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Peer discussion (PD) is widely used as an active-learning strategy in physics education, yet most prior
research has focused on conceptual multiple-choice questions. Much less is known about how peer
discussion functions when applied to mathematically structured problems typical of calculus-based
mechanics courses. To address this gap, we compared the effects of PD and instructor explanation (IE)
during short in-class exercise sessions in a calculus-based introductory mechanics course (N ¼ 87). Using
a cluster-randomized crossover design with two course sections, instruction alternated between PD and IE
across weekly exercise topics. After each lesson, students completed a 16-item post-test; 12 of these items
were also administered on the final exam. Across the 16 post-test items, we found no statistically
significant evidence that PD outperformed IE on any single item. In unadjusted item-level analyses, four
items that required greater abstraction and multistep mathematical reasoning showed a trend favoring IE,
although none of these differences remained statistically significant after Holm correction for multiple
comparisons. On the final exam, no statistically significant differences were observed between conditions.
These results suggest that, within the instructional conditions of this study, PD did not produce consistent
performance gains relative to IE, and any item-level differences may depend on task characteristics such as
mathematical abstraction, novelty, and multistep reasoning demands.
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I. INTRODUCTION

A. STEM education reform and challenges
in university physics

In recent years, the need for reform in Science,
Technology, Engineering, and Mathematics (STEM) edu-
cation at universities has been widely recognized world-
wide. Traditional lecture-based instruction has long served
as an efficient way to deliver advanced content, but many
studies have shown that one-way lectures have limited
effectiveness for promoting deep understanding in general
STEM education [1–3]. Reflecting these worldwide ini-
tiatives, national policies in Japan—such as those guided
by the Central Council for Education—have strongly
encouraged the shift toward active learning [4].

Physics is a discipline in which mathematical formalism
and conceptual understanding are closely connected.
Students must connect mathematical expressions with
the physical ideas they represent, and conceptual under-
standing depends on this integration of mathematics and
physics. As a result, passive listening alone often does not
lead to strong learning. Approaches that promote active
thinking have therefore been emphasized for many years
[5,6]. Within physics education research (PER), this moti-
vation has led to the development of many research-based
instructional strategies (RBIS), whose effectiveness has
been widely demonstrated [7–9].
Despite this strong evidence, the adoption of RBIS in

university physics courses has not progressed smoothly.
Previous studies report that instructors recognize the
limitations of lecture-based teaching, know about RBIS,
and often express willingness to adopt new methods. Yet
many do not implement RBIS due to factors such as
limited preparation time, classroom constraints, student
resistance, insufficient instructor knowledge, and restric-
tions posed by syllabi [10–12]. Even when RBIS are
adopted, they are frequently modified, and many instruc-
tors later discontinue their use [13,14]. These difficulties
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highlight the importance of examining RBIS that can
realistically be implemented under the actual constraints of
university physics courses.

B. Constraints in calculus-based mechanics
and the role of peer instruction

This study focuses on calculus-based introductory
mechanics, which typically covers fundamental yet math-
ematically demanding topics such as vector kinematics,
Newton’s laws, oscillations described by differential equa-
tions, work and energy, conservation laws, rotational
dynamics, gravitation, and motion in inertial and non-
inertial frames. These topics involve substantial math-
ematical formalism—including differential equations,
vector calculus, and line integrals related to work and
energy—and must all be addressed within a limited
number of class hours. As a result, instructors generally
have little flexibility to remove content or add new
activities. This structural constraint creates challenges
for adopting certain forms of RBIS.
Among RBIS, peer instruction (PI) is one of the most

influential and widely studied methods [15,16]. PI places
central emphasis on the use of ConcepTests—multiple-
choice conceptual questions designed by Mazur to target
well-documented student difficulties and to elicit diverse
responses. Designing effectiveConcepTests typically relies
on prior research and classroom experience to identify
common student difficulties and to construct questions that
use them productively [17]. ConcepTests are thus crucial
for stimulating productive peer discussion (PD). However,
in calculus-based mechanics, students must not only con-
front deeply ingrained conceptual difficulties—which are
well documented in foundational PER—but also master
complex and entirely new mathematical formalisms.
Integrating conceptual understanding with procedural
mathematical fluency significantly increases students’
cognitive load. Because the curriculum is exceptionally
dense, instructors often feel pressured to prioritize tradi-
tional problem-solving practice to ensure mathematical
competency. Consequently, they cannot easily introduce
additional, purely conceptual ConcepTests without sacri-
ficing essential course content.
For these reasons, full implementation of PI, including

dedicated ConcepTests, is often not feasible in this course
context. When instructors seek to integrate elements of PI
into calculus-based mechanics, the component that can
realistically be adopted is the peer-discussion process
itself, applied directly to the traditional, mathematically
structured problems already used in class.
This distinction is important because most prior

research on peer instruction has examined discussion
around conceptual multiple-choice questions, whereas
much less is known about how peer discussion functions
when applied to mathematically structured problems
typical of calculus-based mechanics courses.

C. Rationale for examining peer discussion in
traditional mechanics problems

PD is a central feature of PI. Previous research has
shown that discussion alone—independent of the use of
ConcepTests—can support conceptual reasoning and pro-
mote deeper understanding [18]. However, this evidence
comes primarily from discussions of conceptual questions,
not from mathematically structured traditional problems.
Therefore, it remains unclear whether the benefits of peer
discussion extend to traditional mechanics exercises that
require mathematical formulation and multistep problem
solving. Examining this question is important because
such exercises are central to calculus-based mechanics
courses and are often difficult to replace with additional
conceptual questions under strict curricular constraints.
Because the purpose of this study is to examine the

causal impact of PD, we focus here on prior research that
used experimental or quasiexperimental designs to com-
pare PD with instructor explanation (IE). Such studies are
scarce, and those that exist have been conducted in limited
instructional contexts. In physics, experimental evidence
on PD is very limited; one of the few studies examined a
single problem in electromagnetism [19]. In biology, an
often-cited quasiexperimental study compared PD and
instructor explanation in genetics [20]. In mathematics,
one experimental study examined PD in undergraduate
real analysis and reported no significant difference
between PD and instructor explanation on final examina-
tion performance [21]. This study was conducted in a
different disciplinary context and focused solely on long-
term exam outcomes rather than immediate problem-level
effects. Moreover, most PD tasks used in these prior
studies involved conceptual multiple-choice questions
rather than mathematically structured problems.
Overall, rigorous experimental comparisons remain

rare, and none has examined PD across a range of topics
in calculus-based mechanics. Thus, there is a clear need to
investigate whether PD is effective when integrated into
traditional mechanics exercises and for which types of
problems it may be particularly effective or ineffective.
Such evidence would provide meaningful guidance for
instructors who wish to adopt RBIS within the practical
constraints of their courses.
Because many university physics courses face strict

curricular and time constraints, it is important to under-
stand how elements of RBIS function when integrated into
existing instructional structures rather than implemented in
their full canonical form.

D. Purpose of this study

Based on this background, this study examines the
educational effects of peer discussion applied to traditional
problems in calculus-based introductory mechanics. To
investigate the causal impact of PD, this study employs an
experimental design based on cluster randomization with a
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crossover structure, embedded within an actual university
course. To enable a design-based comparison, PD and IE
were implemented within comparable problem-solving
exercise sessions; procedural details, including how group
and order effects were addressed, are provided in Secs. II
and III. This design allows PD to be compared directly
with IE under controlled instructional conditions.
To our knowledge, no prior experimental study has

compared PD and IE across multiple problems in calcu-
lus-based mechanics. By analyzing a variety of problem
types commonly taught in such courses, this study aims to
provide rigorous and practical evidence regarding the con-
ditions underwhichPDmaybemoreor less effective than IE.
This study addresses the following research questions:
• RQ1: When students first work individually on
mathematically structured mechanics problems, how
does subsequent peer discussion affect their problem-
solving performance compared with subsequent in-
structor explanation?

• RQ2: For what kinds of problems is peer discussion
more effective, or less effective, than instructor
explanation?

Section II describes the course and materials, Sec. III
explains the research methodology, Sec. IV presents the
results, and Sec. V provides the discussion and conclusions.

II. INSTRUCTIONAL CONTEXT AND
CLASSROOM PRACTICES

This study was conducted within a compulsory, calcu-
lus-based introductory mechanics course for first-year
engineering students at a national university in Japan.
The course is taught in Japanese and is designed to
develop a mathematical and quantitative understanding
of classical mechanics. The present study focuses on the
first half of this year-long course (an 8-week module),
covering kinematics, Newton’s laws, oscillatory phenom-
ena, momentum, and work and energy. The module
consists of 15 standard 90-min sessions, delivered as
two consecutive (back-to-back) classes per week, with a
final 90-min end-of-term examination.

A. Participants and instructors

To maintain an optimal class size of 50 students or
fewer, multiple parallel classes are offered following an
identical syllabus. This study targets two parallel classes
within the Faculty of Engineering. Students were ran-
domly assigned to these two classes based on their student
identification numbers, resulting in approximately 40
students per class (N ≈ 80).
Both classes were taught by the authors of this paper.

Both are physics education researchers with over 10 years
of university teaching experience and extensive prior
experience implementing active-learning pedagogies,
including PI.

B. General class structure and
problem-solving sessions

The course consisted mainly of lecture sessions and
problem-solving sessions. In the lecture sessions, the
instructor primarily provided explanations while present-
ing materials using PowerPoint slides. In each 90-min
class, approximately four problem-solving sessions were
interspersed within the lecture, during which students
worked on exercises designed to promote the understand-
ing and retention of key concepts introduced in the lecture.
Peer discussion was introduced during these problem-

solving sessions. Following the basic procedure of peer
instruction, students first worked individually on a prob-
lem for a few minutes (individual round), then discussed it
in groups of three to four students (group round), and
finally the instructor provided a brief explanation, which
together constituted one cycle. As will be described later in
the Sec. III A, some of the problems were conducted
without peer discussion, and instead, the instructor gave a
detailed explanation on the chalkboard.
During the PD sessions, when the problems were

multiple-choice, student responses were collected using
the learning management system (LMS) before and after
the peer discussions. For non-multiple-choice problems,
students’ confidence levels in their answers were collected.
The distribution of responses in the individual round of
multiple-choice problems was generally not disclosed
to the students. Based on prior experience, when the
responses were skewed, regardless of correctness, the
majority opinion tended to be regarded as the correct
one, which discouraged discussion. This tendency has also
been reported by Nielsen et al. [22]. However, when the
correctness rate was low or the responses were widely
dispersed, such information was, as much as possible,
provided to the students as feedback prior to peer
discussion.
Groups for peer discussion were basically formed at

random, and the classes were conducted with assigned
seating. A seat change was implemented once during the
course. In the first guidance session, the procedure,
importance, and significance of peer discussion were
explained to motivate students to engage in the discus-
sions. In addition, a short icebreaker activity of about
5 min [23] was conducted before the first class and
immediately after the seat change in order to create an
environment that encouraged active discussion.

C. Assignments and assessments

The PowerPoint materials used in the course (excluding
the exercise problems) were made available in advance on
the LMS, and students were encouraged to prepare before-
hand. In each class, a preparatory assignment was given,
and the first problem-solving activity of the class was
based on that assignment. In addition, a homework assign-
ment was given at the end of every class. Homework was
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submitted via the LMS, and feedback was provided by
teaching assistants under the supervision of the instructor.
At the end of each weekly class, students completed a

weekly post-test (hereafter, “post-test”) assessing the day’s
content; the post-test was administered for 10–12 min. In
addition, a 90-minwritten final examinationwas conducted
at the end of the semester. Both the post-tests and the final
examination primarily consisted of problems similar to
those practiced during class sessions. In all cases, the use of
notes and textbooks was prohibited, and the assessments
were conducted as closed-book examinations.

III. RESEARCH METHODOLOGY

A. Experimental design

As stated in the research questions, the purpose of this
study was to quantitatively examine the effects of intro-
ducing PD into problem-solving activities in traditional
classes.
To clarify the causal effect of PD, we adopted a

randomized controlled design. Because students were
assigned to two parallel course sections through the
university’s course registration process, the study
employed a cluster-randomized crossover design at the
section level. Specifically, in the classes conducted from
June to July 2023, a total of 87 students (N ¼ 87) were
assigned to Class A (n ¼ 44) and Class B (n ¼ 43). The
instructors of Class A and Class B were S. M. and T. U.,
respectively. In this design, the instructional conditions
(PD and IE) were alternated across exercise topics accord-
ing to a counterbalanced schedule, so that each section
experienced both conditions during the semester.
During the problem-solving sessions, students engaged

either in PD or received a detailed IE on the chalkboard,
depending on the assigned instructional condition. We
focused on the comparison with IE because, in typical
classroom practice, adopting PD often requires reallocat-
ing time away from instructor explanation. Thus, an
important practical question is whether PD is at least
as effective as a careful instructor explanation within a
comparable time budget. Because both approaches were
embedded in in-class problem-solving sessions, individual
problem solving was treated as a common component;
the comparison focused on the subsequent activity, peer
discussion or instructor explanation.
More specifically, PD and IE were conducted as

follows. In both conditions, the instructor presented the
correct answer at the end of the exercise; the comparison
therefore reflects an instructional trade-off under a com-
parable time budget.
• PD: Brief individual thinking, followed by group
discussion and a brief explanation of the solution.

• IE: Extended individual thinking, followed by a
detailed, step-by-step worked solution presented by
the instructor on the board.

Because the discussion time in PD also included time
for individual thinking, the individual round in IE was
made slightly longer so that the total time spent on each
problem-solving session was approximately the same for
PD and IE. Although exact timing was not recorded for
every item, both PD and IE typically required about
8–12 min per problem.
In IE sessions, instructors provided primarily explanatory

instruction at the board and refrained from interactive
questioning except when responding to occasional student
inquiries. In PD sessions, instructors followed typical peer
instruction practice by circulating during discussions,
prompting groups to articulate their reasoning when appro-
priate and providing minimal hints without disclosing
solutions. In both conditions, LMS submissions were
collected after the individual round and after the subsequent
instructional activity; for non-multiple-choice problems,
students reported confidence levels instead of submitting
answers. This implementation ensured a clear contrast
between PD and IE while keeping the activities close to
typical classroom practice.
However, since this study was an intervention in a

compulsory course and because we assumed at the plan-
ning stage that PD is an effective method, it was not
appropriate from an educational ethics perspective to
create a class consisting only of PD or only of IE.
Therefore, both classes followed a style that included

both PD and IE in the problem-solving sessions. For
the target problems, PD and IE were systematically
alternated between Class A and Class B, such that one
class received PD and the other IE for a given problem,
and vice versa for another problem within the same day.
The assignment of PD and IE to specific problems was
counterbalanced across weeks to minimize potential order
effects. Through this rotation of conditions across the two
classes, the design functioned as a cluster-randomized
crossover structure for the target items.
To ensure consistency across the two classes, the

instructors met weekly to review the previous session
and coordinate the procedures for the upcoming class.
Although the two classes were taught by different instruc-
tors, potential instructor effects were mitigated by their
similar backgrounds in physics education research and by
the counterbalancing inherent in the crossover structure.
Table I shows an example of the class procedure on a

given day. In this example, each 90-min class included four
exercise problems, and one of them was assigned differ-
ently between the two classes, with PD in one class and IE
in the other. At the end of each class, a post-test was given
on the swapped problems (problems 3 and 7 in this
example), and the scores were used to quantitatively
evaluate the effects of PD and IE.
In addition to ethical considerations, there are two

reasons for focusing on the short-term effects of PD.
First, as introduced in Sec. I C, previous studies have
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shown that PD does not have a large impact on final exam
results. Second, since factors such as how much each
student reviews or studies for the final exam are expected
to have a greater influence on the results than the class-
room interventions themselves, we considered it important
to first clarify how much understanding could be achieved
during the class session on the same day. Nevertheless,
related problems were also included in the final exam, and
medium- to long-term effects were analyzed.
To control for confounding factors other than the

comparison between PD and IE, the following measures
were taken. As described in the previous section on the
course outline, the classes consisted of instructor-led
lecture sessions and problem-solving sessions that
included about four problems in each class. In the lecture
sessions, standardized slides were used, and the instructors
followed a fixed script for their explanations.
This research design makes it possible to examine the

effects of using PD vs IE in the problem-solving sessions
conducted during class. At the same time, it has an
important limitation: the classes were not conducted
entirely in either PD or IE. Since PD was regularly
implemented in both classes, the study does not represent
a comparison with a fully traditional lecture composed
only of IE. Readers are encouraged to keep this limitation
in mind when interpreting the findings.

B. Instruments and data collection

Here, the tests and questionnaires administered in the
course as measurement data are summarized.
In the first class, an orientation session was held to

explain the objectives and procedures of the course. At
that time, three tests were administered as a precourse
assessment: (1) the Force Concept Inventory (FCI) [24],
(2) the Calculus Concept Inventory (CCI) [25], and
(3) the Colorado Learning Attitudes about Science Survey
(CLASS) [26]. These tests were primarily used to confirm
the equivalence of the two classes that had been randomly
assigned. The official Japanese versions were used for the

FCI and CLASS, whereas the CCI was administered using
a Japanese translation prepared by the authors.
In each class, a post-test of about 10–12 min was

administered at the end of the session. It was conducted
seven times in total, excluding the week of the final exam.
The test was in written-response format and focused on the
problems for which Class A and Class B engaged in
different activities (PD or IE). These tests constitute the
main data of this study.
At the end of the semester, a 90-min final exam was

administered. The exam was in written-response format
and focused mainly on the problems that had been used in
the post-tests.

C. Exercise problems and post-tests

The problems used in the problem-solving sessions
during class were selected from topics considered particu-
larly important in the course. A variety of problems were
included, not only calculation problems but also questions
assessing key concepts taught in the lectures. The full list
of the problems used in the post-tests is shown in Table II.
Because we were also interested in the effects when

problems were implemented in a peer instruction style,
some problems were designed as multiple-choice items in
the form of concept tests; however, many problems could
not be expressed in that format. For such problems,
students were asked to report their confidence level in

TABLE I. Single-day example of condition assignment in a
crossover RCT: each class received PD and IE in opposite order
for two problems (PS3, PS7); post-test followed.

Class A Class B

First period (90 min) PS1 PD PD
PS2 PD PD
PS3 IE PD
PS4 IE IE

Second period (90 min) PS5 PD PD
PS6 PD PD
PS7 PD IE
PS8 PD PD

Post-test (PS3, PS7)

TABLE II. Dates and brief descriptions of the 16 post-test
questions administered during the semester. The full post-tests
are provided in Supplemental Material [27].

Date Item Description

June 9 Q1 Infinitesimal volume element in three-
dimensional polar coordinates

Q2 Infinitesimal volume element in cylindrical
coordinates

June 16 Q3 Motion diagram
Q4 Differential of polar unit vectors

June 23 Q5 Vector, component, magnitude
Q6 Select solutions to the differential equation
Q7 Equation of motion with air resistance

June 30 Q8 Forces acting on a pendulum (polarþ xy
coordinates)

Q9 General solution for d2x=dt2 þ 4x ¼ 0
July 7 Q10 General solution of a nonhomogeneous

linear differential equation
Q11 Analysis of damped oscillatory solutions
Q12 Particular solution of a nonhomogeneous

linear differential equation
July 14 Q13 Angular momentum and moment of force in

a simple pendulum
Q14 Line integral of work along a circular path

July 21 Q15 Force from central potential
Q16 Force and U-contours
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their answers during the individual round of PD and in the
voting after PD.
The complete set of post-test items is provided in

Supplemental Material [27]. Grading was conducted by
the instructors, with both classes’ responses for each item
graded by the same instructor using a common rubric. Two
graders divided the items and reviewed sample responses
together to ensure consistency in scoring.

D. Statistical analysis

Baseline differences between the two classes were
examined using independent-samples t tests. For item-level
comparisons in the post-tests and final examination, group
differences were analyzed using the two-sided Wilcoxon
rank-sum test with a significance level of 0.05. Effect sizes
(r) were computed for item-level comparisons.
Because 16 item-level comparisonswere conducted for the

post-test,p valueswere adjusted using theHolmprocedure to
control the family-wise error rate [28]. Adjusted p values
were compared with an overall alpha level of 0.05.
All statistical analyses were conducted using R

version 4.5.1.

E. Ethical review

In this study, an educational experiment was conducted as
part of a compulsory course in the Faculty of Engineering at
the university. Considering that students were not free to
refuse participation in the course itself, we carefully exam-
ined the class content and experimental design, as described
in Sec. III A, to ensure that (1) no apparent disadvantage
would arise between the two classes and (2) the course
content specified in the syllabus would be fully guaranteed.
During the first guidance session of the course, the

following points were explained to the students, and
written consent was obtained.

1. Data from tests and questionnaires would be used
for educational research purposes and might be
presented at academic conferences or published in
journal papers. However, no personally identifiable
information would be disclosed.

2. Students had the right to have their own data
excluded from the analysis, and such a decision
would not result in any advantage or disadvantage.

This study was reviewed and approved by the Ethics
Committee of the Graduate School of Humanities and
Social Sciences, Hiroshima University, based on the above
policies and with appropriate ethical consideration
(Approval No.: HR-ES-000931).

IV. RESULTS

A. Group equivalence at baseline

First, the results of the pretests conducted at the
beginning of the semester were analyzed. The pretests
consisted of the FCI, CCI, and CLASS tests. Figure 1

shows the results of these tests. The number of participants
slightly varied because a few students were late for the first
class session.
The results of the pretests were analyzed using an

independent-samples t test. First, regarding the FCI, which
measures students’ understanding of basic physics con-
cepts, Class A showed a slightly higher mean score than
Class B, but the difference was not statistically significant
(the significance level was set at 0.05). The mean score of
both classes was around 70%, which generally indicates
that students are ready to learn Newtonian mechanics.
However, the distribution shows that a considerable
number of students scored around 50%, suggesting some
diversity in their level of understanding.
Next, for the CCI, which measures conceptual under-

standing of calculus, the mean score was around 60%.
Although the validity of this inventory has been discussed,
previous research [29] has reported that it is suitable for
comparing two groups, and therefore it was used for that
purpose in this study. No significant difference was found
between the two classes in the CCI scores.
Finally, for the CLASS, which evaluates students’ atti-

tudes toward learning physics, the percentage of favorable
responses in the “Overall” categorywas analyzed. Although
some differences were observed in the distribution, no
statistically significant difference was found, indicating that
the two classes did not differ in their learning attitudes.
From these results, it can be concluded that there was no

significant difference between the two classes in terms of
physics concept understanding, calculus understanding, or
learning attitudes and that both classes started from an
equivalent level.

B. Results of the post-test

In this section, we report the post-test results, which
constitute the primary outcome of this study. The post-test

FIG. 1. Pretest results for FCI, CCI, and CLASS (Overall
favorable) for Classes A and B at the beginning of the semester.
Dots represent individual students, and boxes indicate the
interquartile range with median. Mean percentages are shown
above each group. Independent-samples t tests revealed no
statistically significant differences between the two classes
(all p > 0.05).
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was administered at the end of each class to assess
students’ understanding of that day’s lesson.
As shown in Table II, the post-test was administered

seven times in total. Each test included two or three
questions on the main topic of that day’s class, resulting in
16 questions in total. The questions were designed to be
similar to the practice problems covered in the class; they
addressed the same underlying concepts but differed in
surface features.
Except for Q5, the exercises used in the post-test

involved different activities between Class A and Class
B, incorporating either the PD or IE method. Only Q5 used
PD in both classes as a fidelity check, examining whether
the same activity implemented in both sections would
yield comparable performance.
Table III summarizes the post-test results by item and

class as mean correct response rates �SEð%Þ. For each
item, group differences between Classes A and B were
tested using the Wilcoxon rank-sum test, and effect sizes
are reported as r. The Condition (A/B) column indicates
which instructional method (PD or IE) was implemented in
Classes A and B for that item.
Based on the results shown in Fig. 2 and Table III, no

significant differences were observed in 12 out of the 16
questions at the unadjusted level. Significant differences
were found in four questions: Q2, Q10, Q13, and Q16, all
favoring IE over PD.
Because 16 item-level comparisons were conducted, p

values were adjusted using the Holm procedure to control
the family-wise error rate. After Holm correction, none of
the item-level differences remained statistically significant
at the 0.05 level.

Although these differences did not survive correction,
the consistent directional pattern favoring IE warrants
closer examination. In the following, several representative
questions—with and without unadjusted significant
differences—are described in detail.

1. An infinitesimal volume element in spherical and
cylindrical coordinates (Q1 and Q2)

We first discuss the results for Q1 and Q2. In the first
week, class guidance and a pretest were conducted during
the first period (the first 90 min), so the regular class was
held only during the second period (the latter 90 min).
Therefore, only one exercise problem was used for the
intervention in this session. Accordingly, in the quiz for
that week, Q1 was the same as the exercise problem, and
Q2 was a similar problem.
In this class, after explaining the Cartesian and polar

coordinate representations, we dealt with the method of
deriving the area of a circle from the integration of an
infinitesimal area element in two-dimensional polar coor-
dinates. Then, as an exercise problem, students were asked
to consider the infinitesimal volume element in three-
dimensional polar coordinates, while slides such as those
shown in Fig. 3 were presented.
In the post-test given at the end of this class, Q1 and Q2

were presented as shown in Figs. 4 and 5. In Q1, the same
problem used in the class was asked; that is, students were
asked to express the infinitesimal volume element dV
in three-dimensional spherical coordinates using r, θ,
and φ. Q2 asked students to derive the expression for
the infinitesimal volume element in the three-dimensional
cylindrical coordinate system.

TABLE III. Post-test results by item and class. Values are mean correct response rates �SEð%Þ. For each item, the Condition (A/B)
column indicates which instructional method was implemented in Classes A and B. Group differences were tested using the Wilcoxon
rank-sum test.

Question nA nB A: mean� SEð%Þ B: mean� SEð%Þ Condition (A=B) p r

Q1 41 41 70.7� 7.2 70.7� 7.2 IE/PD 1.000 0.000
Q2 41 41 53.7� 7.9 26.8� 7.0 IE/PD 0.014* 0.272
Q3 44 43 80.7� 4.7 88.4� 4.4 IE/PD 0.121 −0.166
Q4 44 43 53.4� 4.7 48.8� 5.6 PD/IE 0.542 0.065
Q5 44 42 92.4� 2.1 90.5� 2.8 PD/PD 0.814 0.025
Q6 44 42 23.5� 4.7 26.2� 5.3 PD/IE 0.834 −0.023
Q7 44 42 72.2� 4.5 73.2� 4.7 IE/PD 0.835 −0.022
Q8 43 42 71.3� 4.7 63.1� 4.1 IE/PD 0.080 0.190
Q9 43 42 38.0� 4.6 32.5� 4.9 PD/IE 0.307 0.111
Q10 43 38 93.0� 3.9 73.7� 7.2 IE/PD 0.019* 0.261
Q11 39 38 35.0� 7.3 23.7� 6.3 PD/IE 0.347 0.107
Q12 39 38 35.0� 6.6 30.7� 6.1 IE/PD 0.721 0.041
Q13 42 41 39.3� 5.4 22.0� 3.7 IE/PD 0.033* 0.234
Q14 42 41 65.1� 4.8 59.8� 5.1 PD/IE 0.407 0.091
Q15 42 39 63.3� 5.1 70.3� 5.2 PD/IE 0.277 −0.121
Q16 42 39 82.1� 5.6 53.8� 7.7 IE/PD 0.004** 0.319

Note. p values are unadjusted; asterisks denote unadjusted significance (*p < 0.05 and **p < 0.01). Holm correction (16 comparisons)
indicated that none of the differences remained statistically significant at α ¼ 0.05. Effect size r ¼ Z=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nA þ nB
p

.
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In the class, after the exercise shown in Fig. 3, only a
brief remark was made that, in three dimensions, another
coordinate system called the cylindrical coordinate system
can also be used. No instruction or practice was provided
on expressing the infinitesimal volume element in that
system. Thus, Q2 served as a transfer item: students who
developed a general understanding of the infinitesimal
volume element beyond the specific spherical-coordinate
form would be more likely to answer Q2 correctly,
whereas students who relied primarily on memorizing
the expression used in Q1 would be less likely to do so.

As shown in Table III, post-test performance on Q1 was
identical in the IE and PD classes (both 70%), with no
evidence of a difference (unadjusted p ¼ 1.000). For Q2,
post-test performance was higher in the IE class than in the
PD class (unadjusted p ¼ 0.014). Taken together, these
results suggest that the relative effectiveness of PD and IE
may depend on item-specific features and how each
condition supports students’ reasoning.

2. Motion diagram (Q3)

Q3 is a question about motion diagrams, which was
covered in the class on vector mathematics. In the class,
after explaining the concept and drawing rules of motion
diagrams, a motion diagram for an object in uniform
circular motion was introduced, and it was explained
how centripetal acceleration can be derived from it.
Immediately afterward, an exercise like Q3 was given,
asking how the motion diagram would look in the case of
nonuniform circular motion. However, in the class, the
counterclockwise case was used, while in the post-test, as
shown in Fig. 6, the clockwise case was presented [31].
A motion diagram is a method for geometrically under-

standing the relationships among position, velocity, and
acceleration through drawing. This problem was selected
with the expectation that PD would be effective for
students to think about the drawing rules and their mean-
ings through discussion with one another.

FIG. 2. Mean normalized scores for each question by group (A and B). Error bars represent standard errors. Asterisks indicate
significant differences at the unadjusted level based on the Wilcoxon rank-sum test (*p < 0.05 and **p < 0.01). After Holm correction
for multiple comparisons (16 items), no differences remained statistically significant at α ¼ 0.05.

FIG. 3. Slide used during in-class instruction for post-test Q1
(three-dimensional polar coordinates). The original slide was in
Japanese; an English translation is shown here. The figure in the
question is reproduced from Ref. [30] with permission.
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As shown in Table III, although the class that adopted
PD had a slightly higher correct answer rate, the difference
was not statistically significant. In addition, as shown in
the same table, Q3 was the problem for which the class
using PD showed a higher correct answer rate and the
largest effect size.

3. Solving nonhomogeneous linear
differential equations (Q10)

Q10 addressed the technique for solving nonhomogene-
ous linear differential equations, which is required when
solving the equation of motion for forced oscillation.
Specifically, it was presented as a written-response prob-
lem, as shown in Fig. 7. Although the underlying mecha-
nism of this technique appears complex and difficult at
first glance, its principle is actually quite simple, and once
understood, the problem can be solved relatively easily.
This problem was selected because it was expected to be

a type of task for which PD would be effective. Previous
research has shown that when a group works on a
mathematical intellectual task and one member proposes
a solution that can be readily recognized as correct (i.e., a
solution with high demonstrability), the group’s perfor-
mance can exceed that of the best individual in the group
[32]. Because Q10 satisfies this condition of high demon-
strability, PD was expected to function effectively for this
problem.
However, as shown in Table III, the class that imple-

mented IE showed a significantly higher correct answer
rate than the class that implemented PD (p ¼ 0.019).
For highly demonstrable tasks like this, it is plausible

that students can also achieve understanding through IE.
On the other hand, because the terminology and concepts
involved are abstract, PD—where students can easily ask
questions when they encounter difficulties—was expected
to work effectively. Therefore, this result was somewhat
unexpected.

FIG. 4. English translation of post-test Q1 (open-ended). The
original problem was administered in Japanese; minor adjust-
ments to line breaks and formatting were made for publication.
The original version is provided in Supplemental Material [27].
The figure in the question is reproduced from Ref. [30] with
permission.

FIG. 5. Post-test Q2 (open-ended; see Fig. 4 for translation and
formatting details). The figure in the question is reproduced from
Ref. [30] with permission.

FIG. 6. Post-test Q3 (open-ended; see Fig. 4 for translation and
formatting details).

FIG. 7. Post-test Q10 (open-ended; see Fig. 4 for translation
and formatting details).
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4. Direction of force from potential contour lines (Q16)

The final example, Q16, was the problem that showed
the largest difference (i.e., the largest effect size) between
IE and PD. This problem was given in the unit on potential
energy, where students learned that the force vector acting
on an object is given by the partial derivative of the
potential energy. Q16, as shown in Fig. 8, also asked
students to demonstrate conceptual understanding of this
differentiation process. Based on its content, it was
expected to be a type of problem for which both PD
and IE could be effective.
However, as shown in Table III, the class that imple-

mented IE achieved a significantly higher correct answer
rate than the class that implemented PD (p ¼ 0.004). In

this unit, students dealt with potential energy in two- and
three-dimensional spaces. Because many new concepts
were introduced—such as the mathematical operation and
interpretation of partial differentiation, and the idea that a
force vector is derived from a scalar potential—some
students may have struggled to follow the exercises. As a
result, PD might not have been carried out effectively in
this class.

C. Final examination

In the final exam conducted at the end of the semester,
many of the questions were taken from the post-tests.
Among the 16 post-test questions, 12 were included in the
final exam. The results are shown in Table IV and Fig. 9.
As can be seen, there were no significant differences in any
of the questions (p > 0.05).
This outcome was largely anticipated, since many of the

questions had already shown no significant differences
immediately after the corresponding lessons. In general,
for high-stakes assessments such as final exams, individual
factors—such as the extent to which students review the
material and prepare for the exam—tend to have a strong
influence on performance. As a result, the differences
in the effects of classroom interventions are likely to diminish.
Furthermore, this finding is consistent with previous research
in mathematics education [21], which also reported no
significant differences in final exam performance.

V. DISCUSSION AND CONCLUSION

This study compared the learning effects of PD and IE
during exercise sessions in a traditional mechanics course.
We employed a cluster-randomized crossover design with

FIG. 8. Post-test Q16 (open-ended; see Fig. 4 for translation
and formatting details). Adapted frommaterials developed by the
University of Colorado Boulder PER group [33].

TABLE IV. Final examination results by item and class. The examination items correspond to questions previously used in the in-
class post-tests. Values are mean correct response rates�SEð%Þ. For each item, the Condition (A/B) column indicates the instructional
method (PD or IE) originally implemented when that topic was taught in Classes A and B. Group differences were tested using the
Wilcoxon rank-sum test.

Item nA nB A: mean� SEð%Þ B: mean� SEð%Þ Condition (A/B) p r

Q2 43 42 84.5� 5.5 86.5� 5.2 IE/PD 0.795 −0.028
Q4 43 42 81.8� 4.8 88.1� 2.7 PD/IE 0.759 −0.033
Q6 43 42 58.9� 5.3 57.9� 5.9 PD/IE 0.936 −0.009
Q7 43 42 58.1� 7.6 57.1� 7.7 IE/PD 0.926 0.010
Q9 43 42 81.8� 3.5 77.0� 4.4 PD/IE 0.647 0.050
Q10 43 42 72.1� 6.9 69.0� 7.2 IE/PD 0.759 0.033
Q11 43 42 32.6� 7.0 40.5� 7.0 PD/IE 0.404 −0.091
Q12 43 42 72.1� 6.9 69.0� 7.2 IE/PD 0.759 0.033
Q13 43 42 49.2� 4.8 41.7� 5.0 IE/PD 0.230 0.130
Q14 43 42 41.9� 5.0 48.4� 4.7 PD/IE 0.289 −0.115
Q15 43 42 63.7� 5.8 61.9� 5.3 PD/IE 0.600 0.057
Q16 43 42 76.7� 6.5 71.4� 7.1 IE/PD 0.578 0.060
Totala 43 42 64.5� 2.5 64.1� 2.4 � � � 0.836 0.022

Note. p values are unadjusted. Effect size r ¼ Z=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nA þ nB
p

.
aTotal score is expressed as a percentage of the maximum possible score (12).
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two course sections, counterbalancing PD and IE across
weekly exercise topics. Because the two sections showed
no baseline differences on the pretests (FCI, CCI, and
CLASS), the subsequent comparisons of short-term out-
comes are justified.

A. Revisiting the research questions

RQ1: When students first work individually on math-
ematically structured mechanics problems, how does sub-
sequent peer discussion affect their problem-solving
performance compared with subsequent instructor explan-
ation? In the post-test administered immediately after
instruction, 12 of the 16 items showed no statistically
significant differences between conditions in unadjusted
item-level analyses. The remaining four items favored IE
over PD at the unadjusted level (Q2, Q10, Q13, and Q16;
Wilcoxon rank-sum test, p < 0.05), although none of these
differences remained statistically significant after Holm
correction for multiple comparisons. Taken together, these
results provide no evidence that PD produced higher short-
term learning gains than IE under the conditions of this
study. As an additional internal check, the similar perfor-
mance observed for Q5, in which both sections engaged in
PD, suggests that baseline section differenceswere unlikely
to account for the observed patterns. More specifically, the
unadjusted pattern is consistent with the possibility that IE
may be particularly beneficial for items in which an explicit
presentation of problem-solving strategies (schema formu-
lation) supports students’ reasoning.

RQ2: For what kinds of problems is peer discussion
more effective, or less effective, than instructor explan-
ation? Exploratory inspection of item-level patterns sug-
gests that differences between PD and IE may depend on
problem characteristics. Because problem features were
not systematically manipulated or coded in this study,
these interpretations should be regarded as tentative. For
example, Q1 (infinitesimal volume element in spherical
coordinates) and Q2 (transfer to cylindrical coordinates),
which were intended to probe generalization, or transfer,
beyond the practiced form, and Q16 (identifying the
direction of force from contour lines), which introduced
multiple new ideas simultaneously, showed patterns favor-
ing IE. By contrast, for Q3 (motion diagram), which may
benefit from visual reasoning and verbalization of prob-
lem-solving strategies, the PD group showed slightly
higher average scores, although the difference was not
statistically significant. Overall, these patterns suggest that
the potential advantage of PD may not have been fully
realized under the present implementation.

B. Mechanisms underlying the outcomes: Explanatory
vs exploratory discussion

One possible reason lies in the implementation of PD.
In this study, PD followed a minimal sequence of
individual solution—group discussion—short whole-class
explanation. Compared with typical peer instruction, the
tasks used here less often required students to commit to and
publicly contrast alternative lines of reasoning, which may

FIG. 9. Mean correct answer rates for each question and for the total score by group (PD and IE). Error bars represent standard errors.
No significant differences were observed between groups based on the Wilcoxon rank-sum test (all unadjusted p > 0.05).
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have limited the depth and structure of peer discussion.
Nevertheless, PD activities were relatively active from
the beginning of the course. An icebreaking activity was
conducted in the first session, and the instructor repeatedly
emphasized the importance of discussion, comprehension,
and explaining one’s reasoning throughout the course. As a
result, the class environment was not passive; communi-
cation among students was smooth from the early stages.
After each PD session, a short instructor explanation was
provided to ensure that misunderstandings did not persist.
Therefore, the limited effect of PD cannot be attributed to
students’ reluctance to participate but rather to structural
constraints that made it difficult for discussions to reach
deeper conceptual or strategic levels.
Additionally, the nature of the problems likely influ-

enced the outcomes. Many topics in traditional mechanics
are not designed for conceptual change or correction of
misconceptions but rather involve abstract and mathemati-
cal ideas requiring students to model and construct their
understanding internally. In such problems, students sel-
dom hold clearly conflicting views, making it difficult for
discussion to generate cognitive conflict that leads to
deeper learning. As a result, discussions tended to become
explanatory in nature—where more advanced students
explained their reasoning to others—rather than explor-
atory exchanges of ideas. Under such conditions, explicit
explanations and conceptual structuring provided by the
instructor (IE) may have been more effective for facili-
tating understanding.
At least under the instructional conditions of this study,

achieving higher learning gains through PD than through
IE would require more than the minimal structure used
here. It is suggested that further instructional design efforts
are necessary to promote deeper and more structured
discussions.

C. Effects on high-stakes assessment

In the final examination, which included 12 items from
the post-test, no statistically significant differences were
observed between the PD and IE groups. Because the final
examination was a high-stakes test directly tied to course
grades, individual differences in factors such as self-study
effort and review behaviors may have had a strong influ-
ence, which may have attenuated the observable effects of
the in-class intervention. This pattern is consistent with
previous findings that the effects of in-class interventions
can diminish on high-stakes assessments [21].

D. Limitations and future directions

When interpreting these results, several methodological
limitations should be noted. This study adopted a crossover
design in which both PD and IE were implemented within
each class, rather than a pure comparison between PD-only
and IE-only instruction. Therefore, the results do not
provide a direct comparison with lecture-only instruction.

Moreover, both classes experienced multiple PD activities,
meaning that all students engaged in some degree of active
learning; thus, the learning environment differed from a
fully unidirectional lecture.
Furthermore, because no direct observation of the PD

process (e.g., recording or discourse analysis) was con-
ducted, the quality and characteristics of group interactions
could not be systematically evaluated. As a result, it
remains unclear whether the observed differences in
learning outcomes were due to variation in the quality
of PD discussions or to other factors. In addition, the
limited number of problems and sample size leave some
uncertainty in the estimation of effect sizes. To examine
the relationship between PD processes and learning out-
comes in greater detail, future research should incorporate
discourse and observational data. Such work would con-
tribute to a more precise understanding of the conditions
under which PD can function effectively.

E. Conclusion and practical implications

These results highlight the importance of examining how
elements of research-based instructional strategies function
when implemented under realistic classroom constraints,
particularly in mathematically intensive courses.
In conclusion, while peer discussion is widely recog-

nized as a powerful active-learning tool, its integration
into mathematically dense and highly structured physics
problems does not automatically guarantee superior learn-
ing outcomes compared to a well-structured instructor
explanation. Our findings suggest that for tasks charac-
terized by high cognitive load—such as those requiring
complex mathematical abstractions and novel multi-
step reasoning—the explicit scaffolding provided by an
instructor may be equally or more effective within limited
class time. For practitioners and researchers in calculus-
based mechanics, this highlights that simply applying a
standard, minimal peer discussion format to mathemati-
cally complex exercises is insufficient. To effectively
harness the potential of collaborative learning in these
contexts, it is necessary to go beyond basic PD and
develop more carefully designed instructional interven-
tions to properly support students’ deeper reasoning.
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