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Transforming the lecture-hall environment: The fully interactive
physics lecture

David E. Meltzer®
Department of Physics and Astronomy, lowa State University, Ames, lowa 50011

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

(Received 19 September 2001; accepted 29 January) 2002

Numerous reports suggest that learning gains in introductory university physics courses may be
increased by “active-learning” instructional methods. These methods engender greater mental
engagement and more extensive student—student and student—instructor interaction than does a
typical lecture class. It is particularly challenging to transfer these methodologies to the
large-enrollment lecture hall. We report on seven years of development and testing of a variant of
Peer Instruction as pioneered by Mazur that aims at achieving virtually continuous instructor—
student interaction through a “fully interactive” physics lecture. This method is most clearly
distinguished by instructor—student dialogues that closely resemble one-on-one instruction. We
present and analyze a detailed example of such classroom dialogues, and describe the format,
procedures, and curricular materials required for creating the desired lecture-room environment. We
also discuss a variety of assessment data that indicate strong gains in student learning, consistent
with other researchers. We conclude that interactive-lecture methods in physics instruction are
practical, effective, and amenable to widespread implementationoo®American Association of Physics
Teachers.

[DOI: 10.1119/1.1463739

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

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

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

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

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

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

tions to which all students in the class simultaneously rethe fully interactive lecture class, while Sec. VI contains a
spond, both before and after discussion detailed, almost verbatim, excerpt from an actual class. This
In this paper we describe a variant of Peer Instruction thafXCerptis qnalyzed n Sec. VII. In Sec. VIil we discuss the
we have developed and tested. It carries the transformati _mted currlpular m?‘te”a's that have been developed _for use
of the physics lecture-room environment several steps furvith these instructional methods. In Sec. IX we discuss

ther, aiming at the achievement of a virtually continuous dia_lmplementatmn issues, and in Sec. X we discuss the analysis

logue between students and instructor of a type ordinaril;&fl assessment data related to student learning in our classes.
characteristic only of one-on-orier one-on-few instruction e offer some concluding remarks in Sec. XI.

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

handful of students present. This “fully interactive lecture” Il A LONG-STANDING CHALLENGE: PROMOTING

offers a useful option for physics instructors who want toACTIVE-LEARNING IN LARGE LECTURE

maximize the potential for instructor—student interaction inCLASSES

the large-classroom environment. We have employed thes,
methods in our classes over the past seven years at Sou
eastern Louisiana Universit§SLU), the University of Vir-
ginia, lowa State UniversitylSU), and Southwest Missouri Recent research has cast serious doubt on the effectiveness
State University. of instruction for the majority of students enrolled in intro-

. Motivation: Student—instructor disconnect in
grge-enrollment classes
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ductory physics courses, the most common setting for largesoning that might lead them to synthesize the concept on
enrollment, lecture-based instruction. Not surprisingly, thetheir own. It is especially challenging to develop effective

large-enrollment lecture class is among the most challengingctive-learning methods that lack a laboratory component,
environments in which to achieve improved learning gains. land the large lecture class is an inherently difficult environ-
is very difficult for instructors to assess student learning andnent in which to establish active learning.

to implement any needed alterations in instruction in “real-

time.” Moreover, the high student/instructor ratio makes it

difficult for instructors to engage students in instructional

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

B. Limitations of the lecture approach: The case of

physics The issue of how to increase attention and engagement of

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

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

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

We (and others have found that itis practical to bring
about this transformation to a very great extent. Success
hinges on two key strategie&t) students need to be guided
in a?deliberate, s%/ep-by-s%ep process to think about,gdiscusls\,/' STUDENT RESPONSE SYSTEM
and then respond to a carefully designed sequence of ques-

tions and exercised?) there must be a system for the in- ¢ se with interactive-lecture methods, including commer-
structor to obtaininstantaneougesponses fronall of the cially available electronic systerﬁ%‘.720ur method employs
students in the classmgltaneousl.y,Thls system allows in- fiash cards on which oversize letters of the alphabet are
structors to gauge their students’ thinking and to rapidlyprinted. Flash cards are less expensive and easier to imple-
modify their presentation, subsequent questioning, and disnent, although they lack useful features of the electronic
cussion of students' ideas. Our methods are a variant of Pegistems such as instant graphical displays of responses. We
Instruction; ™and are similar to methods used at the Uni-emphasize that almost everything we discuss in this paper
versity of Massachuseffs**and at Eindhoveff. _may be implemented equally effectively with electronic re-
The basic objective is to drastically increase the quantitysponse systems.
and quality of interaction that occurs in class between the \With the use of the flash-card system, we are able to ask
instructor and the students and among the students thermany questions during class and no longer have to wait for
selves. To this end, the instructor poses many questions. Stgne daring individual to respond. Every student in the class
dents decide on an answer, discuss their ideas with ea%s a pack of six large cards? in.x8%in.), each printed

0;her_, and provide thelr'responses using a.classrpom COMMULih one of the letters A, B, C, D, E, or F. Students bring the
nication system. The instructor makes immediate use o

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

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

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

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

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

There are a number of student response systems available
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V. FORMAT OF THE FULLY INTERACTIVE
LECTURE CLASS

A. Overview @ @ @

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

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

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

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

tion sequence. tunit P : o p »
. y . . y to interject a question requiring a “free response,
AtISU, in addition to the class meeting8 h/weeR inthe ;0 a5 a simple sketch. As the students work on the free-

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

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

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

G by Soptale Quesloning o e etnctors Wor epresented by he orcle: s ) geater than zerc
9 y &%al to zero, ofC) less than zero. Most students quickly

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

ISU we also have been able to make use of four of they o\ in ‘s nearby positive chargig. 2(b)], inviting students
week'ly, .2'h Iaboratory periods to do' additional active-1, consider the nature of the interaction between the circled
learning instruction. In these we uSetorials for Introduc- .04 anq the positive chargassuming the electrons and
Lﬂ%’ﬁ?{;ﬁtizggzmate”als from the teflectric and Mag- protons are fixed in positignHe asked the students to sketch
a set of arrows representing all electrical forces acting on that
positive charge due to each of the protons and electrons. As
the students worked at their desks, the instructor walked

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

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

B. Mini-lecture

C. Interactive-question sequence
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1. Anelectron is placed at the origin, and then released and allowed to ever, the split in opinion persists; that is a signal that more

move freely. It begins to move along the positive x axis. From this discussion—with some additional exercises and
one can conclude that the electric field at the origin points: questions—is probably needed.
A.  toward the positive x direction. If student opinion remains divided and a split vote persists
B. toward the negative x direction. despite the student discussion, we will often ask for an A
g‘_ :Zz:: ::z z:;:t‘l":eyy‘:;l’:t‘;'; supporter to present his/her argument, followed by a propo-
E ina direction not along either x or y axes. nent of thg C viewpoint. If_ necessary, we will eventually step
F.  There is not enough information to determine the direction of in to alleviate the confusion. By this time, most of the stu-
the electric field at the origin. dents will have carefully thought through the problem. If
they haven't already figured it out by themselves, they will
2. Inacertain region of space, the electric field is zero everywhere. now at least be in an excellent position to make sense out of
This means that, if a charged particle is located anywhere in this any argument we offer to them. Before those minutes of hard
region: thinking, we could have made the same argument and
A. the particle can not be moving. watched as almost every student in the class gave the wrong
B. the particle experiences no net electrical force. answer to some simple question. We know this to be true
C. the particle experiences a repulsive electrical force. because we have tried it often enough.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

all questions cited in this segmeht.
Students’ responses are split approximately equally among
e the three options
RS R (2) Instructor. Will the current through the battergA)
@ increase(B) decrease, ofC) remain the same?
R. Student responses are split approximately equally between
(A) increase, andB) decrease
B —‘ (3) Instructor. Okay, how about this: I8 Ve, (A) greater

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

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

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

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

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

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

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

lecture demonstration into a fully interactive sequefice. ~ €dual toAVg,?

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

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

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

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

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

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

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

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

a sequence of questions as follows equal tol ;?

(1) Instructor. Suppose an additional resistor is added in Nearly all students correctly answéc).
parallel to the circuit showfin Fig. 4@)], and so we getthe  (13) Instructor. And is | 3 (A) greater than(B) less than,
circuit shown[in Fig. 4(b)]. Will the power produced by the or (C) equal tol ;?
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Iz A. The frequency of questioning may be as high as several
per minute During this relatively brief sequence, which took
Tiot I, only approximately 20 min, the students were asked to use
their flash cards to respond to 13 separate questions. During
I portions of the segment, there were two or thi@asy ques-
tions in a single minute. This rate is similar to the rhythm of
Fig. 5. Diagram used in sample interactive-question sequéBee. V), one-on-one tutoring, in which there is often a rapid exchange
drawn on board after instructor statement 16. of questions and answers between students and instructor.
B. The instructor must often create unscripted questions

Again, nearly all students correctly answée). on the spatAll of the questions were improvised by the

(14) Instructor. Okay, now if we start with that initial instructor Without.previous scripting or prepa_ration. In jgst
two-resistor circuit and add the third resistor, will the total the way that an instructor must come up with appropriate
current through the batteA) increase(B) decrease, ofC) extemporaneous questions when doing one-on-one teaching,

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

(16) Instructor. And now will somebody explain why they ¢ Easy questions are used to maintain the flow of the
think the answer i$B)? discussionMany of the questions are easy for the students to

Nobody volunteers to defend answ@). Instructor NoW  gnq\yer. and they receive overwhelmingly correct responses.
draws on board diagram shown in Fig. 5. . Crouch and Mazir note that questions with correct-

(17) Instructor. Okay, once again: If we start with that response rates over 70% tend to produce less useful discus-

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

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

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

Spudent guestiorHow fgr can the battery go and still keep question variants Almost any physics problem may be
pu(tgg)gloutt mct)re lcgrreft‘tk it basically depend the turned into an appropriate conceptual question. By using the

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

equipment you're using. o B p ;
Studernt But aren’t you increasing the equivalent resis- same, grgater ﬂlan’ less 'than, gqual to,' a}nd I?ft,’ right,
up, down, in, out,” along with obvious variations, it is pos-

tance, sinC&Rqquiv=R1+Ry+R3? ! . . ,

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

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

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

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

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

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

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

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

Another key element that was found to be necessary fofOVer many topics, the majority of students do not gain any
our Workbookwas the creation of numerous free—responses'gn'f'cam degree of mastery over most of the material. As-
worksheetdsee, for example, Appendix)AThe worksheets sessment data from our courses and from many other_s ;how
emphasize qualitative questions, often require explanatioreonvincingly that student learning of basic concepts is im-
of reasoning, and target learning difficulties that have beeR"0Ved with interactive-engagement methods. Moreover, as
identified in the research literature as well as those familiafUch as we might wish to give a clear-cut answer to the
to us from our own experience. In addition to in-class useduestion of coverage, there really does not exist an answer
the worksheets also serve as a primary source of homewomat is both accurate and general. The amount of material that
exercises. Although superb worksheets based on extensif&n Pe covered is critically dependent on the student popu-
research are available in th@utorials for Introductory 'ation. We found, for instance, that an amount of material
Physics™® there was simply not enough to satisfy our need"€duiring virtually the entirety of a fifteen-week semester at

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

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

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

A final element now included in th@orkbookis a large ~ depthof coverage. We choose certain concepts from each
collection of quizzes and exantand solution sets for the tOPic—the big ideas in our view—and focus in-depth class
exams that have been given in previous years. These fomglscuss!on on those concepts. We are content to discuss only
an invaluable source of additional flash-card questions, free2refly, if at all, other concepts contained within the same
response exercises, and material for homework assignmeri@Pical area. For instance, we cover dc circuits, but not ac
and student review. They also respond directly to incessarfircuits or multiloop circuits requiring analysis with simulta-

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

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

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

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

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

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

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

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

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

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

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

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

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

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

problem solutions, and interact with classmates to discus§- Peémands on the instructor

challenging questions. At the very least this interaction re- Teaching a physics course using fully interactive lectures
quires a significant investment of thought and energy in 3s not an easy task; it requires much energy and commitment.
course most students take merely to satisfy a requirementne instructor needs to come to class with a clear plan—
Many students who find themselves in this situationnd®  (entative though it may be—for that day’s intended sequence
automatically welcome the opportunity to engage in a leamqut questions and activities. Pre-scripted questions must be
ing experience that is far more intensive than norfn4f. selected, and additional questions must be prepared as
_ Largely for these reasons, we and others have found that §eeded. During class the instructor must be attentive to stu-
is critical to the success of these methods that they be impl&sen reactions, willing to walk around the room and check on
mented consistently throughout the course, beginning withy,qent work, and prepared to shift gears and redirect discus-
the very first day. For example, our students pick up theilsion on short notice(When we find ourselves lecturing for

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

minute of class(These are questions such as “Did you take
high-school physics?,” ett We explain that these methods
have been repeatedly demonstrated to vyield positive result&: ASSESSMENT OF STUDENT LEARNING

and reassure students that the impact on grades is usuaIIyWe first note a remarkable effect that we have consistently
found to be favorable. Virtually every class period includes bserved, that is, a very small number of dropouts, typically

interactive questions and related activities. Instructors nee§%_30/0 after the first week. Attendance<<90% on Virtu-

to be aware that attempting to introduce these or other form\?elly every class dayno doubt largely due to frequent graded

of active-learning methods mid-semester, after students ha
already settled down into the routine of a traditional Iecturequ'zzes' We should also acknowledge that, although we be-

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

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

As has been pointed out by many educators, it is absgcourse at SLU consisted only of the_ intera_c_tive lectures,
lutely essentialto the success of any instructional method While that at ISU _has the_very substantial addltlona_\l element
that students be examined and graded in a manner consistétfta weekly tutorial session. There are still othe_r important
with the form of instruction. In our second-semester course€léments of the ISU course that certainly contribute to the
we give a written in-class quiz twice per week; the majorityream'ng gains, including the four active-engagement labora-
of questions are very similar to the flash-card questions. Intory sessions(We have no way of apportioning learning gain
deed, actual past quiz questions are frequently used as part @ntributions among the various course elemer@ar full
the flash-card question sequences. Exams also focus heaviljpPlementation model has been used only for the second-
on qualitative questions, and on problems that involve littleSemester algebra-based course, and data from that course are

algebra but require good conceptual knowledge and propof€ported here. .
tional reasoning skills. Some problems require explanations We discuss the results of the Conceptual Survey in Elec-

of students’ reasoning. To help promote a cooperative atmd¥icity (CSB, the Conceptual Survey in Electricity and Mag-
sphere among the students, an absolute grading scale is ude@fism (CSEM),” electric circuit concept questions, and
so that any student accumulating a preset point total is guafuantitative problem solving. Since 1997, an abridged ver-

anteed in advance, at the minimum, a certain correspondingjon of the CSE has been administered on both the first and
letter grade. 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 identicébr nearly s¢ to ques-
D. Student attitudes tions included on the CSEM. The items on the CSE and
We and other® have found that during the first few weeks CSEM are almost entirely qualitative and probe knowledge
many students are unsettled and uncomfortable with interadoth of physics concepts and aspects of related formdlism.
tive lecture classes. It takes time for them to become accu$n the pre-test, students answered all questions, but on the
tomed to the new routine and to appreciate its benefits. Wpost-test they were instructed to respond only to a 23-item
find that by the end of the course, most students have posssubsef*.3 We refer to this subset of the CSE as the Abridged
tive attitudes. End-of-course surveys show that most studenfsSE. Only the 23 designated items were graded, both on the
react favorably to the instructional methods, with approxi-pre- and post-test. Table | gives these scores for the five
mately 30%—-40% giving maximum ratings on evaluations.courses in which we administered the test; only students who
(Sample comment: “... best physics instructor | have evettook both tests are includedthat is, data are “matched”
had.... He makes physics fun and interesting to learn....” Despite the addition of tutorials, along with expansions and
Most of the remainder are positive or neutral, but there igmprovements in the curricular materials, we cannot conclu-
often a core of less than 10% theéspisegshese methods. sively state that the improvements in post-test scores and
(Sample comment from the same class: ... has a new way afiormalized gaiff (that is, Hake’s(g)) observed at ISU can
teaching he is trying to develop. It doesn’t work...going tobe entirely attributed to changes in instructi¢tNormalized
lecture was pointless other than to take required quizzes."gain” is defined as the actual pre-test to post-test increase in
During the Fall 2000 semester at ISU the number of re-exam score, divided by the maximum possible increase.
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Table 1. Scores on the 23-item abridged Conceptual Survey in Electricitycalculus-based courses in that sample, with mean normalized

(CSB. learning gains(mean(g)=0.68 triple those found in the
CSE mean CSE mean national survey(g)=0.22.%” We note also that our students’
Sample N pre-test score  post-test score  (g)? scores on final-exam magnetism questions drawn from the
CSEM—uwell above those of the national sample post-tests—
3;5;2907”' N 58 29% 62% 046 are quite consistent with the data shown in Table II.
11 1958 - 7% — s In Table Il we present data on ele_ctrlc circuit questions
(lecture only that have been admlnlstergd on our final exams for the past
ISU 1998 70 34% 76% 064 fouryears; these questiofiBig. 6) are drawn from the study
(lecturet tutorial) of Shaffer and McDermoft The authors report assessment
ISU 1999 87 30% 78% 0.69  data on these questions for several different courses, includ-
(lecturet tutorial) ing both traditional courses and courses that used the electric
ISU 2000 66 34% 79% 0.69  circuit tutorials fromTutorials in Introductory PhysicsAl-
(lecturertutorial) though we find significant year-to-year variations in the

scores of students in our courses, all of our eight scores are
higher than the comparable scores in traditional coui&es.
Our course differs from most traditional courses in three

. . key ways:(1) use of fully interactive lecture and highly in-
one of us has showfDEM) in a recent report, various other teractive tutorials{2) strong emphasis on conceptual prob-

factors probably play a significant role in determining Stu'lems, and(3) coverage of a smaller number of topics than

dentsé)erformance as reflected in assessment data of ﬂ}lﬁost courses. our data do not allow us to estimataetze

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

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

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

; . : : perior learning gains on the Force Concept Inventory re-
way of comparison, it has been found in mechanics cours

. X . orted for IE course® He also notes that onlyartial
that typical values of normalized gain on the Force Concep

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

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

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

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

CSEM electricity subset CSEM electricity subset

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

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

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

Traditional, a <50%

algebra-based,

university

Traditional, a <50% 15%

calculus-based,

university

Tutorial, a >75% 4596

calculus-based,

university

Tutorial, a 65%

calculus-based,

college

SLU 1998 61 54% 59%

ISU 1998 76 75% 33%

ISU 1999 86 59% 31%

ISU 2000 79 86% 46%

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

PN~50; administered in subsequent course.

°N~50; administered in subsequent course.

YExplanation not required.

extent to which a course’s focus on conceptual questionsipulation; see Appendix B We have attempted to address
may detract from students’ ability to solve standard quantithis concern by including on our final exam problems drawn
tative problems(We stress, though, that our course’s empha-directly from the traditional calculus-based introductory
sis on qualitative problems is accompanied by extensivehysics course at IS(bmitting problems using calculusin
practice with some fairly standard quantitative problems, al-1998 we used six questions copied directly from two differ-
beit ones requiring only a modest degree of algebraic maent final exams in the calculus-based course; in 1999 and
2000 we included three of those same six questighls six

are shown in Appendix ¢.The data in Table IV show that
students in our algebra-based course outperformed the stu-

A dents in the calculus-based course on those questions; they
) also show that results on the three-item subset were virtually
identical to those on the full six-item set.

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

D
(a) Table IV. Scores on quantitative problems, ISU courses.
Sample N Mean score
Traditional calculus-based course, 320 56%
B 1997 and 1998
A six final exam questions
C— G) D E Interactive-lecture course, 1998 76 7%
(algebra-based
C six final exam questions
Traditional calculus-based course, 372 59%
1997 and 1998
(b) three-question subset
Interactive-lecture course, 241 78%
Fig. 6. Questions used to assess understanding of ciffuits Ref. 89. All 1998, 1999, 2000

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

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

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

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

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

some degree of success.
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provide much valuable insight into student thinking andits direction. If not, exp|ain how you can tell.

many important suggestions for improvements to the curricu-
lar materials.

AF

APPENDIX A: EXCERPT FROM FREE-RESPONSE B
WORKSHEET l

Torque on a Current Loop in a Magnetic Field

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

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

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

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

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

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

and the protons?

2. Current flows out of a battery and into resisto(2 ohms.

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

2. Now, a square wire loop carrying a steady clockwise curbines and returns to the battery. If the voltage drop across
rent is placed in the regioiCurrent in each of the four sides resistorA is AV,, what is the voltage drop across resistor
is equal) On each of the four sides of the loop, indicate theC?
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1/3 AV,
2 AV,
2/13AV,4
2 AV, A
AVA :,.
3/2AV, #2 Al [ -
4/3AV 4 =

~3V 4V 5V 6V 7V 8V
2 AV, #1
3 AVa 6. The diagram shows part of the path traveled by a particu
3. AchargeQ is flxed at the.ongln. An object with mass 3 kg lar light ray as it strikes a piece of three-layer material. The
and charg 9 C isheld motionless on the 6-V equipotential

’ 4 e different layers have different indices of refractiam, n,,
circle (a distance from the origin, and then releasedSee

: ) ) : and ny) as indicated. Note that no ray is observed in the n
diagram) Which of these will be closest to the velocity at- yggion,

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

0 m/s largest smallest

2 mls

3 m/s n; [no refracted ray in this region]

4 m/s

6 m/s n;
36 m/s

54 m/s

&
L 2%

—IOMMUO®»

OTMoUO®»

n4

APPENDIX C: QUESTIONS FROM ISU CALCULUS-
BASED PHYSICS EXAM

Questions 1-6 were given on the 1998 final exam in the
4. A5-ohm and a 2-ohm resistor are connected in series to iateractive-lecture course. Questions 1, 2, and 4 were also
battery. In a separate circuit, a 5-ohm and a 2-ohm resistagiven on the 1999 and 2000 final exams in that course; the
are connected in parallel to a battery with #mmevoltage. format of question 4 was slightly modified to increase its

In which resistor is thenost powelbeing dissipated? difficulty.
A. The 5-ohm resistor in the series circuit. 1. Two point charges+7.00< 10" ° C and +9.00x107° C
B. The 5-ohm resistor in the parallel circuit. are located 4.00 m apart. The electric field intengiityN/C)
C. The 2-ohm resistor in the series circuit. hagwgy %et‘i"ele”éhi”% IS:D o E 36
D. The 2-ohm resistor in the parallel circuit. : T s ' '
E. Both resistors in the series circuit, which dissipate the; Two particles, X and Y, ar4 m apart. X has a charge of

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

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

G. Allfour resistors dissipate the same amount of power.( A 41 B.21 C.1'1 D.12 E. 14
5. A positive charge is shot into a region in which there is 3. An unknown resistor dissipates 0.50 W when connected to
a uniform electric field'see diagram First, it is shot along a 3.0 V potential difference. When connected to a 1.0 V
path #1; then it is shot in again along path #21O0OSE potential difference, this resistor will dissipate:

m

TWO CORRECT STATEMENTS (half credit for each) A.050wW B.0.17W C.15W D.0.056 W
A. It gains kinetic energy while traveling inside this re- E. None of these. _ o
gion. 4. In the diagram, the current in the XDresistor is 4.0 A.

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

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

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

*ZA

VA A3A

2

Aoa
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83The CSE was used in this abridged form, omitting some items, for various ) " . )
reasons. In some cases, the notational conventions differed from what wasEducation Research based course,” APS Centennial Meeting Program,

used in clasgfor example, electric field lines are used on the CSE, but Session LB20, Abstract LB20.02999. )
only field vectors are used in clastn other cases, the questions dealt with 3The ratio of quantitative to qualitative problems on our quizzes and exams

material that was covered peripherally or not at all in class. This abridged IS approximately 1/1. Many problems are of a combined nature, involving

subset consisted of the following item numbers from CSE Forfadgre- both qualitative and quantitative elements; they often emphasize propor-

sponding CSEM item numbers in bracket3, 4, 5, 6, 7, 8, pr], 108, tional reasoning in various contexts. During a semester, including quizzes,

11[9], 12, 1310], 1411], 15, 1612], 2317], 24 18], 2519], 26, 2716], homework, and exams, students solve approximately 400 problems for

2820], 31[3], 344], 335]. (In several cases, there are minor differences grade credit.

between the CSE questions and the corresponding CSEM jtems. %Lillian Christie McDermott, “Oersted Medal Lecture 2001: Physics Edu-
8e follow Hake’s definition(Ref. 4 of “normalized learning gain”g, cation Research—The key to student learning,” Am. J. Plogs.1127—

where g=[(post-test score-pre-test sctmaximum possible score-pre-  1137(200J).
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