Teaching problem solving through cooperative grouping.
Part 1: Group versus individual problem solving
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An experiment was conducted to investigate the effects of cooperative group learning on the
problem solving performance of college students in a large introductory physics course. An
explicit problem solving strategy was taught in the course, and students practiced using the
strategy to solve problems in mixed-ability cooperative groups. A technique was developed to
evaluate students’ problem solving performance and determine the difficulty of context-rich
problems. It was found that better problem solutions emerged through collaboration than were
achieved by individuals working alone. The instructional approach improved the problem solving

performance of students at all ability levels.

L. INTRODUCTION

Problem solving is one of the primary tools of college
physics instruction. Unfortunately, many students in in-
troductory courses consider problem solving to be inde-
pendent of physics concepts and principles being taught
(e.g., “I understand the material, but I just can’t solve the
problems.”), or they believe that specific patterns of math-
ematical solutions are the physics to be learned (e.g.,*I
can follow the examples in the textbook, but your test prob-
lems are too different.”). For the past 3 years the Universi-
ty of Minnesota has been developing and testing an instruc-
tional approach to help students in a large introductory
physics course integrate the conceptual and mathematical
aspects of problem solving. This approach combines the
explicit teaching of a problem-solving strategy with a sup-
portive environment to help students implement that strat-
egy. The supportive environment is provided by having
students practice solving problems in cooperative groups.'
The results of experiments on the structure and manage-
ment of well-functioning cooperative groups are described
in a companion article.?

Cooperative-group problem solving was adopted for two
reasons. First, it has been shown to be an effective tech-
nique for helping students learn a complex skill.>~> We hy-
pothesized that in well-functioning groups, students share
their conceptual and procedural knowledge as they solve a
problem together. During this joint construction of a solu-
tion, individual group members can request explanations
and justifications from one another. This mutual critique
would clarify all the members’ thinking about the physics
concepts and principles to be used, and how those concepts
and principles should be applied to the particular problem.
Moreover, each member can observe others perform the
varied thinking strategies that he or she must perform inde-
pendently and silently on individual problem assignments.
The second reason for adopting cooperative grouping is
more mundane and practical. Of the recommended teach-
ing techniques for helping students become better problem
solvers, cooperative grouping places the least demand on
the instructors. With minimal training, graduate student
teaching assistants can implement cooperative groups in
recitation and laboratory sections.®

The purpose of this study was to investigate the effective-
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ness of our problem-solving instructional approach, par-
ticularly the cooperative grouping aspect. Although re-
search in precollege education suggests that all students
benefit from group work,>’ we are not aware of any studies
that have been done on group problem solving in college
physics. We assumed that if well-functioning cooperative
groups were established, then group problem solutions
would surpass those of any single group member on equiva-
lent problems, even those of the highest ability member. In
addition, if all students acquired individual problem solv-
ing skills, then there would be an increase in the quality of
students’ individual problem solutions over time, indepen-
dent of their increasing knowledge of physics. If, on the
other hand, the desired collaborative behaviors did not oc-
cur in the groups, then the group solutions would simply
reflect the performance of the best (highest ability) student
in the groups, and little benefit would accrue to anyone
from the exercise. In that case, extensive group work might
actually hinder the learning of the best students, who
would spend their time dealing with other students rather
than extending their own knowledge and skills.

This paper reports the results of our investigations to
answer the following questions:

1. Are problem solutions worked out in cooperative
groups better than the work of the best students in the
groups?

2. If group problem solutions are better than individual
problem solutions, which aspects of problem solving are
accomplished better in the groups?

3. Do students’ individual problem- solvmg perfor-
mances improve during the course of instruction. If so,
does the performance of the best students show the same
improvement as that of the other students?

4. Are students taught with our instructional approach
better individual problem solvers than students in a tradi-
tional course? :

Of course, no educational research is independent of the
context in which it is done. The first section below outlines

-the introductory physics course and the problem-solving

instructional approach employed. The following sections
describe measurement procedures and the investigation
methods and results. The last section summarizes our con-
clusions and discusses some implications of the results and
unresolved issues for further research.
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I1. DESCRIPTION OF THE COURSE
A. Organization and goals

The University of Minnesota offers a two-quarter, alge-
bra based physics course that is required by 24 different
departments (e.g., architecture, agricultural engineering,
geology, food science and nutrition, pharmacy, veterinary
medicine, fishery and wildlife, soil science). The course
consists of four 50-min lectures, a 50-min recitation sec-
tion, and a 2-h laboratory per week. The course traditional-
ly covers about two-thirds of the chapters in an introduc-
tory text for this level.® The enrollment is about 120
students in the lecture section, with 15-20 students in the
recitation sections and laboratories, which are taught by
graduate student teaching assistants.

We recently surveyed the faculty in the departments that
require this physics course to determine what they want
their students to learn. The survey revealed that their im-
portant goals are for students to: (1) learn the fundamental
principles of physics (e.g., force laws, conservation of ener-
gy, conservation of momentum); (2) learn general qualita-
tive and quantitative problems solving skills that they can
apply to new situations; and (3) overcome their miscon-
ceptions’ about the behavior of the physical world. To meet
these goals, several changes were implemented in one ex-
perimental section of the course. These changes were based
on recommendations in the physics instructional litera-
ture.'®"* For the sake of brevity, only the problem-solving
instructional approach is described here.

B. Problem solving instructional approach

The problem-solving instructional approach had several
integrated components. First, students were taught a gen-
eral problem-solving strategy that is based on a variety of
research and instructional literature describing the nature
of effective (or ““expert™) problem solving in physics. Sec-
ond, a set of context-rich practice and test problems were
constructed that reinforce the usefulness of the strategy.
Third, during recitation and laboratory sessions students
worked in carefully managed cooperative groups to prac-
tice using the prescribed strategy to solve context-rich
problems. Finally, grading practices were changed to re-
flect the importance of both cooperative-group problem
solving and the use of the prescribed strategy. The follow-
ing sections describe these four components of the prob-
lem-solving instructional approach.

1. The prescribed problem-solving strategy

There is an expanding body of research comparing ex-
pert and novice problem-solving strategies in physics.'*'¢
Novices typically begin to solve a problem by plunging into
the algebraic and numerical solution—they search for and
manipulate equations, plugging numbers into the equa-
tions until they find a combination that yields an answer."’
All too often they neither use their conceptual knowledge
of physics to qualitatively analyze the problem situation,
nor do they systematically plan a solution before they begin
numerical and algebraic manipulations of equations.!*'>!8
When they arrive at a numerical answer, they are usually
satisfied—they rarely check to see if the answer makes
sense.

The instructional literature recommends several strate-
gies to help students integrate the conceptual and proce-
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Table 1. Examples of context-rich group and individual problems.

Airplane problem (group)

One morning while waiting for class to begin, you are reading a newspaper
article about airplane safety. This article emphasizes the role of metal
fatigue in recent accidents. Metal fatigue results from the flexing of air-
frame parts in response to the forces on the plane, especially during
takeoff and landing. The reporter uses as an example a plane with a weight
of 200,000 1bs and a takeoff speed of 200 mph which climbs at an angle of
30° with a constant acceleration to reach its cruising altitude of 30,000 ft
with a speed of 500 mph. The jet engines provide a forward thrust of
240,000 lbs by pushing the air backwards. The article then goes on to
explain that a plane can fly because the air exerts an upward force on the
wings perpendicular to their surface called *lift.” You know the air resis-
tance is also a very important force on the plane and is in the direction
opposite to the velocity of the plane. The article tells you this force is
called the “drag.” Although the reporter writes that some metal fatigue is
primarily caused by the lift, and some by the drag, she never tells you their
size for her example plane. Luckily, the article contains enough informa-
tion to calculate them, so you do.

Elevator problem (matched individual)

You have been hired to design the interior of a special express elevator for
a new office building. This elevator has all the latest safety features and
will stop with an acceleration of g/3 in case of any emergency. The man-
agement would like a decorative lamp hanging from the unusually high
ceiling of the elevator. You design a lamp with three sections that hang
one directly below the other. Each section is attached to the previous one
by a single thin wire that also carries the electric current. The lamp is also
attached to the ceiling by a single wire. Each section of the lamp weighs 7.0
N. Because the idea is to make each section appear as if it is floating on the
air without support, you want to use the thinnest wire possible. Unfortu-
nately, the thinner the wire, the weaker it is. To determine the thinnest
wire that can be used for each stage of the lamp, calculate the force on each
wire in case of an emergency stop.

Moving problem (easier individual)

You are helping a friend move into a new apartment. A box weighing 150
1bs needs to be moved to make room for a couch. You are taller than the
box, so you reach down and push it at an angle of 50 deg from the horizon-
tal. The coefficient of static friction between the box and the floor is 0.50
and the coefficient of kinetic friction between the box and the floor is 0.30.
If you want to exert the minimum force necessary, how hard would you
push to keep the box moving across the floor?

dural aspects of problem solving.'®*° These strategies are
very similar. The basic form of the five-step strategy de-
signed for our students was strongly influenced by the work
of Frederick Reif and Joan Heller,?! but it has many ele-
ments in common with Alan Schoenfeld’s framework for
mathematics problem solving.”? It requires students to
make a systematic series of translations of the problem into
different representations, each in more abstract and math-
ematical detail.

The five steps of the strategy are defined below in the
context of the solution to a dynamics problem involving an
airplane, which is shown in Table I. This problem gives the
take-off angle and speed of a plane, its cruising speed and
altitude, its weight, and the thrust of the plane. Students are
asked to find the lift and the drag on the plane during take-
off. Prior to this test question, the students had not been
taught the specific concepts of lift, drag, and thrust. Figure
1 illustrates how a typical group used the following five
steps to solve this problem:

1. Visualize the problem: This step is a translation of the
problem statement into a visual and verbal understanding
of the problem situation. In the airplane problem, students
sketched the plane moving down the runway, taking off,
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Visualization:

Level
Lift B%
Drag
500 mph
Thrust
240,000 1bs Weight 30,000 f1

Take-off ~ 200,000 Ibs
% - 30

Lift is perpendicular to wings.
Drag is air resistance -- opposite to velocity.
Acceleration is constant.
Find the lift and drag forces.
Use ZF, = ma, to find forces, kinematics definitions to find
acceleration,

Physics Description:

D = force of drag (constant)
L = force of lift (constant)
T = force of thrust (240,000 Ibs)
e W = weight of the plane (200,000 Ibs)
8 = angle of incline (300)
vo = 200 mph
vi = 500 mph
a = constant
xo = initial take-off position (0)
Xf = position when plane levels off
¥y = initial position when plane takes off (0)
y¢ = final position when plane levels off (30,000 ft)
ty = time when plane takes off (0)
ty = time when plane levels off
d = distance plane needed to travel before leveling off
Find D and L.
Plan: For Lift For Drag
IF, = ma, y = may
1)L - Wecos6 = 0 2) T-D- Wsing = ma,
Need to find a,:
Vi- Vo
3) Ay T, need tr
4) v = v_r;_v_u need v
5. 4.
5) v o= - to need d
6) sing = HTTte

We have 6 equations and 6 unknowns (L, D, a,, ty, ¥, and d)!

Sotve (1) for L. Solve (6) for d and substitute into (5). Equate (4}
and (5) and solve for tr. Substitute tr into (3) and solve for a,.
Substitute a, into (2) and solve for D.

Execute: (only last steps shown)

L = Wcos@
= 200,000 lbs - 0.866
= 173,205 Ibs
_ N W(vf - vo)(¥f + vo)sin®
D =T + Wsing + Z(yr - YO £
. - Wis)etls _
Check: D = Ibs + Ibs + Ibs GOs) = Ibs OK
D 240,000 lbs + 100,000 Ibs - 23,635 Ibs

316,365 1bs

Lift seems OK -- it's less than the weight.
Drag is larger than the thrust. We made a mistake somewhere!

Fig. 1. A cooperative groupsolution oftheairplane problem (TableI), illus-
trating the five steps of the problem solving strategy.
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and leveling off at cruising altitude. They determined the
relevant information they were given to answer the ques-
tion, and the general approach to take to the problem.

2. Physics description: This step requires students to use
their qualitative understanding of physics concepts and
principles to analyze and represent the problem in physics
terms (e.g, vector diagrams). In the airplane problem, stu-
dents drew a free-body and vector force diagram of the
plane, and a kinematics diagram showing its position, ve-
locity, and acceleration when it takes off and when it levels
off. They then identified symbolically the relevant vari-
ables in the problem.

3. Plan a solution: This step involves translating the
physics description into an appropriate mathematical rep-
resentation of the problem (equations of the principles and
constraints), determining if there is enough information
represented to solve the problem, then specifying the alge-
braic procedure to extract the unknown variable(s). In the
airplane problem, the students used their vector diagrams
to generate the correct force and kinematics equations.
From the ordering and position of statements in their writ-
ten solution, we inferred that when they reached Eq. (5),
they realized that they did not have enough information to
solve the problem.?® At that point, they went back to their
physics description and determined that they could use a
trigonometric relation to find the distance the plane trav-
eled while accelerating to cruising altitude.

4. Execute the plan: Students use mathematical rules to
obtain an expression with the desired unknown variable on
one side of the equation and all the known variables on the
other side. Specific values are then substituted into the
expression to obtain a numerical solution. In the airplane
problem, the students made an algebraic error.

5. Check and evaluate: Finally, the students evaluate the
reasonableness of their answer—are the sign and units cor-
rect and does the answer match their experience of the
world and/or their expectations of how large the numerical
answer should be. In the airplane problem, the students
first checked for correct force units. They evaluated the
reasonableness of their answers by comparing the lift to the
given weight, and the drag to the given thrust. They con-
cluded that they had made a mistake somewhere (it was in
the algebra) because their drag was larger than the thrust.

An outline of the five-step strategy is shown in Table II.
The strategy was presented early in the first quarter and
modeled subsequently in all lectures. To encourage the use
of the strategy, students were given (1) flow charts that
outlined a procedure and major decision points for each
step of the strategy, and (2) problem-solving format sheets
for solving homework problems. The format sheets re-
served a section of the paper for each step of the problem-
solving strategy, and each section included brief prompts
for the type of information to include in the space provided.
For example, the three prompts for planning a solution
were: “State relevant general equations. Introduce specific
variables into general equations; which specific equations
are needed to determine the target quantity? Check—are
there as many equations as unknowns?”’

2. Context-rich problems

The rationale for constructing context-rich problems is
described in detail in a companion article.? Briefly, con-
text-rich problems, illustrated in Table I, are designed to
focus students’ attention on the need to use their concep-
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Table II. Outline of the five-step problem solving strategy.

1. Visualize the problem
Translate the words of the problem statement into a visual representa-
tion:
o draw a sketch (or series of sketches) of the situation;
o identify the known and unknown quantities and constraints;
@ restate the question;
o Identify a general approach to the problem—what physics con-
cepts and principles are appropriate to the situation.

2. Describe the problem in physics terms (physics description)
Translate the sketch(s) into a physical representation of the problem:

® use identified principles to construct idealized diagram(s) with a
coordinate system (e.g., vector component diagrams) for each ob-
ject at each time of interest;

o symbolically specify the relevant known and unknown variables;

e symbolically specify the target variable (e.g., find v, such that £,
>10m).

3. Plan a solution
Translate the physics description into a mathematical representation of
the problem:

estart with the identified physics concepts and principles in equation
form (e.g., a, = Av,/At, 2F, = ma,);

@ apply the principles systematically to each object and type of inter-
action in the physics description (e.g., Ny — W, cos 6 = m, a,, and
W, = mg);

# add equations of constraint that specify the special conditions that
restrict some aspect of the problem (e.g., two objects have the same
acceleration, a, = a,);

® Work backward (from target variable) until you have determined
that there is enough information to solve the problem (the same
number of independent equations as unknowns);

@ specify the mathematical steps to solve the problem (e.g., solve
equation #2 for Ny, then substitute into equation #1, etc.).

4, Execute the plan
Translate the plan into a series of appropriate mathematical actions:
@ use the rules of algebra to obtain an expression with the desired
unknown variable on one side of the equation and all the known
variables on the other side;
e substitute specific values into the expression to obtain an arithmetic
solution.

5. Check and evaluate
Determine if the answer makes sense:
# check—is the solution complete?
@ check—is the sign of the answer correct, and does it have the cor-
rect units:
@ evaluate—is the magnitude of the answer reasonable?

tual knowledge of physics to qualitatively analyze a prob-
lem before beginning to manipulate equations. They are
essentially short stories that include a reason for calculat-
ing some quantity about a real object or event. In addition,
they may have one or more of the following characteristics
in common with real-world problems: (1) The problem
statement does not always explicitly identify the unknown
variable; (2) More information may be available than is
needed to solve the problem; or (3) Information may be
missing, but can easily be estimated or is “common knowl-
edge;” (4) Reasonable assumptions may need to be made
to solve the problem.

3. Cooperative group environment

In both the recitation and laboratory sections, students
worked in carefully managed cooperative groups to prac-
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tice the five-step problem solving strategy. In the recitation
sections, they practiced using the strategy to solve context-
rich problems like the ones shown in Table I. In the labora-
tories, which were coordinated with the lectures and recita-
tion sections, they practiced using the strategy to solve
concrete, experimental problems. Students had the same
instructor (graduate teaching assistant) and worked in the
same groups for both their recitation and laboratory sec-
tion. This allowed students more opportunity to work with
the same group members.

The experiments which resulted in the structure and
management procedures for cooperative groups are de-
scribed in a companion article.? Briefly, students worked in
cooperative groups of three (or occasionally four)
members. The composition of the groups changed about
three times each quarter. The first groups were formed ran-
domly. After the first test, however, students were assigned
to groups by ability: a group consisted of a student from the
top third, a student from the middle third, and a student
from the lower third of the class based on past test perfor-
mance. The students were assigned “roles” of Manager,
Skeptic, and Checker/Recorder, which were rotated each
week. These roles reflect the mental planning and monitor-
ing strategies that individuals must perform when solving
problems alone.

4. Testing and grading

The testing and grading practices were designed to rein-
force the use of the five-step problem solving strategy and
the importance of cooperation.” In addition to individual
final exams, the students took four tests the first quarter,
and three tests the second quarter. Each test was given in
two parts, (1) a context-rich problem to be solved in coop-
erative groups during the 50-min recitation section, and
(2) ashort qualitative question and two context-rich prob-
lems to be solved individually during the 50-min lecture
period the following day. On most tests, one of the context-
rich problems was more difficult, and one was easier, as
defined below in Sec. III B. An example of the context-rich
problems from one test are shown in Table L.

For the first three tests, students were required to solve
the problems on the problem format sheets; thereafter,
problems were solved on blank paper in the standard “blue
books.” For the group problem students turned in only one
solution for their group, and each member of a group re-
ceived the same grade. All problems, group and individual,
were graded on a 20-point scale, and students received
points for following the steps of the problem-solving strate-
gy as well as for a correct solution. To reduce competition
and encourage cooperation, letter grades were based on set
criteria (above 70% was a grade of A, 50%-70% was a
grade of B, etc.) rather than based on a curve.

III. MEASUREMENT PROCEDURES

The comparisons made in this study required the cre-
ation of two measurement scales: a valid and reliable mea-
sure of students’ problem solving performance indepen-
dent of the grading, and a rating scale of problem difficulty.
In 1989, several performance and problem difficulty scales
were developed, tested, and refined. These scales were used
to analyze the 1990 data reported in this study. The first
section below describes the problem-solving performance
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