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Abstract
This article develops a theoretical framework
of distributed representations to explore the
representational properties in group problem
solving.  The basic principle of distributed
representations is that the representational
system of a group problem solving task is dis-
tributed across the representations of indi-
viduals, which together represent the abstract
structure of the task.  The framework was used
to analyze the distributed representation of the
Waitress and Orange task.  From this analy-
sis, an experiment was designed to examine
group problem solving behaviors under dif-
ferent distributed representations.  The ex-
periment shows that (1) different distributed
representations across two individuals pro-
duced dramatically different group problem
solving behaviors even if they had the same
abstract structure, and (2) two minds could be
better than, not different from, or even worse
than one mind, depending on how representa-
tions were distributed across the two minds.
These results further support the interactionist
view of group problem solving, which is that
the interactions among individuals can pro-
duce group cognitive properties that can nei-
ther be reduced to nor be inferred from the
cognitive properties of individuals.

Group problem solving refers to problem solving
activities that involve interactions among a group
of individuals.  One critical  issue in group problem
solving is the nature of group properties.  One
view is that the cognitive properties of a group can
be entirely determined by the properties of indi-

viduals.  In this reductionist view, to understand
group behavior, all we need is to understand the
properties of individuals.  Another view is that the
interactions among the individuals can produce
emergent group properties that cannot be reduced
to the properties of the individuals.  In this inter-
actionist view, to study group behavior, we not
only need to examine the properties of individuals
but, more importantly, we also need to consider
the interactions among the individuals as the basic
units of analysis. The interactionist view has been
evidenced by much of the research, such as the
recent study of distributed cognition— the study of
cognitive tasks that are distributed across the in-
ternal mind and the external environment, among a
group of individuals, and across space and time
(e.g., Hutchins, 1990, 1994, 1995; Norman, 1990,
1993; Zhang, 1996; Zhang & Norman, 1994,
1995).  For instance, Hutchins (1995) has shown
that the cognitive properties of a distributed sys-
tem such as the airplane cockpit can differ radi-
cally from the cognitive properties of the individu-
als, and they cannot be inferred from the proper-
ties of the individuals alone, no matter how de-
tailed the knowledge of the properties of those
individuals may be.  Examples of emergent group
properties in other domains include group affect
(George, 1990), collective efficacy (Bandura,
1986; Guzzo & Shea, 1993), and transactive
memory systems (Wegner, 1987).

Another critical issue in group problem
solving is the group effectiveness problem
(Foushee & Helmreich, 1988).  Most people
would argue that two minds are better than one
because in a group there are much more resources,
task load and memory load are shared and distrib-



Group Problem Solving 2

uted, errors are cross-checked, and so on.  This is
a condition that can result in what Steiner (1972)
called process gain.  However, there are also con-
ditions that can result in process loss (Steiner,
1972)— a phenomenon that the performance of a
group is worse than that of an individual because
in a group communication takes time, knowledge
may not be shared, different strategies may be used
by different individuals, and so on (McNeese, Zaff,
& Brown, 1992).  Most studies of the group ef-
fectiveness problem have focused on social and
personality factors (e.g., Hackman & Morris,
1975; Hare, 1972; Janis, 1972; Lanzetta & Roby,
1960; Latane, Williams, & Harkins, 1979).  Repre-
sentational factors, in comparison, have not been
extensively studied.

This article addresses the above two issues
about group properties and group effectiveness
from a purely cognitive perspective, focusing on
the representational properties in group problem
solving.  It is divided into four sections.  The first
section develops a theoretical framework of dis-
tributed representations for group problem solv-
ing.  The second section uses this framework to
analyze the distributed representation of the Wait-
ress and Orange problem.  From this analysis, the
third section designs an experiment to examine the
effects of representation distribution on group
properties and group effectiveness.  Finally, the
last section discusses the general implications of
the framework of distributed representations for
group problem solving.

Distributed Representations in Group
Problem Solving

The basic principle is that the representational
system for a group problem solving task is distrib-
uted across the representations of individuals.
Figure 1 shows a representational system for a
group problem solving task with four individuals.
Each individual has a representation for the task.
The task has a single abstract task space that rep-
resents the abstract structure of the task.  On one
hand, the representations of the individuals jointly
determine the abstract task space; on the other
hand, the abstract task space can be decomposed
and distributed across the representations of the

four individuals.  The representations of the indi-
viduals interact with each other and together form
a distributed representation space, which is the
actual space in which the group problem solving
task is performed.

This framework of distributed representa-
tions for group problem solving is interactionist in
nature.  The representation of a group problem
solving task is not in any individual's mind, but
distributed across all individuals.  In this view, a
group problem solving task requires dynamic, in-
teractive, and integrative processing of the infor-
mation distributed across individual representa-
tions.  The abstract task space is an emergent
group property jointly determined by individual
representations: it does not belong to any individ-
ual.

The abstract task space of a group problem
solving task can be distributed across individual
representations in different ways.  Let us consider
a few cases.  The first case is that none of the indi-
vidual representations is a complete representation
of the abstract task space but they together repre-
sent the abstract task space.  In this case, individ-
ual representations may or may not overlap with
each other, that is, there may or may not be redun-
dancy in the distributed representation.  The sec-
ond case is that some individual representations
each represent the complete abstract task space
whereas others each only represent part of the ab-
stract task space.  In this case, there is always re-
dundancy in the distributed representation because
the individual representations that represent the
complete abstract task space are always supersets
of the individual representations that only repre-
sent part of the abstract task space.  The third case
is that every individual representation is a com-
plete representation of the abstract task space.  In
this case the redundancy in the distributed repre-
sentation is maximum.

Different distributed representations of the
same abstract task space may cause dramatically
different group problem solving behaviors even if
they all represent the same structure at an abstract
level.  In addition, group problem solving behavior
may be considerably different from individual
problem solving behavior even if their structures



Group Problem Solving 3

are the same.  These two issues are examined in
the following sections in the representational

analysis of the Waitress and Orange problem and
the corresponding experiment.

Individual 1

Individual 2

Individual 4

Individual 3

Abstract Task Space

Distributed Representation Space

Figure 1. The framework of distributed representation for group cognitive tasks.  The abstract task space, which represents
the abstract structure of the task, is distributed across the representations of individuals.

The Waitress and Orange Problem
In this section, the framework of distributed repre-
sentations for group problem solving is used to
analyze the distributed representation of the Wait-
ress and Orange problem (Zhang & Norman,
1994), which is an isomorph of the Tower of Ha-
noi problem (see Hayes & Simon, 1977; Kotov-
sky, Hayes, & Simon, 1985). Figure 2 shows the
Waitress and Orange problem.  The task  is to
move the oranges from one configuration to an-
other, following the three rules stated in Figure 2.
Figure 3 shows the problem space of this problem.
Each rectangle shows one of the 27 possible con-
figurations of the three oranges on the three plates.
The lines between the rectangles show the trans-
formations from one state to another when the

three rules are followed.
Figure 3 is a problem space generated by all

of the three rules of the Waitress and Orange
problem.  In general, any subset of these three
rules can generate a problem space.  Figures 4
shows the problem spaces generated by Rules 1,
1+2, 1+3, and 1+2+3, respectively.  Lines with
arrows are uni-directional.  Lines without arrows
are bi-directional.  One important point is that
these four problem spaces can be held by different
individuals.

Figure 5 shows how the three rules of the
Waitress and Orange problem is distributed across
two individuals.  Individual 1 only knows Rules 1
and 3, which generate Individual 1's problem
space.  Individual 2 only knows Rules 1 and 2,
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which generate Individual 2's problem space.  Al-
though neither of the two individuals alone knows
all three rules, they together know all of them.
The two problem spaces of the two individuals
form the distributed problem space, which is the

actual space in which problem solving takes place.
The distributed problem space is mapped to the
abstract problem space, which is jointly deter-
mined by the combined rules of the two individuals
(Rules 1, 2, and 3).

Rule 1: Only one orange can be moved  
     at a time.

Rule 2: An orange can only be moved  
     to another plate on which it  
     will be the largest. 

Rule 3: Only the largest orange on a  
     plate can be moved to another  
     plate

Figure 2.  The Waitress and Orange problem.  The task is to move the three oranges among the three plates from one con-
figuration to another, following the three rules.
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Initial 
State

Final 
State

Figure 3. The problem space of the Waitress and Orange problem. Each rectangle shows one of the 27 possible configura-
tions (problem states) of the three oranges on the three plates. The lines between the rectangles show the transformations
from one state to another when the three rules are followed.
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(A)  Rule 1 (B)  Rules 1+2

(C)  Rules 1+3 (D)  Rules 1+2+3

Figure  4. Problem spaces generated by four sets of rules. (A) Rule 1. (B) Rules 1+2. (C) Rules 1+3. (D) Rules 1+2+3. They
are derived from the problem space in Figure 3. Lines with arrows are uni-directional, and lines without arrows are bi-
directional. The rectangles (problem states) are not shown in this figure for clarity.
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Distributed Problem Space

Individual 1   
Problem Space 

Individual 2   
Problem Space 

Abstract Problem Space

Figure 5. Distributed representation of the Waitress and Orange problem with two individuals.  The three rules of the
problem are distributed across two individuals: Individual 1 knows rules 1 and 3 whereas Individual 2 knows rules 1 and 2.
The two problem spaces of the two individuals form the distributed problem space, which is mapped to the abstract problem
space.
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Experiment
This experiment examines (a) the effects of dis-
tributed representations on group problem solving
behavior and (b) the relation between group and
individual problem solving behaviors. The Wait-
ress and Orange problem was used to generate
four restaurant stories for four conditions (see
Figure 6 for an example).  The four conditions all
had the same abstract structure, i.e., they all had
the same set of three rules of the Waitress and Or-
ange problem.  Three of the four conditions were
two-player tasks in which the three rules were
distributed across two individuals in different
ways.  The fourth condition was a single-player
task in which the three rules were represented in
one individual.

In Condition R123-R1, Subject 1 was given
Rules 1, 2, and 3, and Subject 2 was given Rule 1
only.  This condition is also called Expert and
Novice condition because Subject 1 (expert) knew
all three rules whereas Subject 2 (novice) only
knew one rule.  Expert is defined here as a subject
who has more knowledge of the task, and novice
as a subject who has less knowledge.

In Condition R12-R13, Subject 1 was given
Rules 1 and 2, and Subject 2 given Rules 1 and 3.
This condition is also called Two Middle-Level
Players condition because neither of the two play-
ers knew all three rules but both of them knew two
rules.

In Condition R123-R123, both subjects were
given all three rules.  This condition is also called
Two Experts condition because both subjects knew
all three rules.

In Condition R123, there was only one sub-
ject who knew all three rules.  This condition is
also called Single Expert condition.

Method
Subjects.  The subjects were 63 undergradu-

ate students at the University of California, San
Diego, who participated in the experiment to get
course credits.

Materials.  Three plastic orange balls of dif-
ferent sizes (small, medium, and large) were used

for the oranges in the restaurant stories.  The three
plates were porcelain plates.

Design.  For the three two-player conditions,
two subjects formed a group in each experimental
session.  Each subject played the role of one of the
two waitresses, Kathy and Mary. (For male sub-
jects, John and Mark were used as the names of
the two waiters).  Which subject played Kathy or
Mary was decided randomly.  In condition R123-
R1, Kathy was given Rules 1, 2, and 3, and Mary
was given Rule 1 only.  In R12-R13, Kathy was
given Rules 1 and 3, and Mary given Rules 1 and
2.  In R123-R123, Kathy and Mary were both
given all three rules.  The instructions for Kathy in
R123-R1 are shown in Figure 6.  The instructions
for Mary in R123-R1 were the same as for Kathy,
except that only Rule 1 was given to Mary and the
names Kathy and Mary were switched.  The in-
structions for Kathy and Mary in R12-R13 were
the same as for Kathy and Mary in R123-R1, ex-
cept that the rules for Kathy were Rules 1 and 3
and the rules for Mary were Rules 1 and 2.  The
instructions for Kathy and Mary in R123-R123
were the same as for Kathy and Mary in R123-R1,
except that the rules for both Kathy and Mary
were Rules 1, 2, and 3.

For the one-player condition R123, one sub-
ject was run in each experimental session.  The
instructions for R123 were identical to the instruc-
tions given to Kathy in R123-R1, except that be-
fore starting the game the subjects were told that
they would play the game by themselves without
any partners.

There were 9 pairs of subjects for each of the
three two-individual conditions and 9 subjects for
the one-individual condition.  The assignment of
subjects to the four conditions was random.

Procedure.  For the three two-player condi-
tions, the two subjects in an experimental session
were given three minutes to read their instructions
in two separated sound-proof booths. After they
finished reading their instructions, they were indi-
vidually asked to recite the rules.  Which subject
was chosen first to recite rules was decided ran-
domly.  If a subject couldn’t recite the rules the
instructions were read again until all the rules
could be recited without any errors.  The experi-
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menter then showed the subject two examples of
each rule with the real objects that would be used
in the experiment.  While one subject was being
tested by the experimenter, the other subject was
instructed to study the rules.  After the two sub-
jects understood the game and memorized their
rules, they were escorted to an experimental room,
where they sat side-by-side in front of a table.
Once the experimenter said “go,” they started to
play the game, making moves in turn.  They were
forbidden to communicate with each other by any
means (verbal or nonverbal) throughout the ex-
periment, except that they could say the word “no”
when one person made a move that was not con-
sistent with the rules of the other person.  The
minimization of communication between the two
subjects was to make sure that subjects' behavior
was mainly affected by the representational prop-
erties of the task.

For the one-player condition R123, the pro-
cedure was the same as that for the two-player
conditions except that each subject played the
game alone without a partner.

The initial and final states for  all four condi-
tions was  identical, which are shown in Figure 3.
The final state was shown in a diagram in front of
the subjects.  Any illegal move that violated one of
a subject's own rules was promptly corrected by
the experimenter.  Subjects' hand actions and
speech were recorded by a video camera.  The
solution time, which was from the time the experi-

menter said "go" to when the subjects finished the
last move, was recorded by a timer synchronized
with the video camera.

Results
The average solution times for the four con-

ditions are shown in Figure 7A.  The difficulty or-
der was, from hardest to easiest: R12-R13 > R123-
R1 ≅ R123 > R123-R123.  The main effect was
significant (F(3, 32) = 8.50, p = 0.0003).  Fisher
LSD pairwise comparisons showed that except of
between R123-R1 and R123 (p = 0.89), the differ-
ences between all other pairs were significant
(0.00002 < p < 0.05).     The average solution
steps for the four conditions are shown in Figure
7B.  The difficulty order was, from hardest to
easiest: R12-R13 ≅ R123-R1 ≅ R123  > R123-
R123.  The main effect was significant (F(3, 32) =
4.73, p = 0.008).  Fisher LSD pairwise compari-
sons showed that the solution steps for R123-
R123 were significantly smaller than those for all
other three conditions (0.002 < p < 0.03), which
did not differ from each other significantly (small-
est p = 0.27).  The average errors for the four
conditions are shown in Figure 7C.  An error was
a move that violated one of a subject's own rules.
The main effect was not significant (F(3, 32) =
0.70, p = 0.56).



Group Problem Solving 10

Waitresses and Oranges

A strange, exotic restaurant requires everything to be done in a special manner.  Here is an example.
Three customers sitting at the counter each ordered an orange.  The customer on the left ordered a large
orange.  The customer in the middle ordered a medium sized orange.  And the customer on the right or-
dered a small orange.  Two waitresses, Kathy and Mary, brought all three oranges in one plate and placed
them all in front of the middle customer.  Because of the exotic style of this restaurant, Kathy and Mary
had to move the oranges to the proper customers following a strange ritual.  No orange was allowed to
touch the surface of the table.

Kathy and Mary moved the oranges in turn.  Because they may have different rules in mind, they have to
absolutely respect each other's rules.  If Kathy makes a move which is not consistent with Mary's rules,
Mary should say "NO" and Kathy should try another move until it is consistent with the rules of both of
them.  Mary has to respect Kathy's rules in the same way.  No discussion was allowed between them.  The
only word they could say was "NO" when a move made by one of them violated the rules of the other per-
son.

Suppose you are Kathy.  You have to use only one hand to rearrange these three oranges in cooperation
with Mary so that each orange will be placed in the correct plate, following these rules:

• Only one orange can be transferred at a time.  (Rule 1)
• An orange can only be transferred to a plate in which it will be the largest.  (Rule 2)
• Only the largest orange in a plate can be transferred to another plate. (Rule 3)

How would you do this?  That is, you and Mary solve the problem and show the movements of oranges
you have to make so that each customer will get his own orange, that is, from the configuration shown in
Diagram 1 to that in Diagram 2.

Diagram 1

Diagram 2

Figure  6. The instructions for Kathy in R123-R1.
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Figure 7.  Solution times, solution steps, and errors for the four conditions.

Discussion and Conclusion

Interpretation of Experimental Results
The abstract structures of all four conditions

in the experiment are identical: they all have the
same set of three rules.  When solution times were
used as the difficulty measure, two experts (R123-
R123) were better than one expert and one novice
together (R123-R1), which in turn were better
than two middle-level players (R12-R13).  There-
fore, when the three rules were distributed across
two individuals in different ways, problem solving
behavior changed dramatically.  When the single-

player condition was compared with the three two-
player conditions, we found that whether two
minds were better than one depended on how rep-
resentations were distributed across the two
minds.  Two experts (R123-R123) were indeed
better than one expert (R123).  However, one ex-
pert and one novice together (R123-R1) were not
different from one expert (R123).  In addition, two
middle-level players (R12-R13) were even worse
than one expert (R123).

When solution steps were used as the diffi-
culty measure, two experts (R123-R123) were still
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better than one expert and one novice together
(R123-R1) and better than two middle-level play-
ers (R12-R13), which, however, did not differ
from each other.  In addition, two experts (R123-
R123) were still better than one expert (R123).
However, two middle-level players (R12-R13)
were no longer worse than one expert (R123).

Combining the above analyses on solution
times and steps, we have the following results.
First, different distributions of representations
across two individuals produced different group
problem solving behaviors, even if the abstract
structures  of the group problem solving tasks
were identical.  Second, two minds were better
than one only when the two minds were both ex-
perts.  When one or both of the two minds were
not experts, two minds were not better and some-
times even worse than one mind.

Communication Hypothesis & Representation
Sharing Hypothesis

The differences among the three two-player
conditions can be explained by two hypotheses:
communication hypothesis for the differences in
solution times and representation sharing hypothe-
sis for the differences in solution steps.

The communication hypothesis is that the
less communication required among individuals,
the better the performance of the distributed sys-
tem in terms of solution times.  This is because less
communication takes less time.  In R123-R123, no
communication was necessary.  In R123-R1, the
R123 subject needed time to communicate to the
R1 subject about R1 subject's violations of the
R123 subject's rules.  This is a one-way communi-
cation.  In R12-R13, both subjects needed time to
communicate to each other about each other's rule
violations.  This is a two-way communication.
Thus, the order of communication amount is, from
most to least: R12-R13 > R123-R1 > R123-R123.
This order corresponds to the difficulty order in
solution times.

The representation sharing hypothesis is that
the more representation shared among individuals,
the better the performance of the distributed sys-
tem in terms of solution steps. The shared repre-
sentation between the two individuals in R123-R1

was Rule 1, that in R12-R13 was also Rule 1, but
that in R123-R123 was Rules 1, 2, and 3.  Thus,
the order of the amount of representation sharing
is, from least to most: R12-R13 = R123-R1 <
R123-R123.  This order corresponds to the diffi-
culty order in solution steps.  Although more
shared representation can make a task easier, one
important point we should keep in mind is that in-
dividuals who have little or no shared representa-
tion can still work together to perform a task even
if none of them have complete representation of
the task.  In many real world tasks, complementary
representation is more common than shared repre-
sentation in group problem solving tasks, due to
many factors such as knowledge specializations.

Communication and representation sharing
are properties of groups, not properties of indi-
viduals. The above discussion shows that these
two group properties can affect group behaviors in
a dramatic way.  The three two-player conditions
all had the same structure.  However, due to their
differences in communication and representation
sharing, they were very different in difficulty levels
and group behaviors.  This set of results further
supports the interactionist view of group problem
solving, that is, the behavior of group problem
solving is not only affected by properties of indi-
viduals but also by properties of groups.

Are Two Minds Better Than One?
The group effectiveness problem was clearly

illustrated by the experiment, which showed that
two minds could be better than (R123-R123 >
R123), not different from (R123-R1 = R123), or
even worse than one mind (R12-R13 < R123).  We
propose a two-factor explanation for this group
effectiveness problem.  The first factor is the
cross-check of loops. From the problem space in
Figure 3 we can see that moves can be made
within loops.  More loops certainly have more
moves and thus cause longer solution times. In-
formal observations showed that single subjects
had more loops than paired subjects.  This might
be because it was more likely for two players to
consider two different paths at any given time so
that it was less likely for them to be trapped in a
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loop. The second factor is communication.  As
shown in last section, more communication needs
longer time.

Two minds (R123-R123) were better than
one mind (R123) when the two minds were both
experts.  This might be because there is cross-
check of loops for R123-R123 but not for R123
and the communication demands for both R123-
R123 and R123 were the same (neither required
communication).  Two minds (R123-R1) were not
different from one mind (R123) when only one of
the two minds was an expert.  This might be be-
cause the benefit of the cross-check of loops can-
celed the cost of communication for R123-R1.
Two minds (R12-R13) were worse than one mind
(R123) when neither of the two minds was an ex-
pert.  This might be because the benefit of the
cross-check of loops was smaller than the cost of
communication for R12-R13 (two-way communi-
cation).

Implications
The experimental task used in the present

study is simple, well-defined, and explicit, whereas
real world tasks such as those performed by air-
crew members are usually complex, ill-defined,
and vague (e.g., Foushee & Helmreich, 1988;
Hutchins, 1995; Norman, 1991).  Nevertheless,
the regularities found in real world tasks such as
group properties emerging from interactions and
the group effectiveness problem were also ob-
served in the experimental task.   

The present study only examined the repre-
sentational properties in group problem solving.
This is not denying the important roles of social,
personality, and emotional factors, which are often
crucial.  As discussed by Foushee & Helmreich
(1988), these non-cognitive factors were responsi-
ble for several tragic airplane crashes (NTSB,
1972, 1979, 1982).  Field studies of group prob-
lem solving usually consider non-cognitive as well
as cognitive factors.  Laboratory studies in the fu-
ture should focus more on multiple factors than
single factors.

The framework of distributed representations
for group problem solving is not a process model

that has explicitly specified mechanisms.  How-
ever, as a general principle, it states that the repre-
sentation of a group problem solving task is dis-
tributed across individual representations, which
jointly represent the abstract structure of the task.
As a methodology, it demands (a) the considera-
tion of the individual representations in a group
problem solving task as a distributed representa-
tion system, (b) the explicit decomposition of a
group problem solving task into its individual rep-
resentations, (c) the identification of the abstract
task structure and its relation to each of the indi-
vidual representations, and (d) the emphasis on the
interactions among individual representations.
Although this framework was developed for group
problem solving, the notion of distributed repre-
sentations is a general idea that can be potentially
applied to other domains as well, such as group
development, shared cognition, and team mental
models (Crespin, 1996; Klimoski & Mohammed,
1994).
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