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Abstract:

Peer Instruction is an instructional strategy for engaging students during class
through a structured questioning process that involves every student. Here we de-
scribe Peer Instruction (hereafter PI) and report data from more than ten years of
teaching with PI in the calculus- and algebra-based introductory physics courses for
non-majors at Harvard University, where this method was developed. Our results
indicate increased student mastery of both conceptual reasoning and quantitative
problem solving upon implementing PI. Gains in student understanding are greatest
when the PI questioning strategy is accompanied by other strategies that increase stu-
dent engagement, so that every element of the course serves to involve students ac-
tively. We also provide data on gains in student understanding and information about
implementation obtained from a survey of almost four hundred instructors using PI at
other institutions. We find that most of these instructors have had success using PlI,
and that their students understand basic mechanics concepts at the level characteristic
of courses taught with interactive engagement methods. Finally, we provide a sample
set of materials for teaching a class with PI, and provide information on the extensive
resources available for teaching with PI.
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1. Peer Instruction: A widely used strategy
for actively engaging students during lecture

In recent years, physicists and physics educators have realized that many students
learn very little physics from traditional lectures. Several researchers have carefully
documented college physics students’ understanding of a variety of topics, and have
concluded that traditionally taught courses do little to improve students’ understand-
ing of the central concepts of physics, even if the students successfully learn prob-
lem-solving algorithms.* Simultaneously, authors studying learning in higher educa-
tion have established that students develop complex reasoning skills most effectively
when actively engaged with the material they are studying, and have found that co-
operative activities are an excellent way to engage students effectively.? In response
to these findings, many methods have been devised to improve student understanding
of physics, ranging from modifications of traditionally taught courses to complete
redesign of courses.?

Here we describe the method and results of the use one such pedagogy, Peer Instruc-
tion (PI), in both algebra- and calculus-based introductory physics courses. Peer In-
struction modifies the traditional lecture format to include questions designed to en-
gage students and uncover difficulties with the material.* ' ® We present evidence of
its effectiveness through the results of more than ten years of teaching the two intro-
ductory physics courses for non-majors at Harvard University.® Additionally, we
provide preliminary results of its use and effectiveness in introductory physics
courses at other institutions.”®*

This paper is structured as follows. Peer Instruction is described in detail in Section
2. In Section 3, we present data from Harvard University showing ongoing improve-
ment of student understanding as we have refined both implementation and materi-
als.® We present evidence of the effectiveness of Pl at other institutions in Section 4,
including the results of a survey of 700 Pl-users,”®° with data on students’ concep-
tual understanding after being taught with Pl at a variety of institutions. Section 5
provides recommendations for adaptation of Pl in the classroom, and describes re-
sources available for implementation.

2. How a course taught with Peer Instruction works

Peer Instruction engages students during class through activities that require each
student to apply the core concepts being presented, and then to explain those con-
cepts to their fellow students. Unlike the common practice of asking informal ques-
tions during a traditional lecture, which typically engages only a few highly moti-
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vated students, P1 incorporates a more structured questioning process that involves
every student in the class. A similar questioning process is also used with Thornton
and Sokoloff’s Interactive Lecture Demonstrations.® Although P was developed at
Harvard for use in large lectures, many instructors have found it to be an effective
appro%ch for engaging students in small classes as well, as will be discussed in Sec-
tion 4.

2.1. A Peer Instruction “Lecture” instructor’s presentations are interspersed
with questions for all students to answer

The goal of Pl is to transform the lecture environment so that it actively engages stu-
dents and focuses their attention on underlying concepts. Instead of presenting the
level of detail covered in the textbook or lecture notes, lectures consist of a number
of short presentations on key points, each followed by a ConcepTest — short concep-
tual questions, typically posed in a multiple-choice format, on the subject being dis-
cussed. (Figure 1) Therefore, each key point in a lecture takes roughly 15 minutes to
cover: 7-10 minutes of lecturing, 5-8 minutes for a ConcepTest. One hour of lectur-
ing can address about four key points.

A blood platelet drifts along with the flow of
blood through an artery that Is partlally
blocked by deposits.

As the platelet moves from the narrow region
to the wider region, its speed

1.increases.
2. remains the same.
3. decreases.

Fig. 1: An example of a ConcepTest, used by permission from ref. 6.
Each ConcepTest has the following general format:
1. Question posed 1 minute
2. Students given time to think 1-2 minutes

3. Students record/report individual answers
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4. Neighboring students discuss their answers 2-4 minutes
5. Students record/report revised answers
6. Feedback to teacher: Tally of answers
7. Explanation of correct answer 2+ minutes

The students first consider the question on their own and are given one or two min-
utes to formulate individual answers and report their answers to the instructor. Stu-
dents then discuss their answers with others sitting around them; the instructor urges
students to try to convince each other of their own answer by explaining the underly-
ing reasoning. Students are encouraged to “find someone who disagrees with you”
for this discussion.

During the discussion, which typically lasts two to four minutes, the instructor moves
around the room listening and, when necessary, asking questions to help the students
in their thinking (if there are teaching assistants in the course, they do likewise). Fi-
nally, the instructor calls an end to the discussion, polls students for their answers
again (which may have changed based on the discussion), explains the answer, and
moves on to the next topic. Students are not graded on their answers to the ConcepT-
ests, but do receive a small amount of credit for participating consistently over the
semester. This method of questioning (a) forces the students to think through the ar-
guments being developed, and (b) provides them (as well as the teacher) with a way
to assess their understanding of the concept.

After this process, if most students choose the correct answer to the ConcepTest, the
lecture proceeds to the next topic. If the percentage of correct answers after discus-
sion is too low (perhaps less than 90%), the lecture slows down and goes into more
detail on the same subject, and students’ understanding is re-assessed with another
ConcepTest. This repeat-when-necessary approach prevents a gulf from developing
between the teacher’s expectations and the students’ understanding — a gulf that, once
formed, only increases with time until the entire class is lost. A sample lecture plan,
including ConcepTests, is included in section 5.

The balance between lecturing and questioning

Both at Harvard and at Swarthmore, we typically devote one-third to one-half of
class time to ConcepTests and spend the remainder lecturing. (The amount of time
varies from class to class depending on the topic and the difficulty of the material.)
There is a great deal of flexibility in the use of these conceptual questions; other in-
structors may use only one ConcepTest per class, or may spend nearly all class time
on ConcepTests. However, regardless of the number, using ConcepTests leaves less
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time for traditional lecture presentation of material. The instructor therefore has two
choices: (a) discuss only part of the material in lecture, and expect the students to
learn the remainder from reading, problem sets, and discussion sections, or (b) reduce
the number of topics covered during the semester. In the calculus-based course at
Harvard, and more recently, in the sophomore electricity and magnetism course for
physics majors at Swarthmore, we opt for the first strategy. In the algebra-based
course at Harvard, we followed the second, reducing the number of topics covered by
10-15% and covering the remaining topics in more depth. The most suitable ap-
proach for a particular course depends on the abilities of the students and the goals of
the course. A discussion of the topics covered in the Harvard calculus- and algebra-
based introductory mechanics courses, along with syllabi for these courses, is pro-
vided in Appendices 1 and 2 to give two examples of what a course can cover when
using Peer Instruction.

To make the most of class time, we streamline the lecturing component of class in
several ways. Lectures include very few derivations; the instructor instead explains
the strategy used to obtain a result from its starting point, highlighting the strategy
and the conceptual significance. Students are expected to study derivations outside of
class, when they can go at their own pace. If the derivation is not explained well in
the text, the instructor provides a handout with more detailed comments. The instruc-
tor chooses quantitative examples for maximum physical insight and minimal alge-
bra, and often solves such problems in the process of explaining a related ConcepT-
est. Examples that are primarily mathematical can be presented in small discussion
sections (where the instructor can tailor the presentation to the individual students in
the section and answer their questions), or studied by students from the text or hand-
outs.

How teaching changes with Peer Instruction

Peer Instruction lectures are much less rigid than those of the conventional method
because, with the former, a certain amount of flexibility is necessary to respond to
the sometimes unexpected results of the ConcepTests. The instructor usually needs to
improvise more often than in conventional teaching. While this may seem a disturb-
ing prospect at first, we have found that the added flexibility actually makes teaching
easier in many ways as well as more challenging in others. During the periods of si-
lence (when the students are thinking), the instructor has a break to breathe and think.
During the convince-your-neighbors discussions, the instructor and teaching assis-
tants can participate in some of the discussions. This participation is beneficial in two
ways. First, it helps to hear students explain the answer in their own words. While the
instructor’s explanations may be the most direct route from question to answer — the
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most efficient in terms of words and time — those provided by the students are often
much more effective at convincing a fellow student, even if less direct. Sometimes
the students offer a completely different perspective on the problem, which can help
the instructor explain the concept better. In effect, the students can teach the teacher
how to teach. What is also important is that by listening to students who have rea-
soned their way to the wrong answer, one can get a feel for what goes on in their
minds. This involvement helps the instructor to better understand the problems the
students are facing and address them directly in lecture. Finally, the personal interac-
tions during the discussions can help the teacher keep in touch with the class.

Using ConcepTests elicits far more questions from the students than does traditional
lecturing. Many of these questions are to the point and profound; the instructor
should address as many of these as time permits. The increased engagement during
class also prompts increased interaction among students and between students and
instructor outside of class, through increased use of office hours, web-based discus-
sion boards, e-mail, and so on.

2.2. ConcepTests: the cornerstone of teaching with Peer Instruction
What makes a good ConcepTest

Appropriate ConcepTests are essential for success. They should be designed to ex-
pose students’ difficulties with the material, and to give students a chance to explore
important concepts; they should not primarily test cleverness or memory. For this
reason, incorrect answer choices must be plausible, and, when possible, based on
typical student misunderstandings.

While there are no hard-and-fast rules for what makes a good ConcepTest, most sat-
isfy a number of basic criteria:

e Focus on a single important concept, ideally corresponding
to a common student difficulty

e Require thought, not just plugging numbers into equations
e Provide plausible incorrect answers

e Be unambiguously worded

o Be neither too easy nor too difficult

All these criteria directly affect feedback to the instructor. If more than one concept
is involved in the question, it is difficulty for the instructor to interpret the results and
correctly gauge understanding. If students can arrive at the answer by simply plug-
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ging numbers into equations, the answer does not necessarily reflect real understand-
ing.

Extensive databases of ConcepTests for introductory physics, chemistry, and astron-
omy are publicly available, so faculty teaching such a course can simply make use of

existing ConcepTests if they wish. Section 5 provides detailed information about
these databases.

Writing good ConcepTests

For those writing their own, a good way to write questions is by looking at students’
exam or homework solutions from previous years to identify common misunder-
standings, or by examining the literature on student difficulties. Ideally, the incorrect
answer choices should reflect students’ most common misconceptions. One can at-
tempt to formulate the incorrect answers (distracters) to each ConcepTest with this
criterion in mind, but the ultimate source for distracters should be the students them-
selves. For instance, by posing an open-ended question on homework or an exam and
then compiling the most frequent incorrect responses, a student-generated ConcepT-
est question that accurately mirrors common misconceptions is born.

Clarity is harder to gauge as a question is being created. Questions that may appear
completely straightforward and unambiguous to the instructor are often misinter-
preted by students. Needless to say, a question that is misinterpreted by students does
not provide useful feedback; however, even ambiguous questions can provide a
learning experience for students as they work to understand the confusing issues. In
developing new ConcepTests, it is helpful when possible to “try out” the questions
on a small group of students before class to make sure that there are no ambiguities
in the wording and their interpretation is accurate.

ConcepTests should be challenging but not excessively difficult; we have observed
that an initial correct response of roughly 35% to 70% prior to discussion seems to
lead to the highest degree of engagement and the most effective discussions. If fewer
than 35% of the students are initially correct, the ConcepTest may be ambiguous, or
too few students may understand the relevant concepts to have a fruitful discussion
(at least without some further guidance from the instructor). If more than 70% of the
students can answer the question correctly alone, there is little benefit from discus-
sion. We discuss tailoring the ConcepTests to adequately challenge students further
in Section 3, with data showing the pre- and post-responses for ConcepTests used
over an entire semester.

At Swarthmore, Pl has been used in a sophomore-level course for physics majors.
For a course at this level, there has been some difficulty in developing ConcepTests
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that are suitable for students to answer in a minute or two but are difficult enough
that only about half of the class gets them right before discussion. However, it has
also been observed that even when most students give the correct answer on their
own, they usually have to think hard to come up with the answer. Also, on course
evaluations, students indicate that they found the ConcepTests useful in understand-
ing the material, so the ConcepTests still appear to be beneficial to the students. If
most of the class gets the question right, the discussion stage is skipped, but a student
who gave the correct answer is asked to explain the answer to the class.

Beyond multiple-choice: Alternative ConcepTest formats

In a course with a large enrollment, it is often easiest for the instructor to poll for an-
swers to multiple-choice questions. However, open-ended questions can also be
posed using a variety of strategies. For example, the instructor can pose a question
and ask students to write their answers in their notebooks. After giving students time
to answer, the instructor lists several answer choices and asks students to select the
choice that most closely corresponds to their own. Answer choices can be prepared
ahead of time, or the instructor can identify common student answers by walking
around the room while students are recording their answers and prepare a list in real
time. This tactic works especially well when the answer is a diagram or graph.

It is possible to pose quantitative problems in a similar manner. Students may need
more than two minutes to work on such problems individually before discussion.
One approach is to have students outline the strategy for solving a complex, multi-
step problem; the instructor then shows a list of possible first steps and asks students
which step to choose. (This can lead to interesting discussions, because for many
problems, more than one strategy is possible.) The primary challenge in such prob-
lems should be to identify the underlying physics and develop a strategy for solving
the problem. Equations should be readily available to the students either on the
blackboard or in the textbook (if students bring their books to class) as students do
not necessarily remember equations in class — especially if students are allowed to
use a reference list of equations during exams. If mathematical answer choices are
provided, incorrect choices should include results obtained from making errors in
reasoning rather than arithmetical errors. It is also possible to simply not provide an-
swer choices, but let students work on the problem for a while and then discuss their
progress with their neighbors.

2.3. Use of demonstrations with Peer Instruction

Lecture demonstrations can be used effectively in combination with ConcepTests,
with one leading into the other. For instance, a demonstration can be used to lead into
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a question that forces students to think about what they have just observed. Working
the other way, students can be asked to think about a particular question and a dem-
onstration can be used to answer it, in a manner similar to the Interactive Lecture
Demonstrations.

Crouch, Fagen, Callan and Mazur recently examined how the mode of presenting
classroom demonstrations can affect student learning. These results are presented in
detail elsewhere;'® here we summarize the most important findings. In the discussion
sections, demonstrations were presented in one of three different modes: observe,
predict, and discuss. (Some sections were not shown the demonstration at all to serve
as a control.) All students observed the demonstration and heard the instructor’s ex-
planation of the outcome. The predict group were also given a couple of minutes be-
fore the demonstration to predict the outcome and record their predictions. Students
in the discuss group predicted the outcome, and after the demonstration, discussed
the outcome with fellow students before hearing the instructor’s explanation.

At the end of the semester, all students were tested on their ability to predict the out-
comes of the same demonstrations shown in class and to explain their predictions.
Although all students who saw the demonstration could predict the outcomes more
successfully than the students who had not seen the demonstration, students in the
observe group, who saw the demonstration without opportunity to predict the out-
come or discuss the results, performed only marginally better in explaining the rea-
son for their predictions than those who had not seen the demonstrations at all, and
the difference was not statistically significant. In sharp contrast, the predict and dis-
cuss groups were able to give correct explanations at significantly higher rates than
the observe group or the group who did not see the demonstration at all. On average
the predict group required only an additional 2 minutes and the discuss group an ad-
ditional 8 minutes over the observe mode; the improvement in student learning there-
fore seems worth the short amount of time needed to administer a quick ConcepTest
to students asking them to predict the outcome.®

Not only does prefacing demonstrations with ConcepTests improve student under-
standing of the demonstrations, generally student interest in the demonstrations in-
creases as well. When we began teaching with Peer Instruction, we observed that
demonstrations which had previously elicited little student enthusiasm were now ac-
companied by much more excitement. For example, in teaching DC circuit analysis
conventionally, demonstrating that light bulbs in parallel burn more brightly than
light bulbs in series drew little, if any, student response. However, when the demon-
stration is preceded by a ConcepTest that asks them to predict the outcome, the ex-
citement of the students on discovering that their answer was correct is audible!
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2.4. Methods for polling students

One of the great advantages of Peer Instruction is that the ConcepTest answers give
the instructor immediate feedback on student understanding. Tallying the answers
can be accomplished in a variety of ways depending on setting and purpose:

1) Show of hands.

A show of hands after students have answered a question for the second time is the
simplest feedback method. It gives the instructor a feel for the level of student under-
standing of the topic and allows the instructor to pace the lecture accordingly. The
main drawbacks are the lack of accuracy and the discomfort that some students may
feel responding in front of their peers. Additionally, a show of hands before the con-
vince-your-neighbors discussion can influence the discussion and subsequent polling.

2) Flashcards.

When using flashcards for feedback, each student is provided with a set of numbered
cards, and when the instructor asks students to report their answers, all students si-
multaneously show the flashcard with the number of their answer.** Flashcards thus
address two of the main problems with using a show of hands; because all cards are
raised at once, it is relatively straightforward for the instructor to estimate the frac-
tion of students with the correct answer, and because students cannot easily read each
other’s flashcards, it is difficult for the students to figure out** which answer is the
most popular. This main shortcoming of this method is the lack of a permanent re-
cord (unless the class is small enough to record individual answers.) One user of Peer
Instruction suggested in response to our survey® that a digital picture be taken to re-
cord student responses both before and after discussion.

3) Scanning forms.

If an accurate record of student responses is desired, students can report their answers
on scanning forms. Both before and after discussion, students mark their answers to
the ConcepTests on these forms. (Students can also be asked to record their degree of
confidence in their answers, providing additional data.) This method yields an enor-
mous body of data on attendance, understanding, improvement, and the short-term
effectiveness of the Peer Instruction periods. The drawbacks are that it requires some
work after each lecture and that there is a delay in feedback, the data being available
only after the forms are scanned. Additionally, students may not commit to an an-
swer, as they do not have to report their response immediately. For these reasons,
when using scanning forms, it is helpful to ask for a show of hands or flashcards as
well.
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4) Classroom networks.

Technology has afforded instructors convenient ways to poll answers and receive
immediate feedback, through the Personal Response System (PRS)*? and other simi-
lar technologies. The PRS system allows students to enter their answers to the Con-
cepTests, as well as their level of confidence in their answers, through infrared or
radio-frequency wireless transmitters, often called “clickers.” Additionally, if wire-
less Internet access is available, students can use their cell phones, PDAs, or laptop
computers to respond to ConcepTests via a web site, as described in Section 5. Stu-
dent responses are relayed to the instructor on a computer screen and can be pro-
jected for the students to see after discussion. The main advantage of these systems is
that accurate results are instantly available to the instructor. The system displays a
count and a histogram of student responses to the instructor as the responses arrive,
so the instructor knows when most students have answered, and can decide whether
to proceed with discussion based on the number of students giving correct answers.
However, the students cannot see the histogram, so their discussions are not influ-
enced by knowing which answer was most commonly given by their classmates. In
addition, student information (such as their name and class participation history) is
available to the instructor, making large classes more personal. The classroom net-
working system also facilitates gathering data for research purposes

As discussed further in Section 4, PI has been used successfully with each of these
feedback methods; technology is not required for successful implementation.®

2.5. Changing student study habits: Getting students to read before class
Pre-class reading: some use it, some don’t

To free up class time for ConcepTests, and to prepare students better to apply the
material during class, at Harvard, students are required to complete the assigned
reading on the topics to be covered before class. Learning from reading is a skill well
worth developing, because after college, a great deal of ongoing learning takes place
through reading. In traditional introductory science courses, students generally read
the textbook only after the lecturer has covered the topic (if ever). If students read
effectively before class, less class time can be spent introducing definitions and basic
concepts and equations that are easily accessible in the textbook. Lectures can then
focus on the most important and difficult elements of the reading, perhaps from a
different perspective or with new examples, and provide students with opportunities
(in the form of ConcepTests) to think through and assimilate the ideas.

Unfortunately, first- and second-year college students have typically not learned how
to read science textbooks effectively, and they are unlikely to read without an incen-
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tive to do so. (Many introductory physics textbooks are also more encyclopedic than
readable.) Consequently, at Harvard we provide a set of incentives and guidance for
pre-class reading modeled on the Just-in-Time Teaching approach of Patterson, No-
vak, Gavrin, and Christian;** CHC has also used this approach at Swarthmore in the
introductory physics course for non-majors. However, course evaluations at both
Swarthmore and Harvard indicate that students are divided on whether they find pre-
class reading helpful. Some feel that they don’t understand the reading until after
class, even with guidance. It would not be surprising if some students are less able to
benefit from pre-class reading than others due to differences in learning style or
physics background. In addition, many instructors find that Peer Instruction works
effectively without expecting students to read before class.®® Consequently, it should
be clear that assigning pre-class reading, although helpful, is not required for using
Peer Instruction.

Incentives and guidance for reading before class

Reading quizzes, which we used early on at Harvard,* act as an incentive to complete
the reading but do not help students think about it. In place of quizzes, in 1996 and
1997, we required students to write short summaries of what they read. We found,
however, that most students did not write effective summaries.

The reading incentives we introduced in 1998 and have found most effective are an
adaptation of the Warmups from the Just-in-Time Teaching approach.’® A three-
guestion Web-based assignment is due before each class. All three questions are free-
response; the first two probe difficult aspects of the assigned reading, and the third
asks, “What did you find difficult or confusing about the reading? If nothing was dif-
ficult or confusing, tell us what you found most interesting. Please be as specific as
possible.” Students receive credit based on effort rather than correctness of their an-
swers, which allows asking challenging questions, and vastly reduces the effort
needed to grade the assignments.** Total credit for all of the reading assignments is
worth 10% of the student’s overall course grade (homework accounts for an addi-
tional 20% and exams, laboratories, and classroom participation for the remaining
70%).

Access to the students’ responses to these questions allows the instructor to prepare
for class more effectively by providing insight into what students find difficult, com-
plementing the instructor’s ideas about what material needs most emphasis in class.
Time spent preparing is comparable to that required for a traditional lecture class; the
instructor spends less time reviewing other textbooks and notes for ideas on what
should be covered, and more time finding out from the students what they under-
stand. This sort of preparation produces a class better suited to the students’ identi-
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fied needs. Student response to these reading assignments is particularly positive
when their questions are answered (in class or by answers to FAQs posted on the
course Web site).

Web interfaces for reading assignments

Many web-based courseware systems exist that can be used to administer these as-
signments. The Interactive Learning Toolkit (ILT) is a web-based classroom man-
agement system that was developed specifically to facilitate implementing Peer In-
struction and Just-in-Time-Teaching™ as well as managing classroom response sys-
tems; it provides an interface for administering these reading follow-up assignments,
as well as many other tools designed to save the instructor time and effort and to fa-
cilitate interaction between the students and the instructor (and among students as
well). More information about the ILT can be found in Section 5.

2.6. Interactive approaches to discussion sections

At Harvard, beginning in 1996, we have organized the discussion sections around
cooperative activities to reinforce the interactive pedagogy of the lectures. In the me-
chanics semester, students attend a weekly two-hour workshop (there is no separate
laboratory period). Half of the workshop is devoted to conceptual reasoning and
hands-on activities through the Tutorials in Introductory Physics® and half to quanti-
tative problem solving. Cooperative problem-solving activities are described in the
next section.

2.7. Teaching quantitative problem solving as part of a Peer Instruction course

As will be discussed in section 3, we find our students’ problem-solving skills to be
at least as good as they were in the same course taught by traditional lecturing. To
achieve this, some direct instruction in quantitative problem-solving skills is neces-
sary, and such instruction should help students connect qualitative to quantitative
reasoning.™ Students need opportunities to learn not only the ideas of physics but
also the strategies employed by expert problem solvers; otherwise their main strategy
often becomes finding a worked example similar to the problem at hand.

Two components of the Harvard course are designed to help students learn problem
solving: discussion sections (“workshops™) and homework. The second half of the
workshop begins with the instructor solving a problem to illustrate the reasoning that
goes into successful problem solving; the problem is chosen to be challenging with-
out being tedious. Students spend the remainder of the hour working in groups on
selected problems from the homework.™ The instructor circulates around the class-
room, asking students to explain their work and helping students through difficulties
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(by asking questions to lead them to the right answer, rather than by giving answers).
At the end of the week, students must turn in their own written solutions to the prob-
lems, and their homework solutions are graded individually on correctness.

The weekly homework assignments include ten quantitative problems. We provide
the students at the beginning of the year with a handout on problem-solving strate-
gies taken from Heller et al.® and encourage the teaching assistants leading the work-
shops to explicitly use the steps from the handout in solving the example problems.
We also encourage students to attempt the homework before the workshop so that
they can benefit most from group work.

2.8. Determining student grades: exams include both conceptual questions and
guantitative problems

When teaching with PI, examinations should include both conceptual short essay and
quantitative problem-solving questions. This mix is essential because exams drive
the way in which many students study. Examination questions are therefore a good
way to make students realize the importance of conceptual understanding. At the be-
ginning of the term, we distribute copies of past exams (with solutions) to the stu-
dents and call attention to the conceptual problems.

Faculty often expect that conceptual questions will make examinations easier, but the
opposite is true for those students whose approach to physics consists of searching
for the right equation and then plugging numbers in. Only those who understand the
underlying physics consider conceptual questions straightforward. Even with our
conceptual emphasis during lecture, we find that students perform significantly better
on the quantitative questions, as observed on the Harvard final exam in 2003."

In the spring of 1991 at Harvard, while teaching the second semester of the calculus-
based course traditionally, simple qualitative questions were paired with more diffi-
cult quantitative problems on the same physical concept. An example of such a pair
of questions is provided in Figure 2. These questions were given as the first and last
problem on one of the midterms (the other three problems on the examination, which
were placed between these two, dealt with different subjects). Question 1 is purely
conceptual and requires only a knowledge of simple circuits. Question 5 asks the stu-
dents to perform a conventional calculation that involves the same underlying ideas;
it requires setting up and solving two equations using Kirchoff’s laws. Most physi-
cists would consider question 1 easy and question 5 more difficult. As the results in
Figure 3 indicate, however, students in a conventionally taught class would disagree.

Analysis of the responses reveals the reason for the large peak at 2 for the conceptual
guestion: Over 40% of the students believed that closing the switch doesn’t change
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the current through the battery but that the current splits into two at the top junction
and rejoins at the bottom! In spite of this misconception, many still managed to cor-
rectly solve the mathematical problem.

1. A series circuit consists of three iderkical light bulbs connectedto a
battery as shown here, When the switch 8 i closed, do the following
increase, decrease, or stat the same?

A 8 4

:

)
{a) The intcritics of bulbs Amnd B

(b) The intensity of bulb C

{c) The current drawn frown the battery
{d) The voltage drop across each bulb

{c) The power dissipated in the circuit

3. For the cicuit shown, calculate (a) the current in the 2 Olun resistor
and (b) the potential difference between points P and Q.
12¥ au

—

— Q
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Fig. 2: Conceptual (top) and conventional question (bottom) on the sub-
ject of dc circuits. These questions were given on a written examina-
tion in 1991. Used by permission from ref. 4.

A proper balance between computational and conceptual problems is important. For
our calculus-based introductory physics course, we administered two midterm ex-
aminations and one final examination. On a midterm, four or five out of seven ques-
tions are conceptual; on the final six out of twelve. Each problem carries the same
weight because giving conceptual problems less weight favors those who manage to
solve problems without understanding what they are doing.
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In the electricity and magnetism course for sophomore physics majors at Swarth-
more, it has been observed that especially on the first exam of the semester, some
students perform very poorly on the conceptual examination questions because they
do not write clear answers, even though these same students can give reasonably
good explanations of their thinking in person. One reason this problem may not have
been observed at Harvard is that there, students gain practice writing explanations on
both the homework and the Tutorials in Introductory Physics, including conceptual
homework associated with the Tutorials, while in the sophomore majors' course at
Swarthmore, the Tutorials are not used because they do not match the level of the
course, and thus the students' only practice writing explanations is as part of home-
work problems. (It is also possible that this same problem exists at Harvard, but is
less easily identified because the large class size means that the instructor knows
fewer of the students well.) This indicates that students need to have regular assign-
ments that require them to write explanations of their ideas; otherwise they are being
tested on something that they have not practiced adequately.

Conceptual Problem Conventional Problem
80 — 80
average: 4.9 average: 6.9

. 80 . 60
S S
8 40 8 401

20 H |7 201 H

0 2 4 6 8 10 0 2 4 6 8 10
Score Score

Fig. 3: Test scores for the problems shown in Figure 2. For the concep-
tual problem, each part was worth a maximum of 2 points. Used by
permission from ref. 4.

2.9. Student attitudes in a Peer Instruction course
Motivating students thoroughly and from the start

Philip Sadler has established® that students often require a period of adjustment to
new methods of instruction before their learning improves. In the same fashion, when
learning a new way to grip a tennis racquet, a tennis player is likely to play worse at
first, and improve only after becoming comfortable with the new (and presumably
better) grip. At such times, it is the coach’s responsibility to encourage the player that
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this decline is a normal part of the learning process. Likewise, in the classroom, the
instructor must not be discouraged by complaints such as, “When are we going to do
some real physics?” and must continue to explain to students the reasons that the
course is taught this way.*®

Peer Instruction requires students to be significantly more actively involved and in-
dependent in learning than does a conventional lecture class. It is common for some
or many students to be initially skeptical about this form of instruction.? Conse-
quently, proper motivation of the students is essential. Motivation takes two forms:
grading students on conceptual understanding, not just traditional problem solving,
and setting the right tone in class from the start (including explaining the reasons for
teaching this way). Including conceptual questions on exams makes it clear that the
instructor is serious about the importance of conceptual understanding; providing
equation sheets or making the exams open-book so that students do not need to
memorize equations is also important. As mentioned in the previous section, we dis-
tribute copies of past exams on the first day of class so that students will see that un-
derstanding concepts will be required on the exams. One can also give an examina-
tion early in the semester.

It is important to set the tone starting on the first day of class. Students need to be
told that they will not be lectured to straight out of the instructor’s notes or out of the
textbook. As described in the Peer Instruction User’s Manual:*

“l argue that it would be a waste of their time to have me simply repeat what
is printed in the textbook or the notes. To do so implies that they are unable
to read, and they ought to be offended when an instructor treats them that
way. | explain how little one tends to learn in a passive lecture, emphasizing
that it is not possible for an instructor just to pour knowledge in their minds,
that no matter how good the instructor, they still have to do the work. I chal-
lenge them to become critical thinkers, explaining the difference between
plugging numbers into equations and being able to analyze an unfamiliar
situation.”

Creating a cooperative atmosphere

It is equally important to create a cooperative atmosphere in the classroom. Introduc-
tory science courses commonly have the reputation of being extremely competitive.
This is detrimental to Peer Instruction as competition is incompatible with collabora-
tion. One way to defuse such an atmosphere in a large class is with an absolute grad-
ing scale. After analyzing grades from the Harvard calculus-based course over sev-
eral years, we found that averages tend to fluctuate very little from year to year. At
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Harvard, we therefore issue worksheets that allow students to track their progress and
determine their final grade on an absolute scale. (In practice, we make this scale
slightly tougher than the one actually used to determine final grades, to give us a
small amount of flexibility to be lenient.) When students know that no one’s grade
will go down because others have done better, the competition is removed from the
classroom atmosphere.

The same atmosphere of cooperation is required for the convince-your-neighbors
discussions; therefore students should not be graded on the correctness of their an-
swers on ConcepTests. Instead, we give bonus points for participation, as we have
found that providing an incentive for students to participate is beneficial.** For stu-
dents who do not participate in the ConcepTests, their exams determine a somewhat
higher fraction of their grade. Most students are eager to gain the edge on a good
grade provided by simply participating in the ConcepTests.

Data on student attitudes from the Harvard courses

Student attitudes to a course taught with PI, as measured by student evaluations and
by our interactions with students, have differed. In the calculus-based course, EM’s
average evaluation score??>—4.5 on a scale of 1 to 5—did not change on introducing
Pl, and written comments on evaluations indicated that the majority of students ap-
preciated the interactive approach of the course. For the algebra-based course, while
still good, EM’s average evaluation score dropped significantly, to 3.4;% although
most students are satisfied with the course, there are more dissatisfied students than
in the calculus-based course. Some of this dissatisfaction is not related to PI; the
most frequent complaint about the algebra-based course is that it meets at 8:30 a.m.
(the calculus-based course meets at 11 a.m.). We also surmise that students in the
algebra-based course are on average less interested in the course and more intimi-
dated by the material, since these students are primarily non-science majors; the stu-
dents in the calculus-based course are mostly honors biology or chemistry majors.

We also examined student attitudes by surveying students in the algebra-based course
in 1998 using the concept and reality link clusters from the MPEX.* For both clus-
ters, we found that the percentage of favorable responses remained exactly the same
from the pre-course to the post-course survey (68% for concepts and 67% for reality
link), and the percentage of unfavorable responses increased slightly (from 11% to
14% for concepts and from 12% to 15% for reality link; the remaining responses
were neutral). Thus we find very little change in class attitudes over the semester. In
their six-institution study, the MPEX authors found a small increase in favorable re-
sponses on the concept cluster and a small to moderate decrease in favorable re-
sponses on the reality link cluster.?*
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It is important to note that student evaluations and attitude are not a measure of stu-
dent learning; as discussed in Section 3, we saw high learning gains for the students
in the algebra-based course in spite of lower perceived satisfaction overall. Other
instructors report similar experiences.? Furthermore, research indicates that student
evaluations are based heavily on instructor personality® rather than course effective-
ness. We are nevertheless continuing to try to find strategies that will help motivate
more of the students in the algebra-based course.

2.10. Training teaching assistants to support Peer Instruction effectively

In courses involving teaching assistants (TAs), the TAs have a significant impact on
students’” experience. While many TAs are excited by the opportunity to engage their
students more actively, some resist innovation and may communicate a negative atti-
tude to the students. To avoid this problem as much as possible, it is vital to motivate
TAs as well as students.?’ Before the course begins, we explain to our TAs the rea-
sons for teaching with P1 and give them the data on improved student learning. We
also require our TASs to attend lecture, both so that they will be best able to help stu-
dents and so that they see PI in action (which often convinces skeptical TAS).

One way to help TAs see the value of Pl is to have them think about and discuss
challenging ConcepTests, so that they experience the benefits of discussion. If such
ConcepTests are related to the course material, this also makes them realize that they
don’t know everything already! (Questions on introductory fluid statics and dynam-
ics are usually challenging for our TAs.) At Harvard, we hold a weekly meeting for
our teaching staff, during which we go through the material to be covered the follow-
ing week in section, emphasizing the pedagogy we wish them to use.

3. Data from Harvard University: improved student learning

We find in both the algebra- and the calculus-based introductory physics courses®
that our students’ grasp of the course material improves according to a number of
different measures: two standard tests, the Force Concept Inventory® and the Me-
chanics Baseline Test;* traditional examination questions; and ConcepTest per-
formance, both during class and when tested for retention at the end of the semester.
Although we see the most dramatic differences in student achievement between
courses taught with traditional instruction and those taught with PI, we also observe
continued improvement as we refine both pedagogy and ConcepTests.

We have improved our implementation of Pl as follows: In 1993 and 1994, we re-
fined the set of ConcepTests and the in-class questioning/discussion strategy. We
began using a research-based text for one-dimensional mechanics in 1995.% In
1996, we introduced free-response reading assignments (described in section 2), and
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introduced cooperative learning into the discussion sections (also described in section
2). Further improvement of the reading assignments took place in 1998. Because stu-
dents learn from a wide range of activities in the course, it is plausible that student
learning would continue to improve as more components of the course are modified
to engage students more actively.

Over the seven years of results reported from the calculus-based course, five different
instructors were involved, each using Peer Instruction with his or her own style; all
but one of the instructors had extensive previous experience with traditional lectur-
ing.* Thus the results reported here do not depend on a single particular instructor.

3.1. Student mastery of concepts as measured by the Force Concept Inventory

Since 1990, we have given the Force Concept Inventory (FCI)* in our course at the
beginning and at the end of the term. As shown in Table 1, we find that the average
pretest score <S> (before instruction) for the calculus-based course stays essen-
tially constant over the period tested (1990 to 1997).%® Likewise, the difference be-
tween the average pretest scores for the algebra-based course in 1998 and 2000 is not
statistically significant.*

The average posttest score <S,.s> (after instruction) in the calculus-based course in-
creases dramatically on changing from traditional instruction (1990) to PI (1991); as
shown in Figure 4 and Table 1, the average normalized gain

<g> = (<Spost™ - <Spre>) /(100% - <Spe>) 1)

doubles from 1990 to 1991, consistent with what has been observed at other institu-
tions upon introducing interactive-engagement instruction. With continued use of PI

(1993-1997), along with additional improvements to the course, the normalized gain
continues to rise. In 1998 and 2000 we see high normalized gains teaching the alge-
bra-based course with PI, while the same course taught traditionally in 1999 by a dif-
ferent instructor produced a much lower, though still respectable, average normalized
gain.

3.2. Student mastery of quantitative problem solving: examinations and the Me-
chanics Baseline Test

With PI, quantitative problem solving is de-emphasized in lecture; students learn
these skills primarily through discussion sections and homework assignments. To
compare conventional problem-solving skills with and without PI, in the calculus-
based course, we administered the 1985 final examination, consisting entirely of
guantitative problems, again in 1991 (the first year of instruction with PI). The mean
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score increased from 63% to 69%, a statistically significant increase (effect size
0.34),® and there were fewer extremely low scores. We also repeated individual
problems from traditional exams on the midterms in the calculus-based course in
1991, and again found that students taught with Pl achieved comparable or better
scores (results reported in ref. 4).
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Fig. 4: Average Force Concept Inventory [ref. 29] normalized gain <g>
[Eq. (2)] for introductory calculus-based physics, Harvard Univer-
sity, Fall 1990-1997 (no data available for 1992), and for introduc-
tory algebra-based physics, Harvard University, Fall 1998—Fall
2000. Open bars indicate traditionally taught courses and filled bars
indicate courses taught with P1. The H-shaped bars indicate the 95%
confidence interval around the normalized gain. Dotted lines corre-
spond to <g>=0.23, the typical gain for an interactive course
[Hake-Ref. 1]. The average pretest and posttest scores are provided
in Table 1. Used by permission from ref. 6.

In addition, in the second semester of the algebra-based course in Spring 2000 (elec-
tricity and magnetism), we included on the final exam one quantitative problem from
the previous year, when a different instructor had taught the course traditionally. We
found that the students taught with PI (spring 2000, N = 155) significantly outper-
formed the students taught traditionally (spring 1999, N = 178), averaging 7.4 out of
10 compared to 5.5 out of 10 (standard deviations 2.9 and 3.7 respectively). The im-
provement of the PI students over the traditional students corresponds to an effect
size of 0.57.°
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Another way we assess our students’ quantitative problem-solving skills is with the
Mechanics Baseline Test (MBT).* Figure 5 and Table 1 show that the average score
on this test in the calculus-based course increased from 66% in 1990 with traditional
instruction to 72% in 1991 with the introduction of PI, and continued to rise in sub-
sequent years, reaching 79% in 1997. Furthermore, student performance on the sub-
set of MBT questions that require algebraic calculation also improved from 62% to
66% on changing from traditional lecturing to PI (also shown in Fig. 5 and Table 1);
for both traditional instruction and PI, the average score on those questions is about
5% lower than on the MBT overall.*® In the algebra-based course taught with PI, the
MBT scores are 68% in Fall 1998 and 66% in Fall 2000, consistent with Hake’s find-
ings that average scores on the MBT are typically about 15% lower than the FCI
posttest score. The scores on the quantitative questions are 59% in Fall 1998 and
69% in Fall 2000. (No MBT data are available from the traditionally taught algebra-
based course.)
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Fig. 5: Mechanics Baseline Test [ref. 30] scores for introductory calcu-
lus-based physics, Harvard University, Fall 1990-Fall 1997. Aver-
age score on entire test (circles) and on quantitative questions [ref.
36] only (squares) vs. year are shown. Open symbols indicate tradi-
tionally taught courses and filled symbols indicate courses taught
with PI. The H-shaped bars indicate the 95% confidence intervals
around the mean scores. The dotted line indicates performance on
quantitative questions with traditional pedagogy (1990). Used by
permission from ref. 6.

All measures indicate that our students’ quantitative problem-solving skills are com-
parable to or better than those achieved with traditional instruction, consistent with
the findings of Thacker et al.*’
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3.3. Student learning of concepts: responses to ConcepTests

Students’ responses to the ConcepTests provide further insight into student learning.
We analyzed student responses to all of the ConcepTests over an entire semester, and
find that after discussion, the number of students who give the correct answer to a
ConcepTest increases substantially, as long as the initial percentage of correct an-
swers to a ConcepTest is between 35 and 70%, as introduced in Section 2. (We find
that the improvement is largest when the initial percentage of correct answers is
around 50%.%)

In addition, the vast majority of students who revise their answers during discussion
change from an incorrect answer to the correct answer. Figure 6 shows how students
change their answers upon discussion for all of the ConcepTests used during the Fall
1997 semester. The answers are categorized as correct both before and after discus-
sion (“correct twice”), incorrect before and correct after discussion (*“incorrect to cor-
rect”), correct before and incorrect after discussion (“correct to incorrect™), or incor-
rect both before and after discussion (“incorrect twice”). Nearly half of the correct
answers given were arrived at after discussion, and students change from correct to
incorrect answers during discussion only 6% of the time. We also examined the rate
at which individual students give the correct answer prior to discussion,’ and find
that no student gives the correct answer to the ConcepTests prior to discussion more
than 80% of the time, indicating that even the strongest students are challenged by
the ConcepTests and learn from them.
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Fig. 6: Answers given to all ConcepTests discussed in Fall 1997,
categorized as described in the text. Used by permission from ref. 6.
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In the algebra-based course at Harvard, Crouch et al.*® examined student mastery of

the ideas behind the ConcepTests by assessing students’ understanding at the end of
the semester with free-response conceptual questions based on the ConcepTests but
with a new physical context. These questions require students to generalize the ideas
they learned to a different physical situation. An example of such a paired Con-
ceptTest and exam question is provided in Figure 7.

ConcepTest:

A blood platelet drifts along with the flow of
blood through an artery that is partially
blocked by deposits.

(G

As tha platelet moves from the narraw reglon
to the wider region, its speed

1.increases.
2. remains the same.
3. decreases.

Exam Question:

Consider a small bubble of air trapped inside a
pipe of non-uniforn cross-section as shown in the
figure, filled with flowing water. You may ignare
tha viscosity of the watsr.

The bubbla travels along with the water around

it; it expands in regions of low pressure and
shrinks in regions of high pressure. As the bubble
moves from point A to point B, how doss its size
change, if at all? Explain your answer briefly.

Fig. 7: ConcepTest (top) and examination question (bottom) on
fluid dynamics, used in the study of ConcepTest retention.
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Student responses to the exam questions and ConcepTests were then analyzed to
compare the rates of correct answers to the ConcepTest before and after discussion to
the rates of correct answers on the exam questions. The results are provided in Table
2. Only responses from students who both answered the ConcepTest and answered
the exam question were analyzed. The exam questions were graded on a scale of 0 to
5, with 5 indicating completely correct and 4 indicating only minor errors that did not
reflect a lack of understanding of a significant point; thus answers receiving scores of
4 or 5 were classified as correct. As the exam questions required students to explain
their reasoning, only answers that gave a correct explanation were considered correct.

Table 2: Performance on ConcepTests and corresponding examination questions.

All percentages represent the percentage of students who answered correctly. The first three
lines are questions asked on midterms and the later four lines are questions asked on the final
exam. Results first reported in ref. 38.

Topic pre discussion post discussion  on exam
average velocity 54% 89% 77%
v(t) graph 34% 56% 68%
free-body diagram 19% 32% 46%
bubble 26% 59% 60%
wave on string 63% 95% 83%
seesaw 9% 46% 32%
oscillator 26% 53% 50%
total 34% 63% 61%

The results show that the number of students who answered the exam questions cor-
rectly is comparable to the number who answered the corresponding ConcepTest cor-
rectly after discussion, and significantly greater than the number who answered the
ConcepTest correctly before discussion, indicating that over the semester, students
gain understanding of these ideas. Of course, other elements of the course also help
students learn these ideas; this study primarily indicates that students develop and
retain real understanding of these concepts, which they lacked prior to discussion.
This observation is true over a wide range of levels of difficulty of the question.
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3.4. The effect of Peer Instruction on the gender gap

Research on retention of female students in the physical sciences suggests that inter-
active teaching methods, a non-competitive atmosphere, and a conceptual emphasis
should all make a course more welcoming to female students.* In the calculus-
based physics course for non-majors at Harvard University, we indeed found that
while male students outperformed female students on the Force Concept Inventory
posttest when the course was taught traditionally, male and female students per-
formed equally well when the course was taught with Peer Instruction in lecture and
a mix of interactive strategies during the discussion sections. Furthermore, in the tra-
ditionally taught course there were many female students who scored below 60% on
the Force Concept Inventory posttest and relatively few who scored above 85%; in
the interactive course, there were no female students (and only a couple of male stu-
dents) who scored below 60% and nearly the same percentage of female students as
male who scored above 85%. These results are reported in more detail in Lorenzo,
Crouch, and Mazur.®

To see the effect of pedagogy on the gender distribution of final grades, we examined
the final grade distribution of both genders in the calculus-based course at Harvard.
While final grades are a somewhat unreliable measure of student learning because
homework and class participation affect final grades, and because the format of ex-
ams and the method for calculating final grades changed from year to year over the
study, grades still constitute the most important measure of success for the student.
Figure 8 shows the histograms of the average percentage of each gender receiving
grades of A, B, C, D, and E, in the (b) traditional, (c) hybrid, and (d) fully interactive
years of the course. In all three graphs, the percentage of males receiving the highest
grade of an A is consistently higher than the percentage of females; however, this gap
reduces as interactivity increases. The distribution of female grades most closely
matches that of the males in the fully interactive courses.

4. Using Peer Instruction at other institutions

Peer Instruction has been extensively used at Harvard University, and its success at
increasing student understanding in those courses has been documented extensively.
Informal conversation with faculty at many other institutions suggests that Peer In-
struction has been very successful at a wide range of schools, from community col-
leges to large state universities to elite private colleges. We have recently undertaken
a study of the effectiveness of PI at other institutions.

Through personal communication and the Project Galileo*! database, we know of
thousands of instructors who use PI in various colleges, universities, and secondary
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schools around the world. In a study to examine Pl at other institutions, we surveyed
instructors on how they implement PI, and how effective it has proven to be in the
variety of settings in which it is used.”®° Instructors using Pl were asked to com-
plete a web-based survey including questions on a variety of topics:

e Demographic information

o How they learned about Peer Instruction
e Course information

e Use of ConcepTests

e Grading and use of reading assignments
o Data on student understanding

e Student and instructor evaluation of Pl

o Responses of colleagues

The survey was made available online at http://galileo.harvard.edu/Pisurvey.html
(where it can still be found), and over 2700 instructors were invited by email to com-
plete the survey. Over 700 instructors responded and completed the survey between
June and December 1999. The language of the survey was purposely broad in order
to include instructors who had used a strategy similar to PI; therefore data was also
collected from respondents using other similar collaborative learning strategies. By
looking at each respondent’s description of his or her teaching methods, 384 of the
respondents were classified as using Peer Instruction.* ®

The sample was limited to those PI users that responded to our request to complete
the survey, and therefore contains a selection bias, which may affect some of the re-
sponses. However, the respondents represent a broad array of institution types across
the U.S. and around the world. With 23 countries represented, most responses were
from the United States, Canada, and Australia. About two-thirds of survey respon-
dents teach at universities (Figure 9), though almost all of their PI classes are for un-
dergraduates, and typically introductory courses. The vast majority of respondents
(82%) use PI to teach physics, although chemistry, life sciences, engineering,
mathematics and astronomy courses are also represented. This finding is not surpris-
ing as the initial list of instructors contacted was biased towards those teaching phys-
ics and the pedagogy was developed originally to teach introductory undergraduate
physics. There are also more materials available for physics (notably Peer Instruc-

Research-Based Reform of University Physics 32



Crouch, Watkins, Fagen, & Mazur Peer Instruction

tion: A User’s Manual* and the Project Galileo** (with a database of ConcepTests
primarily in introductory physics.)

Community Colleges

2-Yaar Colleges 3‘3\’:: Cther/Blank
% —— \ T 3%
High Schoals

5%

4-Year
Colleges
19%

Fig. 9: Demographic breakdown of survey respondents using PI based
upon institution (N = 384). Used by permission from ref. 8.

4.1, Effectiveness of Peer Instruction

The survey® probed three different measures of the success of Pl in a course: data on
student learning, student attitudes to the new pedagogy, and instructors’ perception
of the success of Pl use.

Assessment of student learning

More than 100 PI users responding to the survey reported collecting quantitative data
on the effectiveness of PI, of whom 81% administered the Force Concept Inventory®
to assess their students’ conceptual understanding of Newtonian mechanics. Instruc-
tors at 11 colleges and universities provided us with matched sets of pre- and post-
FCI data, with data from 30 courses, to assess the gain for individual students. These
P1 courses have a class average normalized gain of 0.39 +- 0.09 (Figure 10). In his
survey of FCI data, Hake' defines a “medium-g” range from g = 0.3 to 0.7 and finds
that 85% of the interactive engagement courses included in his survey — and none of
the traditionally taught courses — show gains in this range. We find that 27 out of 30
(90%) PI courses in our survey fall in the medium-g range with only three below g =
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0.3 (Figure 10) This finding does not include data from Harvard courses, and shows
the effects of Pl when implemented by instructors other than the developers.
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Fig. 10: Class-averaged normalized gain of introductory physics stu-
dents in college courses taught using Peer Instruction. Symbols de-
note institution type according to the 2000 Carnegie Classification of
Institutes of Higher Education. Used by permission from ref. 8.

We also asked all instructors to qualitatively report how the use of PI has affected
their students’ conceptual understanding of the material. Almost 60% of instructors
who answered this question unambiguously perceive that student understanding has
improved with PI, with an additional 20% stating that student understanding im-
proved somewhat. Only 19% perceived no difference in student understanding from
teaching traditionally, while 2% reported that they felt their students’ understanding
decreases with PI1. Of those who perceived that their students’ understanding suffered
with PI, none collected any data.

Instructor satisfaction

The survey probed the instructor’s opinion of Pl and whether this experience proved
to be valuable and/or enjoyable for them. The vast majority (93%) of respondents
reported a positive experience. Additionally, to determine whether instructors con-
sider the use of P1 in their classes to be successful, instructors were asked if they
were likely to use Pl again in the future (Figure 11). Of the 384 identified Pl users
responding to the survey, 303 (79%) definitely planned to use Pl again and 29 (8%)
probably would. Only seven respondents (2%) expressed no plans to use Pl again.
Thus, the vast majority of instructors completing the survey consider their experi-
ences with PI to be valuable and successful. These responses may not accurately rep-
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resent the relative incidence of positive and negative experiences, as there may be a
selection bias in who chose to complete the survey; however, the responses do indi-
cate that Pl has been successfully implemented in a large number of classrooms.

Maybe 5%
With Changess No 3%
o\

Probably
8% —

Fig. 11: Indication of instructors’ plans to use Pl in a future class
(N = 384). Used by permission from ref. 9.

Student satisfaction

Instructors also report that their students are generally satisfied with PI, with 70% of
instructors reporting more positive student evaluations and an additional 3% finding
no difference from a traditional course. One university physics professor reported
that while he observed similar performances on exams, student satisfaction was much
higher: “the students almost universally enjoyed the class more and felt they under-
stood more of what was being taught and, importantly, WHY it was being taught,
i.e., they saw the relevance more. The enjoyment level has been significantly higher
(for them and for me!)”

Seventeen percent of instructors respond that students reported both positive and
negative experiences, while approximately 5% of instructors report a dominant nega-
tive response from their students. Several of this latter group of instructors mention
that this negative response occurred in spite of positive effects on student learning.
According to one university physics professor, students responded that P1 “was very
useful...[but] they did not necessarily enjoy it.” A 4-year college physics professor
reports, “There was a lot of resistance to the idea [of PI]. They just wanted me to tell
them the answer. Even at the end of the semester, after a test where groups that were
working well together leaped way up on test performance, they still resisted trying to
think for themselves.” Students complained about having to think and actively par-
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ticipate in class, which is an activity that they are unaccustomed to doing. While it
may be easier for some students to passively sit during lecture without being required
to process the material, it is better for the students’ learning to foster independent
thinking in class.

Student retention

Survey respondents consistently report that the number of students who drop their PI
course was dramatically lower than classes taught using a more traditional pedagogy.
This is consistent with data from other studies, such as that of Williamson and
Rowe*? who report a 33.3% withdrawal rate from a traditional class, but only 17.3%
from a treatment course in which lecture was replaced with cooperative group prob-
lem-solving.

4.2. How and where Peer Instruction is used
Course characteristics: who is teaching what with Peer Instruction?

Many questions on the survey were concerned with the nature of the classes taught
with PI. In colleges and universities, the majority (90%) of courses using PI were
introductory undergraduate courses. Class sizes varied significantly, ranging from 6
to 1200 students, with a mean of 122 students (standard deviation: 187). PI is being
used successfully in classes of almost any size, from an intimate setting to the most
immense lecture. The data collected in the survey reflects the education of over
45,000 students. This significantly underestimates the number of students taught us-
ing P1, however, as not only were we unable to survey all instructors using PI, but
those that did complete the survey were asked to respond based on only their most
representative or most recent single class. Many of the respondents had taught more
than one separate course using Pl and many had taught the same course with Pl mul-
tiple times. It seems quite likely, therefore, that the actual number of students taught
using P1 is in the hundreds of thousands.

The majority of instructors were not new to their courses, and most had adapted their
course to PI after teaching it in another way previously. In fact, 72% of instructors
had taught the same course previously using the lecture format and 13% had used
some other format for the same course. It is important to note that even those who
presumably had a set of prepared lecture notes found the switch to PI to be worth-
while.

Implementation details: how instructors use Peer Instruction

Peer Instruction is an inherently flexible and adaptable method. In order to deter-
mine how extensively instructors adapt PI, the survey asked many questions about
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details of implementation. In analyzing the survey responses, we were particularly
interested in learning whether other instructors find that non-competitive grading in
the course and pre-class reading are as important as we have found them to be at
Harvard. As discussed below, it appears that Pl is adapted extensively to match what
instructors believe to be the needs of their students. We are presently beginning a
multiyear study to assess whether these implementation variations affect student
learning (either positively or negatively).

Grading and competitiveness

As mentioned in Section 2, classes at Harvard incorporate an absolute grading scale
to establish a non-competitive atmosphere within the classroom.* This atmosphere is
necessary so that students do not fear they will jeopardize their own grades by work-
ing with their classmates. Over 59% of our survey respondents reported grading on
an absolute scale. However, nearly a third of respondents do grade on a curve (32%),
and some use a different grading strategy (16%). Other respondents report using
more than one grading scheme.

Preclass reading

As mentioned in Section 2, we found pre-class reading and assignments following up
on the reading to be very helpful in our courses at Harvard.* ® Therefore, we were
interested to see if and how pre-class reading assignments were implemented in oth-
ers’ courses. Over 71% of respondents using PI report that they also expect pre-class
reading from their students. However, nearly 25% of those requiring reading do not
have any means for assessing whether that reading had actually been completed (Ta-
ble 3), so it is uncertain how many students are actually completing the reading be-
fore class. Combining this with the approximately 30% of all instructors who do not
require reading at all, our results show that nearly 45% of all PI users responding to
our survey either do not require pre-class reading or do nothing to assess their stu-
dents’ compliance with any reading assignments. We thus found that many faculty
do not appear to consider pre-class reading assignments essential to PI.

The reading assessments that were most common were in the form of a multiple
choice or free-response reading quiz, typically administered before class. In contrast
to our classes at Harvard, the majority of instructors that incorporate reading assign-
ments (71%) assign students a grade based on the content and correctness of their
answers. Approximately one-third of instructors follow a similar grading strategy to
the one we have used at Harvard, by assigning a grade based on the effort shown or
giving credit for simply completing the assignment.
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Table 3: Type of reading assessment used by those instructors requiring pre-class reading
(nearly 30 % of respondents did not require such reading). Indicates the percentage of re-
spondents who use the listed method (N = 274). Respondents could choose more than one
option. Used by permission from ref. 9.

Type % using
Multiple-choice reading quiz 52%
Free-response reading quiz 17%
Reading summary 8%
Other assessment 17%
No reading assessment 25%

Polling for student responses

As discussed in Section 2, there are several methods that can be used in polling for
student responses to ConcepTests. Among respondents to our survey, 65% ask for a
show of hands, and about a third use flashcards. Only 8% of survey respondents re-
port using an electronic polling method, and these classes tend to be large (average
enrollment of 208, versus 122 for all classes represented in the survey). Many in-
structors reported using multiple polling methods. It seems likely that the percentage
of faculty using such electronic polling devices has increased since the survey was
conducted in 1999, as such systems are becoming far more common and even are
packaged with some textbooks.

4.3. How faculty respond to the challenges faced in teaching
with Peer Instruction

Many instructors who perceive Peer Instruction as a successful teaching strategy also
indicate that they had to overcome a number of challenges. Thirteen percent of in-
structors cite the time and energy required to develop ConcepTests as an impediment
to using PI. Developing good ConcepTests certainly takes a great deal of effort; to
minimize duplication of this effort, and to make Pl easier to implement, we and other
developers of ConcepTests have made online databases for introductory physics,
chemistry, and astronomy freely available, as described in Section 5.

Ten percent of respondents report that their colleagues are skeptical of the benefit of
student discussions that take away from lecture time. A third of these instructors re-
port addressing this skepticism by collecting data on student learning gains. To sup-
port instructors in doing so, the Interactive Learning Toolkit (described in Section 5)

Research-Based Reform of University Physics 38



Crouch, Watkins, Fagen, & Mazur Peer Instruction

makes it possible for instructors to administer the Force Concept Inventory® and
Mechanics Baseline Test™ through a secure online interface.** Another approach
found effective by instructors is to compare achievement of students taught with and
without PI on identical exams.* Others suggest inviting skeptical colleagues to sit in
on a class, sharing positive student feedback with them, or even giving tests of con-
ceptual understanding to other faculty.

About 9% of respondents report that the quantity of material that they must cover in
a semester makes it difficult to devote class time to ConcepTests. One-tenth of these
instructors reduce the amount of material covered by the course, but most do not
have the freedom to do so. While we have had success at Harvard and Swarthmore
requiring students to learn some of the material from reading on their own, some in-
structors may encounter significant resistance to this from students, or may feel that
some of their students are not sufficiently independent or sophisticated to learn this
way.

Another challenge is students’ resistance to the method (7% of respondents). As
mentioned previously, students are typically unaccustomed to actively participating
in science classes, so it is not surprising that some feel uncomfortable participating in
discussions, or initially consider the discussions a waste of time. Thus, respondents
report, and confirm our arguments, that it is essential to thoroughly explain the use of
Pl to their students. Techniques for this motivation were highlighted in Section 2 of
this article, as well as in Peer Instruction: A Manual.* Persistence in the face of ini-
tial student resistance is also important; 15 (4%) users report that, while their stu-
dents were initially skeptical of PI, the students warmed up to it as they found the
method helped them learn the material. Regularly presenting class-averaged data on
student performance also shows students that the method is helping them may also
motivate students.

A related challenge is the difficulty in fully engaging students in class discussions
(7% of respondents). In the words of one instructor, “some students were too cool,
too alienated, or perhaps too lost to participate.” Nearly half of those citing this chal-
lenge say it is important for the instructor to circulate through the classroom during
the group discussion of the ConcepTest, helping to guide and encourage students in
discussion. Other students may be motivated by receiving credit for participation and
by the presence of ConcepTest-like conceptual questions on exams” as described in
Section 2.

5. Resources available for teaching with Peer Instruction
Many resources available for implementing PI in introductory physics courses (as
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well as in mathematics, chemistry, and astronomy courses). As the focus of education
shifts to target students’ conceptual understanding, the resources for implementing PlI
are growing to include disciplines such as biology, economics, and psychology, as
well as advanced undergraduate science courses.

We begin this section of the article by providing all the components of a sample class
— reading questions with representative student answers, lecture outline, ConcepT-
ests, associated assignments, and possible exam questions to ask on this topic. Next,
we provide information on where to find ConcepTests on other topics. The following
section describes the Interactive Learning Toolkit, a web-based course management
system designed specifically to support teaching with PI, and finally, we list other
useful resources for those teaching with PI.

5.1. An example: Materials for a class introducing electric fields

As an example of how teaching with Pl works, we describe here the process of teach-
ing students about electric fields, including a 90-minute class on the topic. Before
coming to class, students are required to read the appropriate section of their text-
book.* The reading covers the following topics:

1) The field model

2) Electric field diagrams

3) Superposition of electric fields
4) Electric fields and forces

By midnight the evening before class, students are required to complete the reading
assignment on the Interactive Learning Toolkit.** The instructor then reviews student
responses to three questions, two that test students understanding of the concepts and
another that asks them about what they found confusing, to develop the lecture out-
line and ConcepTests needed for class. The questions and sample student responses
to this assignment are listed below.

Question 1: Two charged particles are held fixed a certain distance apart. If the elec-
tric field vector is zero at some point on the line between the two charges, what can
we conclude about the signs of the charge on the particles? About the magnitudes of
their charges? Briefly explain your reasoning.

Answer (provided to the students on the web site the day after the assignment is due):
If the electric field is zero anywhere between the two charges, it implies that the sign
of the two charges is the same. The relative magnitudes of the charges cannot be de-
termined from the information given. The point of zero field will be closer to the
more weakly charged particle.
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Almost all of the students correctly identified the signs of the charges; however,
many believed that the magnitudes of the charges must be equal as well.

Sample student answers:

The signs of the charge must be the same. A third charge at the point where
the electric field is zero must be either repelled by both of the charges or at-
tracted by both of them, which can only occur if these charges are of the
same sign. We can't conclude anything about the magnitude of the charges,
because we don't know how close the "zero point" is to each charge respec-
tively.

We can conclude that the signs of the charge on both particles is the same
and both are of equal magnitude, allowing for the electric field vector to be
zero as a result of the vector sum of the forces exerted by both particles to
cancel each other out.

If the electric field is zero anywhere between the two charges, it implies that
the sign of the two charges is the same. The relative magnitudes of the
charges cannot be determined from the information given. The point of zero
field will be closer to the more weakly charged particle.

Question 2: A charged particle is released from rest in a region of uniform electric
and gravitational fields. The electric field is directed perpendicular to the gravita-
tional field, and the acceleration of the particle due to the electric field is comparable
in magnitude to that due to the gravitational field. Describe the trajectory of the parti-
cle in the combined electric and gravitational fields.

Answer: The particle is subject to a downward gravitational force and a horizontal
electrostatic force. The vector sum of these forces is directed diagonally downward
(at about 45 degrees if the two forces are of roughly equal magnitude) and so it is
accelerated in that direction. Because the particle starts at rest, its trajectory is a
straight line in the direction of the vector sum of the forces.

Most students were able to add the forces correctly; however, some students had
some misconceptions about vector sums. Several students indicated that the particle
followed a curved or parabolic trajectory.

Sample student answers:
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Because the accelerations due to each field are equal in magnitude and at a
90 degree angle to one another, we can assume the trajectory is a straight line
at 45 degrees (combining the vectors).

If the accelerations due to the electric field and gravitational field are similar
in magnitude, the particle should follow a diagonal trajectory, 45 degrees be-
tween the electric and gravitational fields.

The particles will have a parabolic trajectory in which the particles will "fall"
vertically from the gravitational field and move in a horizontal path from the
electric field. The exact direction depends on the charge of the particle. If it
is positive then the force and accelaration [sic] of the electric field and if the
charge is positive the accelaration will point opposite to the electric field.

The trajectory of the particle would be a sharp curve downward. (I really
have no idea...)

Question 3: Please tell us briefly what single point of the reading you found most
difficult or confusing. If you did not find any part of it difficult or confusing, please
tell us what parts you found most interesting.

Sample student answers:

I'm confused about the dipole moment vector. If a particle with a dipole mo-
ment enters a uniform electric field, you say that the dipole has zero accel-
eration. Does this mean that the particle doesn't move in the field at all?

I am getting the force and field vectors confused. | don’t really understand
the difference, and I can’t differentiate when | should be looking at the effect
of one or another on a particle. Do the force vectors determine the field vec-
tor? Are they completely independent of each other?

I didn't understand the trajectory of particles, | have a hard time visualizing
what is happening.
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I did not understand the idea of torque in the electric field and how to deter-
mine the effects of torque or in what direction it moves the particles. Does
torque move the particles or the electric field, or both?

The students’ responses indicate that the main conceptual difficulties are concerned
with:

1) Difference between electric field and force
2) Dipoles in uniform and nonuniform fields
3) Trajectories

4) Torques on dipoles

During lecture, the instructor begins by reviewing the key concepts that have already
been introduced in the reading. Coulomb’s law is written on the board along with a
sketch showing charges g; and g separated by a distance r. Using the equation, the
instructor goes on to describe the difference between an electric field at point 2 and
the force on a charge at point 2. After presenting fields and forces, the ConcepTest
shown in Figure 12 is used to check students’ understanding of how to use forces to
measure the electric field. The distribution of student answers indicates that just over
half of the students answered correctly. Therefore, a discussion between students is
necessary to help solidify the concept for those who answered correctly and gives the
opportunity for those who answered incorrectly to clear up their misconceptions
about electric fields. After a few minutes of discussion, during which the teaching
assistants and instructor circulate and listen, students submit their revised answers
and the percentage of correct answers jumps to 68%. A few more minutes are spent
explaining the correct answer to the ConcepTest.

To follow up on the concept, the ConcepTest shown in Figure 13 is presented. An
overwhelming majority (90%) of students were able to answer this question cor-

rectly; therefore there is no need for student discussion. The instructor reviews the
answer briefly with the class and summarizes what they have learned about fields.

The lecture moves to the next point: dipoles. After reviewing the definition, the in-
structor asks students to respond to the ConcepTest in Figure 14. Before discussion,
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You are given a ‘test’ particle to map out the
electric field of a chargad object. To correctly
determine the object’s electric field, you need
to know:

1. the magnitude and sign of the charge on
the test particle.

2. the magnitude and sign of the charge on
the object.

3. all of the above.

4. only the sign of the charge on the test
particle.

5. None of the abave.

Fig. 12: First ConcepTest on electric fields. Student responses before
discussion were (1) 56%, (2) 24%, (3) 12%, (4) 5%, (5) 3% and af-
ter discussion were (1) 68%, (2) 22%, (3) 5%, (4) 1%, (5) 3%.

A negatively charged object is placed in an
electric field as shown below.

e T e et
S I S —
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The direction of the electrostatic force on the
object is

1. to the right

2. ta the left

3. neither to the left nor to the right

4. dapends on whether the field is created by
a positively or negatively charged object

5. Thera is no farce arr the object at the
location shown in the figure

Fig. 13: Second ConcepTest on electric fields. Student responses
before discussion were (1) 6%, (2) 89%, (3) 0%, (4) 6%, (5) 0%.
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about 70% of students were able to answer the question correctly. During discussion,
the teaching assistants encourage students to engage with someone that disagrees
with their answer. After discussion, almost all (97%) of the students gave the correct
answer. The answer is briefly explained with a few diagrams showing the vector
sums.

Adipole is placed as illustrated.

The electric field at point P is
1. along +x.

2. along —x.

3. dlong +v.

4, alang —v.

5. in another direction.

6. The electric field at P is zero.

Fig. 14: First ConcepTest on dipoles. Student responses before discus-
sion were (1) 70%, (2) 4%, (3) 8%, (4) 6%, (5) 4%, (6) 9% and after
discussion were (1) 97%, (2) 1%, (3) 0%, (4) 0%, (5) 1% (6) 0%.

The final ConcepTest is also concerned with dipoles and is shown in Figure 15. Very
few students (14%) were able to answer this question correctly. Before giving the
students a chance to talk to their neighbor, the instructor made a sketch for students
to give them a visual image of the question before thinking about it further and also
briefly reviewed the ideas of uniform and nonuniform fields. With a little help and
discussion with their neighbors, about 75% submitted correct revised answers. The
instructor drew a diagram on the board depicting the forces on a permanent dipole in
both uniform and nonuniform fields.

With just a few minutes remaining, the instructor reminded students that they can
access these ConcepTests and one other (Figure 16) relating to electric fields on the
website. If they have confusion with these, an online forum is provided on the Inter-
active Learning Toolkit* for them to pose questions.
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Does a neutral object experience a force in
an slectric field?

1.No

2. Only in a uniform fisld

3. Only in a nonuniform field

4. Yes, becauss the field polarizes the object

Fig. 15: Second ConcepTest on dipoles. Student responses before dis-
cussion were (1) 26%, (2) 1%, (3) 14%, (4) 57% and after discus-
sion were (1) 9%, (2) 1%, (3) 75%, (4) 15%.

Does a neutral object have an electric field?
{Consider points outside the object.)

1. Yes.
2. Na.
3. It depends.

Fig. 16: ConcepTest (not used in class) on uniform and nonuniform
electric fields.

After lecture, students have further opportunities to practice with their conceptual
understanding of electric fields. In discussion sections led by a teaching fellow,
groups of three or four students work through the “Charge” tutorial in Tutorials in
Introductory Physics.? In addition, they are assigned a problem set (Appendix 3) that
consists of more quantitative problems.

5.2. Other sources of ConcepTests

The hallmark of Peer Instruction is the ConcepTest, and the key to implementing Pl
is in developing good conceptual questions to probe students understanding. Already
there are a number of resources providing class-tested, ready-to-use conceptual ques-
tions. Peer Instruction: A User’s Manual® includes 243 ConcepTests developed for
our introductory calculus-based physics for non-majors, covering mechanics, elec-
tricity, magnetism, fluid statics and dynamics, oscillations and waves, geometrical
and physical optics, and modern physics. A collection of ConcepTests in chemistry*®
has also been published and includes conceptual questions in general, inorganic, and
organic chemistry, drawn from an online database maintained at the University of
Wisconsin. For introductory astronomy, Paul Green has compiled ConcepTests cov-
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ering a large range of topics.** In calculus, an instructor’s supplement with ConcepT-
ests was developed to accompany Calculus (3 edition) by Hughes Hallett et al.*®

A searchable database of ConcepTests on the Interactive Learning Toolkit website,
formerly the Project Galileo Web site (http://www.deas.harvard.edu/ilt; free registra-
tion required for access) includes over 800 physics ConcepTests, many developed at
other institutions for either algebra- or calculus-based introductory physics, and some
developed for non-introductory courses. Utilities for this database allow the user to
generate class-ready materials, such as pages for a course Web site, directly from the
database. Links to separate databases of ConcepTests for astronomy and chemistry
are also available.

5.3. Interactive Learning Toolkit (online course management system specifically
designed to facilitate teaching with Just-in-Time Teaching and Peer Instruction)

In addition to providing a database of ConcepTests, the ILT also can be used for
online course management, with tools to help organize and design courses to link
lectures, reading assignments, question and answer forums, and in-class participation
to ConcepTests. The ILT was created to encourage increased communication be-
tween the instructor and the students, as well as between the students and their under-
standing of the concepts in the course. A brief description of the modules and their
functions are below:

e Lectures can be used to design each class meeting and are linked by dates
and times. With a database of ready-to-use ConcepTests, the instructor can
choose which conceptual questions may best probe students’ understanding
of the reading, lecture, assignments, and content. Additionally, the ILT pro-
vides an easy way to create additional ConcepTests in pdf format, which can
also be shared and added to the database. The instructor can easily generate a
slide set of all ConcepTests that may be useful for a given lecture topic, and
post these for students to access after class.

o |f the instructor uses the Peer Response System to poll students for answers
to in-class ConcepTests, the Lecture module of the ILT contains a feature to
link responses with the students. This is useful for analyzing student answers
with other areas of the course, such as performance on pre-class reading, as-
signments, and exams. Additionally, we have integrated the technology of
the ILT with BQ“ to allow students to use wireless-enabled devices, such as
cell phones, laptops, or PDAs, to respond to in-class ConcepTests. With
many students already using these devices in class, this feature alleviates the
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need for students to purchase an additional device and reduces the technical
infrastructure needed in the classroom.

e The Reading module provides features to help create and post pre-class read-
ing assignments. These assignments are anchored to the dates and times of
the lecture. Students are able to see the assignment and its due date. Instruc-
tors and teaching assistants are able to quickly review all student responses
to a given question, revealing common weaknesses in the class’s understand-
ing. Therefore, ConcepTests can be chosen in advance to specifically target
and probe these areas of the content. The ILT also permits instructors to re-
spond to questions or misconceptions expressed in student responses via a
labor-saving web interface, increasing students’ sense of individual connec-
tion to the instructor.

e Assignments can be used to post homework or problem sets that need not be
linked to the lectures or reading assignments. The ILT has built-in features
for due dates and reminders for students, and enables the instructor to post
solutions at specific times. As with most online course management systems,
the ILT provides an online gradebook for instructors to use and students to
access.

e Standardized Tests, including those mentioned in this article, are available on
the ILT and can be provided to students as online assignments. These tests
are designed to assess students’ conceptual understanding, quantitative prob-
lem-solving skills, or attitudes about undergraduate science courses, and can
be taken pre- and post-course to provide information on the effectiveness of
the instruction in these specific areas. The database of these tests is growing,
and currently include the Force Concept Inventory,?® Mechanics Baseline
Test,*® Astronomy Diagnostic Test,*” Conceptual Survey on Electricity and
Magnetism,*® Lawson’s Test of Scientific Reasoning,*® and the Maryland
Physics Expectations Survey.?* Other standardized tests can be easily added
to the database.

e Forum provides a place for online discussions between the instructor(s),
teaching assistants, and students. Students can post administrative and con-
tent-related questions that could be of benefit to the entire class. The forum
also enables students to form an online learning community to discuss course
concepts and further collaboration. The instructor and teaching assistants can
initiate and monitor these discussions, providing another convenient way to
observe students’ understanding of the key concepts of the course.
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¢ News and Handouts are additional features, common to web-based course
management systems, which allow the instructor to post announcements and
updates, as well as files and other course material for students to access.

The ILT software is freely available to any interested instructor, requiring only that
the instructor register at http://www.deas.harvard.edu/ilt. (In order to preserve the
security of standardized tests, such as the Force Concept Inventory, an instructor
must also send email to galileo@deas.harvard.edu in order to gain access to these
tests.) The ILT site includes a user’s manual and a quick-start manual for using the
standardized test feature of the site.

5.4. Other publicly available resources for teaching with Peer Instruction

The Peer Instruction User’s Manual,* in addition to providing ConcepTests as de-
scribed above, provides a set of conceptual exam questions covering the typical top-
ics of an introductory two-semester physics course.

For new faculty members, Eric Mazur regularly attends the AAPT New Faculty
Workshop to demonstrate Peer Instruction as well as answer questions and provide
advice for users that have attempted Pl in their classes already. Additional support
can be obtained by communicating directly with the education members of the Mazur
group, found on the People page at http://mazur-www.harvard.edu.

As mentioned previously, we have had the greatest success with Peer Instruction
when coupled with elements of Just-in-Time Teaching, the Tutorials in Introductory
Physics, and Cooperative Group Problem Solving. All of those methods are de-
scribed more extensively in other articles in this volume.

6. Conclusions

Peer Instruction has been used successfully at hundreds of institutions around the
world and has produced substantial gains in student understanding at Harvard Uni-
versity, where it has been most extensively evaluated. Learning gains are greatest
when P1 is complemented by other strategies that increase student engagement, so
that every element of the course serves to involve students actively. At other institu-
tions, PI has been shown to produce Force Concept Inventory gains commensurate
with Hake’s findings on learning gains obtained with interactive engagement meth-
ods. If significant effort is invested in motivating students, student reactions to Pl are
generally positive, though there are always some students resistant to being taught in
a non-traditional manner. Finally, extensive resources are available for teaching with
Peer Instruction in introductory physics courses, as well as for other courses, and
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Peer Instruction is inherently adaptable to an instructor’s particular classes and stu-
dents.
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