thermal
physics were completed before the second midterm exam.
This exam included questions related to the role of the thermal reservoir in an isothermal expansion, changes in internal
energy during a cyclic process, and many questions related to
entropy, engines, and the second law of thermodynamics.
Interviews began five weeks after the second midterm
exam, and continued over a three-week period through the
week of final exams. A new set of questions was developed
for the interviews. 共These are the Interview Questions shown
in the Appendix and discussed in Sec. IV.兲 The average duration of each interview was over 1 h, including time for the
students to work by themselves. Many interviews extended
longer than that period, and a few were shorter. All were
recorded on audiotape. Students were asked to explain as
best they could how they obtained their answers to the questions. When inconsistencies appeared in their responses, they
were urged to address them. This often led to changes in
responses, often from incorrect to correct, sometimes from
one incorrect answer to a different one, but only very rarely
from a correct response to one that was incorrect. Substantial
efforts were exerted to ensure that students very clearly understood the meaning of the questions, diagrams, and speDavid E. Meltzer
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Fig. 1. Grade distributions for the interview sample (N⫽32) and for the full
class from which the interview sample was drawn (N⫽424). Grades based
on total class points 共nominal maximum⫽400). The interview sample mean
score 共300兲 and median score 共305兲 are well above the corresponding scores
for the full class 共mean score⫽261, standard deviation⫽59; median score
⫽261).

cific terminology employed. Any apparent ambiguities in the
students’ interpretations of the questions were explicitly
addressed by the interviewer 共the author兲.
III. CHARACTERIZATION OF THE INTERVIEW
SAMPLE
There were 32 students in the interview sample. They
were drawn from 13 different recitation sections 共out of a
total of 20兲, taught by seven different recitation instructors
共out of a total of nine兲, and 66% were engineering majors.
Other majors with at least two representatives were computer
science, chemistry, and meteorology; there was one physics
major. All but one had studied physics while in high school,
and many had taken Advanced Placement physics or a community college physics course while in high school.
The grading in the course was based on exam scores 共three
midterm exams and a final兲 plus a recitation-laboratory
grade; the nominal maximum total points available was 400.
The distributions of total class points 共out of 400兲 both for
the full class (N⫽424) and the interview sample (N⫽32)
are plotted in Fig. 1 as a percentage of each population. It
can be seen that the scores of the students in the interview
sample are strongly skewed toward the top end of the class.
More than one third of the interview sample scored above
the 91st percentile of the class, and half scored above the
81st percentile; only two students in the interview sample
fell below the 25th percentile. It is evident that the average
level of knowledge demonstrated by the interview sample is
very unlikely to be lower than that of the class population as
a whole.
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Fig. 2. Written quiz used in investigation, referred to as ‘‘Diagnostic Questions.’’ This version was administered in Spring 2001. Responses to this quiz
are shown in Tables I and II.

IV. DIAGNOSTIC QUESTIONS AND INTERVIEW
QUESTIONS
The written diagnostic quiz is shown in Fig. 2; it was
administered in four separate courses. The version shown
here was administered in Spring 2001, and it was also used
共with minor wording changes to match the terminology of
the course textbook兲 during the interviews conducted in
Spring 2002. The Fall 1999 and Fall 2000 versions had very
minor variations from the one shown in Fig. 2 with respect to
Questions #1 and #2. A different version of Question #3 was
used in 1999, and it was omitted entirely in 2000.
For the interviews, an additional separate set of questions
was developed consisting of eight sequential questions related to two cyclic processes. 共Before being presented with
the questions, interview subjects were first asked to respond
to the written diagnostic quiz.兲 The questions are shown in
the Appendix. A P-V diagram corresponding to the processes described in these questions is shown in Fig. 3; this
diagram was not given to the students. 共Note that this process
is the same as depicted in Fig. 4 of Ref. 20, although traversed in the opposite direction.兲 Students were asked to
David E. Meltzer
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Fig. 3. A P-V diagram corresponding to processes described in the Interview Questions. 共This diagram was not shown to the students.兲

circle their answers to these questions and verbally explain
the reasoning they used to obtain their answers. 共Several minor changes in wording to the questions were made to improve clarity during the course of the series of interviews.兲
The multiple-choice question administered on the 2001
final exam will be described in Sec. VI.

theory of gases to provide a derivation of the relation KEtot
⫽(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 time B to time C. No deep understanding is required to respond that this energy remains
unchanged during the process. Although a slim majority
共56%兲 of students give this answer, nearly one third assert
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 previously reported.
During the interviews, students who asserted that the molecular 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 common line of reasoning is typified by these responses:
共The designation ‘‘S11’’ refers to student #11, using an
arbitrary numbering system for students in the interview
sample.兲

A. Relation between temperature and molecular kinetic
energy

‘‘关S11兴 There’s a higher pressure; the molecules
are moving faster, hitting the sides faster, which
creates a larger pressure. And so since they’re
moving faster, they have a higher kinetic energy.’’
‘‘关S21兴 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
related to the speed of the particles ... Interviewer:
Did the temperature play any part of this, any consideration here? Yes ... If you’re going to increase
the pressure, the temperature also increases ... Interviewer: I should point out that ... the temperature 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 temperature, but the temperature doesn’t change; it
won’t affect the kinetic energy. In this case, the
pressure’s the only part of the PV⫽nRT equation
that’s going to affect the kinetic energy.’’

A fundamental link between the macroscopic and microscopic models of thermodynamics lies in the proportionality
between temperature and the average molecular kinetic energy of a gas. Almost all introductory texts use the kinetic

Reference 20 pointed out that students frequently invoked
a ‘‘collision’’ argument similar to that used by these two
students, to account for temperature increases during adiabatic compression. The same observation was made by Ro-

V. THERMAL PHYSICS CONCEPTS:
PREDOMINANT THEMES OF STUDENTS’
REASONING
The students’ responses to items #1 and #2 of the diagnostic questions are shown in Tables I and II, 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
questions by students in the interview sample. In Table III,
the responses of students in the interview sample to the questions in the Appendix are tabulated.
In the following, I will examine in detail the most prevalent concepts in students’ thinking. In each case the subheading refers to a reasoning pattern common to a minimum of
20–25% of all students in the respective samples.

Table I. Responses to diagnostic Question #1 共work question兲.
1999
共N⫽186兲

2000
共N⫽188兲

2001
共N⫽279兲

2002 Interview Sample
(N⫽32)

W1 ⬎W2
Correct or partially correct explanation
Incorrect or missing explanation

73%

70%
56%
14%

61%
48%
13%

69%
66%
3%

W1 ⫽W2
Because work is independent of path
Other reason, or none

25%

26%
14%
12%

35%
23%
13%

22%
22%
0%

W1 ⬍W2

2%

4%

4%

9%

a
a

a
a

a

Explanations not required in 1999.
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Table II. Responses to diagnostic Question #2 共heat question兲.
1999
共N⫽186兲

2000
共N⫽188兲

2001
共N⫽279兲

2002 Interview Sample
(N⫽32)

Q1 ⬎Q2
Correct or partially correct explanation
Q is higher because pressure is higher
Other incorrect, or missing explanation

56%
14%
12%
31%

40%
10%
7%
24%

40%
10%
8%
22%

34%
19%
9%
6%

Q1 ⫽Q2
Because heat is independent of path
Other explanation, or none

31%
21%
10%

43%
23%
18%

41%
20%
20%

47%
44%
3%

Q1 ⬍Q2
Nearly correct, sign error only
Other explanation, or none

13%
4%
10%

12%
4%
8%

17%
4%
13%

13%
3%
9%

No response

0%

4%

3%

6%

zier and Viennot in their study of French university
students.25 In the present study, it is seen for the first time
that the argument that molecular collisions produce a net
increase in molecular kinetic energy is so compelling for
many students that they apply it even in the case of an isothermal process, persisting even after acknowledging the existence of a relation between temperature and kinetic energy.
For many students, the relationship between temperature and
the molecular kinetic energy of an ideal gas—considered virtually axiomatic by many instructors—is one that is only
vaguely understood.
B. The concept of state function in the context of energy
The concepts of state and state function are fundamental to
thermal physics and provide a starting point for the analysis
of all thermodynamic phenomena and processes. Question
#3 on the written quiz probes understanding of these concepts. 共This question was not administered in 1999 and
2000.兲 In the 2001 sample, 73% responded correctly to this
question, saying that the total energy change in the two processes would be the same. In the interview sample, 88%
provided this correct response. Of the students in the latter
sample, 78% provided an acceptable explanation of their answer, that is, they either associated the energy change of the
atoms with the temperature change and noted that these
changes would be equal for the two processes, or they explicitly stated that the energy 共or internal energy兲 was a state
function and depended only on initial and final states, was
independent of path, etc. A similar problem dealing with this
issue is Interview Question #7. As shown in Table III, 90%
of students in the interview sample gave a correct answer to
this question with an acceptable explanation.
In 1999, instead of Question #3 as shown in Fig. 2, the
following question was presented: ‘‘Consider a system that
begins in State A, undergoes Process #1 to arrive at State B,
and then undergoes the reverse of Process #2, thereby arriving once again at State A. During this entire back-and-forth
process (A→B→A), does the internal energy of the system
(E int) undergo a net increase, a net decrease, or no net
change? Explain your answer.’’
Of the 186 students in the 1999 sample, 85% correctly
answered that the internal energy of the system would undergo no net change in the cyclic process described; 70%
gave an acceptable explanation for their answer. These results along with those from 2001 suggest that students be1436
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come comfortable with the idea that a thermodynamic system might be in one or another state, where a state is
characterized by a certain value for the total energy contained within the system. They seem to realize that in making
a transition from one state to another, the particular process
involved in the transition does not affect the net energy
change, and that the net change is determined only by the
initial and final states. When the system follows a route that
brings it back to that initial state, they are able to see that the
total energy also must return to its initial value.
During the course of the interviews, it was evident that
students associated not only a specific energy value with a
given thermodynamic state, but realized that each state was
characterized by well-defined values for the pressure, volume, and temperature as well. Although very few students
spontaneously articulated a precise definition of ‘‘state,’’
state function, or internal energy, they solved problems and
provided explanations in a manner that was consistent with
at least a rudimentary understanding of those concepts. 共This
conclusion is in marked contrast to the conclusions of Kaper
and Goedhart in relation to Dutch chemistry students in a
thermodynamics course.11兲
Many of the conceptual difficulties encountered by students in the context of thermal physics seemed to stem from
an overgeneralization of the concept of state function. In
thermal physics, quantities 共such as heat transfer and work兲
which are not state functions, but instead characterize specific thermodynamic processes, are equally as important as
state functions to understanding and applying thermodynamic principles. Most of our remaining discussion will be
devoted to analyzing students’ reasoning regarding these
process-dependent quantities, as well as the first law of thermodynamics which relates these quantities to the internal
energy.
C. Work as a mechanism of energy transfer
An elementary notion in thermal physics is that if a system
characterized by a well-defined pressure undergoes a quasistatic process in which a boundary is displaced, energy is
transferred between the system and the surrounding environment in the form of work. If the volume of the system increases, internal energy of the system is transferred to the
environment and we say that work is done by the system;
conversely, if the volume decreases, work is done on the
system and energy is transferred to it. The critical distinction
David E. Meltzer
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Table III. Responses to Interview Questions (N⫽32).
Question

Response

Proportion giving response

#1
Work is done on the gas
Work is done by the gas 共correct兲

31%
69%

Increases by x Joules
Increases by less than x Joules
with correct explanation
with incorrect explanation
Remains unchanged
Uncertain

47%
41%
28%
13%
9%
3%

Increase
Decrease
Remain unchanged 共correct兲

31%
13%
56%

No
Yes, from water to gas
Yes, from gas to water
with correct explanation
with incorrect explanation

59%
3%
38%
31%
6%

Decreases by less than y Joules
Decreases by y Joules 共correct兲

16%
84%

Greater than zero
Equal to zero
Less than zero 共correct兲
No response

16%
63%
19%
3%

Greater than zero
Equal to zero
Less than zero
with correct explanation
with incorrect explanation
Uncertain

9%
69%
16%
13%
3%
6%

All equal 共correct兲
Other response, or none

90%
10%

兩 W 1 兩 ⫽ 兩 Q 1 兩 ⫽0
兩 W 1 兩 ⫽ 兩 Q 1 兩 ⫽0 共correct兲
Uncertain
Other response

50%
16%
6%
28%

#2

#3

#4

#5

#6, i

#6, ii

#7a

#8b

a

N⫽30.
Responses regarding Process #1 only.

b

is not so much in recognizing whether the words ‘‘by’’ or
‘‘on’’ should be used in a particular instance; rather, it is
essential to recognize whether energy is transferred into or
out of a system as a result of the process.
Loverude et al. have described and documented many of
the difficulties students encounter when studying the concept
of work, both in the context of mechanics and in that of
thermal physics.20 They showed that few students were spontaneously able to invoke the concept of work when discussing the adiabatic compression of an ideal gas. Students were
unable to understand that an entity called work could bring
about a change in the internal energy of a system. There was
a tendency to treat the concept of work as superfluous, as
unconnected to temperature changes in gases, or on the other
hand, as being essentially synonymous with heat. Many students were unable to recognize that heat and work are independent means of energy transfer.
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The results of our investigation fully support their conclusions and offer additional insight into the nature of student
reasoning regarding work in the context of thermodynamics.
Responses given during the interviews to Questions #1 and
#2 reveal that approximately 1/3 to 1/2 of the students in the
interview sample have a substantial confusion regarding this
concept.
Interview Question #1 asks students whether positive
work is done on or by the gas during the isobaric expansion
process from time A to time B. To answer, a student must
recognize that the expansion of a system corresponds to positive work being done by the system on the surrounding environment. However, 31% of the students in the interview
sample said that the expansion process described in Question
#1 corresponded to positive work being done on the gas by
the environment. They backed up their answer with explanations that made it clear that this error was not merely a semantic confusion:
‘‘关S31兴 The gas is expanding and for it to expand,
heat or energy or something had to be put into it to
get it to expand. And, since the only option of
putting stuff into the gas is ‘a’ 关positive work done
on the gas by the environment兴, that’s why I
picked ‘a.’ ’’
‘‘关S20兴 The environment would be water and stuff
... water would be part of that, and since it moved
the piston up ... the environment did work on the
gas, since it made the gas expand and the piston
moved up ... water was heating up, doing work on
the gas, making it expand.’’
These and similar responses suggest that many students
simply do not realize that as the gas expands against its surrounding environment, the gas loses energy as a result of the
work done during the process. They realize that there is energy transfer to the gas in the form of heat, but do not seem
to recognize that there is energy transfer away from the gas
in the form of work. Instead, as previously pointed out in
Ref. 20, students make a fundamental error by identifying
‘‘work’’ with energy transfer in the form of heat, and in
general they have difficulty distinguishing between the two
quantities. In the case of adiabatic compression, students in
the Loverude et al.20 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
done on a system by the environment during an expansion
process has not been previously reported.
It is interesting to compare this observation to results of a
study by Goldring and Osborne26 of students taking A-level
physics in London secondary schools. 共This level is roughly
equivalent to introductory college physics in the U.S.兲 They
found that more than half of the students in their study
claimed that work is done both when an object is heated and
also whenever energy is transferred. Similarly, nearly half
said that heat is always created when work is done.
The problem of not recognizing the energy-transfer aspect
of macroscopic work plays an even more significant role in
students’ responses to Interview Question #2, and it is this
set of responses that validates the interpretation of students’
thinking proposed above in connection with Question #1.
Students are told that the gas absorbs x Joules of energy from
the water during the heating-expansion process, and are
asked what will happen to the total kinetic energy of all the
David E. Meltzer
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gas molecules. The correct answer 共‘‘increases, but by less
than x Joules’’兲 was given by 41% of the students, but only
28% could provide a correct explanation such as this student’s answer:
‘‘关S9兴 Some heat energy that comes in goes to expanding, and some goes to increasing the kinetic
energy of the gas.’’
Almost half of the students 共47%兲 answered that ‘‘the total
kinetic energy of all of the gas molecules increases by x
Joules,’’ with explanations such as
‘‘关S3兴 For it to increase by less than x Joules that
energy would have to go somewhere, so that
would say that the potential energy of the gas had
increased, and I don’t see how that would be happening.’’
‘‘关S4兴 There would be conservation of energy. If
you add that much, it’s going to have to increase
by that much.’’
‘‘关S5兴 Kinetic energy is going to increase by x
Joules because, I assume that there’s no work done
by expansion, that it doesn’t take any kind of energy to expand the cylinder, which means that all
of my energy is translated into temperature
change.’’
This fundamental confusion regarding the energy-transfer
role of work is a very serious obstacle to understanding the
basic principles of thermal physics, and in particular serves
as a nearly insuperable barrier to grasping the meaning of the
first law of thermodynamics.

D. Belief that work is a state function
P-V diagrams permit a simple interpretation of the work
done by a system during a process as the area under the
curve describing the process. Many elementary problems involve calculations of work done during different processes
linking common initial and final states, in order to illustrate
and emphasize the concept that work is a process-dependent
function and not a state function. It is all the more remarkable, then, that the results of our investigation show so
clearly that approximately one quarter of all students in our
samples are confused about this fundamental concept. This
corroborates the findings of Ref. 20, which documented
widespread misunderstanding of this concept among both introductory and advanced physics students when it was presented in the context of P-V diagrams.
Table I shows responses to Question #1, comparing the
work done by two different processes linking initial state A
and final state B. In this diagram, it is very clear that the area
under the curve representing process #1 is greater than the
area under the curve representing process #2, and so the
work W done by the system is greater for process #1. However, 30% of the students who answered the written diagnostic in 1999, 2000, and 2001 asserted that the work done
during process #1 would be equal to the work done during
process #2. Of the students who were asked to provide an
explanation, 19% explicitly argued that work was independent of the path. Similarly, 22% of the interview subjects
claimed that W 1 ⫽W 2 , all of whom made an explicit argument asserting that work was independent of process, for
example: ‘‘work is a state function,’’ ‘‘no matter what route
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you take to get to state B from A, it’s still the same amount
of work,’’ ‘‘for work done take state A minus state B; the
process to get there doesn’t matter.’’
It is evident that many students come to very directly associate thermodynamic work with properties 共and even specific phrases兲 discussed by instructors and texts only in connection with internal energy and other state functions. This is
consistent with the conclusion of Ref. 20 that students frequently have difficulty in distinguishing among work, heat,
and internal energy, and in particular with their finding that
many students explicitly assert the path independence of
work. As they point out, it seems that overgeneralization of
共poorly understood兲 experience with conservative forces may
contribute to students’ confusion about these issues.
E. Belief that heat is a state function
Among the most striking results of our investigation is that
a very significant fraction of introductory students in our
sample 共between one third and one half兲 developed the idea
that heat 共or ‘‘heat transfer’’兲 is a state function, independent
of process. In view of all textbooks’ strenuous and oftrepeated emphasis that heat transfer is a process-dependent
quantity and not a state function, this is a remarkable observation. Although several studies have noted a confusion between heat and internal energy, none have explicitly and systematically probed students regarding their understanding of
the path-dependent property of heat transfer.27
Question #2 may be answered by realizing that ⌬U 1
⫽⌬U 2 and then employing the first law of thermodynamics
to obtain Q 1 ⫺W 1 ⫽Q 2 ⫺W 2 . Because the diagram shows
that W 1 ⬎W 2 , we can conclude that Q 1 ⬎Q 2 . However, well
over a third 共38%兲 of the 653 students responding to Question #2, and 47% of the students in the interview sample
answering the same question, asserted that the heat absorbed
by the system during process #1 would be equal to that absorbed during process #2. Moreover, 21% of the students in
the written sample, and 44% of those in the interview
sample, offered explicit arguments regarding the pathindependence 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’’;
‘‘transfer of heat doesn’t matter on the path you take’’; ‘‘they
both end up at the same PV value so ... they both have the
same Q or heat transfer.’’ About 150 students offered arguments similar to these either in their written responses or
during the interviews.
Strong support for the idea that heat is processindependent was consistent in all four student samples. The
only other explanation 共aside from the correct explanation兲
to gain any significant support on Question #2 was one that
ascribed higher Q in process #1 simply to ‘‘higher pressure,’’
without giving any consideration to the initial and final states
of the two processes.
Also remarkable is that the belief in the process independence of heat was widespread even among students who
clearly understood that work is not a state function, as well
as among those who mistakenly believed that work also is
independent of process. Of the students who incorrectly answered that W 1 ⫽W 2 , about half also asserted that Q 1 ⫽Q 2
共1999: 40%; 2000: 51%; 2001: 53%; interview sample:
43%兲. However, this mistaken notion regarding heat is nearly
as common among the students who realize that work is
dependent of process, and who correctly answered that
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W 1 ⬎W 2 . Of this group, more than one third also asserted
that Q 1 ⫽Q 2 共1999: 29%; 2000: 41%; 2001: 34%; interview
sample: 50%兲.
This observation of students’ belief in a state-function
property for heat is consistent with the findings of other researchers, although as noted it goes well beyond what has
previously been reported. The tendency of students to mistakenly identify heat with the state function internal energy
was noted and discussed in Ref. 20 and the same observation
was made by Berger and Wiesner in their interviews with
advanced-level German university students in the teacher
preparation program who had studied thermodynamics.17
Manthei and Täubert28 reported similar observations in an
analysis of written responses on questions posed to
advanced-level German high-school students. They, too,
found a tendency to identify heat with internal energy, as
well as a widespread inability to correctly identify heat as a
‘‘process quantity’’ instead of a ‘‘state quantity.’’ Similarly, a
great deal of confusion was found regarding the definition of
heat among entrants at a British university,18 and Kaper and
Goedhart11 concluded that Dutch chemistry students often
treat heat as a state function.
It appears that the confounding of heat with internal energy, noted in Refs. 20 and 28, extends to an explicit association of the state-function property with heat. This confusion is quite analogous to the set of mistaken associations
developed by many students in connection with work, as
described in Sec. V D. We must consider the possibility that
students’ familiarity with the equation Q⫽mc ⌬T and its use
in elementary calorimetry problems may contribute to their
confusion regarding the nature of heat.
F. Belief that net work done and net heat transferred
during a cyclic process are zero
The single most prevalent misconception encountered during our investigation was the strong belief expressed during
the interviews that during a cyclic process, the net work done
by the system or the net heat transferred to the system must
be zero. In Ref. 20 it was noted that many students believe
that the net work in a cyclic process must be zero due to the
zero net change in volume. This belief often is so tenacious
as to override other considerations that would imply nonzero
net work.20 In our investigation, this finding is corroborated
and amplified by uncovering a parallel belief in the necessity
of zero net heat transfer during a cyclic process. This belief
regarding zero net heat transfer has not been documented in
the literature.
Interview Question #6 asks students to consider the entire
process that had been described, beginning at time A and
ending at time D. They were asked whether the net work
done by the gas, and the total heat transferred to the gas, are
positive, negative, or zero. 共‘‘Total heat transferred’’ matches
the terminology of the course textbook.兲 Only a small minority of students realized that the net work done 共35%兲 or that
the total heat transferred 共25%兲 would be nonzero. Less than
one fifth of the students could give correct answers with
satisfactory explanations to the work question 共19%兲 or the
heat question 共13%兲. Only three students in the entire sample
共9%兲 gave fully correct responses to both parts of Question
#6, such as this answer:
‘‘关S17兴 The total work was less than zero. I drew a
diagram, pressure versus volume, and the path that
I scratched out here is counterclockwise, which
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suggests negative work ... 关The total heat transfer兴
is less than zero ... in order to have negative work
done it needs to have less than zero heat transferred to it if it’s to maintain its same initial state
... Negative work done by the gas, so if it absorbs
heat here, its output is going to have to be work
plus heat. So, the total heat transfer is negative
because this heat coming out of the gas is greater
than the heat going into it, because it includes the
energy from the work and the heat going into it.’’
Of the students in the interview sample, 75% either believed that the net work done by the gas, or the total heat
transferred to the gas, or both, would be zero for the entire
process. More than half 共56%兲 said that both the net work
done and the total heat transferred throughout the entire process would be zero. In almost every case, the reasoning was
the same: Because the final position of the piston was the
same as its initial position, the negative work would cancel
the positive work; because the final temperature was the
same as the initial temperature, the heat transferred into the
system would be balanced by the heat transferred out of the
system:
‘‘关S1兴 The net work done by the gas ... is equal to
zero ... The physics definition of work is like force
times distance. And basically if you use the same
force and you just travel around in a circle and
come back to your original spot, technically you
did zero work.’’
‘‘关S27兴 The work done by the gas on the environment is positive in the first steps where the piston
goes up, but then when it goes back down it’s
negative. And so, since it ends up in the same
place, the net work is zero.’’
‘‘关S21兴 The heat transferred to the gas ... is equal
to zero ... The gas was heated up, but it still returned to its equilibrium temperature. So whatever
energy was added to it was distributed back to the
room.’’
Students were asked to explain how they could be sure
that the magnitude of the positive work 共or heat兲 would exactly equal the magnitude of the negative work 共or heat兲. In
nearly every case, the students again referred to the equality
of the final and initial values of the volume and temperature.
Some students argued 共as also was reported in Ref. 20兲 that
because W⫽ 兰 P dV and ⌬V⫽0, ‘‘work equals zero.’’
Interview Question #8 was another opportunity to probe
students’ thinking on this matter. Here students were asked to
rank the absolute values of the net work done by the gas and
total heat transferred to the gas, both for the process that
takes place between times A and D 共symbolized by 兩 W 1 兩 and
兩 Q 1 兩 , respectively兲, and for a similar process with initial and
final states the same as before, but characterized by higher
intermediate values of the pressure and temperature. Whenever there appeared to be a discrepancy in the students’ answers for Questions #6 and #8, they were asked to comment
or resolve the discrepancy. 共The tables reflect students’ final
decisions in all cases.兲 Table III shows the students’ responses to Question #8 regarding process #1 共time A to time
D) only. Exactly half answered that 兩 W 1 兩 ⫽ 兩 Q 1 兩 ⫽0, while
only 16% stated correctly that 兩 W 1 兩 ⫽ 兩 Q 1 兩 ⫽0. Overall, 66%
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claimed either that 兩 W 1 兩 ⫽0, or that 兩 Q 1 兩 ⫽0, or that both
equal zero. The responses to Question #8 thus confirm the
results from Question #6.
As will be discussed, only a minority of the students referred to a P-V diagram when answering Interview Questions #1– 8. However, at the end of the interview, all students
were asked to carefully draw a P-V diagram representing
processes #1 and #2. More than 90% of them ultimately
drew a diagram of a cyclic process. It is noteworthy that only
four students realized that their diagrams implied an error in
their initial response that 兩 W 1 兩 ⫽0 or 兩 Q 1 兩 ⫽0. 共These students’ final answers are reflected in the tabulated data.兲 Several other students expressed misgivings regarding the possible inconsistencies of their answers, but were unable to
arrive at a correct resolution.
In the study of Ref. 20, students in an algebra-based
course were presented with a P-V diagram that corresponded
to the process described here. Although one might expect the
presence of the diagram to have made the problem easier,
about half of the students in that study asserted that the net
work done by the gas during the process was zero, typically
mentioning that there was no net change in volume. It seems
clear that the ‘‘no net change in volume’’ theme plays a
dominant role in student reasoning. The results of our investigation further suggest that the same could be said about the
‘‘no net change in temperature’’ theme.
G. Confusion regarding isothermal processes and the
thermal reservoir
Students’ responses to Interview Question #4 revealed additional aspects of their difficulties in applying the work concept, and also manifest a deep misunderstanding of the concept of thermal reservoir. This question refers to the
isothermal compression that occurs between time B and time
C; the question asks whether there is any net energy flow
between the gas and the water reservoir during this process.
Only 31% of the students answered correctly with an acceptable explanation, with acceptable being loosely defined to
include explanations such as:
‘‘关S6兴 There’d be a flow of energy from the gas to
the water. Because, when you compress a gas, normally it would heat things up. And so, if everything 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.’’
Only a small minority of these acceptable explanations
made an explicit reference to the unchanging internal energy
of the gas or to the first law of thermodynamics. In contrast,
59% of the students said that there would be no net energy
flow between gas and water. Invariably, they mentioned that
the gas and water temperatures were equal and unchanging:
‘‘关S2兴 I would think if there was energy flow between the gas and the water, the temperature of the
water would heat up.’’
‘‘关S10兴 There is no energy flow between the gas
and the water; it all stayed in the system. Since the
temperature stayed the same, there is no heat
flow.’’
Most of the students who said that there would be no net
energy transfer between the gas and the water reservoir were
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asked to comment explicitly on whether there could be any
energy transfer to or from a gas undergoing an isothermal
process. Most agreed that it would be possible, citing situations such as having ‘‘light or energy coming out,’’ having
heat energy ‘‘converted into potential energy or kinetic energy,’’ ‘‘if heat in equals heat out,’’ or if there is ‘‘expansion
or contraction.’’ However, none of these students believed
that the process described in Question #4 fit any of their
proposed circumstances.
Isothermal processes are ubiquitous in the introductory
thermal physics curriculum, and invariably reference is made
to a constant-temperature reservoir with which the system is
in contact. The details of how the isothermal process actually
takes place are very rarely discussed, with a notable exception in Chabay and Sherwood’s text Matter & Interactions:29
‘‘As we compress the gas, the temperature in the gas starts to
increase. However, this will lead to energy flowing out of the
gas into the water, because whenever temperatures differ in
two objects that are in thermal contact with each other, there
is a transfer of energy from the hotter object to the colder
object ... Energy transfer out of the gas will lower the temperature of the gas ... Quickly the temperature of the gas will
fall back to the temperature of the water. The temperature of
the big tub of water on the other hand will hardly change ...
Therefore the entire quasistatic compression takes place essentially at the temperature of the water, and the final temperature of the gas is the same as the initial temperature of
the gas.’’
It is clear that most of the students in the interview sample
had never understood the details of an isothermal process as
described above. They were unable to apply the first law of
thermodynamics to a situation in which the isothermal compression of an ideal gas immediately implies the existence of
a nonzero heat transfer out of the system.
A similar difficulty in understanding the role of a reservoir
was noted by van Roon et al.12 in their investigation of college chemistry students in Holland. Moreover, in a study of
advanced undergraduate college science students enrolled in
physical chemistry courses 共at the junior–senior level兲, Thomas and Schwenz14 reported that 60% of their interview
sample believed that ‘‘no heat occurs under isothermal conditions.’’ 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 isothermal process.

H. Inability to apply the first law of thermodynamics
In the investigation of Ref. 20, the majority of students
examined were unable to employ the first law of thermodynamics to solve problems related to adiabatic compression.
Similar difficulties in other contexts were displayed by students in the present study.
First let us consider students’ responses to Question #2:
‘‘Is Q for process #1 greater than, less than, or equal to that
for process #2? Please explain your answer.’’ 共The fact that
all relevant values of ⌬U, Q and W are positive here minimizes the potential confusion regarding signs.兲 An example
of an acceptable student explanation is the following:
‘‘⌬U⫽Q⫺W. For the same ⌬U, the system with
more work done must have more Q input so process #1 is greater.’’
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Students’ responses to this question are shown in Table II.
The percentage of students answering the written diagnostic
who gave the response Q 1 ⬎Q 2 to Question #2—ignoring
the explanations offered—ranged from 40% to 56%, and
34% of the interview subjects gave this response as well.
However, if we examine the explanations provided by the
students, a rather different picture emerges. Of the students
answering the written diagnostic, only 11% gave an acceptable explanation based on the first law of thermodynamics.
For this analysis, explanations such as the following were
considered to be acceptable:
‘‘Q is greater for process 1 since Q⫽U⫹W and
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
Q in .’’
Among the students in the interview sample, 19% gave a
correct answer with an acceptable explanation. If we add in
students who answered that Q 1 ⬍Q 2 but made only a simple
sign error, the proportion with acceptable explanations rises
to 15% of the 1999–2001 samples, and to 22% of the interview sample.
Application of the first law of thermodynamics is needed
to answer Interview Question #6ii; 13% of the interviewed
students were able to answer this question correctly with a
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 answers for that question might be interpreted as an extreme
upper limit on the proportion of students in our samples who
were able to make any practical use of the first law of thermodynamics. Otherwise, our data consistently show that no
more than about one in five students in our samples emerged
from the introductory physics course with an adequate grasp
of the first law of thermodynamics. This conclusion is consistent with the findings reported in Ref. 20.
I. Difficulties regarding P-V diagrams
It is striking that only 38% of the students in the interview
sample spontaneously attempted to use a P-V diagram to aid
in responding to the questions. In particular for Interview
Questions #6 and #8, one might expect that sketching a
simple P-V diagram would be the quickest and easiest way
to find a solution. Indeed, as we noted, several students recognized that they had initially made errors on these questions
when prompted by the interviewer to draw a P-V diagram.
However, it is clear that most of the students were not in the
habit of employing P-V diagrams when considering thermodynamics problems that did not initially provide or refer to
such a diagram.
A hint of the difficulties encountered by students in employing P-V diagrams is found in the results discussed in
Sec. V D. Between a third to a half of all students were
unable to give a correct answer with an acceptable explanation to Question #1, a problem in which the geometrical
interpretation of work might be expected to yield a relatively
straightforward answer.
In discussions regarding cyclic processes, heat engines,
the second law of thermodynamics, etc., the association of
the area contained within the closed curve representing that
process with the net work done by the system often plays a
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central role. However, even after successfully drawing a P-V
diagram representing a cyclic process 共albeit one that often
had numerous errors兲, nearly two thirds of the students in the
interview sample remained convinced that the net work done
in the process they had represented was zero.
Of the students who were interviewed, 22% were successful in drawing a correct P-V diagram for process #1. An
additional 28% of the students drew a closed-curve diagram
that represented the isothermal segment with a straight line
共or, in one instance, with a line of incorrect curvature兲.
Nearly all of the remainder—all but two students—drew a
closed-curve path, but made one or more of a large assortment of errors 共for example, curved or sloping lines representing isobaric or isochoric processes, missing processes,
direction errors兲.
The overall impression gathered from observing students
draw and interpret their P-V diagrams was that these diagrams represented a resource that was severely underutilized
in their problem-solving arsenal. In noting the insights
achieved by several of the students when drawing their diagrams, and the near-misses by some others who failed to
carry the reasoning process through to conclusion, it seemed
that many students might benefit from additional practice
and experience with P-V diagrams. The potential instructional benefits of P-V diagrams will be discussed further in
Sec. VIII.

VI. COMMENT REGARDING RELIABILITY OF
THE DATA
There is evidence that our data might actually somewhat
overstate the average level of knowledge in the full class
population. The discussion regarding the characterization of
the interview sample makes it clear that the performance of
that group is likely to be higher than the class average. Moreover, all of the written diagnostic instruments were administered either to students who were attending 共optional兲 recitation sections, or who were present in class on the last day of
the semester. In previous investigations at ISU, we have
found that the average exam scores of students attending
recitation sections are somewhat higher than the scores of the
full class population. For the present investigation, this factor
was examined by administering a question on the final exam
during the Spring 2001 semester.
The final exam question 共see Fig. 4兲 involved two different
processes connecting common initial and final states 共similar
to the questions on the written diagnostic兲. As can be seen
from the breakdown of student responses (N⫽407), only
33% gave the correct answer 共C兲 that both the work done and
the heat absorbed could be different in the two processes.
37% of the students believed that the work done must be the
same, while 51% thought that the heat absorbed must be the
same. On the written diagnostic questions in that same class
(N⫽279), 41% of the responses represented views consistent with the correct answer on the final exam question, that
is, that W 1 ⫽W 2 and that Q 1 ⫽Q 2 . This performance is significantly better (p⫽0.03) than the proportion of correct responses on the final exam. Moreover, only 41% of the responses on the written diagnostic claimed that the heat
absorbed had to be the same for the two processes, compared
to 51% on the final exam. 共Performance on the work question was similar.兲 The performance of the full class on the
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Fig. 4. Question used on final exam of Spring 2001 course, with a breakdown of students’ responses.

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

VII. DISCUSSION
Decades of research have documented substantial learning
difficulties among pre-university students with regard to
heat, temperature and related concepts, but the possible implications of these findings for university students have been
uncertain. The work of Loverude et al.20 and of the present
investigation, along with work in several different countries,
all suggest that a large proportion of students in introductory
university physics courses emerge with an insufficient functional understanding of the fundamental principles of thermodynamics to allow problem solving in unfamiliar contexts.
It is clear that a fundamental conceptual difficulty stems
from the fact that heat transfer, work and internal energy are
diverse forms of the same fundamental quantity, that is, ‘‘energy,’’ and are all expressed in the same units. 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 students in the
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Berger and Wiesner study called this distinction ‘‘hairsplitting’’ 关Haarspalterei兴.17 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’?’’ Another student, when pressed
to explain the distinction, said: ‘‘Maybe work and heat are
kind of the same thing, just a transfer of energy in both
cases.’’
Part of this confusion stems from the ubiquitous and welldocumented difficulty of learning to make a clear conceptual
distinction between a quantity and the change or rate of
change in that same quantity, for example: velocity and
acceleration,30 magnetic flux and the change in magnetic
flux,31 potential and field.32 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 two other distinct difficulties, both well documented: 共1兲 the use in colloquial speech of the word ‘‘heat’’
or ‘‘heat energy’’ 18,33 共and equivalents in other languages,
for example chaleur 关French兴34 or Wärme 关German兴17兲 to
correspond to a concept that is actually closer to what physicists would call ‘‘internal energy;’’ and 共2兲 the major conceptual difficulties faced by introductory students in mastering
the work concept itself in a mechanics context, let alone
within the less familiar context of thermodynamics.20 Thus,
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.
It is ironic that the students’ apparent ability to comprehend 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 both.35 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⫽mc ⌬T in calorimetry
problems.
Heat engines, refrigerators and an analysis based on the
second law of thermodynamics crucially depend on the nonzero net heat transfer to, and the net work done by, a thermodynamic system during a cyclic process. This concept
was among the most poorly understood among the students
in our interview sample, and the difficulty regarding cyclic
processes was directly traceable to the confusion regarding
the fundamental properties of heat and work.
Another area of confusion might be traced to the limiting
approximations frequently—and often tacitly—invoked in
making physical arguments regarding idealized processes.
Experienced physicists automatically, even unconsciously,
‘‘fill in the dots’’ in their own minds when describing, for
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instance, an isothermal process and the meaning of a thermal
reservoir. They have in mind the model involving very small
共and therefore negligible兲 temperature excursions described
by Chabay and Sherwood.29 The overwhelming majority of
textbook discussions treat this and similar idealized processes only very cursorily; our data suggest that for most
students, such treatments are inadequate.

initial testing of their curricular materials makes it clear that
the task of improving student learning in thermodynamics is
challenging indeed.

IX. CONCLUSION

VIII. 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.20 Beyond that first step, it seems clear 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.
As discussed in Sec. V B, most students seem comfortable
with the notion of internal energy as a quantity that is characteristic of the state of the system. One might try to take
advantage of this understanding by eliciting from students
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 macroscopic forces leading to changes in a system’s volume, and
through alterations that occur due to temperature differences
without changes in the system’s volume.
The instructional utility of employing multiple representations of physics concepts has been demonstrated in numerous research investigations in physics education.36 The results of our investigation 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 共for example, the relation between temperature and kinetic energy of an ideal gas,
or the meaning of thermal reservoir兲. 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.
Loverude21 has described the development and testing of
curricular materials based on the research reported in Ref.
20.37 Students’ learning difficulties showed a strong tendency
to persist even after research-based instruction, although significant improvements were demonstrated. His report of the
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This investigation examined student learning of thermodynamics concepts in four separate offerings of the introductory calculus-based general physics course at a large public
university over a period of three academic years. Several
different course instructors, recitation instructors and textbooks were represented in these offerings. Results from the
different population samples consistently showed that large
proportions of the students in the courses emerged with a
number of fundamental conceptual difficulties regarding the
first law of thermodynamics, the definition and meaning of
thermodynamic work, and the process-dependent nature of
heat, including a belief that net heat absorbed and net work
done by a system undergoing a cyclic process must be zero.
Results of this investigation are in excellent agreement with
those published in a recent study carried out at several other
comparable institutions,20 and are consistent with reports
from several different European countries.16 –18,26,28,34 We
conclude that substantial changes in instruction will be required if the level of students’ mastery of thermodynamics
concepts is to be significantly improved in introductory
courses.
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APPENDIX: INTERVIEW QUESTIONS
A fixed quantity of ideal gas is contained within a metal
cylinder that is sealed with a movable, frictionless, insulating
piston. 共The piston can move up or down without the slightest resistance from friction, but no gas can enter or leave the
cylinder. The piston is heavy, but there can be no heat transfer to or from the piston itself.兲 The cylinder is surrounded
by a large container of water with high walls as shown. We
are going to describe two separate processes, Process #1 and
Process #2.
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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 the piston very slowly moves 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:

Question #1: During the process that occurs from time A to time B, which of the following is true: 共a兲 positive work is done
on the gas by the environment, 共b兲 positive work is done by the gas on the environment, 共c兲 no net work is done on or by the
gas.
Question #2: During the process that occurs from time A to time B, the gas absorbs x Joules of energy from the water. Which
of the following is true: The total kinetic energy of all of the gas molecules 共a兲 increases by more than x Joules; 共b兲 increases
by x Joules; 共c兲 increases, but by less than x Joules; 共d兲 remains unchanged; 共e兲 decreases by less than x Joules; 共f兲 decreases
by x Joules; 共g兲 decreases by more than x Joules.
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 practically constant. 共That is, it remains at the temperature it reached at
time B, after the water had been heated up.兲

Step 3. At time C we stop adding lead weights to the container and the piston stops moving. 共The weights that we have already
added up until now are still in the containers.兲 The piston is now found to be at exactly the same position it was at time A.
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Question #3: During the process that occurs from time B to time C, does the total kinetic energy of all the gas molecules
increase, decrease, or remain unchanged?
Question #4: During the process that occurs from time B to time C, is there any 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 so it cannot move; the 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 D.

Question #5: During the process that occurs from time C to
time D, the water absorbs y Joules of energy from the gas.
Which of the following is true: The total kinetic energy of all
of the gas molecules 共a兲 increases by more than y Joules; 共b兲
increases by y Joules; 共c兲 increases, but by less than y Joules;
共d兲 remains unchanged; 共e兲 decreases, by less than y Joules;
共f兲 decreases by y Joules; 共g兲 decreases by more than y
Joules.
Question #6: Consider the entire process from time A to
time D. (i) Is the net work done by the gas on the environment during that process 共a兲 greater than zero, 共b兲 equal to
zero, or 共c兲 less than zero? (ii) Is the total heat transfer to the
gas during that process 共a兲 greater than zero, 共b兲 equal to
zero, or 共c兲 less than zero?
Step 5. Now let us begin Process #2. The piston is unlocked
so it is again free to move. We start from the same initial
situation as shown at time A and D 共i.e., same temperature
and position of the piston兲. Just as before, we heat the water
and watch as the piston rises. However, this time, we will
heat the water for a longer period of time. As a result, the
piston ends up higher than it was at time B.
Step 6. Now, weights are added to the piston and it begins to
move down. 共Temperature does not change during this process.兲 However, this time, more weights than before must be
added to get the piston back to the position it had at time C.
Step 7. Again, the piston is locked and the weights are removed. After many hours, the system returns to the same
temperature that it had at time A and time D 共and the piston
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is in the same position as it was at those times兲. This final
state occurs at time E.
Question #7: Consider the total kinetic energy of all of the
gas molecules at times A, D, and E; call those E A , E D , and
E E . Rank these in order of magnitude 共greatest to least, using ⬎ or ⬍ signs兲. If two or more of these are equal, indicate
that with an ‘‘⫽’’ sign.
Question #8: Consider the following positive quantities:
兩 Q 1 兩 , 兩 Q 2 兩 , 兩 W 1 兩 , 兩 W 2 兩 . These represent the absolute values of
the total heat transfer to the gas during Process #1 and Process #2, and of the net work done by the gas during Processes #1 and #2. Rank these four quantities from largest to
smallest. If two or more are equal, indicate with an ‘‘⫽’’
sign.
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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.1 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.2 The recent investigation of
Loverude et al.3 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 Iowa 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.4
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 heatwork-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 welldocumented 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).5 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.3 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 pathindependent work done by conservative forces may contribute
to this confusion, as may extensive use of the equation
Q = mcΔT 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.

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.7
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Comparisons And Contrasts With Students In Introductory
Courses
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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 curricular materials.
During Fall semester 2003, I taught a junior-level
thermal physics course targeted at physics majors and
other advanced students. In this course, many instructional 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 population enrolled in introductory general physics
courses. Only a small percentage of students in the introductory 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 characteristic only of a highly selected subsample of students
enrolled in a typical introductory course. It is also important 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 upperlevel 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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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 assimilating a second round of instruction on those same topics, as is often provided in advanced courses. Determining the students’ state of “readiness” for new
learning is an extremely challenging problem for researchers who develop and administer diagnostic pretests. 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 changing, nor of its susceptibility to change.
When considering “transfer” of learning from introductory 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 advanced 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.

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 information 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, although 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:

Pressure

material during the advanced course. In order to make
some determination of students’ knowledge of material learned in previous courses, it is essential to administer 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.

State B

Process #1

State A

Process #2

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 completed) 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
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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 incorrectly 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 performance of a self-selected sample of interview volunteers 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 significantly better developed than among students in the introductory course. At the same time, even very able
students in the advanced course periodically demonstrated 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 guidedinquiry 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 commonalities among different problems without necessarily extracting a unifying physical theme. Despite

having superior mathematical skills, upper-level students relied less on purely mathematical calculations
and arguments than did introductory students in working 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 guidedinquiry 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 apparatus, and they showed less confusion in interpreting instructions. These students worked well in groups, usually 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 encountered included the following: (1) Several students
had substantial difficulty in applying the state-function
property of entropy to conclude that ∆S 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
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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 inflows to and outflows from the system in these problems. (3) When working through a guided-inquiry
worksheet using diagrams that depicted a cyclic process, 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 temperatures but different internal energies, and vice versa. (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 interactiveengagement techniques were displayed by upper-level
students. The 10-15% unfavorable rating on evaluations matched that found in the introductory algebrabased course. Use of guided-inquiry worksheets during class (instead of in a separate recitation section)
created logistical difficulties due to the broad range of
speeds with which students worked. Insufficient pretesting and lack of previous relevant research made
optimal course planning difficult.

When presented with unfamiliar concepts, upperlevel 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 contributed 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 significance 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 introductory 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 investigation with diverse courses and student populations will be required to apportion the proper weights
among the various relevant factors.
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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 et al. 1995, Lewis and Linn 1994, Harrison et
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 et 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 et 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).
International Journal of Science Education ISSN 0950–0963 print/ISSN 1464–5289 online © 2003 Taylor & Francis Ltd
http://www.tandf.co.uk/journals
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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 et 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 understanding and distinguishing between exothermic and endothermic reactions
(Johnstone et 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 demonstrated 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 understanding 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
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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 qA as the amount of heat absorbed by object A, i.e., qA
> 0 if energy flows into the object, but qA < 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, so qhotter + qcooler = 0. The formula q = mcT 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 et
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 et 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, qrxn , 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,
qsoln , is therefore equal in magnitude and opposite in sign from qrxn : qsoln = –qrxn . The value
of qsoln is readily calculated from the mass of the solution, its specific heat, and the
temperature change. (Brown et 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 between 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, Ep (bond) of the products is less than that of the reactants, so
Ep (bond) < 0 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 et 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 chemistry 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 et 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 (n = 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 et 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 (n = 541); the sample represents more than one third of the
entire class (second hour exam, n = 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 intervention, 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 q = mcT is used to calculate qsoln , the heat absorbed by the
solution, and the relation qrxn + qsoln = 0 is applied to determine the heat of
reaction. Since the process occurs at constant pressure, Hrxn = qrxn ; 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
2.00 M HCl and 50.0 mL of 2.00 M NH3 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 J/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 H 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 )2 solution at 25.0°C was mixed with
1.00 L of 2.00 M Na2SO4 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 4.18 J/g-°C.
a. What is the system?
b. What are the surroundings?
c. Calculate the heat of reaction (in kJ).
d. Is the reaction endothermic or exothermic?
e. Write a balanced chemical equation for the reaction.
f. Calculate the change in enthalpy (H) for the reaction with units of kJ per
mole of Ba(NO3 )2 that reacts.
g. If 0.500 L of 2.00 M Ba(NO3 )2 solution at 25.0°C is mixed with 0.500 L of
2.00 M Na2SO4 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):
(a)

m = V = (1.01 g/mL)(100.0 mL) = 101 g
qsoln = mcT = (101 g)(4.18 J/g-°C)( + 12.4 °C) = + 5.24 kJ
qrxn = –qsoln = –5.24 kJ
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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 = V = (1.00 g/mL)(2 × 103 ml) = 2 × 103 g
qsoln = mcT = (2 × 103 g)(4.18 J/g-°C)( + 6.2°C) = + 52 kJ
qrxn = –qsoln = –52 kJ
d. Exothermic.
e. Ba(NO3 )2 (aq) + Na2SO4 (aq) → 2NaNO3 (aq) + BaSO4(s)
f. 1.00 L × 2.00 mol/L = 2.00 mol Ba(NO3 )2
1.00 L × 2.00 mol/L = 2.00 mol Na2SO4
Hrxn =

qrxn

=

nlimiting reagent

–52 kJ

= – 26 kJ/mol

2.00 mol

g. 0.500 L × 2.00 mol/L = 1.00 mol Ba(NO3 )2
0.500 L × 2.00 mol/L = 1.00 mol Na2SO4
qrxn = Hrxn × nlimiting reagent = –26 kJ/mol × 1.00 mol Ba(NO3 )2
= –26 kJ
qsoln = –qrxn = + 26 kJ
m = V = (1.00 g/mL)(103 mL) = 103 g
T =

qsoln
mc

=

+ 26 kJ
(103 g)(4.18 J/g-°C)

= + 6.2°C

Tfinal = 25.0°C + 6.2°C = 31.2°C
Figure 2.

(b)

Solution to calorimetry problem on final examination.

0.0500 L × 2.00 mol/L = 0.100 mol HCl
Hrxn =

qrxn
nlimiting reagent

=

–5.24 kJ
0.100 mol

= –52.4 kJ/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
examination
(n = 185)

Final
examination
(n = 207)

Correct or nearly correct magnitude
of qrxn†

50%

40%
negative value 14% 
positive value 26% †

Errors using formula
Set q = T (or q = T)
Did not use q = mcT or q = T

8%
11%

5%
9%

Errors in value for mass
Used mass of the reactants only
Used mass of one solution only
Other responses
No answer

15%
8%
7%
2%

21%
5%
15%
6%



[Final exam:]
negative value 13%
positive value 41%

Notes: All values are in percent of total n for respective exam.
A  indicates the correct response.
A † indicates the response of Sophia on that category.
‘Nearly correct’ means there was only a simple math error.
‘Other response’ means did use q = mcT, 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 Tfinal 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
(qrxn ) is equal to the enthalpy change of the reaction (Hrxn ). Also, fewer than 1%
of the students stated explicitly that qrxn + qsoln = 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 qrxn , or that contained only
very minor mathematical errors. Only 50% of the students were able to successfully
calculate the magnitude of qrxn . 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 q = mcT 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 q = mcT. 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 q = mcT, students need only plug
in the correct values for mass, specific heat, and the change in temperature to
calculate q. Students then had to recognize that they had actually found qsoln , and
then apply the relation qrxn = – qsoln . 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 q = mcT. 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 H for this reaction in
kJ/mol; only 4% of the students provided the correct magnitude and sign for the
value of Hrxn . In this case both the sign and magnitude are required. Using the
formula q = mcT, 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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Table 2. Responses on the second hour examination to part (b) of the
calorimetry problem, calculation of the molar enthalpy change of the
reaction, Hrxn [molar].

Description of the response

Percentage of
students exhibiting this response
(n = 185)

Correct or nearly correct magnitude for Hrxn 
(Divided qrxn by 0.1 mol)
negative sign for the value of Hrxn 
positive sign for the value of Hrxn

18%

Incorrect magnitude for Hrxn
negative sign for the value of Hrxn
positive sign for the value of Hrxn

68%

4%
14%

17%
51%

Used incorrect number of moles
Divided qrxn by 2 mol
negative sign for the value of Hrxn
positive sign for the value of Hrxn
Divided qrxn by 0.2 mol
negative sign for the value of Hrxn
positive sign for the value of Hrxn

8%
5%
3%
14%
3%
11%

Equated enthalpy and temperature
Hrxn [molar] = T

3%

Equated molar enthalpy and heat
Hrxn [molar] = qrxn
negative sign for the value of Hrxn
positive sign for the value of Hrxn

12%
4%
8%

Math errors

3%

Other responses
negative sign for the value of Hrxn
positive sign for the value of Hrxn†
No answer

29%
5%
24%
13%

Notes: A  indicates the correct response.
A † 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 ‘q’ calculated from the
experimental data is qsoln , not qrxn , 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
(f)) 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,
Hrxn [molar].

Description of the response
Correct or nearly correct magnitude for Hrxn  †
(Divided qrxn by 2 mol)

Percentage of
students exhibiting this response
(n = 207)
34%

negative sign for the value of Hrxn  †
positive sign for the value of Hrxn
Incorrect magnitude for Hrxn
negative sign for the value of Hrxn
positive sign for the value of Hrxn

18%
16%
39%
12%
27%

Used incorrect number of moles
Divided qrxn by 4 mol
negative sign for the value of Hrxn
positive sign for the value of Hrxn

2%
0.4%
2%

Equated enthalpy and temperature
Hrxn [molar] = T

2%

Equated molar enthalpy and heat
Hrxn [molar] = qrxn
negative sign for the value of Hrxn
positive sign for the value of Hrxn

10%
4%
5%

Other responses
negative sign for the value of Hrxn
positive sign for the value of Hrxn
No answer

25%
7%
17%
27%

Notes: A  indicates the correct response.
A † 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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Responses on the final examination to parts (a), (b), (d) and (g)
of the calorimetry problem.

Description of the response

Students’ answers

Percentage of
students exhibiting
this response
(n = 207)

(a) What is the system?
Correct answer

the chemical reaction 

Partially correct

the reactant(s)/reactant solution †

Incorrect answers

22%
7%
71%

Everything inside the calorimeter
The calorimeter
The solution
Calorimeter and Contents
Other
No answer

14%
23%
22%
5%
6%
1%

(b) What are the surroundings?
Correct answer

The solution and calorimeter 
The solution or the water

Partially correct

The calorimeter †

Incorrect answers

6%
32%
62%

Everything outside the calorimeter
The calorimeter and everything else
The air
Other
No answer

31%
8%
5%
18%
1%

(d) Is the reaction exothermic or endothermic?
Correct answer

exothermic  †

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 †

10%

Incorrect answer

less than

43%

No answer

2%

Notes: A  indicates the correct response.
A † 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 Hrxn . 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 qrxn = –
qsoln , 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 H, H 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 negative ‘heat of reaction’, which, for constant-pressure processes,
has the same meaning as a negative change in enthalpy of the reactants,
i.e. that Hrxn < 0
On both the second hour examination (question part b) and the final examination
(question parts c 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 to 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 qrxn < 0 and Hrxn < 0.
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 qrxn and Hrxn 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 qrxn , 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 H 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 ⇒ exothermic reaction ⇒
H < 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 H, H equals negative 25.9 kilojoules per mole . . .

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

And you have written ‘H = –qrxn’?

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 q = mcT. 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 H – is simply an idea that has never been fully
understood.
Identifying the ‘heat 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 et al. 1995). In calorimetry problems the distinction is made explicit, at
least in quantitative terms, through application of the equation q = mcT. 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 T 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 ‘q’ 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 heat flow, specific
heat, and temperature change (i.e., not making use of equation
q = mcT)
A significant number of students were simply unaware that they needed to apply the
relationship q = mcT 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.
Not recognizing that the ‘m’ in the relationship q = mcT refers to the
total mass of the solution contained within the calorimeter, and does not
refer merely to the mass of the molecules that react to generate the heat flow
The single most common confusion found among our student sample was that
related to the meaning of ‘m’ – the mass – in the equation q = mcT. The ‘T ’
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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 m 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 that the ‘surroundings’ refers to the entire mass of
material contained within the calorimeter (and, in principle at least, that
which is 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 setup. 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., Hrxn ) divided by the number of moles of one of the reacting
species, and that for constant-pressure processes, Hrxn = qrxn
Part (f) of the final exam question clearly asks for the change in enthalpy H per
mole of one of the reactants. Therefore, a correct response would be to divide the
heat of reaction qrxn (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, to 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 q?

Sophia: ‘q’ 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 HCl solution and that is why the solution gets warm. And you can
see it happening because the magnesium reacts with the HCl 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 complication 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 q = mcT. Most commonly, students’ errors

105

STUDENT LEARNING OF THERMOCHEMICAL CONCEPTS

797

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 q = mcT the
temperature change T is that of the entire contents of the calorimeter, and so the
mass m, the specific heat c, and the heat absorbed q 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 enhancements 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
animation1 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, WI 54751
David E. Meltzer, Department of Physics & Astronomy, Iowa State University, Ames, IA 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 administered 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.1 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 Sabella2 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
Zollman3 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
Slater4 found that students’ written explanations for their FCI responses were, for the
most part, in good agreement with the answers they selected. Schecker and Gerdes5
presented students with a number of FCI
items, along with alternate versions of the
same items posed in different physical contexts. 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,6
who suggest that females may be more
successful when physics problems are posed
in a “real-life” context. Dancy7 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 developed8 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, dailylife- 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.
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METHOD
The Original FCI and the Gender FCI
were administered to all students enrolled in
the first semester course of the algebrabased general physics sequence at Iowa
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 chisquare analysis).
RESULTS
We found significant discrepancies for
four test items (two for females only, two
for males only), as follows:

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.
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ITEMS WITH SHIFTS FOR FEMALES:

ITEMS WITH SHIFTS FOR MALES:

Original FCI #14 (Gender item #24)
[plane/bird drops object]
Percentage of total responses each option:
n
A
B
C
D* E
8
74
0
Male,
72 10 8
Original
6
22 72
0
Male,
65 0
Gender

Original FCI #22 (Gender item #26)
[rocket/person speed increasing]
Percentage of total responses each option:
n
A
B* C
D
E
18 1
Male,
72 32 47 1
Original
Male,
65 42 18 11 23 6
Gender

22
0
Female, 41 49 27 2
Original
20 16 55
0
Female, 44 9
Gender
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%.

39 5
Female, 41 29 24 2
Original
Female, 44 34 25 16 18 7
Gender
Comment: No significant difference in
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 #23 (Gender item #27)
[rocket/person straight-line path]
Percentage of total responses each option:
n
A
B* C
D
E
47 22 19 4
Male,
72 7
Original
52 15 17 8
Male,
65 8
Gender
Female, 41 27 10 41 17 5
Original
48 41 5
2
Female, 44 5
Gender
Comment: No significant difference in
correct responses for males. On Gender
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

Original FCI #29 (Gender item #13)
[surface force on chair/book]
Percentage of total responses each option:
n
A
B* C
D
E
32 0
Male,
69 33 30 4
Original
22 0
Male,
65 18 60 0
Gender
21 0
Female, 39 28 49 3
Original
11 2
Female, 44 30 57 0
Gender
Comment: No significant difference in
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?

Gender 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) 1 and 2
(C) 2 and 3
(D) 1, 2, and 3
(E) none of these.
Since the book is at rest
there are no forces acting on it.
Gender item #13 (Original FCI #29)
[Note: there is no diagram included on the
Original FCI version of this question.]
1
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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 extinguisher. The fire extinguisher produces a constant 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.

26. As you 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?

Gender item #27 (Original FCI #23)
6

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).
7
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N.C. State University (2000).
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Initial understanding of vector concepts among students in introductory
physics courses
Ngoc-Loan Nguyena) and David E. Meltzerb)
Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011

共Received 8 February 2002; accepted 12 March 2003兲
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 Iowa 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. © 2003 American Association of Physics Teachers.
关DOI: 10.1119/1.1571831兴

I. INTRODUCTION
Vector concepts and calculation methods lie at the heart of
the physics curriculum, underlying most topics covered in
introductory courses at the university level. As Knight1 has
emphasized, the vector nature of forces, fields, and kinematical quantities requires that students have a good grasp of
basic vector concepts if they are to be successful in mastering even introductory-level physics. Knight has alluded to
the surprising lack of published research regarding student
learning of vector concepts, and his Vector Knowledge Test
provided an invaluable first glimpse into the pre-instruction
vector knowledge of students enrolled in the calculus-based
physics course. Most of the problems on the Vector Knowledge Test focus on algebraic aspects of vectors. Another significant investigation has been reported by Kanim,2 who explored students’ understanding of vector concepts in the
context of electric forces and fields. Aguirre,3 and Aguirre
and Rankin4 have studied students’ ideas about vector kinematics, but their inquiry focused on the interrelationships
among velocity, acceleration, and force rather than properties
of vectors per se. Recently, Ortiz et al.5 have reported on
student learning difficulties related to basic vector operations
共such as dot and cross products兲 as employed in introductory
physics courses.
Our instructional experience has led us to believe that students’ poor understanding of vector ideas posed in graphical
form presents a particularly troublesome obstacle to their
success in mastering physics concepts. Graphical and geometrical interpretations of vector ideas pervade the entirety
of the general physics curriculum. Despite most students’
previous exposure to vector concepts in mathematics courses
or in high-school physics 共as indicated by various surveys兲,
and the heavy emphasis we have placed on those concepts in
our own instruction, students’ persistent confusion about fundamental vector notions has bedeviled our instructional efforts. We decided therefore to carry out a systematic investigation of university physics students’ knowledge of basic
ideas of vector addition, magnitude, and direction during the
initial weeks of their physics courses. To this end, we sur630
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veyed students in both the first- and second-semester courses
of the two-semester general physics sequence, both in
algebra-based and calculus-based courses.
II. METHODS
We constructed a quiz containing seven vector problems
posed in graphical form 共see the Appendix兲. The problems
assess whether students can correctly identify vectors with
identical magnitudes and directions, and whether they can
carry out vector addition in one and two dimensions. On five
of the problems, students are asked to give a free response or
to select multiple options from a list. On the other two 共#3
and #7兲, they are given possible choices. On four problems
students are explicitly prompted to provide explanations of
their work.
This diagnostic quiz was administered to students in all
introductory general physics courses taught at Iowa State
University 共ISU兲 during the 2000/2001 academic year. 共We
did not include in our study one-semester elementary physics
courses using little or no mathematics; these courses are intended as surveys for nontechnical students.兲 Very minor revisions were made to the quiz between fall and spring semesters.
ISU is a large public university with a focus on engineering and technical subjects. The average ACT Mathematics
score of all freshmen entering ISU in fall 2000 was 24.5,
compared to the national average of 21.8 for students who
completed the core college-preparatory curriculum.6 ISU
ranks 16th nationally in number of undergraduate engineering degrees awarded. It therefore seems unlikely that our
results will underestimate the average performance level of
physics students nationwide.
The algebra-based general physics sequence consists of
Physics 111 共mostly mechanics兲, and Physics 112 共mostly
electricity and magnetism, and optics兲. The calculus-based
sequence is comprised of Physics 221 共mechanics, electrostatics, and dc circuits兲, and Physics 222 共magnetism and
electromagnetism, thermal physics, optics, and modern physics兲. In this paper, we will use the following designations for
these courses: Physics 111: A-I; Physics 112: A-II; Physics
© 2003 American Association of Physics Teachers

630

116

Fig. 1. Responses of students to individual problems on
the vector concept diagnostic. Percent correct responses
shown for students in 共a兲 first- 关A-I兴 and secondsemester 关A-II兴 algebra-based introductory physics; 共b兲
first- 关C-I兴 and second-semester 关C-II兴 calculus-based
introductory physics.

221: C-I; Physics 222: C-II, where I and II designate the first
and second courses in each sequence, respectively. 共That is, I
is primarily a mechanics course, while II is primarily a
course on electricity and magnetism. All four courses are
taught during both the fall and spring semesters.兲 Results
were obtained from a total of 2031 students, divided into the
four courses as follows: Algebra-based physics: A-I, 520 total 共fall: 287; spring: 233兲; A-II, 201 total 共fall: 83; spring:
118兲. Calculus-based physics: C-I, 608 total 共fall: 192;
spring: 416兲; C-II, 702 total 共fall: 313; spring: 389兲. 共In the
paper we refer to these courses as the ‘‘four groups.’’兲 Because the quiz was administered in both fall and spring offerings in all four courses during the academic year 共that is,
twice each in A-I, A-II, C-I, and C-II for a total of eight
administrations兲, many students took the quiz twice, once in
their fall-semester course and again in their spring-semester
course. The number of repeat test-takers is not known.
We did not survey the students in this study sample with
regard to their previous background in physics and mathematics. However, surveys carried out in ISU physics
courses during the summer and in other years have indicated
that nearly three quarters of students in the algebra-based
courses, and more than 90% of those in the calculus-based
courses, have studied physics in high school. In these surveys, a substantial majority of students report previous study
of vectors including two-dimensional vector addition, either
in their high-school physics classes or in high-school and/or
college math courses. 共This is the case for about two thirds of
students in the algebra-based course, and about 90% of those
in the calculus-based course.兲 These results are consistent
with Knight’s finding that 88% of students in the first quarter
of the introductory calculus-based physics course at his institution had previous instruction on vectors. Of course, all
students in the second-semester courses 共that is, Physics 112
关A-II兴 and Physics 222 关C-II兴兲 have had extensive exposure
to vector representations and calculations in their firstsemester university courses. They represent 44% of the total
population sample in this study.
The quiz was administered in recitation sections 共around
25 students each兲 during the first week of class in all four
courses, before instruction on vectors took place. The quiz
did not count toward a course grade and was not returned to
631
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the students. Students were asked to respond to the quiz so
that instructors could get a better idea of their background
knowledge in vectors. They were asked to fill in their names
on the quiz to aid in record keeping. The same procedure was
followed in both fall and spring semesters. Responses were
obtained from the great majority of enrolled students. Responses on each problem were graded as correct or incorrect,
and frequently appearing errors were noted and tabulated.
III. RESULTS
All statistical results we will cite in this paper 共except for
those in Sec. III C兲 reflect averages over the entire sample,
that is, fall- and spring-semester offerings combined in the
case of each of the four courses.
A. Responses to problems
Figure 1 shows the percentage of correct responses to each
quiz item for students in all four courses. We now proceed to
discuss the students’ responses to each individual problem in
more detail.
Problem #1: Vector magnitude. Performance on this problem was generally good, with a range of 63%– 87% correct
responses for the four different groups. However, more than
one third of the students in A-I did not answer this question
correctly, which indicates that student knowledge even on
this basic vector property cannot be taken for granted. The
most common error was to assume that vectors can only
have equal magnitudes when they are parallel or antiparallel
ᠬ 兩⫽兩G
ᠬ 兩 , but not 兩 D
ᠬ兩
to each other 共for example, choosing 兩 D
ᠬ
ᠬ
⫽ 兩 F兩 ⫽ 兩 G兩 ).
Problem #2: Vector direction. A significant number of students in all classes made errors on this question 共23%– 45%
incorrect responses兲. It is notable that there was very little
difference in performance between students in the first- and
second-semester courses, both in the algebra-based and
calculus-based sequences. This small performance increment
seems to suggest that, particularly on this problem, little increase in understanding occurs during the first-semester
course 共that is, in A-I and C-I兲.
N.-L. Nguyen and D. E. Meltzer
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The single most common incorrect response was to list
ᠬ and G
ᠬ , instead of Fᠬ only, thus reflecting conboth vectors F
fusion about the requirement that vectors with the same direction be parallel to each other. 共Or, perhaps this response
indicates confusion about how to recognize when two vectors are parallel.兲 This error represented 20% of all responses
共almost half of all incorrect responses兲 in the algebra-based
course, with no significant difference between A-I and A-II.
However, there also were a significant number of students
responding that the answer was ‘‘none’’; this category comprised 11% of all responses in the algebra-based course 共one
quarter of all incorrect responses in both A-I and A-II兲. Remarkably, those students who answered ‘‘none’’ very often
asserted explicitly that all of the angles—or the ‘‘slopes’’—
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
ᠬ , thus equating the direction of vector A
ᠬ with
was vector C
Fig. 2. Common student errors on problem #4 共addition of collinear vecᠬ
that of ⫺A. 关It is worth noting that outside the U.S., the
tors兲: 共a兲 two-headed arrow; 共b兲 tail-to-tail; 共c兲 tip-to-tip; 共d兲 re-orientation
property we refer to as ‘‘direction’’ often is assumed to comof top vector.
prise two separate properties, that of ‘‘orientation’’ 共line of
action兲 and ‘‘sense’’ 共loosely, ‘‘which way it points’’兲, see,
for example, Ref. 7.兴
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, with
discussion 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 on
involve vector quantities require an understanding of this
problems #4 and #5 strongly suggests that many students
basic operation. We found that most students in the calculusarrived at the correct answer for problem #3 through use of a
clearly incorrect algorithm 共that is, the ‘‘split-the-difference’’
algorithm to be discussed after problem #5兲. Because use of
this algorithm reflects substantial confusion regarding vector
addition, it seems probable that problem #3 does not in itself
provide valid assessment of students’ understanding of this
vector operation.
Problem #4: One-dimensional vector addition. The students in the calculus-based courses performed very well on
problem #4: C-I, 84% correct; C-II, 92% correct. However, a
substantial fraction of the students in the algebra-based
courses were not able to solve this problem: A-I, 58% correct; A-II, 73% correct.
In A-I, 19% of all incorrect responses consisted of a twoheaded arrow as shown in Fig. 2共a兲; in A-II, this response
was only 11% of the incorrect responses. Often this arrow
was eight boxes long, but other lengths were common. Repᠬ is made
resentative explanations for this response were, ‘‘R
ᠬ to the end of B
ᠬ ,’’ and ‘‘It is just
by connecting the end of A
the two vectors put together.’’ Another common error in the
algebra-based course 共23% of all incorrect responses in A-I
and A-II combined兲 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-II. Most of these students did not show their work,
but those who did typically had a diagram similar to one of
those in Figs. 2共b兲–2共d兲. Sometimes these students would
explain that they were using the ‘‘tip-to-tail’’ method, or
words to that effect.
Fig. 3. Common student errors on problem #5 共addition of noncollinear
Performance on problem #4 was not as good as it was on
vectors兲: 共a兲 zero vertical component; 共b兲 split-the-difference algorithm; 共c兲
problem #3, particularly in the algebra-based courses. We
incorrect parallelogram addition; 共d兲 incorrect horizontal component; 共e兲
tip-to-tip error.
suspect that, in comparison to problem #3, it may be more
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based course solved this problem correctly 共58% in C-I, 73%
in C-II兲, but only a minority of students in the algebra-based
course could do so 共22% in A-I, 44% in A-II兲.
The most common error for all four groups was to draw
the resultant vector aligned along the horizontal axis 共or
nearly so兲, pointing toward the left 关Fig. 3共a兲兴. The magnitudes of the horizontal components in this class of responses
varied widely. Although some of the students who made this
error were successful in determining the net horizontal component 共that is, five boxes, leftward兲, all failed to realize that
the net vertical component would be one box upward. Many
students’ diagrams explicitly showed the algorithm they used
ᠬ and B
ᠬ at a common
to obtain this result: Join vectors A
vertex, and form the resultant by ‘‘splitting the difference’’ to
obtain a net vertical component of zero 关see Fig. 3共b兲兴. This
response was usually a clear attempt to implement a parallelogram addition rule. Some students explicitly used a very
similar algorithm 关see Fig. 3共c兲兴 to obtain an apparently related error, that is, a resultant vector with the correct vertical
component and pointing toward the left, but with an incorrect horizontal component. Although a particular example of
this response is shown in Fig. 3共d兲, the magnitudes of the
horizontal components represented in students’ responses
covered a wide range. It was not clear to us how they were
able to arrive at the correct vertical component while still
having an incorrect horizontal component. It seems possible
ᠬ and B
ᠬ vectors on the page—that
that the positioning of the A
is, one on top of the other—contributed to this outcome. It is
noteworthy that in a large proportion of cases where students
drew diagrams suggestive of the parallelogram addition rule,
they were unsuccessful in arriving at a correct answer to this
problem. Instead they produced variants of Figs. 3共b兲 or 3共c兲,
or made some other error due to imprecise drawing of the
parallelogram.
Most students who drew resultant vectors similar to those
in Figs. 3共a兲 and 3共d兲 did not show a diagram to explain how
they obtained their result. Therefore, we cannot be certain
that they used the same algorithm to obtain this splitdifference resultant. The proportion of the entire class that
gave incorrect responses corresponding to either Fig. 3共a兲 or
Fig. 3共d兲 共regardless of the horizontal component兲 was A-I,
42%; A-II, 29%; C-I, 21%; and C-II, 13%.
The next most common error on this problem originated
from mistaken employment of a ‘‘tip-to-tip’’ algorithm in
ᠬ and
which the resultant vector begins at the tip of vector A
ᠬ or, less often, points from the tip
ends at the tip of vector B
ᠬ to that of A
ᠬ . 共This error also has been described by
of B
Knight.1兲 In this case the interpretation of students’ responses
was unambiguous because their diagrams explicitly showed
the algorithm they had employed. There are two versions of
this error: either the vectors are first brought together to a
common vertex 共see Fig. 3共e兲; this procedure actually proᠬ ⫺A
ᠬ 兴 ), or they are left in place
duces the difference vector 关 B
and the ‘‘resultant’’ arrow is drawn directly on the original
diagram. This type of response 共either version兲 was given by
9% of students in the algebra-based course and 6% of those
in the calculus-based course, with very little difference between the I and II courses.
As was noted in connection with problems #3 and #4, the
number of correct responses on problem #3 was well above
that on problem #4. We now see that it was also far higher
than the correct response rate on problem #5. In view of the
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obvious route for obtaining a correct answer to problem #3
by using the incorrect ‘‘split-the-difference’’ algorithm, we
now believe that problem #3 is not a valid indicator of students’ knowledge of vector addition.
Problem #6: Two-dimensional vector subtraction. In principle this problem could be solved with the same algorithms
used for problem #5, combined with some algebraic manipuᠬ from A
ᠬ . However,
lation and knowledge of how to form ⫺A
students probably have less practice with a specific algorithm
for carrying out vector subtraction, compared with vector
addition. That is, students may have memorized ‘‘place the
tail of one to the tip of the other’’ as an addition algorithm
without gaining enough understanding to extend this idea to
a similar problem posed as a subtraction. One might therefore expect that performance on problem #6 would be inferior to that on problem #5, and indeed it was. However the
difference was generally rather small: only 4 –5% fewer correct in the calculus-based course, and 4% and 9% fewer,
respectively, in A-I and A-II. Overall, error rates on problem
#6 ranged from 32% incorrect in C-II, up to 82% incorrect in
A-I.
In the calculus-based course 共both C-I and C-II combined兲, 83% of the students who answered problem #5 correctly also answered problem #6 correctly. Similarly, 89% of
those who answered problem #6 correctly also answered
problem #5 correctly. 共There was no significant difference
between C-I and C-II students regarding this pattern.兲 This
response pattern suggests that for students in the calculusbased course, problem #5 and problem #6 provide a roughly
equivalent indication of students’ understanding of twodimensional vector addition.
By contrast, in the algebra-based course, only 67% of students who answered problem #5 correctly also answered
problem #6 correctly. Of the students who answered problem
#6 correctly, 83% also solved problem #5. 共Again, there was
no significant difference between A-I and A-II.兲 So, for students in the algebra-based course, problem #6 was indeed
significantly more difficult than problem #5 ( p⬍0.01 according to a z test for difference between correlated
proportions8兲. In this case the two problems did not provide
equivalent indications of students’ knowledge, because a correct solution to problem #6 was correlated with superior performance on this two-problem subset.
There were a wide variety of incorrect responses to problem #6. Many students’ explanations made it clear that they
ᠬ such that R
ᠬ would be the ‘‘average,’’
were trying to find a B
ᠬ
ᠬ
in some sense, of A and B. However, lacking an algorithm
for this purpose, students often resorted to guessing or estiᠬ . A common response was to
mating the direction of vector B
ᠬ
draw B as a horizontal vector 共vertical component⫽0兲 pointing to the right; one-quarter of all incorrect responses were of
this type in both algebra-based and calculus-based courses
共algebra based, 26%; calculus based, 25%兲. These vectors
ᠬ
were drawn either with their tails in contact with the tail of A
or, more often, as isolated vectors in the blank grid space to
ᠬ and R
ᠬ . Most students did not explain their
the right of A
reasoning, but some offered clear descriptions of their thinkᠬ should be a combination of A
ᠬ and B
ᠬ so I tried
ing such as ‘‘R
ᠬ
ᠬ
ᠬ
ᠬ are
to put it between A and B’’; ‘‘The magnitude of B and A
equal, so the direction of the resultant is directly between the
two.’’ Overall, a large majority of students with incorrect
N.-L. Nguyen and D. E. Meltzer
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Fig. 4. Distribution of total scores on vector concept
diagnostic in percent of class obtaining a particular
score 共score range: 0–7兲: 共a兲 first- 关A-I兴 and secondsemester 关A-II兴 algebra-based introductory physics; 共b兲
first- 关C-I兴 and second-semester 关C-II兴 calculus-based
introductory physics.

ᠬ would have a posiresponses to this problem realized that B
tive horizontal component, but were unable to determine its
precise value.
Problem #7: Comparison of resultant magnitude. This
problem is another application of vector addition for which
students are unlikely to have memorized a specific algorithm.
With no grid available, students do not have at hand as
straightforward a calculation procedure as might be employed in problems #5 and #6. However, only a qualitative
response is required on problem #7, while a precise quantitative answer is needed for problem #5; moreover, there are
only three possible choices. This smaller selection of options
may mitigate the additional challenge posed by problem #7
共if there is any兲. In any case, the only group for whom performance on problems #5 and #7 differed by more than 5%
was students in A-I; they achieved 32% correct on problem
#7 compared to only 22% correct on problem #5. However,
it is interesting to note that 23% of the C-II students who
successfully solved problem #5 also gave incorrect responses
to problem #7. It seems that the apparently superior algorithmic skill of the C-II students did not always translate to a
situation in which a grid was lacking.
Many students who chose the correct 共‘‘smaller than’’兲
response in problem #7 gave a satisfactory explanation of
their answer, often accompanied by a diagram that reflected
use of the parallelogram or tip-to-tail addition rules to demᠬ 兩⬍兩R
ᠬ 兩 . Among those students who gave
onstrate that 兩 R
A
B
incorrect answers, there was a preference for the ‘‘equal to’’
response 共that is, magnitude of resultant of pair A is equal to
that of pair B兲, very often justified by an explanation such as
‘‘the vectors in A and B are equal magnitude,’’ and sometimes accompanied by an invalid application of the Pythagorean formula to pair B. The ratio of ‘‘equal to’’ responses in
comparison to ‘‘larger than’’ responses was almost exactly
1:1 in A-I, but in A-II the ‘‘equal to’’ response jumped in
popularity to nearly a 2:1 ratio compared to ‘‘larger than.’’ In
both C-I and C-II, the ‘‘equal to’’ response was the more
common incorrect response by nearly a 3:2 ratio. The ‘‘larger
than’’ response was justified by the larger vertex angle or the
‘‘larger area covered’’ in diagram A. Explanations such as
these were typical: ‘‘A is larger because arrows are further
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apart’’; ‘‘A larger, the angle is greater between the vectors’’;
‘‘larger than because both vectors are farther apart than the
ones in B.’’
B. Total score comparisons
The distribution of students’ total score on the diagnostic
共maximum⫽7.0兲 is shown in Fig. 4. The scores in A-I are
fairly normally distributed around a mean value of 3.3, while
the A-II distribution 共mean score⫽4.3兲 is somewhat bimodal.
The distributions in the calculus-based course are very
strongly skewed toward higher scores 共although that in C-I is
also somewhat bimodal兲. Mean scores for the calculus-based
course are C-I: 5.0; C-II: 5.6. These distributions suggest that
the diagnostic is a good reflection of the mean level of
knowledge of students in the algebra-based courses, whereas
the average level of vector knowledge of students in the
calculus-based courses goes beyond that characterized by
this diagnostic.
C. Differences in performance between fall- and
spring-semester courses
We were surprised to find that on many of the quiz items,
there appeared to be a significant difference in performance
between students in the fall and spring offerings of the very
same course 共for example, the fall and spring offerings of
A-I兲. Students enrolled in C-I during the spring semester of
2001 had higher scores on all seven quiz items than students
in the fall 2000 semester of the same course. The mean
scores 共percent correct out of seven problems; s.d.⫽standard
deviation兲 were: spring, 2001 (N⫽416): 74% correct 共s.d.
⫽25%兲; fall, 2000 (N⫽192): 65% correct 共s.d.⫽27%兲. The
difference in mean scores is statistically significant at the p
⫽0.0003 level according to a two-sample t-test. A very similar fall–spring discrepancy was found for students in A-I
共spring, 51%; fall, 44%; p⬍0.001). For C-II there was a
smaller but still statistically significant superiority, this time
however in the fall semester mean scores 共fall, 83%; spring,
78%, p⬍0.01) while in A-II, the fall–spring difference in
mean scores was very small and not statistically significant.
N.-L. Nguyen and D. E. Meltzer

634

120
For C-II, on a three-item group of closely related problems
共problems #5, #6, and #7兲, fall performance was significantly
better 共fall, 76%; spring, 64%; p⬍0.001 according to a chisquare test兲. In A-II, a fall–spring difference on the same
three-item group was again present 共fall, 49%; spring, 38%兲,
but did not quite rise to the level of statistical significance
(p⫽0.12), perhaps because of the relatively small sample
size.
Although it seems clear that the discrepancy in performance between students in the fall- and spring-semester offerings of A-I and C-I is not due to chance—and the same
may be true for the inverse effect observed in A-II and
C-II—we do not have data that would allow us to determine
the cause. Many factors might contribute 共for example, students repeating courses, advanced students preferring ‘‘offsequence’’ offerings, etc.兲, but at this point we can only
speculate on this matter.
IV. DISCUSSION
The concepts probed in this diagnostic are among the most
basic of all vector ideas. Students are assumed to have a
good understanding of them throughout all but the first week
or two of the introductory physics curriculum. Although a
very brief 共less than one lecture兲 discussion related to these
concepts is usually provided near the beginning of the firstsemester course, students often are assumed to have been
exposed to vector ideas either in their mathematics courses
or in high-school physics, with the further assumption that
very little review is needed. The emphasis of the discussion
and use of vector concepts in the college-level physics
course is decidedly on the algebraic aspects and is directed
toward calculational competence. As a consequence, graphical and geometrical interpretations of vector operations may
be somewhat neglected.
共As a point of reference on this issue, we note that of the
seven high-school physics textbooks surveyed in a recent
study,9 all but one10 cover vector concepts to some extent,
including one- and two-dimensional vector addition presented in graphical form. Most of these texts go into considerable detail. No doubt the actual extent of vector coverage
in high-school physics courses varies very widely throughout
the nation.兲
We found that a significant proportion of students in our
sample had serious conceptual confusion related to basic
vector concepts represented in graphical form, even though
surveys suggest that most of them had previous instruction in
vectors. 共More than 44% of students in our sample had taken
at least one full semester of university-level mechanics.兲
Even in the second semester of the calculus-based physics
course 共that is, C-II兲—in which students are assumed from
the very first day to have considerable expertise with vector
methods—more than one-quarter of the class could not carry
out a two-dimensional vector addition. Our data from the
second semester of the algebra-based course 共that is, A-II兲
suggest that the majority of students in the first semester of
this course 共A-I兲 never successfully mastered this operation.
This finding should have rather sobering implications for instructors who assume that, for example, students beginning
study of electric field superposition are competent with vector addition.
On many of our quiz items, improvements in student performance from first to second semester were small or practically nonexistent, indicating that little learning of the ideas
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had taken place during the first-semester course. This small
performance improvement was observed for both algebrabased and calculus-based courses. It seems that the bulk of
students’ basic geometrical understanding of vectors was
brought with them to the beginning of their university physics course and was little changed by their experiences in that
course, at least during the first semester.
It seemed clear that, although most students were unable
to solve two or more of the problems, they did have some
degree of basic knowledge which they attempted to apply to
the problems they missed. For instance, there often were efforts to apply a tip-to-tail rule or a parallelogram addition
rule which were unsuccessful due to imprecise execution.
Frequently, students did not accurately copy the magnitude
and/or the direction of the vectors they were attempting to
add. Often, they were uncertain as to which ‘‘tail’’ was supposed 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
forces. Although the word ‘‘force’’ is not used in the quiz,
many students referred to the vectors as ‘‘forces’’ and used
dynamical language to describe their thinking, such as how
one vector was ‘‘pulling’’ the other in a certain direction, or
how the ‘‘pulls’’ of two vectors would balance out. In many
cases students were able to estimate the approximate direction of a resultant without being able to give a correct quantitative answer.
It seemed to us that many of the students’ errors could
perhaps be traced to a single general misunderstanding, that
is, of the concept that vectors may be moved in space in
order to combine them as long as their magnitudes and directions are exactly preserved. We suspect that, to some extent, this misunderstanding results in part from lack of a clear
concept of how to determine operationally a vector’s direction 共through slope, angle, etc.兲
As mentioned in Sec. I, very few reports of students’ vector understanding have been published. We may make direct
comparison, however, with the results reported by Knight1
for problem 5 of his Vector Knowledge Test. This problem is
very similar to problem #5 on our own quiz. Knight found
that 43% of students in the first-quarter calculus-based
course at California Polytechnic State University, San Luis
Obispo, were able to answer that problem correctly. This
statistic may be compared to the 58% correct response rate
we observed on problem #5 in the first-semester calculusbased course 共C-I兲 at ISU. Although the difference is statistically significant it is not particularly large, and might be
accounted for by slight differences both in the test problems
and in the student populations.
Another comparison we may make is to the results reported by Kanim on a problem involving net electrical force
on a charge;11 this problem is similar to our problem #7. He
reports that 70% of students in a second-semester calculusbased course at the University of Illinois gave a correct response to that question, nearly identical to the 68% correct
response rate to problem #7 in our second-semester calculusbased course 共C-II兲. Kanim reports similar results on related
problems among students at the University of Washington
and elsewhere.
V. CONCLUSION
In previous investigations, Knight1 and Kanim2 have
documented a variety of serious student difficulties with both
N.-L. Nguyen and D. E. Meltzer
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algebraic and graphical aspects of vector concepts among
students in introductory physics courses at several institutions similar to our own. Their results and ours consistently
support a conclusion that significant additional instruction on
vectors may be needed if introductory physics students are to
master those concepts. We suspect that most instructors
would be unsatisfied with a situation in which more than half
of the students are still unable, after a full semester of study,
to carry out two-dimensional vector addition 共as we found to
be the case in the algebra-based course兲.
It is clear from our findings that many students have substantial intuitive knowledge of vectors and vector superposition, obtained to some extent by study of mechanics, and yet
are unable to apply their knowledge in a precise and therefore fruitful manner. They seem to lack a clear understanding
of what is meant by vector direction, of how a vector may be
‘‘moved’’ so long as its magnitude and direction are strictly
preserved, and of exactly how to carry out such moves by
parallel transport. Many students are confused about the tipto-tail and parallelogram addition rules.
One way in which vector addition may be introduced is
through the use of displacement vectors, because students all
have experiences that could allow understanding of how a
50-m walk to the east and subsequent 50-m walk to the north
is equivalent to a 71-m walk to the northeast. Students could
be guided to determine similar equivalent displacements—
perhaps initially by using a grid—when the component displacements are at arbitrary angles. In order to solidify the
notion of vector addition, it also would be important for students to practice applying these methods when no grid or
other means for quantitative measurement is available. Many
of the responses by students in our study 共in particular, to
problem #7兲 suggest that an ability to solve vector problems
when a grid is available do not always translate to a similar
ability in the absence of a grid. Recent interviews carried out
by our group lend support to this observation.12 We believe
that curricular materials that guide

students through a series of exercises in which they perform
vector additions and subtractions 共both with and without use
of a grid兲 may be useful in improving their understanding of
these ideas.
Further research will be needed to determine whether curricular materials based on such a strategy are effective in
improving both students’ performance on assessments such
as the quiz used in our study, and students’ ability to provide
explanations of their work with precision 共describing a
clearly delineated calculational procedure兲 and accuracy 共describing a correct calculational procedure兲. Additional research 共such as that initiated by Oritz et al.5兲 is necessary to
probe students’ understanding of more advanced vector concepts such as scalar and vector products.
As a consequence of our findings, we have increased the
amount of instructional time we devote specifically to vector
concepts. We have developed some instructional materials13
in a format similar to the problems on our diagnostic quiz,
and continue development and assessment of additional materials. Our group has carried out a preliminary series of
student interviews to shed additional light on student understanding of vector concepts. We are also extending our research to assess students’ understanding of more advanced
concepts, such as scalar and vector products, coordinate systems and rotations, etc. In addition, we are examining student understanding of vector ideas, specifically in the context
of physics concepts such as superposition of forces and
fields.
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APPENDIX: VECTOR CONCEPT QUIZ
Name:
Class:

Section:

1. Consider the list below and write down all vectors that have the same magnitudes as each other. For instance if vectors
ᠬ
ᠬ had the same magnitude, and the vectors Y
ᠬ, Z
ᠬ , and A
ᠬ had the same magnitudes as each other 共but different from W
ᠬ
W and X
ᠬ ) then you should write the following: 兩 W 兩 ⫽ 兩 X 兩 , 兩 Y 兩 ⫽ 兩 Z 兩 ⫽ 兩 A 兩 .
and X

Answer
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ᠬ . If there are none, please explain why.
2. List all the vectors that have the same direction as the first vector listed, A

Explain

ᠬ and B
ᠬ . Consider R
ᠬ , the vector sum 共the ‘‘resultant’’兲 of A
ᠬ and B
ᠬ , where R
ᠬ ⫽A
ᠬ ⫹B
ᠬ . Which of
3. Below are shown vectors A
ᠬ
ᠬ
ᠬ
ᠬ
ᠬ
the four other vectors shown 共C,D,E,F兲 has most nearly the same direction as R?

Answer

ᠬ where R
ᠬ ⫽A
ᠬ ⫹B
ᠬ . Clearly label it as the vector R
ᠬ . Explain your work.
4. In the space to the right, draw R

Explain

ᠬ and B
ᠬ . Draw a vector R
ᠬ that is the sum of the two, 共i.e., R
ᠬ ⫽A
ᠬ ⫹B
ᠬ 兲. Clearly
5. In the figure below there are two vectors A
ᠬ
label the resultant vector as R.
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ᠬ is shown that is the net resultant of two other vectors A
ᠬ and B
ᠬ 共i.e., R
ᠬ ⫽A
ᠬ ⫹B
ᠬ 兲. Vector
6. In the figure below, a vector R
ᠬ
ᠬ
ᠬ
ᠬ
ᠬ
ᠬ and R
ᠬ
A is given. Find the vector B that when added to A produces R; clearly label it B. DO NOT try to combine or add A
directly together! Briefly explain your answer.

Explain

7. In the boxes below are two pairs of vectors, pair A and pair B. 共All arrows have the same length.兲 Consider the
magnitude of the resultant 共the vector sum兲 of each pair of vectors. Is the magnitude of the resultant of pair A larger than,
smaller than, or equal to the magnitude of the resultant of pair B? Write an explanation justifying this conclusion.

Explain

Problem solutions:
1. 兩 A 兩 ⫽ 兩 E 兩 ⫽ 兩 H 兩 ⫽ 兩 I 兩 , 兩 D 兩 ⫽ 兩 F 兩 ⫽ 兩 G 兩
2. F
3. D

7. smaller than.

a兲
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Student learning of physics concepts: efficacy of verbal and written forms of
expression in comparison to other representational modes*
David E. Meltzer, Assistant Professor
Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011
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.

*Supported in part by National Science Foundation Grants DUE-#9354595, DUE-#9650754, DUE#9653079, DUE-#9981140, and REC-#0206683.

This paper appeared in Conference on Ontological, Epistemological, Linguistic and Pedagogical Considerations of Language
and Science Literacy: Empowering Research and Informing Instruction, University of Victoria, Victoria, British Columbia,
Canada, September 13, 2002; <http://www.educ.uvic.ca/faculty/lyore/sciencelanguage/>.
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'(06XSSRVHVKHLVVSHHGLQJXSDWDVWHDG\UDWHZLWKFRQVWDQWDFFHOHUDWLRQ,Q
RUGHUIRUWKDWWRKDSSHQGR\RXQHHGWRDSSO\DIRUFH"$QGLI\RXQHHGWRDSSO\
D IRUFH ZKDW NLQG RI IRUFH ZRXOG LW EH D FRQVWDQW IRUFH LQFUHDVLQJ IRUFH
GHFUHDVLQJIRUFH"





678'(17<HV\RXQHHGWRKDYHDIRUFH,WFDQEHDFRQVWDQWIRUFHRULWFRXOG
EHDQLQFUHDVLQJIRUFH







'(06KHLVVSHHGLQJXSDVWHDG\UDWHZLWKFRQVWDQWDFFHOHUDWLRQ


678'(17 &RQVWDQWO\ DFFHOHUDWLQJ" 7KHQ WKH IRUFH KDV WR EH LQFUHDVLQJ   
:DLWDPLQXWH7KHIRUFHFRXOGEHFRQVWDQWDQGVKHFRXOGVWLOOEHDFFHOHUDWLQJ



'(0$UH\RXVD\LQJLWFRXOGEHERWK"


678'(17,WFRXOGEHERWKEHFDXVHLIWKHIRUFHZDVLQFUHDVLQJVKHZRXOGVWLOO
EHFRQVWDQWO\DFFHOHUDWLQJ


'(0:KDWGRZHPHDQE\FRQVWDQWDFFHOHUDWLRQ"
678'(17&RQVWDQWO\LQFUHDVLQJVSHHGDFRQVWDQWFKDQJHLQYHORFLW\
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'(0,QHHG\RXWRH[SODLQ>)RUFH6OHG4XHVWLRQ@>7KHVOHGLVPRYLQJWRWKH
ULJKW:KLFKIRUFHZRXOGVORZLWGRZQDWDVWHDG\UDWH FRQVWDQWDFFHOHUDWLRQ "@

678'(17 >UHDGV DQVZHU VKH FKRVH@ 7KH IRUFH LV WRZDUG WKH OHIW DQG LV
GHFUHDVLQJLQVWUHQJWK,ZDVSLFWXULQJWKHVOHGDQG,ZDVWKLQNLQJWKDWLWZRXOG
WDNHOHVVIRUFHRQFHLWVWDUWHGVORZLQJGRZQ,GRQ WNQRZ

<RXZDQWLWWRVORZGRZQDWDVWHDG\UDWH6RVLQFHLW VPRYLQJWRZDUGVPHDQG,ZDQW
LWWRVORZGRZQ, PDFWXDOO\JRLQJWRKDYHWRJRZLWKLWDQG,JXHVV,ZRXOGLQFUHDVH
P\IRUFHWRVORZLWGRZQQRWGHFUHDVHLW,GRQ WNQRZ














'(0 'RHV WKH IDFW WKDW LW VD\V FRQVWDQW DFFHOHUDWLRQ GRHV WKDW KHOS \RX WR ILJXUH
WKLVRXW"

678'(172QO\LQVRIDUDVLIWKHDFFHOHUDWLRQLVFRQVWDQWWKHQWKHVORSHLV]HUR

'(07KHVORSHRIZKDW"
678'(177KHVORSHRIWKHDFFHOHUDWLRQDQGVRWKHVORSHRIWKHIRUFHLVJRLQJWREH
]HURWKH\PLUURUHDFKRWKHU7KHIRUFHLVJRLQJWREHFRQVWDQW>'UDZVJUDSKWRH[SODLQ
KHUUHDVRQLQJ@:KHQ,WKLQNRIFRQVWDQWDFFHOHUDWLRQ,WKLQNRIWKLV>KRUL]RQWDOOLQH@
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'(01RZRQWKLVRQHZH¶YHJRQHDOOWKHZD\DURXQG$WILUVW\RXVDLGOHVVIRUFHZDV
QHHGHGRQFHLWVWDUWHGVORZLQJGRZQWKHQ\RXVDLGPD\EH\RXKDYHWRLQFUHDVHWKH
IRUFH$QGQRZ\RX¶UHVD\LQJ³FRQVWDQWIRUFH´

678'(17:HOODFFRUGLQJWRZKDW,NQRZRUZKDW,WKLQN,NQRZDERXWJUDSKV,ZRXOG
VD\WKDWWKHIRUFHKDGWRUHPDLQFRQVWDQWEHFDXVHWKHDFFHOHUDWLRQLVFRQVWDQW

 $FFRUGLQJWRWKHYLVXDOLPDJH,KDYHLQP\KHDGLIDVNDWHUZDVFRPLQJWRZDUGVPH
DQG,ZDQWHGWRVORZKHUGRZQDWDVWHDG\UDWH,GRQ¶WWKLQNWKDWP\IRUFHZRXOGEH
FRQVWDQW,GRQ¶WNQRZZK\,GRQ¶WWKLQNWKDW,MXVWWKLQNLWZRXOGWDNHOHVVIRUFHWRZDUGV
WKHHQG
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Visualization Tool for 3-D
Relationships and the
Right-Hand Rule
Ngoc-Loan Nguyen and David E. Meltzer, Iowa State University, Ames, IA

T

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 concepts of torque and angular momentum, and perhaps
most prominently when studying relationships involving 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 describe a simple and inexpensive visualization tool that
may be used to help learn and work with these important rules.
Greenslade1 has described the evolution of the
modern right-hand rule from a number of mnemonic
devices that originated shortly after Oersted’s discovery 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 mnemonic 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 parTHE PHYSICS TEACHER

Vol. 43, March 2005

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 I, B, and F,
monochrome cards are completely satisfactory.

Fig. 2. The angle of the fold in the I-B-F card can vary
between 0o and 180o.

DOI: 10.1119/1.1869425
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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 180o. (If the angle exceeds 180o, 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 z
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 conjunction 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 I-B-F card to the negative sign resulting from an angle greater than 180o
between the current and magnetic-field vectors when
using the equation F = ILB sin θ.
It is easy to come up with other possible uses of a
folded index card to illustrate three-dimensional spatial relationships. Indeed, one might assign students
the exercise of devising their own methods for illustrating such relationships with the use of the cards.
We are exploring the possibility that other simple lowtech 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.

3.

Brother Columban Francis, “Vector visual aids,” Phys.
Teach. 5, 119–122 (March 1967).
4. Francis J. Wunderlich, Michael J. Hones, and Donald
E. Shaw, “Three-dimensional vector demonstrator,”
Phys. Teach. 14, 232–233 (April 1976).
5. David J. Van Domelen, “Artificial right-hand rule device,” Phys. Teach. 37, 500–501 (Nov. 1999).
6. It is interesting to compare this card to a device developed by Roget to achieve a similar objective. It was described by Noad in an early textbook and is illustrated
in the article by Greenslade (Ref. 1, Fig. 3): Henry M.
Noad, A Manual of Electricity (Lockwood and Co.,
London, 1859), p. 643.
PACS codes: 01.50Fa, 01.50Fb, 01.50M
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Relation between students’ problem-solving performance
and representational format
David E. Meltzera)
Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011

共Received 15 August 2003; accepted 7 January 2005兲
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 instruction. © 2005 American
Association of Physics Teachers.

关DOI: 10.1119/1.1862636兴

I. INTRODUCTION
This paper reports on the initial phase of an investigation
into the role of diverse representations in the learning of
physics concepts. The goal is to explore the relation between
the form of representation of complex concepts, and students’ ability to learn these concepts. Much previous research has shown that the use of multiple forms of representation in teaching concepts in physics has great potential
benefit, and yet poses significant challenges to students and
instructors.1,2 Facility in the use of more than one representation deepens a student’s understanding, but specific learning difficulties arise in the use of diverse representations.3
By representation I mean any of the widely diverse forms
in which physical concepts may be understood and communicated. In Appendix A I show an example of the use of four
representations for what is essentially the same problem. The
representations are referred to here as verbal (V), diagrammatic (D), mathematical/symbolic (M ), and graphical (G),
corresponding to questions 1– 4, respectively.4 Although
these questions are nearly identical and illustrate four different ways of representing the same concept, to an introductory student they might appear very different. It often is assumed by instructors that a representation which they find
especially clear and comprehensible 共for example, a graph兲
also will be especially clear for the average student. Research
and experience shows that this assumption often is not
correct,3 but relatively little work has been devoted to testing
it systematically. In this paper I will discuss a variety of
methods of investigating how specific representations may
463
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be related to student thinking, and I will analyze classroom
data to generate some preliminary hypotheses regarding this
relation.
II. THE ROLE OF MULTIPLE REPRESENTATIONS
IN STUDENT LEARNING OF PHYSICS
A. Outline of previous research
There is no purely abstract understanding of a physical
concept—it is always expressed in some form of representation. Physical scientists employ a variety of representations
as a means for understanding and working with physical systems and processes.5–9 In many recently developed curricular
materials in physics1,2,10–16 and chemistry,17 there has been
much attention to presenting concepts with a diversity of
representations. Van Heuvelen was one of the earliest to emphasize the potential benefits of this instructional strategy in
physics.1 Numerous physics educators have stressed the importance of students developing an ability to translate among
different forms of representation of concepts,1,3,18 –22 and researchers in other fields have stressed similar themes.23–27
Moreover, it has been pointed out that thorough understanding of a particular concept may require an ability to recognize and manipulate that concept in a variety of
representations.2,3
It is well established that specific learning difficulties may
arise with instructional use of diverse representations.3 Student difficulties in mastering physics concepts using graphical representations have been studied in considerable detail
and specificity for topics in kinematics.18,28 –30 These studies
and other related work in mathematics education31 have delineated several broad categories of conceptual difficulties
with graphs. Conceptual difficulties related to diagrammatic
© 2005 American Association of Physics Teachers
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representations of electric circuits and fields have been
addressed,32 as have those in optics.33 Difficulties arising
from linguistic ambiguities 共verbal representation兲 also have
been explored.34 Specific representational difficulties in
chemistry education, largely parallel to similar issues in
physics education, also have been investigated.35,36

must be kept in mind that they are not identical, and that the
connection between the two in the context of multiple representations must be explicitly investigated.
III. COMPARISON OF STUDENT PERFORMANCE:
VERBAL VERSUS DIAGRAMMATIC VERSION
OF NEWTON’S THIRD-LAW QUESTION

B. Research issues related to multiple representations
A. Description of questions
Beyond the investigations in the literature cited, there are
few available research results that focus on problems that
arise in the learning of physics concepts with multiple forms
of representation. As McDermott has emphasized, there is a
need to identify the specific difficulties students have with
various representations.3 I suggest that additional insight
might result from investigations that explicitly compare
learning in more than one form of representation. Although a
number of recent investigations in science education and
other fields have focused on broader issues involved in student learning with diverse representations,37,38 there seems to
have been relatively little effort to compare representations
in terms of their pedagogical effectiveness in particular
contexts.39
A closely related issue is that of students’ relative performance on similar problems that make use of different representational forms.21,26,29,40,41 In this regard, Kozma42 and
Kozma and Russell26 have reported on the relative degree of
difficulty encountered by novice students presented with a
chemistry problem posed in various representations. Among
physics and chemistry educators, there has been speculation
regarding the role that students’ individual learning styles
might play,43 and the possible relevance of gender
differences35,40 and spatial ability.44
The present investigation focuses on specific issues arising
when multiple representations are utilized in undergraduate
physics instruction. Ultimately, the issues we plan to investigate include the following:
共1兲 What subject-specific learning difficulties can be identified with various forms of representation of particular
concepts in the introductory physics curriculum?
共2兲 What generalizations might be possible regarding the
relative degree of difficulty of various representations in
learning particular concepts? That is, given an average
class engaging in a typical sequence of instructional activities, do some forms of commonly used representations engender a disproportionately large number of
learning difficulties?
共3兲 Do individual students perform consistently well or
poorly with particular forms of representation with
widely varying types of subject matter?
共4兲 Are there any consistent correlations between students’
relative performance on questions posed in different representations and parameters such as major, gender, age,
and learning style?
Preliminary results regarding these issues will be presented in this paper. The analysis and discussion are based on
five years of classroom data, generated during the initial
stages of an investigation into these issues. Ultimately, our
goal is to investigate the relative effectiveness of various
representations in learning; however, the initial data discussed in this paper will focus on student performance. Although these objectives are presumably closely related, it
464

Am. J. Phys., Vol. 73, No. 5, May 2005

Two very similar questions related to Newton’s third law
were used to probe possible differences in students’ interpretation of and performance on questions posed in different
representational formats. The two questions are shown in
Fig. 1共a兲; they were part of an 11-item quiz on gravitation,
and they are numbered here according to their position on
the original quiz. Question 1 is posed in a verbal (V) representation. Question 8 is posed in a diagrammatic (D) representation, making use of vector diagrams.
The quiz containing these questions was administered on
the second day of class in a second-semester, algebra-based
general physics course at Iowa State University. This quiz
was administered in courses offered during five consecutive
years, 1998 –2002, during the fall semester. All students had
completed the equivalent of a one-semester course focusing
on mechanics, and had previous instruction related to Newton’s laws with vector representations. Most took a traditional first-semester course.
The quiz did not count for a grade; students were told that
it was given to help assess their level of preparation on topics
that would be needed in subsequent class discussions. I will
refer to this quiz as the gravitation pretest, because a second
version of the same quiz was administered to the students
after instruction had taken place.
B. Results
The responses to the gravitation pretest are shown in Table
I.45 Responses varied from year to year, with the percentage
of correct responses ranging from 10% to 23% on question 1
共overall average: 16% correct, N⫽408兲 and 6% to 12% on
question 8 共overall average: 9% correct兲. This low proportion
of correct responses to a Newton’s third-law question is consistent with previous research on traditional courses regarding students’ belief that unequal masses in an interacting pair
exert forces of unequal magnitude. It is related to a general
view referred to as the ‘‘dominance principle.’’ 46 There are
two interesting and consistent discrepancies between the responses to the two questions: the significantly lower correctresponse rate on the diagrammatic question 共p⫽0.03 according to a two-sample t-test兲, and the far greater popularity on
this question of a response that could be interpreted as a
‘‘larger mass exerts a smaller force’’ conception 共response A
on question 8, responses D and E on question 1兲.
The first row of Table II shows the ratio of the number of
correct responses on question 8 to that on question 1. It is
particularly striking that although the proportion of correct
responses 共response C on both questions兲 varied substantially
from year to year, the ratio of correct responses on one question relative to the other in a particular year is nearly constant. The range is 0.45–0.60 共the overall average is 0.53兲, a
33% variation that contrasts with the more than 200% yearto-year variation in the correct-response rate itself. These
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Fig. 1. Questions on the gravitation quiz: 共a兲 gravitation pretest questions 1 共verbal representation兲 and 8 共diagrammatic representation兲; 共b兲 gravitation
posttest question 1. The posttest version of question 8 was unchanged from the pretest.

questions also were given once 共in spring 2000兲 in the
second-semester calculus-based general physics course. Although the correct-response rate was far higher on both questions in this course 共62% on V, 38% on D), the ratio of the
correct responses on D compared to V was consistent with
the results from the algebra-based course 共see the final column of Table II兲.
The proportion of students giving the response corresponding to ‘‘larger mass exerts a smaller force’’ 共response
A兲 on the D question also is consistently far higher than on
the V question, as shown by the second row in Table II.
Overall, this response accounted for only 5% of all responses
to the V question, but 41% of those to the D question. On the
gravitation pretest, those who correctly answered C on the V
question were divided on their responses to the D question:
41% answered it correctly 共response C兲, but nearly all others
gave either response A 共larger mass exerts a smaller force兲 or
B 共larger mass exerts a larger force兲, in almost equal numbers. This equally divided response pattern paralleled the be465
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havior of the majority who had answered the V question
incorrectly. Of all incorrect responses on the D question,
45% were A and 53% were B.
A posttest version of the gravitation quiz was administered
approximately one week after the pretest. The posttest version of question 1 is shown in Fig. 1共b兲; question 8 was
unchanged from the pretest. The posttest was a graded quiz.
The instruction that occurred between the pre- and posttests
was based on interactive-engagement methods16 and was
used to lead in to a discussion of electrical forces and fields.
The overall error rate on the posttest 共N⫽400兲 dropped to
6% on V 共range: 5%– 8%兲, but only to 20% on D 共range:
14%–25%兲. Even after substantial improvement in the overall correct-response rate, the significantly higher error rate on
the D question persisted. Again, the errors on the D version
of the question were split between the ‘‘larger mass exerts a
smaller force’’ response A 共25% of incorrect responses兲 and
the more popular ‘‘larger mass exerts a larger force’’ response B 共75% of incorrect responses兲. This preference for B
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Table I. Responses to questions 1 and 8 on the gravitation pretest. For
question 1, ‘‘larger’’ refers to responses A and B, ‘‘the same’’ refers to
response C, and ‘‘smaller’’ refers to responses D and E. An asterisk 共*兲
denotes the correct answer. The rate of correct responses fluctuates significantly from year to year, but the ratio of correct responses 共on question 1
versus question 8兲 is nearly constant.

contrasted with the much more even split observed on the
pretest.47 A large majority 共81%兲 of the incorrect responses
on the V posttest question were for response E, corresponding to the smaller mass exerting the smaller force. Therefore,
among students who responded incorrectly, the preference
for a response consistent with the dominance principle
共larger mass exerts a larger force兲 was unchanged from the
pretest.
In 2002, a pair of questions nearly identical to questions 1
and 8 in Fig. 1 was placed on the final exam of the course
共see Fig. 2兲. These questions48 changed the context to electrostatics, one of the major topics covered in the course. On
the D question, students were required to explain their answer. The error rate on these questions was 9% on V and
14% on D (N⫽70). Again the errors on D were split almost
evenly between responses A and B. Most of the written explanations for these incorrect responses were clearly consisTable II. Comparison of responses on gravitation pretest: diagrammatic (D,
question 8兲 versus verbal (V, question 1兲. First row: ratio of number of
correct 共C兲 responses on D to number of correct 共C兲 responses on V; fluctuations are in a relatively narrow range. Second row: ratio of number of
‘‘smaller than’’ 共A兲 responses on D to number of ‘‘smaller than’’ 共D and E兲
responses on V; ratios are much greater than one, implying a consistent
response discrepancy. Data for algebra-based second-semester general physics course 共1998 –2002兲 are shown. The final column shows data for a
calculus-based second-semester general physics course 共spring 2000兲, which
are in good agreement with those for the algebra-based course.

Ratio of
correct on D/
correct on V
‘‘smaller’’ on D/
‘‘smaller’’ on V

466

1998

1999

2000

2001

2002

Calculus-based
course 共2000兲
N⫽240

0.45

0.60

0.59

0.50

0.50

0.61

8

8

11

5

18

26
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tent with a belief that the larger-magnitude charge exerts the
greater-magnitude force, including 80% of the explanations
given by those who had chosen response A for this question,
that is, the diagram consistent with the smaller force being
exerted by the larger charge. An example of an explanation
given to justify choice A is that ‘‘Opposite charges attract.
Since q 1 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
共smaller mass exerts a larger force兲 on question 8 of the
gravitation quiz was due to students’ confusion about
whether the arrow in such diagrams represents the force exerted on or the force exerted by the object.
There also were several students who gave a correct response on the V question, but an incorrect response on the D
question, and whose explanations were consistent with the
dominance principle. This pattern is consistent with the observation that almost 60% of those who gave the correct
response to the V question on the gravitation pretest from
1998 to 2002 did not correctly answer the D question, but
instead gave an A or B response consistent either with the
dominance principle or its opposite.
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
both tests. A representation-related error refers either to a
correct answer on only one of the two (D and V) questions
in the pair, or incorrect but inconsistent answers on both
questions, such as B on 1 and A on 8. This observation is
consistent with results regarding the consistency of students’
responses, as will be discussed further in Sec. IV.

IV. MULTI-REPRESENTATIONAL QUIZZES:
COMPARISON OF RESPONSES ON DIVERSE
REPRESENTATIONS
A. Background
Two additional quizzes were designed to incorporate questions posed in the four representations described in the Introduction. 共Note that in this context, ‘‘graphical’’ refers to bar
charts and not to line graphs.兲
The first quiz 共Appendix A, Coulomb quiz兲 required students to find the magnitude of the electrostatic force between
two interacting charges, given the initial force and the initial
and final separation distances. This quiz was administered
midsemester and counted toward students’ grades. The second quiz 共Appendix B, circuits quiz兲 involved a comparison
of two different two-resistor direct-current circuits, one series and one parallel. The two circuits utilize batteries of the
same voltage, but the individual resistances are different.
Students were required to determine whether the current
through a specified resistor in the parallel circuit is greater
than, equal to, or less than the current flowing through a
specified resistor in the series circuit. This quiz also was
administered midsemester, during 1998 –2002.
The intention was to make the four questions on each quiz
as nearly equal in difficulty to each other as possible. For
example, the separation ratios in the Coulomb quiz 共larger
separation distance divided by smaller separation distance兲
are all small integers 共2, 4, and 5兲, and all five answer options correspond to the same set of choices, that is, the force
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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 separation
ratio or the separation ratio squared, or no change. It is important to emphasize that by the time these quizzes were
administered, the students had had extensive exposure to and
practice with various questions and problems utilizing all
four representations on many quizzes, exams, and homework
assignments.

B. Common errors on Coulomb quiz and circuits quiz
On the Coulomb quiz, the most common error by far was
the assumption that the electrical force was proportional to
1/r, instead of 1/r 2 . This error corresponded to the response
sequence B, B, D, D on questions 1– 4, respectively. The
proportion of all incorrect responses represented by this error
was 74%, 62%, 51%, and 50%, respectively. Very few of the
incorrect responses corresponded to the ‘‘no change’’ answer
with the exception of question 2. On this question 共the D
version兲, the ‘‘no change’’ response C represented 16% of all
incorrect responses. Interview data and informal discussions
with students indicated that they sometimes overlooked the
467
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fact that in this question, the separation between the charges
has been changed in the diagram on the right.
In 2001 non-multiple-choice variants of the D and M
questions on the Coulomb quiz were given as part of a
follow-up quiz 共see Fig. 3兲. On this quiz, students were required to explain their answers to the D question. The nearly
identical error rates on these questions 共28% and 25% on D
and M , respectively, disregarding explanations; N⫽75) were
approximately double those on the earlier multiple-choice
quiz 共15% and 13%, respectively兲. The ‘‘1/r’’ error continued to represent the majority of incorrect responses, which
was consistent with students’ written explanations and algebraic work. The proportion of incorrect responses represented by this error on the follow-up quiz 共76% for D, 58%
for M ) was comparable to that observed on the initial quiz in
2001 共64% for D, and 80% for M ).
It appeared that many students who had not made the 1/r
error on the original quiz did make this error on the
follow-up quiz on one or another of the two questions. There
was no clear pattern which would suggest that their error was
due specifically to the form of representation. The number of
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Fig. 3. Non-multiple-choice versions of diagrammatic and mathematical questions on the Coulomb quiz, administered as part of a follow-up quiz in 2001;
numbered according to their position on the quiz.

students who switched from correct on D 共on the initial quiz兲
to incorrect 共on the follow-up quiz兲 was exactly the same as
the number who switched from correct to incorrect on M ,
and the proportion who moved in the other direction—from
incorrect to correct—was almost identical in the two representations. Of the students who made errors on the follow-up
quiz, only 28% made consistent errors on both D and M
questions 共for example, making the 1/r error on both兲, while
most 共62%兲 made errors on only one of the two questions.
On the circuits quiz 共Appendix B兲, the most common incorrect response corresponded to greater current flowing
through the resistor in the series circuit 共it has the smaller of
the two resistances in three of the four questions兲, instead of
the one in the parallel circuit. The proportion of all incorrect
responses represented by this error was 88%, 89%, 79%, and
67%, respectively, on questions 1– 4. The ‘‘equal currents’’
response 共response B in all cases兲 represented 8%–15% of
the incorrect responses on questions 1–3, but 30% on question 4. This difference might be due to the fact that in contrast to questions 1–3, the parallel and series resistors whose
currents are being compared in question 4 are shown to be of
equal resistance 共instead of the parallel resistance being
greater兲. This response pattern might imply the existence of a
nonrepresentational artifact in the data.
The diagrams, algebraic work, and other notations written
on students’ papers were scrutinized carefully to ascertain
why some students made an error on one or two questions,
and yet did not do so on other questions on the same quiz.
No pattern could be determined—the errors appear to occur
almost randomly. This finding was consistent with observations made of students’ work on all instruments employed in
this study. In a further attempt to probe for any possible
representation-related learning difficulties, students’ responses to the quiz questions were subjected to considerable
additional statistical analysis as will be described in the following.
468
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C. Error rates
One question of interest is whether, on average, students
find particular representations more difficult than others. The
error rates for each question on the Coulomb and circuits
quizzes are shown in Table III. There were no blank responses. ‘‘Any Error’’ refers to students who made errors on
one or more of the questions on a given quiz, with the following exception: Students who gave four incorrect answers
that were clearly consistent with each other were not counted
in the ‘‘Any Error’’ statistic. Such a set of responses was, for
instance, B, B, D, D on the Coulomb quiz, because each of
these corresponded to an answer that assumed F⬀1/r 共instead of F⬀1/r 2 ). Such a set of consistent responses gives no
evidence of any confusion related strictly to the representation.
The error rates are low; 31% is the highest rate observed
on any of the quiz questions in any one year, and the yearto-year fluctuations are substantial. The error rates on the
circuits quiz are much higher than those on the Coulomb
quiz. However, the mean error rates of different representations on the same quiz differed only slightly. Moreover, the
relative ranking of the four representations with respect to
error rate varied from year to year, and varied between the
two quizzes in the same year. No one representation yielded
the highest error rate consistently for all five years on either
quiz.
Statistical comparisons were made between representations using a paired two-sample t-test49 in which the error
rates on, for instance, the V question on the Coulomb quiz
were compared to those for the D question on the same quiz,
for the sample of five pairs of error rates, one pair for each
year. Of the 12 possible comparisons, that is, V versus D, V
versus M , V versus G, D versus M , D versus G, and M
versus G 共all six on each quiz兲, only one difference between
David E. Meltzer

468

153
Table III. Error rates on multi-representational quizzes, in percent; the proportion of all students giving incorrect 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; ‘‘Mathematical’’ 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 other 共see text兲. Error rates in the ‘‘Average’’ row were calculated from cumulated total
errors 共1998 –2002兲 divided by the 5-year total number of students.
All
students

N

Verbal

Diagrammatic

Mathematical

Graphical

Any Error

Coulomb
quiz

1998
1999
2000
2001
2002
Average

71
91
79
75
67

4
11
14
12
15
11

7
15
11
15
16
13

10
18
10
13
24
15

14
21
11
23
19
18

24
30
24
35
33
29

Circuits
quiz

1998
1999
2000
2001
2002
Average

68
88
68
75
63

24
22
15
19
22
20

18
18
19
24
13
19

28
22
15
24
13
20

31
31
18
24
19
25

49
53
31
48
32
43

the means was statistically significant at the p⫽0.05 level
according to a two-tailed test. This difference was on the
Coulomb quiz, D versus G (p⫽0.03).
The discrepancy that appears to be most consistent is that
between the error rates on G and those on V, D, and M . The
overall error rates on G, on both quizzes, are 5% higher than
the combined V-D-M mean error rates on the respective
quiz, while the differences among the mean error rates on V,
D, and M are all ⭐4%. This will be discussed further in
Sec. V below.

D. Confidence levels
I attempted to assess students’ confidence in their use of
the various representations. Each question had an extracredit option that allowed students with high confidence in
the correctness of their response to gain additional points for
a correct answer 共see Appendices A and B兲. If this option is
chosen, a correct answer is credited with 3.0 points instead of
the 2.5 points it would be worth normally. However, there is
a substantial penalty for an incorrect response. Instead of an
incorrect answer being worth zero points, it is worth ⫺1.0
points; that is, a deduction is taken from the student’s total

score. I analyzed students’ responses on the extra-credit option to gauge their confidence with the various representations.
Students who gave a correct response but did not choose
the extra-credit option are defined as giving a ‘‘lowconfidence correct’’ response. This response suggests that although the student is able to find a correct answer, they lack
full confidence in the correctness of their response. In Table
IV, low-confidence correct responses are tabulated for each
question on each quiz.
On both quizzes, the proportion of low-confidence correct
responses on the V question is lower than that on the three
other questions on the same quiz. The differences are not
large, and so I tested the significance of the differences between low-confidence correct response rates on the V questions and those on the D, M , and G questions by employing
a paired t-test. Each sample consisted of the five pairs 共one
for each year兲 of the error rates on the V question, and either
the D, M , and G question, respectively, for a total of six
comparisons 共three for each quiz兲. The difference between
the means was found significant at the p⭐0.01 level 共onetailed test兲 for the V-D and V-G comparison on the Coulomb quiz, and p⭐0.05 for the V-M and V-G comparison

Table IV. Correct but low-confidence responses: the proportion of students giving correct response but not
choosing extra-credit option.

469

1998 –2002

Verbal

Diagrammatic

Mathematical

Graphical

Coulomb
quiz

Number correct
Low-confidence correct

340
17%

333
24%

326
22%

315
24%

Circuits
quiz

Number correct
Low-confidence correct

289
33%

295
37%

288
41%

272
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 representations 共combined for both quizzes兲 were part of a repeat-error pair 共see text兲. 共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 tabulation.兲

2000
2001
2002

N

Errors on one
quiz only
共no repeat errors兲

Errors on both
quizzes but
no repeat errors

Errors on both
quizzes, but
⭐50% repeat errors

Errors on both
quizzes,
⬎50% repeat errors

23
44
26

78%
73%
77%

9%
7%
12%

9%
14%
8%

4%
7%
4%

on the circuits quiz. Corresponding values for the remaining
comparisons were p⫽0.10 (V-M on the Coulomb quiz兲, and
p⫽0.12 (V-D on the circuits quiz兲. These results suggest
that students had slightly greater confidence when responding correctly to questions posed in the V 共‘‘words only’’兲
representation on these two quizzes. In comparison, among
students responding incorrectly, lower-than-average confidence was associated with D and M responses on the circuits
quiz.

E. Consistency of students’ error
To explore whether a given student consistently made errors with the same form of representation, a subset of the
data was examined in more detail. For the years 2000, 2001,
and 2002, a tabulation was made of students who took both
quizzes and made one, two, or three errors on at least one
quiz. When students made four errors, there is no direct evidence as to whether they have—or have not—made a
representation-related error 共in contrast to a physics error兲.

Table VI. 共a兲 Error rates on multi-representational quizzes, in percent; male students only. 共b兲 Error rates on
multi-representational quizzes, in percent; female students only.
N

Verbal

Diagrammatic

Mathematical

Graphical

Any Error

共a兲

Males

Coulomb
quiz

1998
1999
2000
2001
2002
Average

27
36
32
30
30

7
6
13
10
17
10

7
11
16
10
10
11

7
11
9
10
30
14

11
11
13
10
20
13

26
14
22
31
30
24

Circuits
quiz

1998
1999
2000
2001
2002
Average

27
35
29
28
28

26
9
14
18
14
16

11
14
14
21
11
14

33
14
14
21
14
19

33
29
21
14
11
22

52
49
31
43
29
41

共b兲

Females

Coulomb
quiz

Circuits
quiz

470

1998
1999
2000
2001
2002
Average

44
55
47
45
37

2
15
15
13
14
12

7
18
9
18
22
14

11
22
11
16
19
16

16
27
11
31
19
21

23
40
26
38
35
32

1998
1999
2000
2001
2002
Average

41
53
39
47
35

22
30
15
19
29
23

22
21
23
26
14
21

24
26
15
26
11
21

29
32
15
30
26
27

46
57
31
51
34
45

Am. J. Phys., Vol. 73, No. 5, May 2005

David E. Meltzer

470

Therefore, students who made four errors on either quiz 共a
very small proportion of students overall兲 are not counted in
this tabulation. In contrast, students who gave four incorrect
but consistent responses on a particular quiz were not
counted as having made any errors on that quiz for the purposes of this analysis. These data are shown in Table V. A
‘‘repeat’’ error refers to an error on both quizzes for questions in a particular representation. If students made errors on
V, D, and M on one quiz and D, M , and G on the other,
50% of their errors 共two 关 D,M 兴 out of four 关 V,D,M ,G 兴 ) are
considered to be repeats. The statement ‘‘⭐50% repeat errors’’ in Table V indicates that half or fewer of all incorrectly
used representations were part of a repeat-error pair.
The results of the three years are very consistent: most
students made errors on one quiz only. Of those who made
errors on both quizzes, most did not repeat the same error.
That is, they did not make two errors using the same representation. If they did repeat an error, half or fewer of their
representation errors were repeated. These data do not support the hypothesis that students tend to err consistently in
one or another representation.

V. GENDER-RELATED DIFFERENCES
In Table VI, error rate data are shown for male, Table VI
共a兲, and female, Table VI 共b兲, students. This breakdown allows us to test for possible gender-related differences. We
see that the mean error rates 共average values, all years combined兲 for the female students are higher than those of the
males, on all questions on both quizzes. In most cases, the
male-female difference is relatively small. To gauge the statistical significance of the differences, a paired t-test was
carried out separately for each question on each quiz, where
each sample consisted of five pairs of values 共male error rate,
female error rate兲, one pair for each year.49 This test also was
done for the ‘‘Any Error’’ rate. Of these ten cases, the only
difference in the mean error rate significant at the p⫽0.05
level with a two-tailed test was the D question on the circuits
quiz 共male: 14%, female: 21%, p⫽0.008). Due to the low
statistical power of a test with a sample of only five pairs,
and in view of the consistency of the observed male–female
error rate difference, it may be more appropriate to use a p
⭐0.10 criterion and apply a one-tailed test. Two additional
cases met that criterion: Coulomb quiz, G question 共male:
13%, female: 21%, p⫽0.08), and Coulomb quiz, any error
共male: 24%, female: 32%, p⫽0.09).
A noticeable contrast between the Table VI and Table III
data is that the difference among the male students between
the G error rate on the Coulomb quiz 共13%兲 and the mean
combined V-D-M error rate on the same quiz 共12%兲 is much
smaller than the corresponding difference in the ‘‘all students’’ sample 共Table III兲. In contrast, a sizeable difference
still exists for the female students (G: 21%; V-D-M : 14%兲.
This observation suggests that the larger error rate on G
共relative to V-D-M ) in Table III is primarily due to the female students. It is not as clear whether this pattern may be
true for the circuits quiz as well, for here a discrepancy is
still present for males (G: 22%, V-D-M : 16%兲, as well as
for females (G: 27%, V-D-M : 22%兲.
To examine this question more closely, I did three statistical tests. To probe the statistical significance of the obser471

Am. J. Phys., Vol. 73, No. 5, May 2005

155
vation that the G error rates are higher than V, D, or M error
rates on the same quiz during the same year, I employed a
Wilcoxon sign rank test.50 This is a nonparametric test that
does not depend on the shape of the distribution of sample
values, and thus is less sensitive to deviations from normality
in the data sample. In this test I considered all pairwise comparisons between the G error rate and the V, D, and M error
rates, respectively, on a given quiz for a given year. This
procedure yielded 15 comparisons on each quiz 共three for
each year兲, both for males and females. For instance, for
male students on the Coulomb quiz, the G-V, G-D, and
G-M pairs for 2000 were 共0.13, 0.13兲, 共0.13, 0.16兲, and
共0.13, 0.09兲. For female students during the same year, the
pairs were 共0.11, 0.15兲, 共0.11, 0.09兲, and 共0.11, 0.11兲. The
four samples and their resulting p values 共for a two-tailed
test兲 are Coulomb-male, p⬎0.10; Coulomb-female,
p⬍0.01; Circuits-male, p⬎0.10; and Circuits-female,
p⬍0.02; each sample consisted of 15 pairs of values. These
results suggest that the error rates for females might be
higher on G questions than on V-D-M questions.
A paired two-sample t-test was used to make a full set of
12 interrepresentation comparisons, separately for males and
females. There were six on each quiz, that is, V versus D, V
versus M , V versus G, D versus M , D versus G, and M
versus G. Each sample consisted of five pairs of values, one
for each year. No interrepresentation differences were found
to be significant at the p⫽0.05 level using a two-tailed test.
Several comparisons were significant at the p⭐0.10 level
using a one-tailed test; all p values corresponding to the
one-tailed test are shown in Table VII.

Table VII. p values for statistical tests 共one-tailed test兲 of the significance of
differences between mean error rates on questions from the same quiz posed
in different representations. The paired t-test and the test for correlated
proportions are described in the text. These p values represent the probability that differences in mean error rates equal to or larger than those actually
observed 共but with the same sign兲 would occur in an ensemble of paired
random samples of the same size, drawn from an infinitely large population
in which the true difference in mean error rates is zero.
Coulomb quiz

Circuits quiz

Paired
t-test

Correlated
proportions

Paired
t-test

Correlated
proportions

Females

G versus V
G versus D
G versus M
V versus D
V versus M
D versus M

0.04
0.05
0.07
0.15
0.08
0.26

0.001
0.02
0.04
¯
0.08
¯

0.12
0.10
0.03
0.34
0.29
0.42

¯
0.05
0.07
¯
¯
¯

Males

G versus V
G versus D
G versus M
V versus D
V versus M
D versus M

0.04
0.20
0.40
0.43
0.17
0.29

0.23
¯
¯
¯
¯
¯

0.14
0.12
0.31
0.32
0.04
0.15

¯
¯
¯
¯
0.18
¯
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To examine these possibly significant comparisons more
closely, a test for the difference between correlated proportions was applied.51 With this method a test statistic z is
calculated by comparing, for instance, the number of students 共all five years兲 who were correct on the G question but
incorrect on the V question (CGV) to those who were incorrect on the G question but correct on the V question (CVG).
After applying a continuity correction,52 we have z⫽( 兩 CGV
⫺CVG兩 ⫺1)/(CGV⫹CVG) 0.5. The calculated p values resulting from this statistic are shown in Table VII for those pairs
that met the p⭐0.10 criterion on the t-test.
Even with this wealth of statistical data, the conclusions
remain ambiguous. However, the various results support the
hypothesis that there is a discrepancy between the male and
female students regarding the relative error rates on G questions in comparison to V-D-M questions, at least on the
Coulomb quiz. On this quiz, the female students did more
poorly on G questions in comparison to V-D-M questions,
whereas the male students did not, or at least not as much.
There also was support 共noted above兲 for the hypothesis that
female students perform more poorly on the diagrammatic
question on the circuits quiz, in comparison to male students.
Because the male and female students in this study received
identical instruction, these results are potentially significant.

VI. DISCUSSION

larger 共smaller兲 force’’ response 共described below兲 is one that
characterizes a sizeable fraction—perhaps more than a
third—of this population.
It was observed that response A on the diagrammatic question 8 of the gravitation quiz—what we call an ‘‘antidominance principle’’ response 共larger mass exerts a smaller
force兲—represents more than 40% of responses to this question, while the corresponding D and E responses on the verbal question 1 represent only 5% of all responses to this
question. The implication is that many students have an incorrect understanding of vector arrow conventions, that is,
the arrow whose tail is attached to an object represents the
force that is exerted on that object, not by it. This implication
is strongly supported by the written explanations offered by
students on the 2002 final exam questions.56
These observations are intriguing and important, and yet
leave unanswered questions. What is still unclear is the precise nature of students’ thinking that leads some to answer
that the gravitational forces exerted by the sun and earth on
each other are of equal magnitude, and yet moments later to
select a vector diagram in which the interaction forces of
earth and moon are clearly not the same. Similarly, the details of students’ thinking regarding the representation of
forces exerted on or by an object are not well understood. It
is 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
of confusion introduced by the diagrammatic representation.
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 diagrammatic versions of the Newton’s third-law question. Although the correct-response rate on the pretest version of the
two questions varied substantially from year to year, the rate
of correct responses on the diagrammatic version was never
greater than 60% of that on the verbal version. A substantial
majority 共59%兲 of students who correctly answered the verbal version gave an incorrect response on the diagrammatic
version. In the latter context they were influenced by the
dominance principle that had not, apparently, determined
their response to the verbal version. Written explanations on
the electrostatic version of these questions on the 2002 final
exam are consistent with this interpretation, although they do
not directly support it.53 共It is notable, however, that of the
students who correctly answered the diagrammatic version of
this question on the pretest, only 23% gave an incorrect response to the verbal version on the same test.兲
Over the five years of this study, 59% of students who
answered the Newton’s third-law pretest question with a correct ‘‘equal-force’’ response on the verbal representation
gave an ‘‘unequal-force’’ response on the diagrammatic representation. Yet the total number of such students is relatively small in comparison to the size of the full sample since
only 16% of all students gave a correct response on the verbal pretest question. This discrepancy in response rates demonstrates how sharply divergent students’ responses may be
in different contexts54—even when the context is merely a
different representation accompanied by slightly different
wording.55 However, this particular divergence is not representative of a large fraction of the student population. In
contrast, the error corresponding to the ‘‘larger mass exerts a
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B. Multi-representational quizzes
The mean error rates on the Coulomb and circuits quizzes
were consistently low 共below 30% on each question兲, and
year-to-year variations were high 共up to 400%兲. These facts
imply that statistical conclusions from this data set will have
limited reliability. In particular, it would not be reasonable to
generalize conclusions from these data to problem sets of
significantly greater difficulty without further investigation.
Most students in this data sample did not make errors on the
test questions; therefore, one could argue that the interrepresentational competence of a substantial fraction of the population sample was not directly probed by these instruments.
More difficult test questions 共including non-multiple-choice
items兲 that could probe a larger fraction of the population
sample might yield conclusions that are different than, and
even contradictory to, those discussed here.
Most students in this sample did not show a pattern of
consistent representation-related errors on the multirepresentational quizzes. The specific physics errors made by
students were quite consistent; as discussed in Sec. IV, a
large proportion of incorrect responses were concentrated on
just one conceptual error on each quiz. However, the typical
student made errors on only one or two questions 共or none兲,
and gave correct answers on the other questions. They typically did not make an error with the same representation on
both quizzes, and this pattern of no repeat errors was consistent with results on the Newton’s third-law questions discussed in Sec. III. The precise trigger that led a student to
make a ‘‘standard’’ physics error when using one particular
representation on a particular quiz—and not with any other
David E. Meltzer
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representations, nor on a follow-up quiz—is unclear, and appeared to be almost random, both for individual students and
for the students as a whole. On the Coulomb questions in
2001, for example, the number of students getting a D question incorrect later in the semester 共after they had already
answered it correctly earlier in the semester兲 was exactly
matched by the number of students displaying the same pattern with the M questions. 共See Sec. IV B兲.
There is evidence for slightly higher confidence rates on
the verbal questions. This finding might surprise some, because many physics instructors would find the verbal version
of the quiz questions to be awkward to interpret and analyze,
in comparison to the D, M , and G versions based on very
familiar and long practiced representations. This result suggests that the instructor’s view of the ease or difficulty of a
particular representation in a particular context might
not match the views of a large proportion of students. The
results of previous investigations regarding student understanding of kinematics diagrams18,28 –30 are consistent with
this inference.
C. Gender differences
On the multi-representational quizzes, there is evidence
that student performance on the G questions was slightly
inferior to that on the V, D, and M questions. However, this
evidence is strong only for female students on the Coulomb
quiz. The poorer performance on G questions might be ascribed to less familiarity and practice with this representation. However, the instruction for both females and males
was identical, and the relatively poorer performance by females on the G questions, at least on the Coulomb quiz,
suggests a genuine performance discrepancy between the
genders in the larger population. Whether this discrepancy
may be due to different degrees of previous experience with
G representations or some other cause is a matter for speculation. Similarly, the substantial evidence for poorer performance by females on the circuit-diagram question (D question; female error rate⫽21%; male error rate⫽14%) cannot
be explained based on available information. The slightly
higher error rates by females overall, in comparison to males,
are not statistically significant for the most part.57

was substantial evidence that females had a slightly higher
error rate on graphical 共bar chart兲 questions in comparison to
verbal, diagrammatic, and mathematical questions, whereas
the evidence for male students was more ambiguous. 共4兲
Some evidence of possible gender-related differences was
identified. Specifically, a possible difficulty related to electric
circuit diagrams has been identified for females in comparison to males.
Although the observed error rate differences among the
different representations were quite small or statistically insignificant in general, this result was in the context of a
course that emphasized the use of multiple representations in
all class activities. In addition, the overall error rates were
quite low and suggest that the questions were too simple to
probe possible representation-related difficulties among the
majority of the students. What results might be found for
students in a more traditional course which focuses on mathematical representations is an open question, as is the question of what results might be observed if significantly more
challenging problems were posed.
However, this preliminary investigation has yielded at
least one dramatic example of how student performance on
very similar physics problems posed in different representations might yield strikingly different results 共gravitation quiz,
questions 1 and 8兲.58 This ‘‘existence proof’’ serves as a caution that potential interrepresentational discrepancies in student performance must be carefully considered in the design
and analysis of classroom exams and diagnostic test instruments. 共This idea is already implicit in the work of many
other authors cited in this paper.兲 For instance, if students are
observed to make errors on Coulomb’s law questions using a
vector representation, representational confusion would be
signaled by correct answers on closely related conceptual
questions using other representations.
The evidence provided here for possible gender-related
discrepancies in interrepresentational performance suggests
that substantial additional investigation of this possibility is
warranted, with a view toward possible implementation of
appropriately modified instructional strategies. Many unanswered questions regarding the details of students’ reasoning
when using diverse representations must await more extensive data from interviews and analysis of students’ written
explanations.
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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.
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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.
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The relationship between mathematics preparation and conceptual
learning gains in physics: A possible ‘‘hidden variable’’ in diagnostic
pretest scores
David E. Meltzer
Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011
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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 differences 共‘‘hidden variables’’兲 as well. © 2002
American Association of Physics Teachers.

关DOI: 10.1119/1.1514215兴

I. INTRODUCTION
A primary goal of research in physics education is to identify potential and actual obstacles to student learning, and
then to address these obstacles in a way that leads to more
effective learning. These obstacles include factors that originate during instruction—such as instructional method—as
well as those that relate to students’ preinstruction preparation. Previous studies have examined various preinstruction
factors that may or may not be related to students’ performance in physics, with mathematics skill being the most
common factor. However, in almost all of these studies, the
measures of performance adopted were student grades on
course exams that emphasized quantitative problem solving.
Only in a few cases was students’ conceptual knowledge
assessed through the use of qualitative problems. And with
only a handful of exceptions, there was no attempt to directly
measure the gain in student understanding that resulted from
instruction.
This paper examines students’ mathematics skills and their
initial physics conceptual knowledge as factors that may underlie variations in student learning. Learning gain is assessed through pre- and post-testing using a qualitative test
of physics conceptual knowledge. One objective of the
present study is to determine whether individual students’
learning gains are correlated with their initial level of conceptual knowledge as measured by pretest scores on the
physics concept test. Another objective is to determine
whether those learning gains are correlated with the students’
mathematics skills, as determined by preinstruction testing
with a college entrance exam or an algebra/trigonometry
skills exam.
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In Secs. II and III, I review the results and limitations of
previous studies on the relation of students’ pre-instruction
preparation to their performance in physics courses. In Sec.
IV I describe a widely adopted measure of student learning
called ‘‘normalized learning gain’’ and explain why it is an
appropriate measure for the objectives of this study. In Sec.
V various factors that may be related to learning gain are
discussed, and the motivation of the present study is presented. The context, methods, and results of the present study
are described in Secs. VI, VII, and VIII, respectively, and the
results are discussed in Sec. IX. The limitations of this study
are outlined in Sec. X, and implications for instruction are
examined in Sec. XI. The methodological implications of
this study for physics education research are addressed in
Sec. XII, and Sec. XIII briefly summarizes the main results.
II. PREVIOUS RESEARCH ON THE RELATION OF
VARIOUS FACTORS TO STUDENTS’
PERFORMANCE IN PHYSICS COURSES
A. Students’ mathematical preparation
Many studies appear to show that mathematical ability
共mathematical aptitude or accumulated procedural knowledge兲 is positively correlated to success in traditional introductory physics courses that emphasize quantitative problem
solving. Most of these studies have involved college physics
students; some have examined the preparation that these students received in high school. Some studies have found a
positive correlation between physics course grades and
scores on the mathematics part of college entrance exams.1,2
Many investigators have found positive correlations between

http://ojps.aip.org/ajp/
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grades in college physics and a mathematics skills pretest
administered at or near the very beginning of the course.
Typically, these pretests involve algebra and trigonometry,
although most investigators do not provide samples of their
tests.3– 8
The correlation between mathematics skill and physics
performance has not been observed to hold consistently. Reported correlation coefficients vary widely and are not statistically significant for all groups tested. For example, one
study found that the overall correlation between grades and
an algebra pretest was not significant for males (r
⫽⫹0.10), while for females the correlation was highly significant (r⫽⫹0.48). 8
All the studies cited have focused on student performance
either on a single physics course exam or on a mean grade
from several such exams. In contrast, Hake et al.9 and Thoresen and Gross10 have reported preliminary investigations of
student learning gains in physics courses, determined by both
preinstruction and post-instruction testing. They found that
students with the highest learning gains in physics had
scored higher on a mathematics skills test than students with
the lowest learning gains.
Several investigators have found positive correlations between grades earned by students in their college physics
courses and their previous experience and/or grades in either
high-school, college mathematics courses, or high-school
physics courses.11,12 However, the overall weight of the literature on factors related to college students’ performance in
introductory physics is that the measurable impact on performance is substantially larger for mathematics skills as determined by preinstruction testing, than it is from any measure
derived simply from students’ experience or lack of it in
previous physics or mathematics courses.
B. Students’ reasoning skills and other factors
Another factor that has been studied extensively is the
possible relation between precourse measures of students’
reasoning ability and their college physics grades. Significant
correlations between these variables have been reported by
numerous investigators.2,4 – 6,8,13 However, the reported correlations are not significant for all groups, and in most cases
the reports do not provide samples of the specific questions
used to assess reasoning ability. Recently, Clement14 has reported a positive correlation between a pretest measure of
reasoning ability and learning gain in a high-school physics
course.
Other factors that have been found significant to one degree or another are students’ achievement expectations,15
homework grades,6 high-school GPA,11,12 college GPA,16
and a variety of cognitive and emotional factors.17 A large
number of significant preparation and demographic factors
were identified by Sadler and Tai.12 Two studies4,7 found that
students’ performance on a pretest of physics conceptual
knowledge had a significant positive correlation with course
grades.
III. LIMITATIONS OF PREVIOUS RESEARCH
Almost all of the investigations discussed in Sec. II used
students’ scores 共or grades derived from those scores兲 on
physics course exams as a performance measure. It is very
likely that in most cases, all or most of the exam questions
would be described as traditional quantitative physics problems, although in most cases the nature of the questions was
1260
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not discussed explicitly. There is by now a large body of
literature18 –24 that demonstrates convincingly that good performance on such problems does not necessarily indicate
good understanding of the physics concepts involved. Performance on such traditional problems may not even be highly
correlated with conceptual understanding.24 The author’s
conclusion is that virtually all previously published studies
on the relationship between mathematics preparation and
physics course performance leave open the question of how,
and whether, such preparation may be related to conceptual
understanding of physics.
Although various factors—such as mathematics
preparation—may be correlated with students’ performance
on physics exams, this correlation is not direct evidence that
there is a causal relationship between the two. To our knowledge, no studies directly test for such a relation. Therefore, it
would be improper to conclude from previous studies that,
for instance, requiring students to practice and improve their
mathematics skills before beginning college physics would
necessarily improve their performance in these courses.
Another important limitation of previous research is its
failure to examine student learning. A student’s performance
on a course exam is an indication of the student’s knowledge
state at the time of the exam, and is not necessarily related to
what the student has learned in a particular course. Hence, it
is necessary to have some measure of student learning, in
contrast to a measure that merely quantifies students’ knowledge. One way to provide such a measure is to test students
both at the beginning and at 共or near兲 the end of a course to
assess how much they may have learned. In this way we can
obtain a measure of students’ learning gain, which is the
quantity that, in principle, is most susceptible to change by
actions of the instructor and students during the course. Students’ performance on course exams may or may not be correlated with learning gain, and the relationship between performance and learning gain is, at best, an indirect one.
Nearly all previous studies have failed to directly investigate
the possible relationship of mathematics 共and other兲 preparation to students’ learning gain in a college physics course.
IV. NORMALIZED LEARNING GAIN: A KEY
MEASURE OF STUDENT LEARNING
The question of how to measure learning gain is not
simple and is subject to many methodological difficulties.25
Because the maximum on a diagnostic instrument is 100%, it
is common to observe a strong negative correlation between
students’ absolute gain scores 共posttest minus pretest score兲
and their pretest scores: higher pretest scores tend to result in
smaller absolute gains, all else being equal. For example, in
Hake’s study of 62 introductory physics courses, absolute
gain scores on the Force Concept Inventory 共FCI兲 were significantly 共negatively兲 correlated with pretest score (r
⫽⫺0.49). 20 An alternative is to normalize the gain score to
account for the variance in pretest scores. Such a measure is
g, the normalized gain, which is the absolute gain divided by
the maximum possible gain:
g⫽

post-test score⫺pretest score
.
maximum possible score⫺pretest score

Hake found that 具 g 典 , the mean normalized gain, on the FCI
for a given course was almost completely uncorrelated (r
David E. Meltzer
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However, in a separate study,21 the correlation between 具 g 典
⫽⫹0.02) with the mean pretest score of the students in the
26
course. Therefore, the normalized gain seems to be relaand pretest scores was very low: r⫽⫺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 similar,
model of the factors that significantly affect students’ learnthe 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 instudents’ normalized learning gain scores using a qualitative
dependence of the normalized gain also suggests that a meatest of physics conceptual knowledge; students are tested
surement of the difference in 具 g 典 between two classes having
both before and after instruction. We hope to determine 共1兲
very different pretest scores would be reproduced even by a
whether individual learning gains are correlated with stusomewhat different test instrument which results in a shifting
dents’ initial level of conceptual knowledge as measured by
of pretest scores.
pretest scores on the same physics concept test, and 共2兲 if
Empirical evidence for this hypothesis is provided by an
those learning gains are correlated with the students’ mathanalysis of the data from Table II of Ref. 21. Students’
ematics skills, as determined by pre-instruction testing with a
knowledge of mechanics concepts was tested with two difcollege entrance exam or an algebra/trigonometry skills
ferent diagnostic instruments, the FCI, and the Force and
exam.
Motion Conceptual Evaluation 共FMCE兲.22 The pretest scores
and absolute gain scores yielded by the two instruments were
VI. CONTEXT OF THIS STUDY
significantly different, but the normalized gains were statistically indistinguishable. The most persuasive empirical supThis investigation was carried out in the second semester
port for use of 具 g 典 as a valid and reliable measure is that 具 g 典
of a two-semester algebra-based general physics sequence.
has now been measured for tens of thousands of students in
The data reported here originate in four courses taught by the
many hundreds of classes worldwide with extremely consisauthor: two at Southeastern Louisiana University 共SLU兲 in
tent results for classes at a broad range of institutions with
Fall 1997 and Spring 1998, and two courses taught at Iowa
widely varying student demographic characteristics 共includState University 共ISU兲 in Fall 1998 and Fall 1999. The numing pretest scores兲.27
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
meetings each week held in the lecture room. 共A separate lab
V. FACTORS THAT MAY BE RELATED TO
course was optional and was not taught by the lecture course
NORMALIZED LEARNING GAIN
instructor; there was no recitation session.兲 At ISU, in addition to three weekly 50-minute meetings in the lecture room,
An obvious question is, What are the factors that are rethere is one 50-minute recitation session each week. 共There
lated to g? Is g related to instructional method, or to indiis also a separate required lab in which the lecture instructor
vidual characteristics of the students and their pre-instruction
has only limited involvement.兲 These courses made much
knowledge state?
use of IE instructional methods and employed a variant of
Hake’s original investigation20 focused on 具 g 典 for meMazur’s Peer Instruction.24,29 The primary curricular matechanics courses as determined by pre- and post-testing of the
rial was the Workbook for Introductory Physics.29 Instruction
FCI. He distinguished two separate groups of courses: 共1兲
in the recitation sessions at ISU was modeled closely on the
those taught with interactive-engagement 共IE兲 methods, and
University of Washington tutorials,23 although most of the
共2兲 traditional courses that make little or no use of IE methmaterial
used came from the Workbook for Introductory
ods. Many studies have been published that broadly confirm
27
Physics.
Hake’s major findings, which are that normalized learning
gain 具 g 典 as measured by the FCI in introductory mechanics
courses is 共1兲 largely independent of class mean pretest
VII. METHODS
score; 共2兲 virtually independent of the instructor when traditional instructional methods are used; and 共3兲 tends to be
Students’ conceptual knowledge was assessed by the adsignificantly higher 共by a factor of about two or more兲 when
ministration of a physics concept diagnostic test on the first
IE methods are used in comparison with traditional instrucand last days of class; only students who took both pre- and
tional methods. The issue of what other factors may be repost-tests are part of the sample. Students’ preinstruction
lated to variations in g, 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 to
test. A variety of statistical tests were then performed to asg is to examine the g scores of individual students to see if
sess the relation 共if any兲 between students’ individual northe characteristics of individual students may be related to
malized learning gain, and their preinstruction scores on both
their own learning gains. Hake et al.9 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 共CSE兲. This 33-item multiple-choice test surveys
lar results were reported in Ref. 10. Research on high-school
knowledge related to electrical fields and forces and the bestudents has led Clement to suggest14 that reasoning ability
havior of charged particles. The questions on the CSE are
may be an independent factor. Preliminary data reported in
almost entirely qualitative. About half of the items are also
Ref. 28 strongly suggest that there may be a certain amount
included on the Conceptual Survey in Electricity and Magof variation in 具 g 典 that can be ascribed to pretest scores 共that
netism 共CSEM兲.19 The creators of the CSEM remark that it
is, students’ initial degree of physics conceptual knowledge兲.
contains ‘‘a combination of questions probing students’ alter1261
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Table I. Correlation between normalized learning gain and pretest score on CSE.

Sample

N

Correlation coefficient between student
learning gain g and CSE pretest score

SLU 1997
SLU 1998
ISU 1998
ISU 1999

45
37
59
78

⫹0.15
⫹0.10
0.00
⫹0.10

native conceptions and questions that are more realistically
described as measuring students’ knowledge of aspects of the
formalism.’’ 19
On the pretest, students were given enough time to respond to all 33 questions. Neither grades nor answers for this
pretest were posted or discussed. On the last day of class, the
same CSE was administered as an extra-long in-class quiz.
However, students were asked to respond to only 23 of the
questions.30 The CSE was used in this abridged form for
various reasons. For example, in some cases, the notational
conventions differed from what was used in class 共for instance, electric field lines are used on the CSE, but only field
vectors were used in class兲. In other cases, the questions
involved material that was covered peripherally or not at all
in class. Only the 23 designated items were graded, both on
the pretest and the post-test. All CSE scores discussed in this
paper 共as well as quantities derived from them兲 refer only to
the 23-item abridged CSE.
For the SLU samples, scores on the ACT Mathematics
Test were used to assess pre-instruction mathematics skill.
This test is a college entrance exam, and so there is typically
a 1-3 year gap between the time students take this test and
the time they take the CSE. The instrument used at ISU is a
38-item multiple-choice test originally developed by Hudson
during the course of his investigations 共cited in Sec. II兲 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
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 expressions. 共See Appendix for representative problems.兲
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 of the first
semester course, there was a gap of at least two months 共as in
the case of summer-school students兲 between 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 instruction. For many of the recitation-session/tutorials, an additional undergraduate teaching assistant was present. During
this course, both the teaching assistants and the course instructor spent many out-of-class hours in individual instruction with students who solicited assistance.
1262
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Statistical significance
共two-tailed兲
p⫽0.35
p⫽0.55
p⫽0.98
p⫽0.39

共not
共not
共not
共not

significant兲
significant兲
significant兲
significant兲

VIII. RESULTS
A. CSE pretest scores are not correlated with individual
normalized learning gain
Table I shows the correlation coefficients between individual students’ g scores and their CSE pretest score for the
four samples. The correlations are very small and none is
close to being statistically significant. Figure 1 shows the
value of g and the CSE pretest score for all students in the
ISU 1998 sample. The correlation coefficient for this relation
is r⫽0.00; there is no evidence of any pattern in the data
points. This random pattern is typical of all four samples.
Table II presents comparisons of 具 g 典 for several different
subgroups of two different samples.31 For the 1998 sample in
Table II, ‘‘Top half’’ refers to the students with the 29 highest
scores on the CSE pretest; ‘‘Bottom half’’ refers to the group
with the 30 lowest CSE pretest scores. 共The 59-student
sample was divided in this way to form two groups of nearly
equal size; the groups had zero overlap in pretest scores.
Pretest scores ranking #24 –29 were identical 关eight correct兴,
and scores in the group #30– 43 were equal 关seven correct兴.兲
This method was used to form the other subgroups represented in Tables II and IV.兲 The mean CSE pretest scores of

Fig. 1. Scatter plot of ISU 1998 sample; data points correspond to individual
students, plotted according to their individual normalized learning gain g
score on the Conceptual Survey in Electricity 共CSE兲 and their pretest score
on that same exam. Correlation coefficient r⫽0.00.
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Table II. ISU samples: Gain comparison, students with high and low CSE
pretest scores. 具 g 典 represents the mean of individual students’ normalized
gains; s.d.⬅standard deviation.
N

Mean CSE pretest score

29
30
15
16

44%
25%
50%
20%

0.68
0.63
0.65
0.66

共0.19兲
共0.23兲
共0.21兲
共0.24兲

1999
Top third
Bottom third
Top fifth
Bottom fifth

30
27
14
15

43%
18%
49%
14%

0.74
0.72
0.73
0.67

共0.18兲
共0.17兲
共0.20兲
共0.13兲

these two groups were very different, but their normalized
gains were not statistically distinguishable according to the
one-tailed t-test: 具 g top half典 ⫽0.68, 具 g bottom half典 ⫽0.63, t
⫽0.84, p⫽0.20. A comparison between even more disparate
groups is also shown in Table II. ‘‘Top quartile’’ refers to
students with the 15 highest CSE pretest scores in the 1998
sample, while ‘‘Bottom quartile’’ refers to the 16 lowest in
that sample. The normalized gains of these two groups were
virtually identical. Table II also presents a similar set of comparisons for the ISU 1999 sample. The results for this sample
share the main characteristic of the 1998 sample, even for the
extreme ‘‘Top fifth’’ and ‘‘Bottom fifth’’ groups: 具 g top fifth典
⫽0.73, 具 g bottom fifth典 ⫽0.67; these gains are not significantly
different according to the one-tailed t-test (t⫽0.98, p
⫽0.17).
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
groups. A similar result was found for the 1999 sample. This
result reinforces the conclusion from the correlation analysis

Fig. 2. Distribution of normalized learning gains for ISU 1998 sample: light
bars, students with 30 lowest scores on CSE pretest ( 具 g 典 ⫽0.63); dark bars,
students with 29 highest scores on CSE pretest ( 具 g 典 ⫽0.68). ( 具 g 典 represents
the mean of individual students’ normalized gains.兲
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Sample

N

Correlation coefficient
between student
learning gain g and
mathematics pretest score

SLU 1997
SLU 1998
ISU 1998
ISU 1999

45
37
59
78

⫹0.38
⫹0.10
⫹0.46
⫹0.30

具 g 典 共s.d.兲

1998
Top half
Bottom half
Top quartile
Bottom quartile
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Table III. Correlation between normalized learning gain and mathematics
pretest score.

Statistical significance
共two-tailed兲
p⬍0.01
p⫽0.55 共not significant兲
p⫽0.0002
p⬍0.01

that the pretest score on the CSE is not a significant factor in
determining a student’s normalized learning gain.
B. Mathematics pretest scores are correlated with
normalized learning gain
Table III presents the correlation coefficient and corresponding statistical significance 共that is, p value兲 for the relation between students’ g scores and their scores on the
pre-instruction mathematics skills test. The correlation for
the SLU 1998 sample was not statistically significant; the
correlations for the other three samples were all statistically
significant at the p⬍0.01 level.
Figure 3 shows g as a function of score on the Mathematics Diagnostic Test for the ISU 1998 sample. A positive correlation between the two variables is evident. A similar correlation 共though not as large兲 is also evident in the SLU 1997
and ISU 1999 sample data. Examination of the residuals, that
is, the differences between data points and regression fit line,
shows that there are no marked nonlinearities evident in the

Fig. 3. Scatter plot of ISU 1998 sample. Data points correspond to individual students, plotted according to their individual normalized learning
gain g on the CSE and their pre-instruction score on the Mathematics Diagnostic Test. Correlation coefficient r⫽⫹0.46, p⫽0.0002; the data are
best fit by the linear relation g⫽0.228⫹0.01496 M , where M is the number
of correct answers on the Mathematics Diagnostic Test (maximum⫽38).
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Table IV. ISU samples: Gain comparison, students with high and low mathematics pretest scores. 具 g 典 represents the mean of individual students’ normalized gains. s.d.⬅standard deviation.

具 g 典 共s.d.兲

N

Mean mathematics pretest score

1998
Top half
Bottom half
Top quartile
Bottom quartile

28
31
13
14

89%
63%
93%
49%

0.75
0.56
0.77
0.49

共0.15兲
共0.22兲
共0.14兲
共0.25兲

1999
Top half
Bottom half
Top quartile
Bottom quartile

37
36
21
20

86%
55%
90%
44%

0.75
0.66
0.78
0.60

共0.20兲
共0.22兲
共0.17兲
共0.23兲

data, and further that the sample variances are fairly uniformly distributed 共that is, the data are ‘‘homoscedastic’’兲.
Table IV presents comparison data for subgroups chosen
in a manner analogous to that used in Table II. For instance,
the first two lines compare 具 g 典 for the group of students in
the ISU 1998 sample with the highest math pretest scores
共Top half, actually the top 47%兲 to the group with the lowest
scores in the same sample 共Bottom half, the lowest 53%兲. In
this case—in sharp contrast to the situation in Table II—the
learning gains of the two groups are very different, with high
statistical significance: 具 g top half典 ⫽0.75, 具 g bottom half典 ⫽0.56;
p⫽0.0001 共one-tailed兲. When we go to groups even further
separated by their mathematics pretest scores—the Top quartile and Bottom quartile groups—we find an even greater
difference between their mean normalized gain: 具 g top quartile典
⫽0.77, 具 g bottom quartile典 ⫽0.49, p⫽0.001 共one-tailed兲.
Also shown in Table IV is an analogous set of data for the
ISU 1999 sample. The differences in 具 g 典 between the Top
half and Bottom half mathematics pretest groups are substantially smaller than in the 1998 sample, but are still statistically significant: 具 g top half典 ⫽0.75, 具 g bottom half典 ⫽0.66, p
⫽0.04 共one-tailed兲. Moreover, the difference in learning gain
is substantially larger for the groups closer to the extremes of
the mathematics pretest score range, that is, the Top quartile
and
Bottom
quartile
groups:
具 g top quartile典 ⫽0.78,
具 g bottom quartile典 ⫽0.60, p⫽0.005 共one-tailed兲. This difference
is consistent with the data from the 1998 sample and significantly strengthens the case that the observed correlation is
real and not an artifact produced by the particular selection
of the subgroups.
Figure 4 shows the population distributions for the normalized gain for the ISU 1998 sample, portraying the top and
bottom mathematics pretest score groups. There is a very
noticeable skewing of the distribution toward the high end of
the g scale for the high math group. Again, this result is
consistent with the correlation analysis and is in striking contrast to the distributions shown in Fig. 2.
It is worth noting another feature of Table IV. Although
the normalized gains for the Top half and Top quartile groups
in the 1999 sample are nearly identical to those for the corresponding groups in the 1998 sample, that is not the case for
the Bottom half and Bottom quartile groups. The g’s for
those groups are substantially larger in the 1999 sample. It is
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Fig. 4. Distribution of normalized learning gains for ISU 1998 sample: light
bars, students with 31 lowest scores on the Mathematics Diagnostic Test
( 具 g 典 ⫽0.56); dark bars, students with 28 highest scores on the Mathematics
Diagnostic Test ( 具 g 典 ⫽0.75).

tempting to ascribe these higher g values to the differences
in the instructional methods implemented in 1999, although
this is merely speculation.
C. The math scoreÕlearning gain correlation is present
for both males and females
Table V presents the correlation coefficients and corresponding statistical significance for the male and female subgroups of the two ISU samples 共selected because they are
larger and contain more reliable data兲. Although the value of
r for males in the ISU 1998 sample is larger than that for
females, the difference is not statistically significant ( p
⫽0.50, using Fisher transformed values32兲. In the 1999
sample, the correlation coefficients for males and females are
nearly identical. All four correlations are statistically significant at the p⬍0.05 level for a one-tailed test, warranted in
this case given the positive correlation observed for both full
samples.
IX. DISCUSSION OF RESULTS
The results in this study regarding the lack of correlation
between normalized learning gain and CSE pretest score are
very consistent. However, the results for the mathematics
pretest score are in striking contrast to those for the CSE
pretest score: in three of the four samples, there is a signifiTable V. Correlation between normalized learning gain and mathematics
pretest score for males and females 共ISU samples兲.

ISU
ISU
ISU
ISU

1998:
1998:
1999:
1999:

males
females
males
females

N

Correlation coefficient
between student
learning gain g and
mathematics pretest score

Statistical
significance
共one-tailed test兲

22
37
33
45

⫹0.58
⫹0.44
⫹0.29
⫹0.31

p⬍0.01
p⬍0.01
p⫽0.04
p⫽0.03

David E. Meltzer

1264

171
cant positive correlation (p⬍0.01) between normalized
learning gain and mathematics pretest score. This relation
observed between normalized learning gain and preinstruction mathematics skill is consistent with the preliminary results presented in Refs. 9 and 10; however, the present study
represents the first comprehensive examination of this relation.
Another way to look at the data is to compare the mathematics pretest scores for high gainers and low gainers. Hake
et al.9 arbitrarily define high and low gainers as those with
g⭓1.3具 g 典 and g⭐0.7具 g 典 , respectively, where 具 g 典 is the
mean for the class. They found that high gainers scored 19%
higher on the mathematics skills pretest than did the low
gainers in their sample. If we apply their definitions and
examine mean mathematics pretest scores 具 m 典 (m is the percentage of correct responses兲, we find that 具 m 典 high gainers
⫽81%, 具 m 典 low gainers⫽60% for ISU 1998 and 具 m 典 high gainers
⫽80%, 具 m 典 low gainers⫽65% for ISU 1999. These results are
remarkably consistent with those reported in Ref. 9.
The results of Ref. 8 suggested that any observed correlation might not be a general characteristic of all students, but
of females only. Just as CSE pretest scores were a potentially
confounding variable, students’ gender has to be considered
one as well. With this consideration in mind, the fact that
results for both ISU samples show statistically indistinguishable correlation coefficients for male and female subpopulations is very significant. Moreover, all four of these correlations were significant at the p⬍0.05 level 共one-tailed test兲
for their individual subpopulation.
The relatively low correlation coefficients found in this
study 共between ⫹0.30 and ⫹0.46) yield little predictive
power regarding the expected value of the learning gain of an
individual student, based on his or her pre-instruction score
on the mathematics skills test. On the other hand, when assessing the likelihood of a student becoming a high gainer or
a low gainer 共defined, in this case, as one with gains above or
below the class median, respectively兲, considerably more
predictive power is possible. For instance, if we look at the
students in the ISU 1998 sample with the lowest mathematics scores 共the Bottom quartile in Table IV兲, we find that only
21% of them 共3 of 14兲 have gains above the class median of
g⫽0.693. In comparison, among the group with the highest
mathematics scores 共Top quartile兲, 77% 共10 of 13兲 have
gains above the class median. Therefore, knowledge of
whether a student had unusually high or low mathematics
scores could have allowed a fairly high-confidence prediction of whether they would end up with above- or belowaverage gains.
In striking contrast to this predictability based on mathematics pretest score, the knowledge of a student’s CSE pretest score would have allowed no such prediction. The group
with the lowest CSE pretest scores 共Bottom quartile in Table
II兲 had 50% 共8 of 16兲 with gains above the class median. At
the same time, the group with the highest CSE pretest scores
共Top quartile in Table II兲 also had the same number of abovemedian and below-median gains 共7 of each, with one student
at exactly the class median兲.
Higher predictive power is associated with the mean learning gains of the subgroups at the high and low ends of the
mathematics scale. The students in the ISU 1998 sample with
the lowest mathematics scores have an expected normalized
gain 共95% confidence interval兲 ranging from 0.35 to 0.64. In
comparison, the expected gain of the group with the highest
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scores on the mathematics exam range from 0.68 to 0.85.
Therefore, we can be highly confident that—for an equivalent sample—the mean gain of the lowest mathematics group
would be below the class mean of 0.65, while that of the
highest mathematics group would be above the mean. Obviously, no comparable statement could be made about the
groups with the lowest and highest CSE pretest scores. The
correlations observed for the other samples are lower, and
therefore so is the predictive power, but the same pattern
persists.
X. LIMITATIONS OF THIS STUDY
A. Student population
Students enrolled in calculus-based physics courses often
have a much more substantial mathematics background than
those in the algebra-based course used in this study; this
background may be associated with a different relation between mathematics skills and conceptual learning gain in
physics. It should also be noted that the population of the
two ISU samples was 60% female, a high proportion in comparison to the calculus-based course.
B. Subject matter
Students have considerably less day-to-day experience and
accumulated common sense notions regarding electric and
magnetic phenomena in comparison with mechanics. Many
of the concepts studied 共for example, the electromagnetic
field兲 are considerably more abstract than most encountered
in the introductory mechanics course. It is conceivable that if
a comparable study were done in connection with student
learning in a less abstract and more familiar domain, and if
assessment relied less on interpretation and analysis of formal representations, the results might be different.
C. Instructional methods
The instructional methods used in this study were certainly not comparable to traditional methods of instruction in
widespread national use. They made much use of IE methods, including interactive lecture29 and group work in the
style of the University of Washington tutorials. On the exams, quizzes, and homework, the emphasis was very much
on the type of qualitative questions that are used on the Conceptual Survey in Electricity 共without teaching to the test兲.
Overall normalized gains were unusually high by national
standards. It is possible that the results reported in this study
are related in some fashion to the courses’ instructional emphasis on qualitative and conceptual problem solving.
D. Hidden variables
It is an inherent limitation of any study that relevant variables might be neglected. For a study such as this one, the
particular danger is that some of the neglected variables
might actually be so important that their omission is ultimately the source of a spurious apparent correlation that
would disappear if these variables had been included. This
can happen if the neglected variable is strongly correlated
with the targeted dependent variable 共learning gain, in this
case.兲
For example, logical reasoning ability is a variable that
some investigators have found to be significant. Suppose that
logical reasoning ability is strongly correlated with physics
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learning gain, and moreover that this reasoning ability is also
strongly correlated with pre-instruction mathematics skill.
We might find that, for a given level of reasoning ability,
there is no separate correlation between mathematics skill
and physics learning gain. That would imply that improving
reasoning ability might improve learning gain, but that improving mathematics skill would not have such an effect in
the absence of any accompanying changes in reasoning ability.

levels might find that lower learning gains are achieved.
However, the poorer expected outcome of using the same
instruction with students of lower mathematics skill leaves
open the possibility that different instructional methods and
curricula might ultimately achieve the same levels of learning gain success with the new population as with the old. The
higher learning gains of the low-math group in the ISU 1999
sample 共which received modified instruction兲 might offer
some mild support for this speculation.

XI. IMPLICATIONS FOR INSTRUCTION

XII. METHODOLOGICAL IMPLICATIONS

The evidence from this study is that in an IE course, students’ normalized learning gains on the CSE are essentially
independent of their pretest scores. The implication is that, at
least with this type of instruction, students’ potential to
achieve gains in understanding is independent of whether
they begin the course with high, low, or even zero initial
levels of physics concept knowledge. Knowledge of students’ CSE pretest scores might allow some prediction of
their probable final level of understanding, but would allow
no prediction of their ultimate learning gains. This result is
encouraging because it implies that students have an equal
chance at learning regardless of their initial knowledge of
concepts in electricity.
Although students’ initial level of physics concept knowledge may have no impact on their learning gains, the same
cannot be said for their initial level of mathematics skill. In
three of the four samples in this study, students with higher
levels of preinstruction mathematics skill had substantially
higher learning gains on the physics concepts—independent
of their initial knowledge of those concepts—when compared to students with lower mathematics skill levels 共true
for both males and females at ISU兲.
Whether or not this correlation would hold up if other
variables, unknown and therefore hidden to us, were included in the analysis is irrelevant to the potential utility of
mathematics skill as an indicator of probable high and low
gainers. If there are indeed other relevant variables associated with learning gain, it seems likely that they would be
correlated with mathematics skill. Until they are known,
mathematics skill may be used as a substitute measure for
those variables—perhaps not so directly related as those
other 共hypothetical兲 variables to the targeted parameter of
learning gain, but associated with it nonetheless. 共The possibility of using mathematics skill as an indicator of physics
learning potential was suggested in Ref. 9 and by many of
the investigators cited in Sec. II.兲 It should be emphasized
that the correlation observed between mathematics preparation and normalized learning gain does not imply that mathematics skill is causally related to physics concept learning
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.
In the same sense in which the lack of g versus CSE
pretest score correlation was encouraging, the positive correlation between g and a mathematics pretest score is somewhat disconcerting. The implication may be that students
with lower levels of preinstruction mathematics skills 共whatever the cause兲 may be unlikely as a group to attain a level of
physics learning gain achieved by those with greater mathematics skill, all else being equal. An instructor who transports instructional methods and curricula from one student
population to another with much lower mathematics skill
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A. The observed correlations might imply that widely
diverse populations taught with identical instructional
methods might manifest different normalized learning
gains
The low-math and high-math subgroups in this study were
taught with identical instructional methods 共for all practical
purposes兲. And yet it is clear that their mean normalized
learning gains were significantly different. If one imagines
an entire class populated with low-math students at institution A, and a different class—perhaps at a different institution B—populated with high-math students, it is plausible
that instruction carried out with identical methods and
materials—perhaps with the identical instructor—might
nonetheless result in different values of 具 g 典 for the two
classes.
The extent of the variation in g in a given population that
might be ascribed to variations in mathematics preparation
would depend on the range of mathematics skills represented
in that population; it could be estimated by using the linear
regression equation that is a best fit to the g versus M pre data,
where M pre is the mathematics pretest score 共for example,
the data shown in Fig. 3兲. Using this method, we estimate for
the ISU samples that variations in 具 g 典 ascribable solely to
the average variability of students’ mathematics preparation
共that is, for students having M pre within the range 具 M pre典
⫾1.0 s.d., where s.d. is the standard deviation of the M pre
scores兲 are confined to the range 具 g 典 ⬇ 具 g 典 mean
⫾0.15具 g 典 mean .
If we speculate that mechanics courses would show correlations between normalized gain and mathematics preparation similar to those in this study, we can estimate that the
variation in 具 g 典 ascribable to mathematics preparation would
be ⫾0.07 for 具 g 典 ⬇0.45 共a typical value for mechanics
courses that employ interactive engagement兲. This variation
is much smaller than the difference commonly found between courses taught with IE and traditional methods, respectively.
B. It may be necessary to consider possible second-order
effects due to sample-to-sample differences in
preinstruction knowledge state
This particular statement can easily be put in a familiar
context. The author measured 具 g 典 on the CSE to be ⬇0.48 in
his courses at SLU. After attempting to improve his instructional methods and materials, he found 具 g 典 ⬇0.67 in the
courses he taught at ISU. 共Mean CSE pretest scores were
28% at SLU, 32% at ISU.兲 Does this difference imply that he
succeeded in improving his instruction? Does the large apDavid E. Meltzer
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parent gain in 具 g 典 perhaps overstate the actual improvement?
This type of practical question is one that we often attempt to
answer with pre-/post-test data.
If one is actually planning an experiment in which 具 g 典 is
to be a measure of comparative learning gains, it is standard
practice to randomize the different samples so that the effects
of any potential uncontrolled variables 共such as mathematics
preparation兲 may be expected to cancel each other out. One
can argue that 具 g 典 should never be used to compare potentially nonequivalent 共that is, nonrandomized兲 samples. The
author’s courses at SLU and ISU are a good example of this
problem. Should one directly compare the 具 g 典 ’s in the two
cases, or is some set of hidden variables at work, variables
that actually make the two student samples not equivalent?
It is important to emphasize that there is no reason to
believe that effects of hidden variables—even combined—
are likely to be of the same scale as the two-standard
deviation differences in 具 g 典 on the FCI between traditional
instruction and IE instruction documented by Hake. Moreover, with a sample as large as Hake’s, it is very unlikely that
the IE/non-IE differences in 具 g 典 could possibly be due to the
effects of hidden variables that have not been averaged out.
However, when one has much smaller samples in just a few
courses taught at widely disparate institutions where the differences in 具 g 典 may not be so large, there is much more
uncertainty in the comparison. To first-order, large differences in 具 g 典 are probably due to instructional method. However, almost certainly, higher-order effects of unknown scale
and origin influence comparative 具 g 典 statistics in as yet unknown ways.
XIII. SUMMARY
The results of this study provide substantial evidence that
factors other than instructional method play a role in determining students’ normalized learning gains. Further research
to identify and measure these factors should aid in understanding and addressing students’ learning difficulties in
physics, as well as in analyzing data that result from assessments of student learning.
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APPENDIX
Selected problems from the Mathematics Diagnostic Test
used at ISU (author: H. T. Hudson):
共1兲 冑152 ⫺9 2 ⫽?
共a兲 6, 共b兲 冑6, 共c兲 12, 共d兲 冑12, 共e兲 冑135.
共2兲 Find y as a function of x from the following equations:
2x⫺t⫽2, y⫺4⫽3t,
共a兲 y⫽3x⫹4,
共b兲 y⫽10⫺3x,
共c兲 y⫽3x⫹6,
共d兲 y⫽4⫺6x,
共e兲 y⫽6x⫺2.
共3兲 3/14 ⫹7/6⫽
共a兲 29/21,
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共b兲 21/20,
共c兲 10/21,
共d兲 18/49,
共e兲 5/21.
共4兲 If the angle A⫽4  /6 radians, what is the value of A in
degrees?
共a兲 60°, 共b兲 120°, 共c兲 90°, 共d兲 45°, 共e兲 210°.
.
共5兲 12⫻108 /2⫻10⫺2 ⫽
共a兲 6⫻10⫺4 , 共b兲 10⫻1010, 共c兲 10⫻10⫺10, 共d兲 6⫻1010,
共e兲 10⫻106 .
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Issues Related to Data Analysis and Quantitative Methods in PER
David E. Meltzer
Department of Physics & Astronomy, Iowa State University, Ames, IA 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 A?” the
test item (or test instrument) requires knowledge
of concepts A, 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 Iowa 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
(a) E
“b” was given by 6M
12% of students. In
each of the five
M
(b) E
independent administrations of the quiz,
M
(c) E
the proportion of correct 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 3447% of students gave answer “c” on Question #8
[answer “a”: 43-55%]. The “c” response corresponds 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.
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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. 4550% 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

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 I 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 multiplechoice 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
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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 t-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

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], socalled “hidden variables” 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 “offsequence” 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
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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, Iowa State University, Ames, IA 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.
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.

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.

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 understanding 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 patterns 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].

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:

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 calculusbased 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:

Consider the entire process from time A 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.

x pose elementary baseline questions to determine “lower” bounds on understanding;
x 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;
x gauge resilience and stability of students’
concepts upon minimal probing;
x identify key learning difficulties, and gauge
their approximate prevalence.
Figure 1. A P-V diagram (not shown to students) of the
process (Process #1) discussed during interviews.

By contrast, there were several alternative
research objectives on which we did not focus:

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:

x exactly how students had acquired their
knowledge [would be a very difficult task];
x students’ attitudes towards learning [separate investigation; not our primary interest]

“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

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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quite possible that this conception, however
lacking in the attributes of a full-blown alternative
theory, may be quite resistant to instruction.

environment, but the total 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 P'V…and 'V = 0.”

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 monotonous 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-V 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 Q
or heat transfer.” Students offered similar arguments 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.

Variations of these arguments were readily volunteered 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 confidently 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 thermodynamic 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 explanations 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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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 Dynamic Assessment, documented in many books and
journal articles over the past two decades [6].
Practitioners of Dynamic Assessment – explicitly
motivated by Vygotskian thinking – have developed assessment protocols that gauge student
responsiveness to short-term instructional interventions. 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 conceptual 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 accomplish that, the better we will be able to develop
improved curricula and instructional methods.

It seems that students have some useful
intuitions regarding state functions that they improperly generalize (perhaps unconsciously) to the
cases of both heat and work. It would be worthwhile to investigate in more detail just how and
why this overgeneralization occurs during the instructional process. However, there is great value
simply in knowing that it does tend to occur, in
knowing the approximate frequency of its occurrence 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 questions? 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? I believe that researchers should make
clear their answers to these questions based on an
overall assessment of their data.

This material is based upon work supported by the
National Science Foundation under Grant
Numbers DUE-9981140 and REC-0206683.
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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 trajectories, 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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How Do You Hit A Moving Target?
Addressing The Dynamics Of Students’ Thinking
David E. Meltzer
Department of Physics and Astronomy
Iowa State University
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. I will outline some of
the initial work that has been done along these lines by various researchers, and I will identify some directions for future
research that I 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 characteristic 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 I will outline some of the work that
has been done by various researchers in exploring
changes in student thinking over time, and I will

identify some directions for future research that I think
might be fruitful for workers in PER.

ASSESSING STUDENTS’ MENTAL
STATES AT A PARTICULAR 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 learning 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

Published in 2004 Physics Education Research Conference [Sacramento, California, 4-5 August 2004], edited by Jeffrey
Marx, Paula R. L. Heron, and Scott Franklin [American Institute of Physics Conference Proceedings 790, 7-10 (2005)].
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collection of student ideas by posing questions involving diverse contexts and a variety of representations [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 surveys [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 corresponding to those parameters, we then need to determine 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) undergo change over time. There will always be a question of how rapidly this change occurs and, conse-

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/∆t where g = normalized gain
calculated using Spretest and Sposttest); (3) The variations
in the learning rate V encountered by a student during
that process (e.g., V = ∆R/∆t); (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 determine, 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 related 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, background, 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
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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 characterize the sequence of ideas acquired by students during the learning process in a more detailed, step-bystep 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 thoroughly investigated. In general, there has not been
much detailed exploration into how the specific learning 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 preplanned sequence of questions, hints, and answers may
be provided and the students’ responses observed
throughout a time interval. This method has been formalized 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-

spond to instructional cues with efficient learning.
Among the assessment criteria are the amount of assistance 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 (“kinematics”), or to the factors that influence that process
(“dynamics”).

I. 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 according 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 demographics?
(4) Are there common patterns of variation in
learning rates?
For example, do learning rates
typically increase or decrease monotonically throughout the course of a semester?
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(5) Is the magnitude of the learning rate at an early
phase of the process correlated with the long-term
learning rate [17]?

Division of Undergraduate Education, Division of
Research, Evaluation and Communication, and
Division of Physics.

(6) Is the picture of a student’s learning trajectory
provided by “dynamic assessment” (or teaching experiments) over a brief time interval more complete
and accurate than that provided by a single standard
quiz or exam?
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II. 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) influenced 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?
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I.

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 Iowa State University, I
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 Iowa 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 I 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 activelearning 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 Iowa 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 Iowa 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.

30

192

Minicursos y Conferencias

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, PV 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 Iowa 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. I
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-Based Active-Learning
Instructional Methods in
Large-Enrollment Physics Classes
David E. Meltzer
Department of Physics and Astronomy
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Ames, Iowa
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Supported by NSF DUE #0243258 and DUE #0311450

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

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
– aid students to work their way through complex chains
of thought

Goal: Guide students to “figure things out for
themselves” as much as possible

What needs to go on in class?

Keystones of Innovative Pedagogy

• Clear and organized presentation by instructor is
not at all sufficient

• problem-solving activities during class time

• Must find ways to guide students to synthesize
concepts in their own minds

• deliberately elicit and address common learning
difficulties

• Instructor’s role becomes that of guiding students
to ask and answer useful questions

• guide students to “figure things out for
themselves” as much as possible

– aid students to work their way through complex chains of
thought

1
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Active Learning in Large Physics Classes

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
Example:
Curriculum and Instruction in Algebra-based Physics

• 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)

“Fully Interactive” Physics Lecture
DEM and K. Manivannan, Am. J. Phys. 70, 639 (2002)

• Very high levels of student-student and studentinstructor 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”)
– Extension to highly interactive physics demonstrations (K. Manivannan
and DEM, Proc. of PER Conf. 2001)

v

Sequence of Activities

Features of the Interactive Lecture

• 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

• 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

2
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Video (18 minutes)

Curriculum Requirements for Fully
Interactive Lecture

• Excerpt from class taught at Southeastern
Louisiana University in 1997

• Many question sequences employing multiple
representations, covering full range of topics

• Algebra-based general physics course

• Free-response worksheets adaptable for use
in lecture hall

• First Part: Students respond to questions
written on blackboard.

• Text reference (“Lecture Notes”) with strong
focus on conceptual and qualitative questions

• Second Part: Students respond to questions
printed in their workbook.

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

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

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.

– Expository text for reference

• Quizzes and Exams
– some with worked-out solutions

3
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Must often create unscripted questions

Easy questions used to maintain flow

• Not possible to pre-determine all possible
discussion paths

• Easy questions (> 90% correct responses)
build confidence and encourage student
participation.

• 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

• 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.

“Flash-Card” Questions

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

4
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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

Four charges are arranged on a rectangle as shown in Fig.
1. (q1 = q3 = +10.0 µC and q2 = q4 = -15.0 µC; a = 30 cm
and b = 40 cm.) Find the magnitude and direction of the
resultant electrostatic force on q1.

Question
#1: How many forces (due to electrical
ff
interactions) are acting on charge q1?
(A) 0 (B) 1 (C) 2 (D) 3 (E) 4 (F) Not sure/don’t know

Example: Electrostatic Forces

Assessment Data
Scores on Conceptual Survey of Electricity and Magnetism, 14-item
electricity subset
Sample

National sample

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 q1 due to q2
Question #3: Direction of force on q1 due to q3
Question #4: Direction of force on q1 due to q4

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
Six final exam questions

320

56%

Physics 112: F98
Six final exam questions

76

77%

Physics 221: F97 & F98
Subset of three questions

372

59%

Physics 112: F98, F99, F00
Subset of three questions

241

78%

N

Mean pre-test score

Mean post-test
score

<g>

402

27%

43%

0.22

1496

37%

51%

0.22

(algebra-based)

National sample
(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)

5
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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
made to celebrate the unprecedented advances in our understanding of the physical world made during the past century.
However, we have not yet seen comparable advances in our
understanding of student learning of our discipline. One possible explanation is that learning is inherently more complex
than most physical processes. Although this explanation is
plausible, we have not made similar systematic efforts to
understand student learning. The enormous effort expended
by many physics instructors over the past century was not
harnessed in a way that made cumulative progress likely. As
Lillian McDermott has observed, ‘‘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.’’1
In the past few decades, an increasing number of physicists have taken up this challenge by applying methods of
research based on those that have been employed successfully in investigations of the physical world. This endeavor is
broadly known as ‘‘physics education research’’ 共PER兲. Systematic studies of student learning 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 students.2
But PER has gone beyond documenting shortcomings in student learning and traditional instruction. Researchers have
developed instructional materials and methods that have
been subjected to repeated testing, evaluation, and redesign.
Numerous reports have documented significant and reproducible learning gains from the use of these materials and
methods in courses ranging from large-enrollment classes at
major public universities to small classes in two-year colleges and high schools.1–3 Still, there remain inadequacies in
even the most recent instructional approaches and many unanswered questions. In this Guest Editorial we will identify
some of the current and emerging research directions that we
consider promising. We also argue for the importance of doing research on the learning and teaching of physics in physics departments. We do not mean to suggest that PER should
not be conducted in schools of education, but, as we argue
later, we do not believe that the field is viable without a
critical mass of faculty in physics departments. Finally, we
identify some practical and political challenges and propose
some steps that could be taken to help ensure the stability,
growth, and productivity of PER.
Current and future research directions. We first briefly
mention some of the research directions that have potential
for deepening our understanding of how students learn physics. This understanding should lead to more effective instructional tools, techniques, and materials. We highlight those
directions that address intellectual issues that are specific, but
not necessarily unique, to the subject matter and reasoning
patterns of physics. Therefore we omit important work on
investigating gender-equity issues, for example. Moreover,
we focus on the college and university level, although some
issues we mention have implications for K-12 instruction.
We do not wish to neglect the large and vigorous PER com390
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munity outside the U.S. However, although many fundamental issues of student learning are largely invariant across cultures, the diversity of approaches to education and,
consequently, of research goals is too broad to be addressed
satisfactorily here.
Most early PER work focused on student ability to apply
the concepts covered in typical introductory university physics 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 ensure that the introductory course will continue to be a major emphasis for the
foreseeable future. Current research efforts range from extensions of earlier studies of student ability to interpret and apply kinematical concepts4 to investigations of student understanding of basic electromagnetism and modern physics.
In recent years, there has been an increasing focus on student learning in upper-level courses such as quantum
mechanics,5 thermal physics,6 relativity,7 and advanced
mechanics.8 This research should lead to learning gains for
physics majors similar to those found for research-based instruction at the introductory level.
We also expect to see a greater emphasis on tracing students’ intellectual development as they progress through the
undergraduate curriculum, both in physics and in related disciplines such as engineering. Although a few relevant studies
have been conducted9 共the results of which are consistent兲,
most are unpublished. It is important that these studies be
conducted and the results be widely disseminated. These investigations should lead to the development of strategies that
help students apply the knowledge and skills developed in
their physics courses to their subsequent studies or nonacademic pursuits.
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 significant success has been reported.10 However, much remains
unknown. Efforts to understand the interrelationships among
conceptual knowledge, mathematical skills, and logical reasoning ability should significantly enhance our progress toward helping students become better problem solvers.11
The rapid proliferation of computer-based technologies
represents both an opportunity and a challenge. Technically
sophisticated simulations, animations, and multimedia representations of physics concepts are being developed and
implemented by many instructors and curriculum designers,
but research into the effectiveness of these technologies lags
far behind development.12 It will be a major challenge to
assess the effects of these technologies on student understanding of abstract physics concepts, the nature of scientific
models, and the relation of both to the natural world. Such
research is crucial for informing the implementation and further development of computer-based instructional tools.
In recent years, students’ beliefs about the nature of
knowledge in physics and how it is acquired have become a
major focus of interest.13 There is reason to suspect that such
epistemological beliefs can influence students’ learning of
physics and their development of more generalized reasoning
© 2005 American Association of Physics Teachers
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skills. Future directions will include efforts to understand
these relationships and to incorporate the results in practical
instructional strategies and materials.14
Although it has long been recognized that student knowledge is complex, there is now an increasing amount of research that focuses on the organization of this knowledge,
the elements that it comprises, and the mechanisms by which
it evolves.15 In particular, the dynamics of learning are being
investigated in studies that range from the construction of
statistical and/or qualitative models of the knowledge states
of students16,17 to qualitative analyses of student thinking
over the course of a single interview. The systematic analysis
of student behavior during instruction will be an increasing
focus for many workers.18 The identification of common
learning ‘‘trajectories’’ and strategies for promoting those
that are productive would provide valuable assistance in the
design of instructional methods and materials.
The findings of empirical investigations of student learning are usually accompanied by some speculation as to the
underlying causes of common student errors or the nature of
the learning process. In many cases this speculation is situation specific and is not tightly linked to an over-arching
structure or theory. In this frequently successful approach,
one attempts to affect what students do without being able
to explain fully why. However, even this minimalinterpretation approach is carried out within a framework of
specific ideas regarding the nature of the processes involved
in learning physics.19
The refinement of such frameworks, with the ultimate goal
of elucidating a few fundamental principles from which
broad explanatory if not predictive power can be derived,
is the focus of some PER workers.20 Although this effort is
potentially fruitful, it is important that theoretical descriptions remain firmly linked to empirically observable phenomena. The relationship between experiment and theory in
PER will continue to be very different from that in traditional
areas of physics from the standpoint of providing precise
operational definitions and predictive power. In fact, in the
context of PER we prefer to use the phrases ‘‘models’’ or
‘‘theoretical frameworks’’ to clearly differentiate generalizations about learning from the physical theories with which
physicists are familiar. We expect that additional data from
detailed studies of the dynamics of student learning will enhance efforts to establish useful theoretical frameworks. At
the same time, we believe that empirical studies that are not
necessarily closely identified with a specific theoretical
framework will continue to lead to significant advances in
instruction.
Whereas PER tends to focus on problems associated with
the teaching of physics, cognitive science considers the nature of knowledge and learning in general. There is rough
agreement on general principles between the two fields, but
there has been relatively little cross fertilization, in part because differing goals have led to studies that have little detailed overlap. However, some PER researchers are working
to build stronger connections between these two
disciplines.21 As more is learned about memory and learning,
it will be a challenge to incorporate those findings into new
lines of investigation within PER. An even greater challenge
will be to incorporate these findings in practical classroom
applications. Collaboration between members of the PER
and cognitive science communities in designing and conducting experiments relevant to physics education could be
useful and productive.
391
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Physics is at the forefront, but discipline-based education
research is growing in the other sciences and engineering.
We believe that the PER community should actively cultivate
connections with these related fields. Moreover, as we will
discuss, lobbying for increased funding is more likely to be
successful when broadly based.
Necessity for PER physicists within physics departments.
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 physics
instruction is small compared to that from PER. The explanation is simple: education research conducted by physicists
in physics departments is more credible, more accessible,
and, in general, more relevant to physics faculty than that
conducted in colleges of education or departments of psychology 共although the conclusions are typically consistent兲.
Thus for PER to be influential, it is essential that its researchers maintain close ties with the traditional physics community.
For PER to be both valid and useful, it is important that
researchers have close, sustained, and day-to-day contact
with physics students. Graduate students who work in this
field need advanced training in physics and physics research
methods, in addition to specialized training in PER. It is
difficult to imagine that this training could occur without a
firm base in a college or university physics department, for
which undergraduate 共and graduate兲 education is a central
mission. In contrast, the mission of colleges of education is
focused almost exclusively on K-12 instruction, with much
less attention to discipline-specific instruction at the undergraduate level.
The close links to the rest of the physics community have
enabled PER to make a contribution to education research
that is unique.22 Physicists have deep knowledge about physics concepts as well as familiarity with the methods and culture of the physics research community and the goals of
physics instructors. These conditions have helped workers in
PER to gain insights about physics learning and to develop
instructional materials and methods that, although informed
by work in related fields, have gone beyond those fields in
terms of their direct impact on instructional practice. It is
worth noting that ‘‘the research-based development of tools
and processes for use by practitioners’’23—long the primary
goal of most PER workers—is a relative rarity in traditional
educational research. One of the strengths of PER is that it is
not simply traditional education research conducted by individuals with a strong subject matter background, but rather it
is a unique enterprise in which the techniques are strongly
colored by the discipline in which it is embedded.
Practical and political issues facing the PER community.
In the past seven years, more than 50 people who were
trained in PER through Ph.D. or postdoctoral studies have
obtained new tenure-track faculty positions in institutions
ranging from four-year liberal arts colleges to researchoriented universities. At the same time, a number of physicists who had already achieved tenure through research in
traditional areas have ‘‘converted’’ to PER. The pace of such
conversions has increased in recent years, and such individuals form a significant fraction of PER workers. This dualtrack expansion has allowed the field to grow rapidly. Although the numbers suggest that the field is thriving, there
are several serious hurdles that must be overcome for PER to
become a viable subfield of physics.
The fact that a significant fraction of PER faculty are
Guest Editorial
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tenure-track assistant professors is a concern. Although all
tenure-track faculty have uncertain futures, there is an additional potential danger in PER. That is, 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. The
responsibilities of PER faculty should be consistent with
those of the other faculty in their departments, and they
should have the same opportunities for promotion and tenure
as faculty in other areas of physics. Although standards for
teaching and service are primarily locally determined, criteria regarding publication can be set relative to national norms
for PER, just as in other subfields of physics. These conditions are necessary for ensuring that the quality of PER is
high and for ensuring that talented people continue to enter
the field.
The current level of activity in PER requires a stable
source of support to be sustained. Work in PER is primarily
funded by the National Science Foundation 共NSF兲 but the
research aspect of funded projects is typically secondary to
curriculum development, teacher education courses and
workshops, and other applications of interest to the various
funding programs. There is no source of funding for physics
education research per se. When the research phase of a
project is subservient to teacher education workshops or the
production of curricular materials, the overall research and
development endeavor is weakened. There are NSF programs that support science education research, but many
PER projects are not competitive because they are perceived
by the reviewers to be too narrowly focused. 共Reviewers in
these programs are drawn primarily from the traditional science education and cognitive science communities, instead
of the physics community.兲 The traditional models of physics
research funding, such as the renewable three-year grants
provided to individual researchers by the NSF Divisions of
Physics and of Materials Research, are virtually unknown in
PER. However, the NSF Directorate for Mathematical and
Physical Sciences 共MPS兲 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.
We would like to see the Directorate for Mathematical and
Physical Sciences support fundamental research on the learning and teaching of physics through competitive proposals
submitted through standard procedures and peer-reviewed by
experts in PER. A new program is not necessary—an explicit
expansion of the types of projects considered suitable for
submission would suffice. We recognize that the suggestion
that MPS spread its limited funds over a larger number of
areas is unlikely to find favor with much of the physics community. However, the lack of a funding base within NSF for
discipline-based education research, despite the documented
successes of this research, is a problem not just for physics
but also for the other sciences and engineering. We would
like to see physicists at NSF take the lead in establishing
mechanisms for funding discipline-based education research
within NSF. These programs could be jointly administered
by the Division of Undergraduate Education and the appropriate divisions within the traditional research directorates.
A research field must have mechanisms to support the
documentation, peer review, and dissemination of findings.
For more than 25 years, the American Journal of Physics has
served this function for PER, and also has served as the
principal link between the PER community and the broader
392

Am. J. Phys., Vol. 73, No. 5, May 2005

community of physics educators. 共There are other journals in
which research on physics teaching and learning is reported,
but most have a limited readership in the U.S. among physics
instructors at the postsecondary level.兲 There are now frequent special sections in AJP, overseen by an editor with
expertise in PER, that provide a venue for PER articles that
are more technically oriented than those in the main body of
the journal. This development is an important acknowledgment of the role that AJP plays in the PER community. The
proceedings of the annual Physics Education Research Conference provides a useful forum for the publication of short,
preliminary accounts of investigations. The publication of
the proceedings by the American Institute of Physics 共starting with the 2003 conference兲 will make them much more
widely accessible. An additional on-line archival journal
with the tentative title Physical Review Special Topics—
Physics Education Research is planned in partnership with
the American Physical Society. Although a secure, long-term
funding mechanism has not yet been established, we are
hopeful that this new journal will greatly enhance the ability
of members of the PER community to publish new and important results with a minimum of delay. Because it is critical
that this new journal establish credibility in the physics community, we believe that the review criteria should resemble
as closely as possible those in place for Physical Review as a
whole.
While growing in size, the PER community also has diversified in terms of research themes, with both positive and
negative future implications. The complex problem of improving physics learning requires that many and varied approaches be investigated and tested; not all will be fruitful,
but that is the nature of research. However, the community is
still relatively small and resources are limited. Too broad a
dispersion of effort may result in research areas that fall below the critical mass needed to sustain a viable, self-critical,
and productive research field. Collaborations could increase
the impact of individual efforts and ensure that important
issues receive adequate attention.
The growing number of faculty positions indicates that
PER is increasingly viewed as a legitimate field for scholarly
research by physicists in physics departments. However,
many physicists still question whether effective teaching,
long considered a skill or even an art, is amenable to scientific study. The large number of variables involved in student
learning in the classroom is usually assumed to render the
scientific study of physics 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
physics also is characterized by difficulties in identifying and
controlling variables and by the necessity of making and
assessing assumptions, approximations, and models. 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. In
practice, the situation may well be significantly more challenging in PER, but it does not differ in principle.
As in traditional areas of physics, there are many careful
experiments in PER and some that are not. Critical review of
evidence by expert peers, the open debate of alternative interpretations, and experimental challenges to reported findings are the only way to ensure legitimacy. Therefore, it is
especially crucial for members of the PER community to
document their findings in sufficient detail to permit replication, to consider alternate interpretations explicitly, to cite the
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work of others, and to draw conclusions that are only as
general as the scope of the given study warrants. A relatively
new field such as PER has a special responsibility in these
matters. At the same time, it is reasonable to expect that
respectful consideration by the broader community of physicists will be given to well-executed PER investigations, just
as would be given to such investigations in other areas of
physics.
There are numerous examples of PER results that are
highly robust and reproducible across diverse student populations, institutions, instructors, and nations. It is tempting to
believe that the growing weight of such evidence will eventually overcome lingering doubts about the validity of PER
within the larger physics community. These doubts reflect
intellectual concerns and perhaps a generally conservative
attitude about what and how we teach. However, efforts to
convince skeptics by ‘‘drowning them in data’’ can engender
further resistance. A backlash effect is created when the message heard by physics instructors is that they are ineffective
and that we, the PER community, are the only ones who
know how to teach. Results from a pilot study of attitudes
toward PER held by mainstream physics faculty suggest that
this type of miscommunication may be a significant issue.24
There is a clear lesson here for physics education researchers. When communicating with the physics community, we
must pay attention to the message received as much as the
message that we intend to transmit. We must increase our
efforts to assure our colleagues that PER results do not imply
either that they are wasting their efforts in the classroom, or
that their ideas are without merit. We also must try to correct
the common inference that research-based instruction has no
room for the creativity, intuition, or experience of individual
instructors. And we must be careful not to over-generalize or
over-simplify our results. Instead we should try to convey the
simple premise on which PER rests: systematic research is
an appropriate way to learn as much as possible about what
students are learning and to guide improvements in instruction where indicated.
Conclusions. We have argued that it is important for PER
to preserve and cultivate close connections with the traditional physics community, both to further the unique contributions made by physicists to the understanding of the learning of physics and to strengthen and widen the impact of
PER on physics instruction in colleges and universities.
The regular inclusion of PER in AAPT and APS meetings
and the growth in attendance at the annual Physics Education
Research Conference are among the many signs of vigorous
activity in this field. Physics education researchers are frequently invited to give colloquia in physics departments and
PER is highlighted at AAPT-sponsored conferences including the New Faculty Workshop and the Conference of Physics Department Chairs. Prominent physics education researchers have been awarded the Oersted and Millikan
awards, the highest honors of the AAPT. The Executive
Committee of the APS Forum on Education is working to
create stronger links between the AAPT, which is the traditional home of PER, and the APS. By maintaining high standards for PER and reaching out to the general physics community, we are optimistic that PER can become a firmly
established and productive subfield of physics. The APS
Council explicitly endorsed this outlook in its 1999 statement supporting PER in physics departments.25 However, the
differences in outlook between PER faculty and faculty in
traditional areas of physics cannot be bridged solely by ef393
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forts from the PER community. Physicists in traditional areas
need to acknowledge that the specialist knowledge of the
PER community on instructional issues merits special consideration when physics pedagogy is the subject of discussion.
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MAXWELL’S GENIUS
In 1861, James Clerk Maxwell had a scientific idea that was as profound as any work 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 seen.
Basil Mahon, The Man Who Changed Everything: The Life of James Clerk Maxwell 共Wiley, 2003兲, p. 1.
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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 largeenrollment 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.1

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, I 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.2

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 1998.3 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, highenergy, 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.4

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,5 with almost all of these at the
junior-faculty level. At least 30 Ph.D.-granting physics departments now include tenured or tenuretrack PER faculty, most of whom are guiding (or preparing to guide) graduate students toward
Masters or Ph.D. degrees in physics education research.6
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.
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The number of PER papers published in AJP since 1999 is as follows: 1999: 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
Committee 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
(1985).
Fred M. Goldberg and Lillian C. McDermott, “An investigation of student understanding of the real image
formed by a converging lens or concave mirror,” Am. J. Phys. 55, 108 (1987).
Monica G. M. Ferguson-Hessler and Ton de Jong, “On the quality of knowledge in the field of electricity and
magnetism,” Am. J. Phys. 55, 492 (1987).
Lillian C. McDermott, Mark L. Rosenquist, and Emily H. van Zee, “Student difficulties in connecting graphs and
physics: Examples from kinematics,” Am. J. Phys. 55, 503 (1987).

Richard F. Gunstone, “Student understanding in mechanics: A large population survey,” Am. J. Phys. 55,
691 (1987).
Ronald K. Thornton and David R. Sokoloff, “Learning motion concepts using real-time microcomputerbased laboratory tools,” Am. J. Phys. 58, 858 (1990).
Alan Van Heuvelen , “Overview, Case Study Physics,” Am. J. Phys. 59, 898 (1991).
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Patricia Heller, Ronald Keith, and Scott Anderson, “Teaching problem solving through cooperative
grouping. Part 1: Group versus individual problem solving,” Am. J. Phys. 60, 627 (1992).
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,” Am. J. Phys. 60, 1003 (1992).
S. Törnkvist, K.-A. Pettersson, and G. Tranströmer, “Confusion by representation: On student's comprehension of
the electric field concept,” Am. J. Phys. 61, 335 (1993).
Beth Thacker, Eunsook Kim, Kelvin Trefz, and Suzanne M. Lea, “Comparing problem solving performance
of physics students in inquiry-based and traditional introductory physics courses,” Am. J. Phys. 62, 627
(1994).
Robert J. Beichner, “Testing student interpretation of kinematics graphs,” Am. J. Phys. 62, 750 (1994).
Edward F. Redish, “Implications of cognitive studies for teaching physics,” Am. J. Phys. 62, 796 (1994).
S. Rainson, G. Tranströmer, and L. Viennot, “Students' understanding of superposition of electric fields,” Am. J.
Phys. 62, 1026 (1994).
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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:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

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
Chicago State University
City College of New York (2)
University of Colorado (2) [Physics Department; School of Education]
Concordia College (MN)
Davidson College (NC)
Dickinson College (PA) (2)
Drury University (MO)
Grand Valley State University (MI)
Hawai’i Pacific University
High Point University (NC)
Iowa State University
Kansas State University
University of Maine (2)
University of Maryland
McDaniel College (MD)
University of Minnesota [General College]
New Mexico State University
North Carolina State University (2)
University of Northern Iowa (2)
The Ohio State University
Rochester Institute of Technology (NY)
Rutgers University (NJ) (2) [Physics and Astronomy Department; Graduate School of
Education]
Seattle Pacific University
Southeastern Louisiana University
Southern Connecticut State University
Southern Illinois University, Edwardsville (3)
Southwest Missouri State University
University of Texas at Dallas [Department of Science/Mathematics Education]
University of Texas at El Paso
Texas Tech University
Towson University (MD) (2)
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40.
41.
42.
43.
44.
45.
46.
47.

U.S. Air Force Academy (CO) (2)
University of Washington
Western Carolina University (NC)
Western Kentucky University
Western Michigan University
University of Wisconsin-Oshkosh
University of Wisconsin-Stout
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):
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

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
Iowa 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)
Texas Tech University
Tufts University
University of Virginia
University of Washington
Western Michigan University
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: II,” 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. McIntire, “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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E. L. McFarland, F. R. Hallett, and J. L. Hunt, “The development of a personalized-system-of-instruction
introductory physics course for life-science students,” Am. J. Phys. 46, 1095 (1978).
1979
Richard Vawter, “Entropy state of a multiple choice examination and the evaluation of understanding,” Am. J. Phys.
47, 320 (1979).
Dov Liberman and H. T. Hudson, “Correlation between logical abilities and success in physics,” Am. J. Phys. 47,
784 (1979).
1980
Ted E. Senator, “Goals, aspirations, and attitudes of MIT undergraduate physics students,” Am. J. Phys. 48, 152
(1980).
George Barnes and George Bruce Barnes, “Students' scores on Piaget-type questionnaires before and after taking
two semesters of college physics,” Am. J. Phys. 48, 774 (1980).
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).
1981
David P. Maloney, “Piagetian testing,” Am. J. Phys. 49, 190 (1981).
David E. Trowbridge and Lillian C. McDermott, “Investigation of student understanding of the concept of
acceleration in one dimension,” Am. J. Phys. 49, 242 (1981).
David P. Maloney, “Comparative reasoning abilities of college students,” Am. J. Phys. 49, 784 (1981).
Michael Zeilik II, “Flexible, mastery-oriented astrophysics sequence,” Am. J. Phys. 49, 827 (1981).
1982
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).
Kenneth W. Wood, “An investigation of CAI teaching methods in an electronics course,” Am. J. Phys. 50, 683
(1982).
H. T. Hudson and Dov Liberman, “The combined effect of mathematics skills and formal operational reasoning on
student performance in the general physics course,” Am. J. Phys. 50, 1117 (1982).
1983
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).
Nathan O. Folland, Robert R. Marchini, Charles R. Rhyner, and Michael Zeilik, “Report on using TIPS (Teaching
Information Processing System) in teaching physics and astronomy,” Am. J. Phys. 51, 446 (1983).
L. M. Jones, Dennis Kane, Bruce Arne Sherwood, and R. A. Avner, “A final-exam comparison involving computerbased instruction,” Am. J. Phys. 51, 533 (1983).
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Gordon J. Aubrecht II and Judith D. Aubrecht, “Constructing objective tests,” Am. J. Phys. 51, 613 (1983).
1984
[ -- ]
1985
Dale D. Long and Jo C. Bedard, “Evaluation of a discussion technique used for both classroom instruction and grade
assignment,” Am. J. Phys. 53, 401 (1985).
Jean Lythcott, “ ''Aristotelian'' was given as the answer, but what was the question?,” Am. J. Phys. 53, 428 (1985).
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 (1985).
1986
Dale D. Long, Gerald W. McLaughlin, and Allan M. Bloom, “The influence of physics laboratories on student
performance in a lecture course,” Am. J. Phys. 54, 122 (1986).
H. A. Buckmaster, “Evaluating the effectiveness of an elementary undergraduate laboratory,” Am. J. Phys. 54, 702
(1986).
1987
Fred M. Goldberg and Lillian C. McDermott, “An investigation of student understanding of the real image formed
by a converging lens or concave mirror,” Am. J. Phys. 55, 108 (1987).
Mark L. Rosenquist and Lillian C. McDermott, “A conceptual approach to teaching kinematics,” Am. J. Phys. 55,
407 (1987).
David Hestenes, “Toward a modeling theory of physics instruction,” Am. J. Phys. 55, 440 (1987).
Ibrahim Abou Halloun and David Hestenes, “Modeling instruction in mechanics,” Am. J. Phys. 55, 455 (1987).
Monica G. M. Ferguson-Hessler and Ton de Jong, “On the quality of knowledge in the field of electricity and
magnetism,” Am. J. Phys. 55, 492 (1987).
Lillian C. McDermott, Mark L. Rosenquist, and Emily H. van Zee, “Student difficulties in connecting graphs and
physics: Examples from kinematics,” Am. J. Phys. 55, 503 (1987).
Richard F. Gunstone, “Student understanding in mechanics: A large population survey,” Am. J. Phys. 55, 691
(1987).
Ronald A. Lawson and Lillian C. McDermott, “Student understanding of the work-energy and impulse-momentum
theorems,” Am. J. Phys. 55, 811 (1987).
R. R. Hake, “Promoting student crossover to the Newtonian world,” Am. J. Phys. 55, 878 (1987).
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1988
Renate C. Lippert, Patricia A. Heller, Roger S. Jones, and Russell K. Hobbie, “An evaluation of classroom teaching
practices one year after a workshop for high-school physics teachers,” Am. J. Phys. 56, 505 (1988).
Sheila Tobias and R. R. Hake, “Professors as physics students: What can they teach us?,” Am. J. Phys. 56, 786
(1988).
1989
R. B. Hicks and H. Laue, “A computer-assisted approach to learning physics concepts,” Am. J. Phys. 57, 807
(1989).
1990
Lillian C. McDermott, “Research and computer-based instruction: Opportunity for interaction,” Am. J. Phys. 58,
452 (1990).
Lillian C. McDermott, “A perspective on teacher preparation in physics and other sciences: The need for special
science courses for teachers,” Am. J. Phys. 58, 734 (1990).
Ronald K. Thornton and David R. Sokoloff, “Learning motion concepts using real-time microcomputer-based
laboratory tools,” Am. J. Phys. 58, 858 (1990).
1991
Mary Beth Ruskai, “Guest Comment: Are there innate cognitive gender differences? Some comments on the
evidence in response to a letter from M. Levin,” Am. J. Phys. 59, 11 (1991).
Jack Lochhead, “Guest Comment: Why is good teaching so clearly confusing? A tale of two theories,” Am. J. Phys.
59, 969 (1991).
Lillian Christie McDermott, “Millikan Lecture 1990: What we teach and what is learned---Closing the gap,” Am. J.
Phys. 59, 301 (1991).
J. W. Halley, Azin Adjoudani, Patricia Heller, and James S. Terwilliger, “The Graduate Record Examination as an
indicator of learning of the curriculum taught to physics majors in US institutions,” Am. J. Phys. 59, 403 (1991).
Alan Van Heuvelen, “Learning to think like a physicist: A review of research-based instructional strategies,” Am. J.
Phys. 59, 891 (1991).
Alan Van Heuvelen , “Overview, Case Study Physics,” Am. J. Phys. 59, 898 (1991).
1992
J. Bowden, G. Dall'Alba, E. Martin, D. Laurillard, F. Marton, G. Masters, P. Ramsden, A. Stephanou, and E. Walsh,
“Displacement, velocity, and frames of reference: Phenomenographic studies of students' understanding and some
implications for teaching and assessment,” Am. J. Phys. 60, 262 (1992).
Ernst Breitenberger, “The mathematical knowledge of physics graduates: Primary data and conclusions,” Am. J.
Phys. 60, 318 (1992).
Patricia Heller, Ronald Keith, and Scott Anderson, “Teaching problem solving through cooperative grouping. Part 1:
Group versus individual problem solving,” Am. J. Phys. 60, 627 (1992).
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Patricia Heller and Mark Hollabaugh, “Teaching problem solving through cooperative grouping. Part 2: Designing
problems and structuring groups,” Am. J. Phys. 60, 637 (1992).
Lillian C. McDermott and Peter S. Shaffer, “Research as a guide for curriculum development: An example from
introductory electricity. Part I: Investigation of student understanding,” Am. J. Phys. 60, 994 (1992); Erratum: Am.
J. Phys. 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,” Am. J. Phys. 60, 1003 (1992).
1993
Lillian C. McDermott, “Guest Comment: How we teach and how students learn---A mismatch?,” Am. J. Phys. 61,
295 (1993).
Robert G. Fuller, “Millikan Lecture 1992: Hypermedia and the knowing of physics: Standing upon the shoulders of
giants,” Am. J. Phys. 61, 300 (1993).
S. Törnkvist, K.-A. Pettersson, and G. Tranströmer, “Confusion by representation: On student's comprehension of
the electric field concept,” Am. J. Phys. 61, 335 (1993).
1994
Lillian C. McDermott, Peter S. Shaffer, and Mark D. Somers, “Research as a guide for teaching introductory
mechanics: An illustration in the context of the Atwood's machine,” Am. J. Phys. 62, 46 (1994).
Beth Thacker, Eunsook Kim, Kelvin Trefz, and Suzanne M. Lea, “Comparing problem solving performance of
physics students in inquiry-based and traditional introductory physics courses,” Am. J. Phys. 62, 627 (1994).
G. Rebmann and L. Viennot, “Teaching algebraic coding: Stakes, difficulties, and suggestions,” Am. J. Phys. 62,
723 (1994).
Robert J. Beichner, “Testing student interpretation of kinematics graphs,” Am. J. Phys. 62, 750 (1994).
Edward F. Redish, “Implications of cognitive studies for teaching physics,” Am. J. Phys. 62, 796 (1994).
Lorella M. Jones and Dennis J. Kane, “Student evaluation of computer-based instruction in a large university
mechanics course,” Am. J. Phys. 62, 832 (1994).
Roger Nanes and John W. Jewett, Jr., “Southern California Area Modern Physics Institute (SCAMPI): A model
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