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We used surveys and classroom 
observations to examine student 
reactions to two-stage exams, 
where students first do the exam 
individually and then redo it 
collaboratively. Our results show 
why both students and instructors 
appreciate this examination 
format: Two-stage collaborative 
examinations are relatively easy to 
implement, have a high potential 
for learning, and support the 
collaborative learning approach 
used in many sciences classes. 
A look at survey data from an 
introductory physics class shows 
that a vast majority of students 
(76%) had a positive opinion of 
this exam format (expressed in 
236 comments) whereas only 10% 
expressed an overall negative 
opinion in 30 negative statements. 
Most of the positive comments 
relate to how this benefits learning. 
In this article, we describe how to 
implement two-stage exams, discuss 
advantages and disadvantages, and 
present the students’ view.

U
niversity instructors in-
creasingly use interactive 
engagement and social/
collaborative learning 

methods in their science classes to 
achieve better learning outcomes 
(National Research Council, 2012). 
Such methods result in deeper en-
gagement by the students and in-
corporate more formative assess-
ment to support learning. A number 
of research-based methods, such 
as peer instruction (Mazur, 1997), 
think-pair-share (Johnson, Johnson, 
& Smith, 2011), and cooperative 
group problem solving (Heller & 
Hollabaugh, 1992; Heller, Keith, & 
Anderson, 1992), share some basic 
features that are recognized to sup-
port learning across a wide range of 
contexts. These features include in-
tense engagement by students, col-
laborative learning where students 
develop their thinking, and imme-
diate feedback through the inter-
actions with their peers (National 
Research Council, 2012). In this ar-
ticle we discuss an exam format—
two-stage exams—that uses these 
same features. 

Frequently, collaborative learning 
and formative assessment will be 
used in classroom instruction, but 
the course exams will remain in the 
traditional format in which students 
solve problems in isolation and 
only receive feedback several days 
later. Exams send very powerful 
messages, and such an exam format 
does not support the message that 
collaborative learning is important. 

Moreover, although individual 
exams produce a uniquely intense 
engagement with the material, that 
engagement provides little or no 
contribution to learning—defined as 
acquiring new ideas—because of the 
lack of timely and useful feedback 
(Black & Wiliam, 1998). 

The two-stage exam is a relatively 
simple way to solve these problems. 
In a two-stage exam, students first 
complete and turn in the exam indi-
vidually and then, working in small 
groups, answer the exam questions 
again. This makes the exam itself a 
valuable learning experience while 
also sending a consistent message to 
the students as to the worth of col-
laborative learning. We see indica-
tions that the use of this exam format 
goes beyond ensuring consistency 
across course components, in that it 
positively impacts how students ap-
proach the other collaborative com-
ponents in the course. The two-stage 
exam accomplishes this while still 
providing summative assessment of 
individual performance. 

Collaborative tests have been 
used for some time in a variety of 
formats (see summaries in Leight, 
Saunders, Calkins, & Withers, 
2012; Zipp, 2007). The two-stage 
format discussed in this article 
(sometimes referred to as group test 
Cortright, Collins, Rodenbaugh, & 
DiCarlo, 2003; or pyramid exam, 
Cohen & Henle, 1995) has also 
been used in the past, in particular 
in team-based learning as part of 
the readiness assurance process (see 
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e.g., http//:www.teambasedlearn-
ing.org). This process, which uses 
scratch-and-win type testing cards 
during the group part to reveal 
the answers to all questions, fol-
lows up on the assigned reading, 
and provides a low-stakes way to 
ensure that students have the back-
ground knowledge necessary for 
the problem-solving activities that 
follow. However, administering 
high-stakes examinations such as 
midterm or final examinations in a 
two-stage format is still relatively 
rare. Stearns (1996), for example, 
mentions increased student per-
formance on the (individual) final 
exam in a research method and 
statistics class after taking the mid-
term exams in a two-stage format, 
as well as decreased dropout rates, 
higher enjoyment of the course, 
and increased collaborative skills. 
Only a few studies have attempted 
to measure the benefits of two-stage 
exams on learning in science: In a 
recent study, Gilley and Clarkston 
(2014) reported knowledge gains 
(increases in student learning, i.e., 
the original acquisition of knowl-
edge by students) due to the collab-
orative part of the exam in a science 
course on natural disasters, whereas 
other studies in biology (Leight et 
al., 2012) and physiology (Cortright 
et al., 2003) have focused on the 
retention of content. A positive im-
pact on student motivation, reduced 
test anxiety, increased collaborative 
skills, and improved perception of 
the course were also mentioned in a 
number of other studies (see refer-
ences in Gilley & Clarkston, 2014; 
Leight et al., 2012; Zipp, 2007). 
Potential limitations of two-stage 
exams are a reduced number of 
questions on the tests (to make time 
for the group portion) and a slightly 
higher administrative effort. In addi-
tion, differences in group composi-
tion may limit the effectiveness of 
this approach in groups with one 
dominant student or in groups with 

free-riders (see discussion in Zipp, 
2007). Our survey results, however, 
indicate that this occurs only in a 
small number of groups. 

This article was inspired by see-
ing both the success of two-stage 
exams and how popular they have 
been with both students and instruc-
tors across the Faculty of Science at 
the University of British Columbia 
(UBC). This exam format was first 
introduced in the UBC Faculty of 
Science 3 years ago and is now 
being used in at least 20 science 
courses. The faculty members value 
the widespread intense engagement 
by their students during the second 
stage of the exam, and as discussed 
below, students see them as valuable 
learning experiences. Next, we de-
scribe how to implement two-stage 
exams, discuss their benefits, and 
present the students’ view.

Implementation of two-
stage exams
The particular format of the two-
stage exam we use is relatively easy 
to implement and has worked well 
in UBC science courses. 

  
•	 Stage 1 (individual, between 3/4 

and 2/3 of the examination time): 
This is a standard formal exami-
nation students complete work-
ing alone. 

•	 Stage 2 (small groups, remainder 
of the examination time): The 
group portion begins after all 
individual exams are collected. 
Students work in groups of three 
or four students on (mostly) the 
same problems as in the individ-
ual portion (Figure 1). They must 
come to a consensus on the an-
swers and hand in one copy with 
the names and student ID num-
bers of all group members. Be-
cause students have already seen 
each problem during Stage 1, 
solving the same problems again 
in Stage 2 usually takes much 
less time than in Stage 1, includ-

ing the time for discussions and 
agreeing on a solution.

As an example, the two-stage 
exam given in our introductory phys-
ics course (N = 178) had a total dura-
tion of 90 minutes that was split as 55 
minutes for individual effort (Stage 
1) and 30 minutes for group effort 
(Stage 2), with 5 minutes in between 
for making the switch from Stage 1 
to Stage 2. During the switch, in-
structors and teaching assistants first 
collected the individual exam copies, 
and then students were instructed to 
sit with their predetermined group 
members (3–4 students per group). 
In some courses, these groups are 
preformed (e.g., same as collab-
orative groups in class or groups put 
together by the instructor), whereas 
in other courses, students are free to 
choose their groups. Once the groups 
were assembled, the second part of 
the exam was distributed. Generally 
the switch can be done in less than 
5 minutes—even in large classes, 
if there is at least one instructor or 
teaching assistant for 50 students. 

A two-stage exam in a 50-minute 
lecture time slot is doable, but hav-
ing a 90-minute time slot is easier. 
In some courses, instructors have 
replaced their 50-minute in-class 
midterm exams with 90-minute eve-
ning exams, so that similar content 
can be covered. Concerns about the 
length of an exam can be addressed 
by repeating only the conceptual 
questions of the individual part in 
the group portion and/or by turning 
short-answer questions of the indi-
vidual part into multiple choice or 
ranking tasks in the group portion; 
see Figure 1 for examples. 

Grades from the individual and 
the group portion are combined for 
the total examination mark, weight-
ed between 75% to 90% for the 
individual portion and 25% to 10%, 
respectively, for the group portion. 
The group exam score has no effect 
on the differentiation between stu-
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dents (i.e., a student’s performance 
relative to the class), yet even the 
small weight of the group portion 
provides sufficient motivation for 
students to take this part seriously. 
For example, an 85/15 (individual/
group) split used in our physics class 

resulted in an average increase of the 
midterm mark due to the group por-
tion of 3.3% and an average increase 
in the final exam score due to the 
group portion of 1.6 %. The resulting 
impact on the average course grade 
of the group part of the exams was 

0.5% from the midterm and 0.7% for 
the final exam, where the standard 
deviation of course grade distribu-
tion was 9.7%.

On the basis of the collective ex-
perience at UBC across the science 
disciplines of physics, chemistry, 

FIGURE 1

Examples of questions taken from a two-stage exam for physics.

Most questions will be the same for the individual and the group part. If questions are modified, it is usually to reduce the number 
of detailed calculations, which do not promote discussions, and replace with prompts to “explain your reasoning.” Additionally, 
one or two more challenging questions may be added.

INDIVIDUAL PART GROUP PART

A train is approaching the train station at velocity v
0
 = 15 m/s 

relative to the ground in still air. The train operator sounds the 
train whistle, which emits a note with frequency f0 = 2500 Hz.

The sound of the whistle is heard by different observers:

The train operator hears a frequency f
A
; 

a person standing on the station platform watching the train         
approach hears a frequency f

B
;

the operator of a second train approaching the station from the 
other direction with velocity v

2
 = 10 m/s hears a frequency f

C
. 

What are the frequencies f
A
, f

B
, and f

C
?

(Changed to ranking) A train is approaching the train station at 
velocity v

0
 relative to the ground in still air. The train operator 

sounds the train whistle, which emits a note with frequency f0.

The sound of the whistle is heard by different observers:

The train operator hears a frequency f
A
; 

a person standing on the station platform watching the train 
approach hears a frequency f

B
;

the operator of a second train approaching the station from the 
other direction with velocity v

2
 hears a frequency f

C
; 

a passenger traveling on a slower train that has just been over-
taken by the first train (and sees the first train move farther 
away) hears frequency f

D
. 

Rank the frequencies heard by the observers (f
A
, f

B
, f

C
, f

D
) in order 

from the highest to the lowest frequency. 

The graph shows the velocity vs. time graph of a harmonic  
oscillator. 

Determine 
a) the angular frequency
b) the maximum displacement
c) the phase constant and the equation describing the position   
as a function of time.

(Replace part c)
a)	same
b)	same
c)	Sketch the potential energy curve as a function of time. As-

sume that we have a horizontal harmonic oscillator.
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biology, math, statistics, Earth and 
ocean sciences, computer science, 
and land and food systems, we would 
further recommend the following:

•	 Students are told on the first day 
of classes that examinations will 
be conducted in this format and, 
more important, why this is done 
in this way. 

•	 A policy is implemented that 
the group score cannot be lower 
than the individual mark. This 
will address concerns about fair-
ness. In practice, it affects only 
a few high-performing students 
as groups perform equal or bet-
ter than individual students in al-
most all cases.

•	 Clear instructions are given dur-
ing the individual-to-group tran-
sition. For example, students 
should remain seated while their 
individual exam copies are col-
lected. Remind and check that all 
names and student numbers are 
listed on the group exam. 

•	 Students are discouraged from 
working on their own during the 
group portion and all members 
are encouraged to be involved in 
discussing every problem. Teach-
ing assistants and instructors can 
help with forming groups and 
encouraging collaborative work, 
but this is seldom needed. 

Overall, it does not take much ef-
fort to run a two-stage exam. From 
our experience, creating the group 
portion of the exam is easy because it 
is largely identical to the individual 
exam, and the additional marking 
time of the group copies is minor be-
cause most solutions are correct. To 
our knowledge, no instructor at our 
institution who has tried two-stage 
exams has abandoned this approach. 

Benefits of two-stage exams
Here we offer some thoughts on 
why collaborative exams can in-
crease learning and retention and 

add a few observations from several 
science classes at UBC.

During the high-stakes environ-
ment of an examination, students are 
heavily invested in figuring out the 
correct answers. After the individual 
portion, all students are well pre-
pared to discuss their approach in a 
group. In these discussions, students 
get immediate feedback on their 
solutions from their peers, which 
might help them clarify their think-
ing (Cortright et al., 2003, Gilley & 
Clarkston, 2014, Rao, Collins, & Di-
Carlo, 2002). Weaker students could 
benefit from the explanation that is 
targeted to their difficulties, higher 
achieving students might benefit 
from explaining concepts to others, 
and everyone may well benefit from 
critically evaluating others’ ideas. 

One may argue that these same 
benefits are also present in “nor-
mal” in-class collaborative learn-
ing activities; so why do this on an 

exam? Even a casual observation of 
the two situations reveals the differ-
ence: We routinely see nearly 100% 
engagement during the group part 
of the exams, presumably because 
of the high-stakes situation of an 
examination. As confirmed through 
both observations and student self-
reports, most groups discuss the 
questions until all members agree on 
an answer; even during open-book, 
two-stage exams, it was very unusual 
to see students looking through the 
book to find the answers instead of 
discussing them and figuring them 
out themselves. Those students who 
are usually too shy to speak up dur-
ing in-class activities will defend 
their answers vigorously during 
the second stage of the exam. By 
comparison, the discussions during 
normal in-class activities, such as 
clicker question discussions, do not 
have nearly the same intensity. This 
is probably because the stakes are 

FIGURE 2

Percentage of students with generally positive, negative, or neutral 
opinions about two-stage exams (N = 123 students). General positive 
means students found the exam format to be good or helpful for 
learning. Neutral/other means that students did not express a clear 
positive or negative opinion, or commented on other things. General 
negative means that student had overall negative comments about the 
exam format. 
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lower, and it is not necessary for stu-
dents to reach an agreement because 
they usually submit their own (indi-
vidual) answers. The students also 
know that they will receive expert 
feedback from the instructor fol-
lowing the discussion, so they don’t 
have to evaluate as carefully what 
their colleagues are saying. Finally, 
students are better prepared to carry 
out peer discussions in a two-stage 
exam than they are during lecture 
because (a) they have studied for the 
exam, and (b) each student is forced 
to think deeply about the questions 
during the individual portion of the 
exam before the discussion starts in 
the group portion. 

In our introductory physics class, 
we noted an additional beneficial 
effect of a two-stage midterm exam: 
It increased the engagement during 
in-class collaborative activities fol-
lowing the examination. Although 
students regularly participated in 
peer discussions of clicker questions 
and worksheet problems before the 
midterm and the instructors ex-
plained the benefits of collaborative 
learning, it appears that the two-stage 
exam convinced the students (more) 
of the value of peer discussions. It is 
also possible that, after the midterm 
exam, students think of the in-class 
activities as more directly related to 
exams. 

Impact on student opinions
For illustrative purposes, we exam-
ine in detail how two-stage exams 
impacted student opinions in one 
course; however, these results are 
similar to what has been seen in 
other science courses. 

We gave both the midterm and 
final exams in a two-stage format in 
the aforementioned calculus-based 
introductory physics course. The 
students filled out a 20-question 
online survey after the final exam; 
four questions probed their views on 
the exams. Of the 179 students, 123 
completed the survey. Eighty-seven 
percent supported the use of the 
two-stage exam format for midterms, 

TABLE 1

Coding scheme and results as applied to students’ written comments regarding their experience with two-
stage exams in Physics 101.

Overall 
code

Detailed
code Description of code

No. of times 
mentioned 
(N = 123 students)

General 
positive
(Total: 236)

G-E Good, enjoy, benefit, great, liked, useful, OK, interesting 56

H Helpful 30

C Increased confidence 9

LE Good learning experience, good way to review exam 21

LE-D Learning from: discussions with others, hearing other approaches, comparing 
with others, explaining yourself, collaborating

48

IF Immediate feedback: good to know if right or wrong 34

IF-LM Immediate feedback: learning from mistakes 16

GD-pos Positive mention of group working together, group members, meeting 
friends, group preparation, cooperation, and references to grade boost 22

Neutral/
other

Misc Random comments not fitting into the above categories as well as 
suggestions

15

General 
negative

NEG-gen Negative mention of group not working so well together, not everyone 
pulling their own weight, hard to explain to others, and concerns about unfair 
grade boost to weaker student, not fair for the individual

15

NEG-em Dislike, frustrating, not helpful, feeling sad or depressed, less confident 15
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whereas 74% supported the use for 
both midterm and final exams. A 
possible reason for the difference 
could be that students view the mid-
term as being part of learning and 
perhaps feedback on their studying, 
whereas they see the final exam as 
a kind of “certification,” similar to 
many instructors. Many students see 
this course as their final exposure to 
physics, so although students may 
see the second-stage feedback on 
what they did wrong for the mid-
terms as productive, they may not 
appreciate it as much for the final, 
where there is no hope of using the 
feedback for future improvement. To 
explore this further, one would need 
to conduct interviews with students.

The survey included a question 
in which students were asked to 
describe their experience with the 
group exam in one or two sentences. 
All students who completed the 
survey answered this question. As 
shown in Figure 2, most students had 
a generally positive opinion. 

The detailed analysis and coding 
scheme we developed for classifying 
the comments is shown in Table 1. 
Many students’ responses fell into 
multiple categories; from the 123 
students, we coded 283 comments. 
The comments were coded inde-
pendently by each researcher and 
then compared. The interrater reli-
ability for the comments was 95%, 
with differences in the coding being 
discussed until an agreement was 
reached. A few examples of student 
comments and coding are as follows: 

•	 Student A: “It was a good experi-
ence since going over the exam 
with my peers reassured me 
about my answers. As well, I was 
able to learn from my mistakes 
through the group exam.” (G-E; 
C; IF-LM)

•	 Student B: “It was surprisingly 
very helpful. I would say I con-
tributed as much as I could. 
When I got a different answer I 

always commented why I chose 
the answer that I did and our 
group would discuss it. I think 
I was also very lucky to meet 
kind people during lecture.” (H; 
MISC; LE-D; GD-pos)

•	 Student C: “It was sort of de-
pressing to know what you got 
wrong right after writing the 
exam. I think it ends up being 
worth it, though, because you 
learn from your mistakes and the 
way classmates explain things 
could be easier to understand at 
times than the way it’s explained 
in the textbook.” (NEG-em G-E; 
IF-LM; LE-D)

•	 Student D: “The group exam 
was interesting and a good op-
portunity to go over the answers 
and talk about the questions. Just 
did not like when some members 
did not do anything.” (G-E, LE, 
NEG-gen)

These comments give us insight 
into why students generally value 
two-stage exams: they felt it was 
a good learning experience, and a 
good way of reviewing the exam, 
they learned from discussing with 
other students and hearing other 
students’ approaches, they enjoyed 
working together, and they valued 
the immediate feedback in the group 
part. 

Students also expressed concerns 
about the exam format in 30 negative 
comments, half relating to group work 
and the other half to the emotional im-
pact of getting immediate feedback. 
However, of the 15 students who 
criticized the group work, only six 
students rated their overall experience 
on the two-stage exam as negative. 
Three of the six students mentioned 
concerns about “weak students un-
fairly gaining marks.” Nine students 
were critical of the group work but 

FIGURE 3

Student survey results on group decision making (N = 123). Students 
were asked: “During the group exam, my group usually____.” Full 
answer choices (left to right): “discussed EACH question until ALL 
members agreed on an answer and explanation,” “took a VOTE and 
if unanimous moved on, otherwise discussed the question until all 
members agreed on an answer,” “took a VOTE and used the MAJORITY 
to determine the answer,” “USED the answers from the ONE PERSON in 
the group who knew the most physics.”
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still had an overall positive experience 
(as Student C). Fifteen students com-
mented that it was “sad” or “depress-
ing” to learn about their mistakes, 
but nine students still had an overall 
positive view. 

In the survey students were 
specifically asked about how their 
group reached consensus. The 
results are presented in Figure 3. 
Clearly, most students worked on 
the group exam in the intended col-
laborative way. Only three students, 
two of whom commented about bad 
dynamics in their group, claimed to 
have “used the answers from the one 
person in the group who knew the 
most physics.” These responses sup-
port our observations of classwide 
participation in the second stage of 
the exam and the intensity of the 
physics discussions that ensue. 

Summary
Two-stage exams are valuable in-
structional tools that offer a com-
bination of formative learning and 
assessment. They can easily be 
implemented in many courses and 
are popular with students and fac-
ulty members who use them. Sur-
veys show that this exam format is 
popular with students for the right 
reasons—students recognize the 
value of immediate feedback that 
takes place and the learning that 
results. The exam format is similar 
to the collaborative in-class activi-
ties and therefore strengthens the 
link between exams and the peer 
instruction activities in class. We 
have noted an increase in engage-
ment during in-class peer activities 
after a group midterm exam. Fur-
ther studies are necessary to estab-
lish that this is mainly a result of 
the two-stage exam. It would also 
be interesting to find out if students 
acquire better group skills through 
participation in the group part of 
the exam. The experience in our 
science faculty has shown that the 
two-stage approach contributes to 

the overall coherence of any course 
that is using techniques of collabor-
ative learning and formative assess-
ment, as well as allowing students 
to learn while completing the exam. 
We therefore highly recommend 
this exam format to any instructor 
looking to add a formative element 
to their summative assessments. n
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The two-stage exam is a relatively simple way to intro-
duce collaborative learning and formative assessment 
into an exam. Their use is rapidly growing in the 

physics department at the University of British Columbia, 
as both students and faculty find them rewarding. In a two-
stage exam students first complete and turn in the exam 
individually, and then, working in small groups, answer the 
exam questions again. During the second stage, the room 
is filled with spirited and effective debate with nearly every 
student participating. This provides students with immediate 
targeted feedback supplied by discussions with their peers. 
Furthermore, we see indications that the use of this exam 
format not only ensures consistency across interactive course 
components, but it also positively impacts how students ap-
proach the other collaborative course components. This is 
accomplished without losing the summative assessment of 
individual performance that is the expectation of exams for 
most instructors. In this paper we describe how to implement 
two-stage exams and provide arguments why they should be 
part of physics courses that use interactive engagement and 
social/collaborative learning methods.

Why two-stage exams? 

Two-stage exams are not new. They have been discussed 
and used in multiple contexts,1 but they are still relatively 
rare in physics courses2 despite some of the clear advantages 
they offer. Exams are typically individual problem solving 
in isolation, in stark contrast to problem solving in the real 
world and in courses that stress collaborative learning activi-
ties. As cognitive psychologist Dan Schwartz puts it, “If you 
ask someone else for help on a problem in an exam, you are 
cheating, but if you don’t ask someone for help on a problem 
in the real world, you are a fool.” Individual exams miss an 
excellent opportunity for formative assessment that has been 
shown to be strongly linked to learning.3 Students are more 
intensely engaged with the material during an exam than at 
any other time during the course. However this opportunity 
for formative assessment is lost, because the feedback on 
exams is typically very limited—mostly “right/wrong” and 
coming a substantial time after completion of the exam. Both 
of these factors reduce the value of feedback to learning. Also, 
as many instructors have observed, and we have confirmed by 
monitoring website use, most students only review midterm 
exam solutions when they are studying for the final exam.  
During the second stage of the two-stage exam, students re-
ceive immediate, targeted feedback on their solutions from 
their fellow students. Gilley and Clarkson have shown that 
essentially all members of the group take away from the exam 
nearly the mastery achieved by the group as a whole during 

the second stage, a level that is well above that shown by most 
individuals during the first stage.4 

How to implement two-stage exams

The particular format of a two-stage exam that we use is 
relatively easy to implement and has worked well in numer-
ous UBC physics courses. The second-stage “group portion” 
begins after all individual exams are collected. Students work 
in groups of three or four students on (mostly) the same 
problems as in the individual portion. They must come to 
a consensus on the answers and hand in one copy with the 
names and student ID numbers of all group members. Since 
the students have already carefully thought about each prob-
lem individually during stage 1, the discussions and agree-
ing on a solution during stage 2 usually takes less time.  In 
our large introductory courses we allot 55 minutes for the 
individual effort (stage 1) and 30 minutes for the group ef-
fort (stage 2), with five minutes for making the switch from 
stage 1 to stage 2. Some instructors use two-stage exams in a 
one-hour timeslot, but it is more challenging. Although there 
usually is sufficient time to redo the entire exam, to save time 
when there are many long problems, we often repeat only the 
conceptual questions of the individual part in the group por-
tion and/or turn short answer questions of the individual part 
into multiple choice or ranking tasks in the group portion. 
Box 1 shows two examples of questions that were modified 
for the group portion.

In determining the exam grades, we have used weight-
ings of the individual to group portions of the exams of both 
75/25% and 85/15%, and did not see any difference in the 
student behavior for the two cases. With either weighting, 
the impact of the group exam is typically a few percent on a 
student’s total exam score, and less than one percent on his 
or her overall course grade. Students are told on the first day 
of classes how two-stage exams work and why examinations 
will be conducted in this format. They are also told about the 
stated policy that if the group score is lower than the indi-
vidual exam grade, the group exam will not reduce their exam 
grade. In practice, this is relevant to only a few students be-
cause the groups nearly always perform as well or better than 
the best individual students. Overall grading time increases 
only slightly due to the group exam since a large fraction of 
the solutions are entirely correct, which makes grading easy 
and quick.    

Students’ reactions to two-stage exams

Witnessing the intense productive discussions in which 
nearly all students are engaged during the second stage has 
been the most convincing reason for most faculty for using 

Physics Exams that Promote 
Collaborative Learning
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the value becomes more readily apparent during the two-
stage exam.  

We see this on survey responses and in the behavior of 
the class after the first two-stage exam. Students’ response to 
the use of two-stage exams is overwhelmingly positive, with 
87% of the students recommending continued use of two-
stage midterm exams and only a few percent recommending 
against their use. Examples of typical positive comments are:

 Student A: “I was able to instantly learn from my   
     mistakes.” 

 Student B: “It was good to compare methods and  
   answers with others, and it allowed us to be more  
    confident.” 

 Student C: “Interesting. All had different ways [of]  
  approaching the question. Very helpful to under-      
  stand everyone’s response and why they thought  
    their answer was correct.”

the two-stage format. Students also see the benefits of these 
discussions. We rarely have to discourage students from 
working individually during the group portion, and students 
that are usually too shy to speak up during in-class activities 
will defend their answers vigorously during the second stage 
of the exam. As confirmed through both observations and 
student self-reports,5 a large fraction of the groups discuss 
the questions until all members agree on an answer, or they 
take a vote in cases where an agreement cannot be achieved.  
The high stakes context of an exam combined with the fact 
that all students are well prepared to participate in the discus-
sion, because (a) they have studied for the exam and (b) they 
thought carefully about the questions and committed to an 
answer just moments ago during the individual portion, pro-
duce the perfect environment for rich discussion. Although 
we introduce collaborative learning activities into the course 
before the exams and explain the benefits, for many students 

Box 1. Examples of questions taken from a two-stage exam for physics. 

Most questions will be the same for the individual and the group part. If questions are modified, it is usually to reduce 
the number of detailed calculations, which do not promote discussions, and replace with prompts to “explain your rea-
soning.” Additionally, one or two more challenging questions may be added.

Question

Assume you want to design a water fountain for your local park. 
The fountain is supposed to shoot water up to a height of 10.0 m 
above the exit nozzle, which is located 1.5 m above a pump that 
pumps water into a vertical tube of 5.0 cm diameter. 
The pump has a gauge pressure of 100 kPa.

Individual Part Group Part

a)  Rank the pressures at points 1 (at the top), 2 (at the exit  
of the nozzle), and 3 (at the exit of the pump).

b)  What is the diameter of the exit nozzle?

Part b changed to ranking:

b)  Rank the velocities at points 1, 2, and 3.

Question

You and your little sister are out in the snow on a sled that has a mass of 11 kg. Your sister, who weighs 29 kg, is 
sitting on the sled and you want to push her along. You start applying a horizontal force and initially the sled doesn’t 
move but you slowly increase your force until, suddenly, the sled does move. You maintain the same force that you 
were applying when the sled started moving for the next 5.0 s after which you let go.

(Assume that the kinetic friction coefficient is μk = 0.02 and the static friction coefficient is μs = 0.08 in this case.)

Individual Part Group Part

a)  How far do you have to run if you apply the force for  
5.0 s? 

b)  What is your sister’s speed at t = 5.0 s?

c)  After letting go, how far do your sister and her sled move 
until she is stationary again? 

(In case you could not solve part b, assume that her 
speed is v = 2.5 m/s at t = 5.0 s.)

(Converting calculation to reasoning and representation with 
graphs.)  

a)  Draw a qualitative diagram that roughly shows the 
net force acting on the sled as a function of time. 
(Qualitative means that it explains the overall behavior 
without using exact numbers.)

b)  Draw a second qualitative graph of the acceleration of 
the sled as a function of time.

c)  Draw a third qualitative graph of the velocity of the sled 
as a function of time.

Pump 

10 m 

1.5 m 

1 

2 
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solving through cooperative grouping. Part 1: Group versus 
individual problem solving,” Am. J. Phys. 60, 627–636 (1992), 
and P.  Heller and M. Hollabaugh, “Teaching problem solving 
through cooperative grouping. Part 2: Designing problems and 
structuring groups,” Am. J. Phys. 60, 637–644 (1992). See also 
introduction and references in Gilley and Clarkston (Ref. 4).

2.   For example, two-stage exams are not mentioned among the 24 
research-based instructional strategies in a large-scale survey 
that examines the knowledge and practices of physics faculty: 
C. Henderson and M. Dancy, “Impact of physics education 
research on the teaching of introductory quantitative physics 
in the United States,” Phys. Rev. ST Phys. Educ. Res. 5, 020107 
(2009).

3. How People Learn: Brain, Mind, Experience, and School: Ex-
panded Edition (National Academy Press, 2000).

4. B. Gilley and B. Clarkston, “Collaborative testing: Evidence of 
learning in a controlled in-class study of undergraduate stu-
dents,” J. Coll. Sci. Teach. (in press). 

5.  G. W. Rieger and C. E. Heiner, “Examinations that support 
collaborative learning: The students’ perspective,” J. Coll. Sci. 
Teach. (in press). 
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 An interesting subset of the comments were those that 
indicated that the students found the experience emotionally 
unpleasant because they immediately recognized what they 
had done wrong, but for that same reason, clearly supported 
learning by the students. 

 Student D: “The group exam was useful because I was 
able to see what I did wrong and what I did correct. 
The only negative part to it was [that] I realized all 
the mistakes I made.”

Summary

Two-stage exams are an easy way to turn exams into learn-
ing experiences. This exam format is very popular with stu-
dents because they recognize the value of the immediate feed-
back provided and the learning that results from it. The two-
stage exams also provide a consistent message to students in 
any course that uses group work and collaborative learning.  
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Icicle Frenzy, Trevor Jackson Light
Glenbard West High School, Glen Ellyn, IL 
Teacher: Nicholas Szarzak
In this photo, water that collected on the tire of a moving car began to freeze and form icicles, 
and when this process was over, icicles pointed outward in a circle. Because of the rapidly 
spinning tire, centripetal forces have an important role in the development of the icicles. 
Centripetal force is center seeking and is provided by adhesion of salty water to the spinning 
hubcap and cohesion of water and ice molecules to each other. The water droplets want to 
travel in a linear path, but the centripetal forces accelerate them inward, causing the direction 
of the velocity to continuously change as the water moves around the circle. As new water is 
splashed onto a spike of ice, cohesive forces give it a wild circular ride. If the centripetal forces 
are not large enough to hold it at constant radius, the liquid gradually slips out along the spikes 
until it freezes in place. Thus icicles are created around the entire circle.

2nd Place

Walking on Eggshells

Kelsey Madison Cardenal 
West Boca Raton Community High School, Boca Raton, FL
Teacher: Elizabeth Wenk
This is a picture of my friend Samer, standing on two cartons of eggs. Most people 
think of eggs as being very fragile, but this is not the case. Just like in bridges and 
buildings, eggs utilize the strongest shape there is: the arch. Eggs have shapes 
that are unique and similar to a three-dimensional arch. An eggshell’s shortest 
radius of curvature occurs at the top and bottom. When a force is applied to these 
locations, the pressure is distributed all around the egg with the stresses parallel to 
the shell. Alternatively, when a force is applied to the side of the egg, for instance, 
when cracking an egg on the side of a bowl, the shell curvature is large and the 
stresses are mostly perpendicular to the shell leading to an easily broken shell. All 
of the eggs are pointing up in the carton, which is why Samer is able to stand on 
them without breaking them. The force that Samer is exerting on the eggshells is 
distributed evenly over the sides of each shell parallel to the surface. It also helps to 
have that force spread over many eggs. If the eggs were not all placed in the same 
direction, the yoke would have been on us.

3rd Place
2nd Place

3rd Place

The AAPT High School Physics Photo Contest challenges physics students from around the world to submit a photo 

illustrating a physics concept. The students are required to take an original photo and include a written summary of the physics 

occurring in the photo. The photos shown here were judged at the 2013 AAPT Summer Meeting in Portland, Oregon. See the top 100 and 

check for upcoming information about next year’s contest online at aapt.org/Programs/contests/photocontest.cfm.
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Refraction & Reflection in a Pool
Matthew Jay Rohr
Atlee High School, Mechanicsville, VA 
Teacher: Jeremy Watts
This photograph of stairs in a pool, taken from an underwater perspective, demonstrates the critical 
angle—the angle of incidence that produces a refracted light ray parallel to the boundary between the 
water and the air. The surface of the water is at the top edge of the dark tile around the pool.  Light rays 
with angles of incidence that are less than the critical angle are refracted as they cross the boundary 
between the two media, which is why the handrail appears to be distorted in the white area outside the 
pool. Alternatively, light rays with angles of incidence greater than the critical angle aren’t refracted at 
all and instead are totally reflected back into the water. In this way, the surface of the water acts as a 
mirror reflecting the steps.

1st Place
This photo illustrates a standing wave created by quickly spinning a string of Christmas lights. Standing 
waves are formed when two waves travel in opposite directions and interfere with each other. By spinning 
the lights at one end, a new traveling circular wave is continuously introduced, which travels to the end 
that is taped to a wall. On reaching the wall the wave will reflect and travel back to the origin with almost 
equal amplitude, interfering with the incident wave. When the two waves have a displacement in oppo-
site directions, a destructive interference is created and they cancel each other out. These points of no 
movement in the string are called nodes. On the other hand, a constructive interference occurs when the 
two waves have a displacement in the same direction and they create an antinode. Antinodes are where 
the wave is at a maximum displacement and amplitude and can be seen by the circular path of the lights. 
This standing wave has four nodes and three antinodes.

A Standing Wave, Jaime Mathew
Glenbard West High School, Glen Ellyn, IL
Teacher: Bruce Medic

1st Place

Tea Spirit

Maciej Wojciech Olszewski
Evanston Township High School, Evanston, IL 
Teacher: Daniel Dubrow
Just another ordinary autumn morning—the sun shines through 
the windows of my living room and lights up the room. Waking 
up in this beautiful weather I prepare myself a cup of green 
tea and set it on a table near one of the windows. Soon I am 
astonished by the view of the evaporating water from the tea 
being highlighted by the sunbeams. Although this is an ordinary 
cup of tea set on a table, the phenomenon taking place is rarely 
noticed. Given their distribution of speeds, many water molecules 
have enough kinetic energy to “overcome” the inter-molecular 
forces in the water and escape from the liquid surface, becoming 
a gas called water vapor. In collisions with the room temperature 
air molecules, the vapor molecules are cooled and condense, 
changing state back to a liquid. The condensed particles are now 
present in the form of a cloud, which is visible to the human eye. 
The cloud is seen distinctly due to the fact that the light coming 
in scatters from the particles, making it easier to see and capture 
with a camera.

For the Love of Books

Christina Tran 
Glenbard West High School, Glen Ellyn, IL
Teacher: Nicholas Szarzak
For this photo, I stacked some of my favorite books on top 
of a small candle into the shape of a heart. The stack of 
books began with three books directly on top of each other, 
placed on top of the candle so that the candle supported 
the three books under their center of mass. This set-up is 
similar to that of the lever, with the candle being the fulcrum 
and the three stacked books being the bar. In order to have 
the stack of books remaining in a state of static equilibrium, 
additional books were then added to the stack two at a time, 
one on each side of the candle, with both books having 
approximately equal masses so that the candle continues to 
be under the stack’s center of mass. This also ensures that 
the torque of the books on either side of the candle is equal 
and opposite, creating a net torque of 0 Nm and keeping the 
angular acceleration of the stack at 0 rad/s2. With this method, 
the heart will not break.

Frost Barbs

Paige Rosemary Frankl 
Cherry Creek High School, Greenwood Village, CO
Teacher: Whitney Mernitz
This image captures a rare frost formation on wires. If a solid surface is colder 
than freezing, and also below the temperature at which the surrounding air is 
saturated with water vapor, then water vapor is deposited on the surface as ice 
crystals without going through the liquid phase. This is frost. The specific type 
of frost pictured is an example of advection or wind frost that forms when a very 
cold wind blows over branches of trees, poles, or other surfaces. The size of frost 
crystals varies depending on the time they have been building up, the amount of 
water vapor available, and the type of surface. In the picture, different amounts of 
frost have built up on the different kinds of wire. The bases of almost all of the ice 
crystals start on the right side of the wire. The crystals of ice then extend towards 
the direction of the cold wind that is bringing water vapor into the area, just as 
any crystal begins at its base and extends outward from it to the source of the 
“mineral” (here, water vapor) that is forming the crystal. Thus, in the perspective 
of this picture, the wind is blowing from right to left.

Natural CategoryContrived Category
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Wavering Cityscape, Ryan Blake Miller
University Transition Program, Vancouver, British Columbia 
Teacher: Ludmila Shepelev
There are often instances in our everyday lives when the physics concept of light reflection 
can be observed. This photograph provides an example. The modern skyscrapers that occupy 
downtown Vancouver, BC, are reflected by the waters of False Creek. Instead of a simple mirror 
image, the rippling and movement of the water creates a visually intriguing texture and adds 
to the artistic composition of the photo. From a physics standpoint, the incident rays from the 
buildings travel toward the water and bounce off the surface at a myriad of different angles 
that correlate to the undulation of the liquid’s surface, all while obeying the law of reflection. 
The rays of light, having all been reflected at different angles, travel toward the camera and are 
captured. The result is an artistic photograph reminiscent of surrealism, which the viewer is able 
to appreciate as being a sight that seems familiar, yet different and interesting.

Move a Little Closer, Shanique Shanalee Reid
Classical Magnet School, Hartford, CT
Teacher: Thomas A. Holloway
Normally sand pours easily and can be pushed around with 
ease because there are large air gaps and the grains touch 
only lightly over small areas. However, with each stab of the 
wooden stick entering the sand, the grains are compressing, 
causing them to pack more tightly together. The air gaps 
decrease in size and the sand grains rub against each other 
more. They cannot move as freely, and start to arrange in a 
pattern that does not change. The sand you could previously 
pour like a liquid becomes solid. The more grains of sand 
press on the wooden stick, each one more tightly packed 
in, the greater the friction between the stick and sand. If the 
available friction force between the sand and stick is at least 
equal to the combined weight of the sand and the plastic 
cup, then the balance of forces means the stick is held in 
place. The friction between the stick, sand, and the walls of 
the plastic cup allow the cup to be lifted.

Honorable Mention

Circular Motion in Gymnastics, Diana Adele Greis
Centerville High School, Centerville, OH
Teacher: Raquel VonHandorf
This contrived photo shows a gymnast performing what is called a 
“giant” in gymnastics. The gymnast’s body is mapped out like a motion 
diagram; the camera captures more pictures at the top of the giant 
because she is moving more slowly and vice versa for greater speed 
at the bottom. As the gymnast approaches the downward position, her 
potential energy decreases, and her kinetic energy and hence rotational 
speed increase. As she starts moving back up in the rotation, kinetic 
energy will decrease. If the gymnast had a rigid body, additional energy 
would be needed to complete the rotation because energy is lost due 
to friction between her hands and the bar. Where does the additional 
energy come from? There are two places in the circle where the gymnast 
has done work (on herself) in the picture. On the right side, by arching 
her body and bending her knees just slightly, she has forced her center 
of mass closer to the bar. In straightening out again at the top she has 
moved her center of mass higher. Combined, both of these moves 
increase her energy of motion enough to enable her to get around the 
bar, again and again.

Taste the Rainbow, Marisa Jara
Notre Dame Preparatory School, Towson, MD
Teacher: Patrick Cusick
This photo demonstrates refraction. After seeing a picture like this on 
Flickr, and with some help from my dad, I created this effect by holding 
a piece of Plexiglass over a group of Skittles, then spraying water on the 
glass to form water droplets that act as small lenses. I shot the picture 
with my camera looking down from above the glass, focused so that the 
Skittles are blurry in the background, yet clear in each drop of water. This 
creates the rainbow effect seen in the photo.

Feline Refraction, Rachel Melinda Short-Miller
Bellingham High School, Bellingham, WA
Teacher: John Hoffman
In this picture, the glass sphere acts as a convex lens, causing the 
background to appear flipped horizontally and vertically. This optical 
phenomenon is due to light refraction. The background, although blurry 
in the picture, comes through clearly visible in the sphere. As rays of light 
pass from the air into the glass, and then exit again, they are bent. After 
refraction, rays from a point at the top of the scene travel as if they had 
come from a point in the bottom of the sphere, while the rays from the 
bottom of the object, the ground, appear to be coming from the top.

Now you can go online to the AAPT physics store 
to get extra copies of the 2013 High School 
Physics Photo Contest Posters!

The posters, 22 by 30 inches, will look great on 
your classroom walls!  

All proceeds go towards funding the 
AAPT High School Physics Photo Contest.

    www.aapt.org/STORE
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Virtually all human activity involves collaboration, and yet, collaboration during an examination is

typically considered cheating. Collaborative assessments have not been widely adopted because of

the perceived lack of individual accountability and the notion that collaboration during assessments

simply causes propagation of correct answers. Hence, collaboration could help weaker students

without providing much benefit to stronger students. In this paper, we examine student performance

in open-ended, two-stage collaborative assessments comprised of an individually accountable round

followed by an automatically scored, collaborative round. We show that collaboration entails more

than just propagation of correct answers. We find greater rates of correct answers after collaboration

for all students, including the strongest members of a team. We also find that half of teams that begin

without a correct answer to propagate still obtain the correct answer in the collaborative round. Our

findings, combined with the convenience of automatic feedback and grading of open-ended

questions, provide a strong argument for adopting collaborative assessments as an integral part of

education.VC 2017 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.4974744]

I. INTRODUCTION

Exchanging information during conventional assessments,
which focus on measuring individual students’ knowledge, is
typically viewed as cheating. Students are isolated from their
peers and usually have no access to resources during examina-
tions. However, virtually all human activities involve collabo-
ration and experts use all available resources—material,
digital, and human—when solving problems. If the role of edu-
cation is to prepare students for expert practice, why shouldn’t
students be able to use those resources during an exam?

When students work collaboratively and exchange informa-
tion, their performance on academic tasks improves.1–3 Peer dis-
cussions can lead to higher-level reasoning and understanding.3

Students working together construct new knowledge, develop
skills, and obtain: greater understanding of concepts.4 As
collaborative student-centered activities gain traction, student-
assessment has come into greater focus.5,6 Arguably, one draw-
back of conventional assessments is that they do not provide an
opportunity to learn.7 Indeed, conventional assessments try to
characterize a student’s knowledge state, not make it change.7,8

A number of studies have examined collaborative testing
approaches and documented positive effects such as improved
performance,1–3,9–13 increased motivation,14,15 decreased test
anxiety,10 positive rapport with classmates,16 increased

retention,17 and greater appreciation from both students and
instructors.5,12,17 Many forms of collaborative assessments
have been designed to help students learn during assessments,
including approaches such as two-stage exams,12 cooperative
testing,10 and readiness assurance in team-based learning.19

Collaborative assessments typically have two phases. The first
phase is a conventional individual assessment; and the second
is a collaborative assessment. To be effective, collaborative
assessments should be complex enough to engage students in
productive discussions.2,17 To be efficient, the collaborative
component can use the same questions as those posed in
the individual round. Although many science instructors will
acknowledge the shortcomings of conventional assessments,
collaborative assessments are not widely used in higher edu-
cation. Therefore, instead of highlighting its benefits, we iden-
tify four barriers to the adoption of collaborative assessments
and address them systematically.
The first barrier to adoption is individual accountability.

How does one assess an individual’s performance with a team
grade? Two-stage collaborative assessments address this issue
by incorporating an individual round. This first round, typi-
cally accounting for half of the total credit, assesses individu-
als much like a conventional exam. The remainder of the
credit comes from the collaborative round where groups of
students work together iteratively toward a correct answer.
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A second barrier to adoption is the notion that collaboration
is but a means to propagate correct answers within teams.
Stated differently, collaboration simply allows higher-ability
students to share correct answers with their teammates. We
test this hypothesis by asking the following three questions:
(i) Does collaboration only help weaker students who do not
typically get the correct answer and provide no advantage to
higher-ability students? (ii) Does collaboration work in groups
where none of the members had a correct answer in the indi-
vidual round? (iii) What impact does the rate of individual
correct answers have on the problem solving ability of a
team? Our results put to rest the notion that collaboration can
be reduced to correct-answer propagation. We show that,
regardless of their ability level, students respond correctly
more frequently after collaboration than when they respond
individually, and that correct answers are even generated in
groups where there is no correct answer to propagate.

The third barrier to adoption is the inherent difficulty of
administering and managing two-stage exams, particularly
with open-ended questions. After the initial individual round,
students work in teams to solve each question they first
answered individually. Groups typically submit a consensus
answer. In our implementation, immediate feedback is given
on each group answer so that students may iteratively work
toward a correct solution. To minimize the complexity of
administering collaborative exams, our group designed an
online response system.18 This system automatically grades
open-ended and multiple-choice questions answered by indi-
viduals, manages team collaboration, and iteratively provides
automatic feedback to groups. All instructors need to do is
provide the questions and solutions.

The last barrier to adoption, and possibly the most difficult
to address, is the resistance to changing established practices.
We believe changes are warranted because: individuals can
be held accountable for their learning; all students gain from
collaboration, since they are more likely to answer correctly
after discussion; and the complexity of managing collabora-
tive assessments can be reduced to below that of managing
conventional assessments using online systems.

II. METHODS

We studied an introductory calculus-based mechanics class
taught at Harvard University by one of us (E.M.). The course
uses a combination of instructional methods: team-based
learning;19 project-based learning comprised of three, month-
long team projects;20 and Peer Instruction.21 The class meets
twice a week for a total of 6 h of instruction per week.

Our study comprises 67 students (33 males and 34
females), mostly engineering and premedical students. We
collected the following data for each student: gender, school
year (freshman, sophomore, junior, and senior), Force
Concept Inventory (FCI) scores,22 class test results, and previ-
ous team makeup. We balanced teams of four or five students
by considering gender, grades, academic experience (school
year), and background knowledge (as assessed by FCI pre-test
score), using the following two rules: (i) team members must
have complementary strengths (as assessed by grades and FCI
pre-test score), and (ii) avoid isolation of women.19

A. Assessment process

Students are assessed using a technique adapted from the
“Readiness Assurance Process” in team-based learning.19

All assessments take place in two rounds and are adminis-
tered using an online team-based assessment system.18

Students use their own laptops or tablets to enter responses
to a set of multiple-choice or open-ended questions, which
are either conceptual, computational questions, or estimation
problems. During the first round, students individually
answer the questions. After completing the individual round,
without receiving feedback on their performance, students
are asked to provide the answers to the same set of problems
as a team. Students obtain scores for each round (individual
and team), and their final score is computed as the mean of
both scores. In the individual round, each correct answer is
worth four points and no feedback is given about the correct-
ness of their answer. In the team round, students solve the
same problems collaboratively with a single team answer
submitted by one of the team members. The system then pro-
vides immediate automatic feedback about the correctness of
this answer. A correct answer receives four points. If the ini-
tial answer is incorrect, the team has two more chances to
submit a correct answer. Correct answers on the second
attempt receive 2 points, while correct answers on the third
attempt receive 1 point. If the answer on the third attempt is
still incorrect, the system reveals the correct solution. The
process is shown schematically in Fig. 1.
During both rounds of the exams, teams are seated at

round tables separated from each other by moveable white
boards. During the individual round, the room is completely
silent as students input individual answers into the system. In

Fig. 1. Schematic representation of the team round in two-stage collabora-

tive exams. Each time a team submits an answer, it receives instant feed-

back. If the answer is correct on the first attempt, the team receives a score

of four points. If the answer is incorrect, the team has two more opportuni-

ties to answer. Correct answers in on the second attempt receive 2 points,

while correct answers on the third attempt receive 1 point. After a third

failed attempt, the solution is revealed.
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the second round, students use the white board to discuss
their answers to each question with their teammates. While
there is no audio insulation between teams, once the collabo-
rative round begins, teams appear sufficiently focused on
their own discussions so that what is discussed by other
teams does not appear to affect them. Also, the whiteboards
provide an additional physical barrier to mitigate the audio
interference between teams.

We administer five two-stage collaborative exams over
the course of a semester. Each assessment takes approxi-
mately 90min and has between seven and 11 questions. A
total of 46 questions (31 open-ended and 15 multiple-choice
questions) were posed across the five exams included in this
study (sample questions are provided in the Appendix). To
encourage collaboration, we designed relatively difficult
questions for each assessment so that even the highest ability
students do not score much above 50% in the individuate
stage. Designing exams of high difficulty is important
because it ensures that weaker students do not authoritatively
follow higher-ability students (higher-ability students being
wrong roughly half of the time) and encourages higher-
ability students to be open to the thinking of their peers.

B. Assessment analysis

For the 46 assigned questions, we gathered 2954 individual
responses and 644 team responses. We investigate the effec-
tiveness of collaborative assessments by comparing the per-
centage of correct answers before and after the team
collaboration. To account for the impact of students’ ability
level, we divided the students into three groups according to
their average individual scores on the five assessments. Weak
students are defined as those scoring in the lowest quartile,
strong students are those scoring in the upper quartile, and aver-
age students as those between the lowest and highest quartiles.

III. RESULTS

A. The effectiveness of a single round of collaboration

Table I shows the mean score on individual assessments
hSii and the mean score after the first team answer for each
question hSt1i on the five assessments given during the semes-
ter. Having purposely designed relatively difficult questions to
encourage the collaboration of high-ability students, the mean
scores for individual assessments range between 29% and
50% with a mean score across all students of 37%. Given that
team answers are the result of a consensus, we use the non-
parametric Wilcoxon signed-rank test (score distributions
being non-normal) to compare the difference in scores for

each individual before and after collaboration. We find that
mean individual scores increase significantly (p< 0.0001)
with increases ranging between 24% and 40% after a single
round of collaboration (see Table I). The mean scores after
the first team answer are roughly twice as large as the mean
score on the individual round, a finding that quantitatively
supports the notion that on average, groups perform better
than individuals.5,14,17,23

Examining the 31 open-ended questions assigned, 38% of
students responded correctly in the individual round.
However, after a single round of collaboration, 74% of stu-
dents answered correctly (see Fig. 2) showing a sizable and
significant increase due to collaboration (p < 0.0001). This
twofold increase in correct responses to open-ended ques-
tions cannot be ascribed to random guessing because open-
ended questions provide no choices that students can pick
from randomly. As this does not rule out teams converging
on correct answers provided by individual team members,
we investigate the propagation of correct answers within
teams in Sec. III B.

B. Collaboration and propagation of correct answers

To disprove the idea that collaboration simply causes correct
answers to propagate within teams, we first examine the effec-
tiveness of collaboration in teams where no students answered
correctly to open-ended questions in the individual round. That
is, can collaboration work in teams where there is no correct
answer to propagate? In our study, 14 teams responded to 31
open-ended questions, yielding 434 team-responses to open-
ended questions. Of these, 114 responses (26%) were given by
teams where no one answered correctly in the individual
round. After the first attempt, one quarter of these teams (25%)
submitted a correct answer. An extra 20% (roughly one quarter
of the remaining 74%) answered correctly in the second
attempt and another 7% obtained a correct answer on the third
attempt. Thus, in teams where all members entered the team
round with incorrect answers, a majority of teams (52%) figure
out the correct answer after three attempts. These findings
show that collaboration does not simply serve to propagate
correct answers—teams frequently generate correct answers
even when there is no correct answer to propagate.
Figure 3 shows how the number of correct answers

obtained by team members in the individual round affects
the rate at which groups converge towards a correct answer.
In groups with two or more members having obtained correct
answers in the individual round, 96% of them answer cor-
rectly on the first attempt and 100% of teams do so within
the three attempts. For groups with just one member having
answered correctly in the individual round, 75% of them
answer correctly after the first attempt, three times more than

Table I. Mean score for individual assessment, hSii, and after a single round

of team collaboration, hSt1i, for each of the five assessments administered.

The numbers in parentheses represent the standard error of the mean for the

reported values. (The differences in the rightmost column all have

p< 0.0001 for the Wilcoxon Z-statistic.)

Assessment N hSii hSt1i hSt1i � hSii

1 67 0.50 (0.02) 0.90 (0.01) 0.40

2 67 0.31 (0.02) 0.60 (0.01) 0.29

3 64 0.33 (0.02) 0.57 (0.02) 0.24

4 61 0.29 (0.02) 0.68 (0.02) 0.39

5 63 0.37 (0.02) 0.75 (0.01) 0.38

Fig. 2. Percentage of individuals migrating between incorrect (bottom, red

online) and correct (top, green online) answers after the first team attempt.

The data represent the averages over 31 open-ended questions.
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when no one has the correct answer in the individual round.
Note, however, that in this case, the teams never reach
100%. So, while the presence of a team member with the
correct answer certainly improves the team’s performance,
the interactions that take place in the team round are more
than just a mere propagation of the correct answer.

C. Benefits of collaboration

Next we examine the effect of collaboration as a function
of the individual student’s ability level. We test the hypothe-
sis that collaboration mainly benefits weaker students by
having higher-ability students share their knowledge. Using
the average individual assessment scores for five exams,
we divided the students into three categories: low ability
(average scores in the lowest quartile), high ability (average
scores in the top quartile), and average ability (the remain-
der). Figure 4 shows the mean individual correctness
and collaborative correctness by the end of each trial for the
low-, average-, and high-ability students. We find that the

mean score of groups surpasses the mean score of all catego-
ries of individuals that comprise them. Specifically, we find
mean increases (6standard error) of: 37% (hSii ¼ 526 2%
vs hSti ¼ 896 1%) for students with high ability, 53% (hSii
¼ 356 1% vs hSti ¼ 886 1%) for those with moderate abil-
ity, and 66% (hSii ¼ 216 1% vs hSti ¼ 876 2%) for those
with lower ability. This finding suggests that, on average,
students of all ability levels are more likely to answer cor-
rectly after collaborating with others than before. However,
this analysis focuses on categories of students and cannot
exclude the possibility that the strongest student in a team
does not benefit from collaborating. We therefore examine
the performance of best-in-team students, defined as the stu-
dent in each team who obtains the highest score in the indi-
vidual round. Table II compares the performance of these
best-in-team students before and after collaboration. These
data unequivocally show that these best-in-team students
score significantly higher in the team round, indicating that
even the strongest students gain from collaborating.

IV. CONCLUSION

Education should be a means for students to construct
knowledge and gain expertise. Although much progress has
been made in higher education with respect to active-learning
and collaborative pedagogies, collaborative assessment tech-
niques are not widely used. Although many instructors view
conventional assessments as inadequate, collaborative assess-
ments are not typically considered a viable solution. In this
paper, we identify and address four barriers to the adoption
of collaborative assessments. First, we argued that two-stage
exams incorporate individual accountability. Second, we
address the notion that strong students simply provide correct
answers to weaker students, and therefore, collaboration dur-
ing assessments is tantamount to cheating. Our data clearly
show that all students (on average) gain from collaborating,
with sizable and significant increases in correct answers for
students of all ability levels. To further dispel the notion that
collaboration merely causes correct answers to propagate
within teams, we show that more than half of the teams where
no individual has the correct answer still converge to a correct
solution within three iterations. Furthermore, while the pres-
ence of individuals with the correct answer certainly improves
team performance, such teams do not necessarily converge
on the correct answer. Third, to minimize the complexity of
implementing collaborative assessments, we used an online

Fig. 3. Dependence of the cumulative percentage of teams obtaining the cor-

rect answer for 31 open-ended questions on the number of team members

having a correct answer in the individual round. (Number of instances: 0

correct, N¼ 114; 1 correct, N¼ 124; and 2 or more correct, N¼ 196.)

Fig. 4. Average individual (white) and team (gray) scores after each of three

attempts. Students’ ability levels are determined by the average individual

score on five exams (low: bottom quartile; high: top quartile, average: the

remainder). Error bars represent the standard error of the mean.

Table II. Median scores of all 14 best-in-team students before and after col-

laboration, for each of the five assessments. The Wilcoxon Z-statistic is com-

puted to test the differences between best-in-team scores before and after

collaboration. Best-in-team students systematically score significantly

higher after collaboration. (The differences in the rightmost column all have

p< 0.0001.)

Assessment
Median score for best-in-team student

N¼ 14

Before

collaboration

After

collaboration

Wilcoxon

Z-statistic

1 0.74 0.93 3.29

2 0.52 0.72 3.22

3 0.49 0.68 3.31

4 0.50 0.74 3.30

5 0.55 0.84 3.30
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platform that automatically grades open-ended and multiple-
choice questions and manages team assessments by assigning
groups and providing iterative feedback. Given that instruc-
tors need only input assessment questions and that the man-
agement and grading are fully automated, this system makes
the effort involved in implementing collaborative assessments
comparable to that of conventional exams. While our imple-
mentation of collaborative assessments might involve more
exam time over the course of the semester than in traditional
physics courses (90minutes per assessment, 5 times during
the semester), the pedagogical purpose of these exams is not
simply to assess students but also to provide students with an
opportunity to discuss problems with one another and learn
through this experience.

Given these findings, it is up to the readers of this paper to
help overcome the fourth barrier: resistance to changing
established practices. Although we do not address the nature
or the complexity of the knowledge and skills acquired dur-
ing collaborative exams, we show that even in institutions
where established practices have a very long history, collab-
orative exams can be effectively implemented with signifi-
cant benefit to all students. We hope the realization that
collaboration can turn assessment into a learning opportunity
will encourage instructors to adopt collaborative assessment
practices more broadly.
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APPENDIX: SAMPLE ASSESSMENT QUESTIONS

1. Multiple-choice question

A classmate leaves a message on your voice mail betting
that you cannot throw a stone hard enough so it lands on the
roof of a 20 -m high building. As you stare out of your win-
dow pondering whether to accept the challenge, the well in
the courtyard suddenly gives you an idea. You drop a stone
into the well and note that you hear a splash 4.0 s later. You
repeat the experiment with another stone, but this time, you
throw the stone down as fast as you can. This time the splash
comes 3.0 s after the stone leaves your hand. Armed with
this information you carry out a quick calculation and then
you call back your friend. Do you accept the bet?

(A) Yes, but it is close
(B) Yes, easily
(C) No, but it is close
(D) No, not by a wide margin
(E) Insufficient information in this problem

2. Open-ended question

Three books, each of inertia m, rest on the floor of an ele-
vator. The elevator starts at the first floor and rises to the
sixth floor. It travels at a constant speed between the second
and fifth floors, as it rises by a total distance h. Enter an
expression for the work done by the bottom book on the mid-
dle book during the passage from the second to the fifth
floors in terms of m; h, and the acceleration due to gravity g.
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