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Abstract

In my Calculus classes | encourage my students to actively rect
on course material, to work collaboratively, and to generae diverse
solutions to questions. To facilitate this | use peer instriwction (Pl), a
structured questioning process, and i-clickers, a radio frguency class-
room response system enabling students to vote anonymouslyThis
paper concludes that Pl and i-clickers enhance student partipation
and comprehension. It is important however that students wiite down
their reasoning during PI so as not to be led astray by dominahgroup
members.
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1 Purpose

| believe that encouraging students to actively participaten the classroom
results in better comprehension of course material and overalhthanced learn-
ing. | intend to show that Peer Instruction (PI) with the use of ilickers is a
teaching method that promotes student participation and comprehension in
Calculus. To maximize the e ectiveness of PI, | will argue thastudents need
to be given explicit instructions as to how they should discuss ¢éhquestion
and answers.
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Figure 1: During the \pair/share" phase of Pl students discuss the problem with the
peer directly across from them and then share out to the larger group.

2 Introduction

In my college mathematics courses | encourage students to eggan active
learning. For example, during class | have students individlig generate
their own questions and then attempt to answer them as a group. HEre is
overwhelming evidence that students learn more if they actly participate in
their learning [3, 4, 5]. Furthermore, studies support that per collaboration
can help students achieve problem solving skills that they caohacquire
alone [10].

Peer instruction (PI) was developed in the 1990's at Harvard Uwersity
by Eric Mazur. It has become a successful interactive teachingetiod in
physics [2, 6]. PI is gaining popularity in calculus classroontsut there is
limited documentation about its e ectiveness [8, 7].

Pl is a multi-step process. First, multiple-choice questions thi@re known
as ConcepTests are presented on a classroom screen. These questiams
be self-created or taken from accompanying texts (see Discus$ioBtudents
possess their own pre-assigned i-clicker, a hand held radio freqay response
device, with which they can anonymously input their selection After a
few minutes, a histogram re ecting how students voted is displad on the
screen. This process is referred to as the \think" phase. Studsrthen form



small groups where they actively discuss the question and answirsseveral
minutes (see Figure 1). Next, they re-vote and a new histogram,veh now
includes the correct answer, is then displayed. This processréderred to as
the \pair/share” phase. The instructor then reviews the questia and answer
with the class as a whole. The entire process from beginning tadetakes
approximately ve to eight minutes.

Since the i-clicker is pre-assigned to each student, the insttocis able to
review the details of how each student voted. In my class studenteceived
one point for voting and an additional point for getting the light answer.
The information collected is referred to as poll data. The @licker software
adds up points from the \think" and \pair/share" phases for eat student
and presents them as a cumulative average for the instructor teview. This
is known as the \i-clicker score". I-Clicker scores were madevalable for
students but these scores are not included in the calculation tife students'
numerical grade. Students were told that i-clicker scores wil only be used
if their numerical grade fell between two letter grades.

In this paper | will share my experience using Pl and i-clicker® teach
a small sized Calculus Il class (24 students) for science majors. lafyze
its e ectiveness in increasing student participation and comqghension and
point out problems with its implementation.

3 Methods

Data sources included classroom videotaping, video taped exiterviews,
anonymous student surveys, a detailed account of each studenpsll data,
and homework and test scores. Equipment used included a standardeo
camera, tripod, and i-clicker hardware and software.

Individual groups were video taped on several occasions thghout the
semester. After a video taping, | analyzed voting results to asses$gete ects
of student status on group voting. Information from student sureys and
exit interviews was used to determine the advantages and disashtages of
PI and i-clickers. I-clicker scores, homework, and test scoresreeorrelated
using Excel.

Since this is pertinent to my ndings, | will provide an overview of my
Calculus Il classes. | taught two sections of the second semester cbdis
class for non-math majors. | met with 24 students in each sectioorf 60
minutes three times a week. With rare exception a portion ofaeh class was
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Figure 2: Scatter plot showing the correlation (r = 0:57) between average i-clicker score
and student's nal grade.

devoted to PI. My classes didn't have a separate problem-solvingprkshop.
I would devote the rst 10 minutes of class to receiving and regiving home-
work that was given during the previous class. The next 30 mings were
devoted to class lecture and the last 20 minutes were dedicatiedPl. Usually

there was only time for three or four ConcepTests.

4 Results

4.1 I-Clicker Scores as a Measure for Student Com-
prehension

In my research, | found that the students' i-clicker scores serve a meaning-
ful measure of student performance in my Calculus Il classes. Therelation
between averages of i-clicker scores and students' overalldgavasr = 0:57
(see Figure 2). Please note that the i-clicker score wasn't a pat a student's
nal grade. Because the i-clicker score averages points frorth the \think"
and \pair/share" phase, students who consistently re-voted coectly had rel-
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Figure 3. Comparison of the mean learning index for a non-PI class and a PI class.
Error bars indicate 95% percent con dence intervals for the mean. Pl has a higher in-
dex indicating that students either value learning more from their peers or less from he
instructor.

atively high i-clicker scores. Hence students whose score increbgdth the
re-vote tended to do well on the exams.

What | nd interesting about the i-clicker data is that it closely parallels
homework as a possible predictor of a student's performance. Aage home-
work scores, a standard measure of performance, had correlatiorr 0:36
with student's test performance. But in contrast to homework, ke i-clicker
data is obtainable after only 30 minutes of lecture time. To &ve such mean-
ingful data so quickly may help instructors to readily identif weaker students
early in the semester so that interventions can be made in a tinyefashion.

4.2 Learning Index for Pl and non-PI Classes

I will use L to represent a student's learning index, which is a measure of
how he values his peers compared to his instructor as a sourcdearning.
If ss (for student-student) represents a student's value rating of Bi peers
and if is (for instructor-student) represents a student's value rating bthe
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instructor, then the student's learning index isL = ss=is. For example, if
a student favors instructor learning over student learning, tan his learning
index would be less than one sinds is greater thanss.

To evaluate L, each student was asked to answer three questions for
is instruction and three questions forss instruction by choosing a number
between one and ve, one indicating \unhelpful" and ve indicating \very
helpful". The questions foris are as follows:

Does the instructor's lecturing help you learn Calculus?

Does going over homework solutions with the instructor help yolearn
Calculus?

Does asking the instructor questions in class help you learn Calas?
The questions forss are as follows:

Does going over homework solution with other students help ydaarn
Calculus?

Does asking students questions in class help you learn Calculus?

Does group work help you learn Calculus?

Each student then obtained a learning index as the quotient dheir ss
and is answer. Figure 3 shows the mean learning index from two di erén
Calculus classes | taught last year at the same institution, one thi Pl and
one without PI. There is no reason for me to expect that one clasgould
have a preference over the other for peer instruction. Hence|js fair to say
that the treatment (PI) was randomly assigned to one of the classe The
mean learning index of the PI class was signi cantly higher thathe non-PI
class (089 0:05 versus /3 0:05). A t-test was used to determine a 95%
con dence interval for both means. In the Pl class, the studentsewnt through
the formal process of using i-clickers from \think" phase to \pa/share"
phase. The non-Pl class was taught in a more traditional lecterformat
with occasional group activities.

The higher mean index score of the Pl group shows that students do
value learning from their peers and therefore may feel morerofortable with
approaching their peers to enhance their understanding. | beve this to be a
signi cant asset to education. First, any barriers to approacimng a peer with
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Figure 4: A standard ConcepTest requiring students to check whether functions satisfy
a di erential equation (taken from [9]). The correct answer is b.

a question are reduced since Pl actively promotes this type afteraction.
Second, since there are far more students than there are instiors, Pl gives
a student more resources for learning and understanding.

4.3 Balancing PI

A common problem with peer discussion is that one or two studentsan
dominate the discussion, forcing the remainder of the group toebpassive
participants. Since the intent of Pl is to have all students advely partic-
ipating with the hope of improved comprehension for everyonéhen it is
important to balance the peer discussion.

It is well established that a student's perceived status is the nsb in u-
ential factor in determining his or her level of participaton in a group [1, p.
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Figure 5: (a) A histogram showing the poll of students in section 1 of my Calculus class
responding to the question in Figure 4 after the \think" phase. Students are primarily
undecided between answers b and e. (b) Poll results after the \pair/share" phase. Students
are not instructed how to engage in peer discussion. They decide on the wrong answer, e.
The correct answer is b.

29]. Thus we can infer that students with \high" status, which wewill refer
to as HS students, are more apt to dominate group discussions. Accaorgli
to Cohen [1, p. 29], \a student's status is to a great extent detenined by
the expectations (regarding capacities) that students havef each other and
of themselves, as well as the teacher's expectations of the stats". Since
| was unable to ascertain what students' expectations were of @aother, |
had to nd another way to de ne an HS student. | assumed that studerg
share information about their grades and that students receivg high grades
were regarded by their peers as having higher status. Thereforl de ned
HS students as those with a B+ grade or higher.

Next, | utilized i-clicker poll data and classroom videotapingo assess peer
discussion dynamics. The poll data of two peer discussion groups amm-
pared from the beginning of \think" phase through the end of \mir/share"
phase. One group is instructed on how to engage in peer discussitre
other is not. Students in the instructed group are told to rst discuss the
guestion with one other student in detail, with the use of penciand paper,
before engaging in discussion with the group.

Figure 4 is a ConcepTest | asked my Calculus Il students. It requad
them to check which functions are a solution to a di erential guation. By de-
sign the question involves multiple computations and is comiphated enough



Figure 6: Details of student votes at a table of eight students in section 1 of my Calculus
class answering the question in Figure 4. Each lower case letter represents audent's
vote. Letters in bold font represent the correct answer, b. Because the group isn'tigen
instruction on how to discuss, a high status (HS) student is able to persuade the ré<of
the group to choose the incorrect answer, e.

that most students will need paper and pencil to work out the anssv. The
correct answer is b.

Figure 5 (a) and (b) is a histogram of student votes in section 1 ifdhis
guestion after the \think" and \pair/share" phase. Initially t he students
were split between answers \b" and \e". The class was dead silens dahey
worked out the problem. These are signs of a good question. Uniarately,
the class converges to the wrong answer after the \pair/share"hase. We
shall see below that this is an example of how a HS student dominatand
misleads his group, resulting in the wrong answer.

Figure 6 shows the poll of a table of eight students in section 1gfore
and after peer discussion. Each lower case letter represents a stotts vote
and the correct answer is in bold. In this example, the group wagiven no
instruction on how to discuss the problem. Figure 6 shows four owff eight
students initially selecting the right answer but who later chage their answer
during the \pair/share" phase. After reviewing video of this goup working,
it became clear that the students who initially voted corredy didn't defend
their answers. Instead they passively listened to a HS student arguéyie”
is the most likely choice. There was very little mathematicatlialogue in the
three minutes that students had to discuss the problem. Unfortuately, no
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Figure 7: (a) A histogram showing the poll of students in section 2 of my Calculus class
responding to the question in Figure 4 after the \think" phase. Students are primarily
undecided between answers b and e. (b) Poll results after the \pair/share" phase. Students
are instructed how to engage in peer discussion and the majority choose the correahswer,
b.

student took the initiative to write out his or her thoughts on paper and as
a result the discussion was counterproductive.

Figure 7, by contrast, shows the results after guided PI. The santpies-
tion was posed to section 2 of my Calculus Il class after hearinge same
lecture that was given in section 1. But this time | gave the clss explicit
instructions: \With paper and pencil | would like you to discuss wth the
person across from you and convince each other of your answer.uY&an
then share out to the group.” | made sure to emphasize that | wantethem
to work out their answer on paper. After peer discussion, 71% of thetass
got the correct answer.

Figure 8 shows the poll of a table of eight students in section 2efore and
after peer discussion. Notice how student's vote after the \pashare" phase
tends to match the person sitting directly across from them. Vide reveals
that students are working in pairs and non-HS students are vogaing their
opinion. The bottom four students work out the correct answer Y carefully
writing out their solutions. Unfortunately, in this example, the pairs don't
have su cient time to share out to the entire group. As a result, the peer
discussion isn't maximally bene cial.

By structuring peer discussion, students are forced to explain éir think-
ing on a problem. A student feels more comfortable explainingeir thoughts
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Figure 8: Details of student votes at a table of eight students in section 2 (with guided
peer discussion) answering the question in Figure 4. Each lower case letter represen
a student's vote. Letters in bold font represent the correct answer, b. Many studens

initially with an incorrect answer successfully reason out their answer with the person

directly across from them.

to a neighbor than to the entire group. By requiring studentsa explain their
thinking with the use of paper and pencil, students make fewer istakes in
their reasoning and have an easier time explaining their answer others.

5 Discussion

Although there are many bene ts of Pl and use of i-clickers, therare some
challenges as well. | will review my perceptions below.

5.1 Benets of PI

Diversi cation of teaching keeps students engage&tudents indicated on anony-

mous self-surveys that they appreciate the variation from légring.
One student writes in his/her end of the semester course evaluatio
\The teaching style and technique used in this class promotestah-

tive learning rather than zoning out while copying notes o he chalk
board." Students state that they pay more attention during leture
knowing that they will be tested before the end of class. They also
found it easier to attend to a 30-minute lecture than a 50-mirie one.
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Students are able to see multiple approaches to a solutigknother big ben-
et of Pl and i-clickers is that students get to see diverse studérand
instructor solutions to problems. A student's unique perceptios as
well as misconceptions become more visible. These are hard emts
to teach with basic lecturing.

Pl and i-clickers creates a lively classroom atmospher&omething | had not
fully anticipated was the lively atmosphere generated by Pl ral i-
clickers. During an exit interview, a student likened the use ofclickers
to being on a game show. There was a vibrant energy in the classmo
that | had not experienced previously with routine lecturing

Pl engages passive student§Vith PI, all students are encouraged to become
active participants. This fosters a sense of community where eyene
knows each other and where everyone has a voice. Many students
indicated that they attended class regularly so that they wouwl not
lose any i-clicker participation points, even though i-cliokr scores had
no bearing on their grades. Other students reported that theitime
management and test taking skills improved as a result of PI.

5.2 Disadvantages of Pl

There are relatively few disadvantages to Pl and the use of iickers. The
primary problem is that lecture time is reduced so that studerst may have to
invest more time in reading their textbooks to comprehend matial. Also,

there is less time to solve board questions in great detail. Seddy, class
preparation time is increased when gathering ConcepTests biltis is o set

by a reduced lecture time (from 50 minutes to 30 minutes). And ally,

balancing peer instruction so that all students are active paitipants remains
a challenge. However, as | mentioned in my results (see Resultsyusturing

Pl by encouraging students to write down their solutions and byliscussing
with one other student before participating in the larger grap can make a
big di erence in overcoming this obstacle.

5.3 Gathering ConcepTest Questions

There is a growing archive of good ConcepTest questions. Readare invited
to explore the supplemental ConcepTest book accompanying théughes-
Hallett's Calculus book [9], the article on Good Questions [,/the Project
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Math QUEST website', and my PI websit¢. My ConcepTests consist of
a combination of computational and conceptual questions. |yrto choose
questions that pertain to my lectures and homework. Typicajl a good Con-
cepTest question has a 40-60% correct response for the initiahkbk" poll.
Furthermore, student surveys indicate that students generallfeel that they
bene t more from challenging questions than from easier onesefaps this
is because the challenging ConcepTests are more similar to qu&ss that
they would see on a test or in homework.

5.4 Optimizing Peer Instruction

With regard to PI, Miller et al. found that students with incorrect an-
swers tend to change their votes not because they are in uencbg students
with the correct answer but because they are able to clarify tlirethinking
and make the discovery themselves [7]. This is an ideal scenamiat easily
achieved in a class consisting of students with a broad range oademic abil-
ities. Nevertheless, | believe with limited instructor intervetion it is entirely
realistic for students to have very productive and fruitful dscussions.

In my classroom, | found that peer discussion was most e ective when
students sat face to face, in two rows of four, for a total of 8 pegroup (see
Figure 1). A class with 24 students for example should form 3 lisgeach line
consisting of two rows of four desks. Students are instructed tormance the
person sitting across from them of their answer in great detail Wi paper
and pencil. The pair of students may then \pair/share" to the lager group
if they are nished discussing or if they get stuck. Without structued peer
discussion, one or two students may dominate the discussion and leahe
rest of the group to be passive participants.

6 Conclusions

Pl together with the i-clicker can be very e ective in enhanmng student en-
gagement and learning. Students using i-clickers learn to vkocooperatively
in teams and to think under pressure. They also bene t from hearg diverse
student solutions in addition to the instructor's solution. With the use of
i-clickers, learning becomes an active and fun process. Stutiefeel safe to

Lhttp://mathquest.carroll.edu
Zhttp://www.cfkeep.org/users/alucas/iclicker
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make mistakes and are motivated to get i-clicker points for pcipating. Im-
balanced peer instruction can be minimized by correctly striigring student
discussions. Asking appropriately challenging ConcepTests is aisgportant
for class engagement. I-Clicker scores give the instructor feame informa-
tion about how well students are learning new material and thealso are a
good indicator of a student's overall class performance. Pl di-clickers have
succeeded in raising the learning index of my classes by makingdsats see
their peers as a valuable resource.

From this self study | have a better appreciation of the challeges of
balancing student participation during the \pair/share" phase of PI. As a
next step in understanding how to guide students, | would like to se the
i-clicker to get information about how con dent students arewith their vote.
| would also like to learn more about who in the group students arlistening
to and why.
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