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Physics Exams that Promote
Collaborative Learning
Carl E. Wieman, Georg W. Rieger, and Cynthia E. Heiner,* University of British Columbia, Vancouver, BC, Canada

T

he two-stage exam is a relatively simple way to introduce 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 twostage 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 approach 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 activities. 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 receive 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
DOI: 10.1119/1.4849159

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 numerous 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 problem individually during stage 1, the discussions and agreeing 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 effort (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 portion 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 weightings 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 individual exam grade, the group exam will not reduce their exam
grade. In practice, this is relevant to only a few students because 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
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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 reasoning.” Additionally, one or two more challenging questions may be added.
Question
1

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.

10 m
2
1.5 m
3
Pump

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).

Part b changed to ranking:
b) Rank the velocities at points 1, 2, and 3.

b) What is the diameter of the exit nozzle?
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 mk = 0.02 and the static friction coefficient is ms = 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.)

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 discussion, 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, produce 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
52

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.

the value becomes more readily apparent during the twostage 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 twostage midterm exams and only a few percent recommending
against their use. Examples of typical positive comments are:
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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 understand everyone’s response and why they thought
their answer was correct.”
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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.
2.

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 learning experiences. This exam format is very popular with students because they recognize the value of the immediate feedback provided and the learning that results from it. The twostage exams also provide a consistent message to students in
any course that uses group work and collaborative learning.
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high school physics

photo contest

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

2013
Winners

A Standing Wave, Jaime Mathew

Glenbard West High School, Glen Ellyn, IL
Teacher: Bruce Medic

1st Place

1st Place

Refraction & Reflection in a Pool
Matthew Jay Rohr
Atlee High School, Mechanicsville, VA
Teacher: Jeremy Watts

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 opposite 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.

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.

Contrived Category

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

Natural Category

• FREE to AAPT members, plus cost of postage.
For the Love of Books
Christina Tran

• Nonmembers pay $4.50, plus postage.

3rd Place

Glenbard West High School, Glen Ellyn, IL
Teacher: Nicholas Szarzak

Walking on Eggshells
Kelsey Madison Cardenal

2nd Place

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.

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.

Honorable Mention

Tea Spirit
Maciej Wojciech Olszewski

3rd Place

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.

Frost Barbs
Paige Rosemary Frankl

2nd Place

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.

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

Honorable Mention

Taste the Rainbow, Marisa Jara

www.aapt.org/STORE

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.

Circular Motion in Gymnastics, Diana Adele Greis
Centerville High School, Centerville, OH
Teacher: Raquel VonHandorf

Move a Little Closer, Shanique Shanalee Reid
Classical Magnet School, Hartford, CT
Teacher: Thomas A. Holloway

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.

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.

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.

Wavering Cityscape, Ryan Blake Miller

University Transition Program, Vancouver, British Columbia
Teacher: Ludmila Shepelev

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.

About the Contest

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

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.

®

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

aapt.org

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.

AAPT thanks Vernier Software & Technology, Inc. for their generous support of the photo contest.

www.vernier.com
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