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1. INTRODUCTION

Consider the case where demand for some indivisible good exceeds the
supply. In accordance with market forces prices typically go up and thereby
decrease the excess demand'. However, in some cases, because of government
regulation, custom, or social pressures applied by consumer groups, prices
remain fixed. To meet the excess demand, alternative mechanisms have been
devised to allocate the limited supply among the claimants. A commonly used
mechanism allocates the goods according to the celebrated “first come, first
served” principle. Seats in popular restaurants (where no reservations are
taken) and newly introduced fashionable products (e.g., toys, records) are
typically allocated in this manner. Although an argument can be made that
this principle treats the claimants fairly, it has many disadvantages including,
but not limited to, inefficient allocation of the good.

A second common mechanism is the priority list in which claimants are
ranked according to some measure of need, contribution, power, or seniority.
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For example, kidneys in the US are allocated by criteria that are based on
blood type, histologic match, and waiting time. These criteria are meant to
be a compromise between delay of the surgery and graft success (histologic
match). The problem with such mechanisms is that they cause endless debates
about criteria of fairness that should underlie the construction of priority lists
in different contexts. For example, who should get priority by the Hong Kong
government while allocating the limited supply of housing, families seeking
apartments or commercial investors seeking assets to resell? The criteria for
determining priority lists must be socially accepted for the process to be
perceived as fair.

A third mechanism, which is the focus of the present study, allocates the
indivisible goods (hereafter referred to as “prizes”) by lottery. For example,
positions in some medical schools (Young, 1994), apartments in new devel-
opment housing projects in Hong Kong, and prizes in state lotteries are allo-
cated in this fashion. The principle underlying this mechanism, not shared by
the former two mechanisms, is of no preferential treatment. Each claimant is
assigned the same probability of receiving a prize regardless of time of arrival
or assignment of priority. A major feature of the lottery mechanism is that the
probability of receiving a prize is determined endogenously: the larger the
number of claimants participating in the lottery, the smaller the probability
that any one of them will receive one of the prizes.

Although determined endogenously, the probability of winning a prize is
the outcome of some random device the properties of which are fully under-
stood and commonly known. Rapoport, Lo, and Zwick (2000) noted that the
lottery mechanism might also apply when the probability of winning a prize
is subjective and commonly shared by all the players. For example, consider
the case of n competing firms faced with a decision whether to enter a newly
emerging market. Although no physical lotteries are involved in this case, each
firm’s decision is based on the probability it assigns to the event of success-
ful entry that, in turn, depends on the number of entrants. If each firm esti-
mates its probability of successful entry to be proportional to the number of
entrants, then these commonly shared beliefs behave like a lottery.

Consider next the case where the demand for several independent indi-
visible goods exceeds the supply. If the principle of no preferential treatment
is to be applied to this case, this situation can be modeled by several inde-
pendent lotteries with endogenously determined probabilities, each offering a
possibly different number of prizes at possibly different values. For example,
households in Hong Kong seeking to relocate to public housing in one of the
three non-urban areas (a commodity in short supply) can submit, if qualified,
an application for re-housing (at a fixed rent). After the deadline, flats are allo-
cated to the applicants by a lottery. Similarly, if they believe that their proba-
bility of being admitted to a certain program is proportional to the number of



Behavioral Strategies in Repeated Pure Coordination Games 137

applicants for the same program, students applying for graduate studies are
basically faced with multiple lotteries, each offering a different number of
scholarships (prizes) at different values (e.g., prestige of the program, size of
the scholarship). If the claimants can register to only one of the multiple lot-
teries because of regulation (as is the case in Hong Kong) or high application
fees (as is sometimes the case in the graduate studies application example),
the problem they face when trying to maximize their expected value is one of
tacit coordination.

The study of tacit coordination under multiple lotteries with endoge-
nously determined probabilities is part of a more general analysis of contin-
gent behavior, which explores the relation between the behavior characteristics
of the individuals who comprise some social aggregate and the characteristics
of the aggregate (Schelling, 1978). The objectives of the members of the
aggregate relate directly to other members, and these objectives are
constrained by an environment that consists of other people who achieve their
own objectives. Schelling pointed out that what makes the analysis interest-
ing and difficult is that the entire aggregate outcome has to be evaluated, not
merely how each member of the aggregate does within the constraints of his
or her environment. As noted by many authors, an essential part of this analy-
sis is empirical.

To study coordination in the presence of multiple and independent lot-
teries under the constraint (which may be relaxed) of a single entry” Rapoport
et al. (2000) devised a non-cooperative n-person game, called the Consumers
Choice of Prizes (CCP) game. This game was proposed to simulate the basic
features of the tacit coordination problem when independent lotteries with
endogenously determined probabilities are used simultaneously to allocate
multiple goods (prizes), or the system of commonly shared beliefs behaves
like a lottery.

The rest of this paper is organized as follows. Section 2 presents the CCP
game and constructs its Nash equilibria. Section 3 first presents the experi-
mental design for a special case of the CCP game in which the prizes offered
by the different lotteries are all equal, and then summarizes the results. Section
4 tests and subsequently rejects two alternative models proposed to account
for the behavioral regularities observed in the data. It then proposes a third
model with perturbed choice probabilities that accounts for the major indi-
vidual and aggregate findings. Section 5 concludes.

2.  THE CCP GAME

The CCP game is a non-cooperative n-person game with complete infor-
mation. Formally, it presents to each of n symmetric players J alternatives
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(called locations) with m; identical prizes in each locationj (j=1,2,..., ).
Each prize is worth g; units. The values of n, J, m;, and g; are commonly known.

Each player i (i = 1, 2,..., n) must decide independently and anony-
mously which location to enter. Thus, the strategy set of each player includes

J
J elements. Denote the number of entrants in location j by n; (2 n; = n). Once
J=1
all the n players make their entry decisions, individual payoffs are determined
for each player as follows:

*  Ifn; <m,; each player entering location j receives the prize g;.

e If n; > my, exactly each of the m; (out of the n;) entrants receives a
prize of g;. The remaining n; — m; entrants receive nothing. Every
subset m; C n; is equally likely to be selected.

The CCP game imposes no cost of entry.

2.1. Pure Strategy Equilibria

There are n!/(n}! n¥! ... n¥!) pure strategy equilibria consisting of n,*,
n¥,..., nf players entering locations 1, 2,..., J, respectively

J
(z n}k = nj, such that no single player benefits from unilaterally switching
Jj=

from location j to location j* (j # j’). Given the multiplicity of equilibria, the
subjects are faced with a coordination problem.

2.2. Mixed Strategy Equilibria

In the symmetric mixed strategy equilibrium each of the n players enters
locations 1, 2, ..., J with respective probabilities q;, qy, . . . , q;. In equilib-
rium, the expected value associated with entering each of the J locations,
denoted by V, is the same. The equilibrium solution for risk-neutral players
consists of the probabilities q;, qs, . . . , qj, that satisfy the following J + 1 equa-
tions in J + 1 unknown (q;, qa, . . ., q5, V):

mj—1 -1 ik n—1 -1 ) . ok
ng(nk )q?(l_qj) +g; ), (nk J(%)qj(l_%) =V, (1)

k=0 k=m

and
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J

Ygi=1,q;>0, j=1,2,...,1.

=1

In the general case, these equations are solved numerically.

2.3. The Pure Coordination Game

The present study examines a special case of the CCP game where J =
3, the number of prizes differs from one lottery to another, but the prize values
are equal, i.e., g; = g Vj. Moreover, we impose the restriction m; + m, + m; =
n. The pure strategy equilibrium is simply n* = m;Vj. The game presents the
following task to the group of n people: partition the group into J subgroups
of m; members each. If the task is successfully accomplished, and since m; +
m, + . .. + m; = n by construction, the outcome uncertainty is eliminated and
each player is assured a prize of equal value. Note that in equilibrium subjects
are indifferent to which subgroup they belong, hence a no-conflict pure coor-
dination task is at hand. This, of course, might have significant implications
to the dynamics of repeated play of the same game. Subjects may understand
what is required of them to achieve successful coordination in this case, a
fact that could facilitate their ability to tacitly coordinate expectations and
behavior.

3. THE EXPERIMENT
3.1. Method
3.1.1. Subjects

Thirty-six subjects participated in two groups of eighteen subjects each.
The subjects were Hong Kong University of Science and Technology students,
mostly undergraduate students of Business Administration, who volunteered
to take part in a single session of a decision making experiment with payoff
contingent on performance. On the average, the subjects earned HK$172.56
(US$22.3) for their participation plus a HK$30.00 (US$3.9) show-up fee.

3.1.2. Design

The design consisted of six different games (Table 1) each of which iter-
ated 16 times (blocks) for a total of 96 trials. The six games were constructed
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to span the way by which a group of 18 players can subdivide itself into three
subgroups of almost equal number of members (Game 1), two small sub-
groups and one large (Game 6), and one small and two medium size subgroups
(Game 4). The sum of the numbers of prizes was fixed at 18 for each game.
Under pure strategy equilibrium play, the payoff per subject is $2.00 per trial
for a total of HK$192.00 for the entire experiment.

3.1.3. Procedure

Upon arriving at the computer laboratory (which contains about 80 PCs),
the subjects in each group were seated at eighteen computer terminals. These
terminals were spread across the laboratory classroom. Communication
between the subjects was strictly forbidden. The instructions were presented
on the individual screens using PowerPoint slide show. The subjects read the
instructions at their own pace with no time pressure. The text version of the
instructions is presented in Appendix 1.

The subjects were instructed that they would participate in a series of
games played repeatedly with the same group of eighteen subjects. Their task
was to choose one of three lotteries, called (and marked on the screen) Yellow,
Blue, and Red. At the beginning of each trial, the prize value (g) and number
of prizes in each lottery (m;) were displayed to the subjects, who were then
required to choose one of the three lotteries. Appendix 2 presents screen shots
for the decision task. The subjects were instructed that the game parameters
would vary from trial to trial. Once all of them made their decision, the three
values of n; were displayed on the individual screens and the prizes were
distributed.

After reading the information displayed on the first twelve screens, the
subject’s understanding of the procedure was tested through four hypothetical
questions that varied the parameter values and number of entrants. The exper-
iment commenced after all the subjects answered these questions correctly.
The subjects were told that they would be paid their cumulative earnings at
the end of the session plus a show-up fee.

Trials were arranged in 16 blocks of 6 trials each. In each block, Games
1 through 6 (Table 1) were presented in a possibly different random order. On
the average, six trials separated two consecutive presentations (iterations) of
the same game. To prevent response bias (e.g., color preference), the number
of prizes for the same game was varied across colors in a balanced design.
The entire experiment lasted about 75 minutes.
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Table 1. Parameter Values and Equilibrium Solutions for the 6 games

Prize Number of Pure Strategy Mixed Strategy
Values Prizes Equilibrium Equilibrium
Game g & & m my my nf n} n% q %@ g
1 2 2 2 7 6 5 7 6 5 403 333 264
2 2 2 2 8 7 3 8 7 3 470 .400 130
3 2 2 2 9 5 4 9 5 4 541 263 196
4 2 2 2 10 7 1 10 7 1 596 389 015
5 2 2 2 12 4 2 12 4 2 743 .191 .066
6 2 2 2 15 2 1 15 2 1 928 .059 .013

3.2. Results
3.2.1. Individual Results

Tables 2A and 2B present the individual data from this study’. Each 18 x
16 row (subject) by column (iteration) matrix presents the raw data from one
of the six games. Each cell in the matrix presents the (row) subject’s choice in
the (column’s) replication (1 to 16). Black cells indicate a choice of j = 1, gray
cells a choice of j = 2, and white cells a choice of j = 3. A cell with a dot on
top of it indicates that the subject was not rewarded on the column’s replica-
tion. Cells without dots indicate that a reward was given. The top row above
each game matrix presents a coordination index that will be explained later.

Tables 2A and 2B can assist in identifying individual patterns of behav-
ior and general trends. For example, cells with dots on top of them are rather
sparse, indicating that not being rewarded was the exception rather than the
rule. Out of a total of 192 (96 X 2) trials across the two groups, we observe
21 cases in which all 18 subjects received the prize — 6 in Group 1 (Table 2A)
and 15 in Group 2 (Table 2B). These cases are marked with “0” at the top of
the column. More than half of these cases occurred in Game 6. Across both
groups, we find 6, 5, 5, 9, 6, and 18 subjects in Games 1, 2, 3, 4, 5, and 6,
respectively, who received the prize on all 16 iterations of the game. Various
subjects demonstrated consistent patterns of behavior. For example, subject 13
of Group 2 chose j =1 on 95 of the 96 trials. Other subjects who almost always
chose j = 1 on Games 3, 4, 5, and 6 are subjects 2, 3, and 7 of Group 1 and
subjects 4, 7 and 12 of Group 2. Other subjects chose the same location almost
always in one game but not in others (e.g., subject 12 of Group 1 in Game 6),
and yet others varied their choices across replications. Table 3 presents the
games in which a subject chose the same location on at least 14 of the 16
replications. These games are indicated by a circle if the persistent behavior
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Table 24. Observed Sequential Choices by Subjects, Games, and Trials — Group 1
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Table 24. Continued
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Table 2B. Observed Sequential Choices by Subjects, Games, and Trials — Group 2
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Table 2B. Continued
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Table 3. Games with Consistent Behavior or Behavior that are Not Distinguishable from a
Random Sequence

Group 1 Group 2
Game Game
ID|1 ]2 |3|4|5]|6 D123 /4|5]|6
1 X | X X 1| X X X
2 ONN BN BN J 2| X X | X [ J
3| X ®@ O 0@ 3| X [ BN J
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16
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®© 0 e
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was choosing j = 1, a diamond for j = 2, and a square for j = 3. As may be
expected, most of the subjects (27 out of 36) chose location j = 1 on Game 6
at least 14 times. Taken together, Tables 2A, 2B, and 3 show a very heteroge-
nous pattern of the subjects’ behavior between games and across iterations
of the same game. Yet, as we show below, a high level of coordination was
achieved in all games.

3.2.2. Aggregate Behavior

In studying aggregate behavior, the major dependent variable is the level
of group coordination. We evaluate it by a proximity measure between
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observed and predicted (pure strategy equilibrium) number of entrants in each
location. The proximity measure is simply the minimum number of subjects
who have to switch their choices, given some distribution of choices, to
achieve pure strategy equilibrium. For example, given a predicted equilibrium
distribution of m = (m,, m,, m;) = (7, 6, 5) for Game 1 and an observed dis-
tribution of choices n = (n;, ny, n3) = (10, 7, 1), three subjects choosing loca-
tion j = 1 and one choosing location j = 2 ought to switch their choices to
location j = 3 to achieve equilibrium. Consequently, the measure of proxim-
ity in this case is 4.

The minimum number of switches required for achieving perfect
coordination, denoted MinS, was computed for each iterationt (t=1, 2, ...,
16). The resulting values are presented on the top of each game matrix in Tables
2A and 2B. Figure 1 displays a 5-trial moving average of the MinS scores by
game and group. The MinS scores are seen to range between 1 and 3; they indi-
cate a close proximity to the predicted pure strategy equilibrium.’ Figure 1 indi-
cates a group effect, with Group 2 exhibiting better coordination than Group
1 in Games 1, 2, and 6. There is also an indication of a systematic improve-
ment in coordination over time for Group 1 in Games 1, 3, and 5.

To test for group, game, and replication effects, we divided the 96 trials
of each group into 4 blocks of 24 trials each, with each block representing 4

4 4 4
s Game 1 | ; Game 4
3 1 3 =
|
25 < = o 2,: —— — -
15 = - e 15 L= . & -
~ S g
1 s~ 1
0.5 = 05
0 T T 0
S
24 Game2 - 4 Game 5 -~
2 35 1 35 e -
T, — 3 -
g 25 = — 25w — S——=
= 2 2 = -
g 1.5 = o " - = 1.5 "
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§ 0.5 0.5
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35 1 35 .
3 3
B | S—
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Trial Trial
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Figure 1. Five-Trial Moving Average of Deviation from Pure Strategy Equilibrium
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replications of each of the 6 games. We then subjected the 192 MinS scores
(96 for each group) to a 2 X 4 X 6 group by block by game ANOVA with
repeated measures on the block and game factors. The ANOVA yielded a sig-
nificant group main effect (F(1, 36) = 8.36, p < 0.001). As suggested by Fig.
1, the mean MinS score of Group 2 (1.68) was significantly smaller than the
mean of Group 1 (2.07). The ANOVA also yielded a significant game main
effect (F(5, 36) = 12.16, p < 0.001). The Newman-Keuls post-hoc analysis
shows no differences between Games 1, 2, 3, 4, and 5. The significant main
game effect is entirely due to Game 6 for which the MinS score (0.719) is sig-
nificantly smaller than the mean scores of the other five games (1.875, 2.187,
2.219, 2.000, 2.250, for Games 1 to 5, respectively). Although the mean MinS
scores decreased across blocks (3.500, 2.063, 1.708, 1.667 for Blocks 1, 2, 3
and 4, respectively), the trend was not significant (F(3, 34) =2.32, p = 0.093).
The interaction between group and blocks was also not significant (F(3, 34)
= 2.40, p = 0.085). Neither of the other two-way interaction effects nor the
single three-way interaction effect were significant.

Table 4 presents the means and standard deviations of the number of
entries in each location in the 16 iterations. The means and standard devia-
tions of the MinS scores are presented on the two right-hand columns. The
results are shown separately by game and group. Also presented in the table
are the expected number of entries for both the pure and mixed strategy equi-
libria, the associated standard deviations under the mixed strategy equilibrium,
and the expected numbers and standard deviations of the MinS score with
respect to the mixed strategy equilibrium.

The results in Table 4 show a remarkable level of coordination. The null
hypothesis that the observed and expected number of entries is equal cannot
be rejected at the 0.05 level for all games and locations of Group 2. In Group
1, the only exceptions are locations 2 and 3 in Game 3 (z=-3.135 and 2.668,
respectively, p < 0.05) and location 1 in Game 4 (z = 2.328, p < 0.03). Shift-
ing attention to the MinS score, the hypothesis that the observed and expected
(based on the mixed strategy equilibrium) scores are the same can not be
rejected at the 0.05 level in both groups for Games, 3, 4, and 5. The MinS
score is significantly smaller than expected in Games 1 and 6 of Group 1 (z
=1.69, p <0.05,4.77, p < 0.01, for Games 1 and 6, respectively), and higher
in Game 3 (z = —-1.766, p < 0.04). The MinS score is smaller than expected
for Games 2 and 6 of Group 2 (z = 2.531, p < 0.01, 50.00, p < 0.0001, for
Games 2 and 6, respectively).

4. MODEL TESTING

This section reports the results of testing three individual level models
that are designed to account for the high level of coordination observed in
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Table 4. Means and Standard Deviations of Observed Number of Entries and Minimum Switch
Deviation from Pure Equilibrium

j=1 j=2 j=3 MinS

Game Mean SD Mean SD Mean SD Mean SD

1 Group 1 7.06 1.57 6.00 1.79 4.94 1.34 1.81 0.90
Group 2 7.31 1.25 6.19 2.01 4.50 1.79 1.94 1.29
Mixed Eq. 725  2.08 5.99 2.00 4.75 1.87 2.35 1.27
Pure Eq. 7 6 5

2 Group 1 9.19 237 5.69 2.63 3.12 1.20 2.88 1.19
Group 2 856  1.09 6.25 1.73 3.19 1.05 1.50 1.15
Mixed Eq. 846 212 7.20 2.08 2.34 1.43 231 1.28
Pure Eq. 8 7 3

3 Group 1 8.81 1.52 3.81 1.52 5.28 2.06 231 1.41
Group 2 9.19 1.76 4.94 1.77 3.88 1.71 2.13 0.81
Mixed Eq. 9.74  2.11 4.73 1.87 3.53 1.68 232 1.26
Pure Eq. 9 5 4

4 Group 1 11.19  2.04 5.75 2.05 1.06 0.57 2.06 1.33
Group 2 10.75  2.05 6.06 2.29 1.19 0.54 1.94 1.48
Mixed Eq. 10.73  2.08 7.00 2.07 0.27 0.52 2.08 1.27
Pure Eq. 10 7 1

5 Group 1 1238 242 3.25 2.02 2.38 1.36 2.50 1.11
Group 2 11.75  1.81 3.75 1.73 2.50 1.55 2.00 0.97
Mixed Eq. 1337  1.85 3.44 1.67 1.19 1.05 2.19 1.19
Pure Eq. 12 4 2

6 Group 1 15.56  0.81 1.38 0.81 1.06 0.25 0.88 1.33
Group 2 15.12  0.81 1.87 0.81 1.00 0.37 0.56 0.63
Mixed Eq. 16.70  1.10 1.06 1.00 0.23 0.48 1.88 0.84
Pure Eq. 15 2 1

both groups. The first model is based on a simple coordination convention,
the second is the mixed strategy equilibrium, and the third postulates com-
monly shared choice probabilities that are individually perturbed.

4.1. A Coordination Model Based on Convention

We propose two variants of a model that can yield, in principle, a high
level of coordination. For a given location j, denote by “+”, “=", and “0” the
cases where n; > m;, n; < m;, or n; = m;, respectively. If coordination is achieved
(i.e., the location vector is characterized as 000), then all players are awarded
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the prize g. Deviation from equilibrium play results in one of three outcome
patterns, namely, (+0-), (+—), and (++—) up to permutation of these indices.
Whenever n; < m; (denoted by “~” or “0”), each of the n; players receives the
prize g. However, if n; > m; (case “+”), only m; players are awarded the prize
g and the remaining n; — m; players are awarded zero.

The model assumes that the allocation of prizes on iteration t (t = 1, 2,
..., 16) serves as a coordination device for the next time the same game G
(G=1,2,...,6)is played (by the same players). It does so by identifying
the subset of the subjects who are not rewarded as the “excess demand” in the
game (Mehta et al., 1994). We propose two variants of the coordination model
that impose different requirements on the subjects’ memory of the outcome
of the previously played game G. Since on the average, six trials separated
two consecutive presentations (iterations) of the same game, it is reason-
able to assume that not all aspects of the outcome of a game are available in
memory the next time the game is played.

Version 1 — Memory is limited to the last iteration of game G. It assumes
that a player can recall (with no error) his own choice and whether or not he
was rewarded on that iteration.

Version 2 — In addition to the memory required by version 1, a player is
assumed to recall the qualitative status of each of the other two locations in
the previous iteration of game G as either “0”, “—", or “+”.

A reasonable convention would be for a player who was rewarded on
entering location j of game G in iteration t to repeat entering the same loca-
tion j on iteration t + 1°, and for a player who was not rewarded on iteration
t to enter a different location on iteration t + 17. The two versions of the model
differ as to the manner by which a non-rewarded subject chooses the entry
location on iteration t + 1.

Version 1 — A non-rewarded subject on iteration t is equally likely to
switch to any of the other two locations on iteration t + 1.

Version 2 — A non-rewarded subject on iteration t is more likely to switch
to a “—” location on iteration t + 1. If, however, both other locations are of
type “—”, then version 1 holds.

4.1.1. Testable Implications
The convention model implies several testable hypotheses:

*  Once perfect coordination is achieved, it will be preserved in all sub-
sequent iterations of game G.

*  Under a strong interpretation of the model (both versions), subjects
will always switch location after not being rewarded and never
switch after being rewarded. Under a weak interpretation, switching
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is more likely to occur following no reward than reward on the
previous iteration.

*  Version 2 makes a specific prediction as to the exact location that
will be chosen, given that a switch occurs.

These hypotheses are clearly rejected by the data. Turning to the first
hypothesis, Tables 2A and 2B show that (perfect) coordination was achieved
only six times in Group 1 (once in Game 3, twice in Game 4, and three
times in Game 6) and fifteen times in Group 2 (twice in Games 1, 2, and 4,
once in Game 4, and eight times in Game 6). However, only once in Group 1
(Game 6) and four times in Group 2 (Games 1, 4, and 6) was coordination
achieved on at least two consecutive iterations of the same game. The longest
string of coordination on successive iterations occurred on Game 6 of Group
2. However, this string was interrupted three times before the last iteration.
Even in those cases where coordination was achieved twice in a row, it was
not the case that all the 18 players chose the same location on the two suc-
cessive presentations (see Ochs, 1990 for similar results). For example (Table
2B), we observe coordination on the 10" and 11" iterations of Game 1 played
by Group 2. Yet, nine of the eighteen players changed their location choice
between these two iterations of Game 1 (with switched decisions canceling
one another).

Thus, we find no evidence for the prediction that players who were
awarded the prize on game G would not switch their decisions on the next iter-
ation of the same game. Even the considerably weaker prediction that subjects
not awarded the prize on game G will be more likely to switch than stay on
the same location the next time game G is presented is rejected for most sub-
jects. Tables SA and 5B present the relevant individual data for Groups 1 and
2, respectively. The two columns under the label “Not Rewarded” present the
number of times, after not being rewarded on iteration t, a subject chose the
same location on iteration t + 1 (=), and the number of times a different loca-
tion was chosen (#). The corresponding choice frequencies after a reward was
provided on iteration t are presented under the “Rewarded” label (ignore for
now the three subcategories, n; > m,, n, = m,, and n, < m,, and aggregate the
frequencies for = and #). A square in the table indicates that the proportion of
switching after no reward is significantly higher than after reward at the 0.1
significance level. The above hypothesis is supported by seven subjects of
Group 1 and eight of Group 2. For other subjects, it is not even the case that
switching is more likely to occur after no reward than after a reward. Note,
however, that the frequency of not being rewarded was rather low. On average,
subjects were rewarded on 88% and 91% of trials, for Groups 1 and 2, respec-
tively. The lowest reward level was 79% for subject 5 of Group 1 and 78% for
subject 1 of Group 2. Consequently, the test for equality of proportions at the
individual level is based on relatively small frequencies. However, The overall
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Table 5A4. Frequency of Decisions on Time t + 1 — Group 1

Not Rewarded Rewarded
n, > m, ng > m; n, = m n, < m, Switch
ID = £ = # = # = # 4 %
1 0 8§ N 17 23 7 12 9 14 28 14 @
2 10 0 33 3 16 3 21 4 6 4
3 6 4 N 42 4 @ 15 0 19 0 4 1 &
4 7 4 29 15 9 4 8 14 20 11 @
5 7 11 N 19 13 13 2 13 12 9 23 @
6 3 8 24 23 7 4 8 13 21 16
7 5 0 39 3 15 1 23 4 5 3
8 3 2 24 24 8 7 15 7 18 13
9 7 10 12 22 6 10 8 15 24 23
10 3 6 18 18 7 7 20 11 14 20
11 9 4 23 16 10 3 15 10 12 11
12 3 6 N 15 15 @ 33 6 10 2 12 9
13 6 5 36 10 11 5 11 6 15 5 @
14 4 4 N 35 6 12 5 17 7 6 10
15 6 6 20 10 8 4 28 8 12 9
16 1 8§ N 19 24 7 11 10 10 23 17
17 3 6 N 39 4 @ 16 1 20 1 5 2
18 7 6 17 17 8 4 18 13 16 17
ALL 90 98 MW 461 250 @ 208 89 273 151 250 208 @
1 — stay @ — The hypothesis that given a switch-out
2 — Switch from location a (j, = a), if (N, < m, and ny

> m) or (Nyg < m, and ng) = m,) then P(jy,
=b) > P(j,,; = ¢) is supported (0.05).
B — proportion of switching after no reward is @ — The Hypothesis that P(j, # j..|n; > m;) >
significantly higher than after reward (0.1). P(ji # junln; < my) is supported (0.05)

trend is as predicted: in Group 1 (2) 66% (70%) of the time the same loca-
tion was chosen after receiving a reward compared to only 48% (47%) of the
time after not receiving a reward.

Version 2 makes a specific prediction as to the exact location that is
chosen if a switch occurs. The model predicts that given a switch-out from
location a (j; = a), then if (nyq < m, and Ny > m) or (Ny < my, and n, = m,)
the switch is more likely to be made to location b; otherwise, it is as likely to
be made to location b as to location c. The last two columns of Tables 5A and
5B present the frequencies of switches that either support (&) or contradict
(%) the above hypothesis, given that one of the above conditions holds. A
diamond indicates that the null hypothesis that the switch (under these condi-
tions) is as likely to be to any of the other two locations is rejected at the 0.05
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Table 5B. Frequency of Decisions on Time t + 1 — Group 2

Not Rewarded Rewarded
n>m n>m n=m n<m Switch
ID =! # = # = # = # &b %
1 9 11 N 12 16 @ 22 3 12 5 21 10 &
2 1 6 N 19 19 @ 16 5 18 6 18 8 @
3 5 1 24 15 @ 20 5 16 4 9 10
4 5 2 28 4 21 4 22 4 4 5
5 1 5 N 19 16 15 11 15 8 20 10 &
6 4 4 17 22 @ 19 9 10 5 16 14
7 5 4 N 28 8 21 3 18 3 6 6
8 5 5 N 30 7@ 24 0 18 1 5 4
9 3 6 N 19 8 @ 15 8 28 3 13 4 @
10 2 8 11 17 10 16 14 12 24 18
11 7 5 13 11 @ 37 3 9 5 8 10
12 3 2 i 33 3@ 26 1 22 0 3 3
13 5 1 [ | 34 1 26 0 23 0 2 0o e
14 4 2 25 12 @ 23 4 16 4 11 8
15 3 8 7 21 @ 16 13 7 15 26 23
16 3 5 16 15 16 9 16 10 21 10 &
17 2 2 22 19 13 12 8 12 25 11 &
18 5 3 27 7 21 8 11 8 10 9
ALL 72 80 MW 384 221 @ 361 114 283 105 242 163

level. Tables 5A and 5B indicate that only four subjects from Group 1 and
seven from Group 2 rejected the null hypothesis. As before, the overall trend
is as predicted.

The most troublesome finding for the coordination model is the relatively
high frequency of switching after a reward. Why do subjects switch location
after being rewarded for their choice on the previous iteration of the same
game? One possible factor that might affect subjects’ decision to switch out
from location a (j; = a) on iteration t + 1 is the qualitative relationship between
n; and m; on time t. The rationale is as follows: if n; < mj, then the subject is
rewarded and no luck is involved in the award. The subject may attribute his
reward in this case to his “smart” choice. However, if n; > m;, even if a reward
is awarded, the subject may attribute his reward to luck. Consequently, inde-
pendent of the reward, P(j, # ju1 | nj > m;) > P(j; # jui | nj < my). Tables SA
and 5B present the relevant frequencies under the n, > m,, n, = m,, and n, < m,
labels (aggregate the frequencies for n, > m, under both the reward and no
reward columns for this analysis). A circle between the n, > m, and n, = m,
columns indicates that the alternative hypothesis P(j, # ju | ny > my) < P(j #
Ju1 | nj <my) is rejected at the 0.05 level. Tables SA and 5B show that the alter-
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native hypothesis was rejected by three subjects of Group 1 and ten subjects
of Group 2. However, as before, the overall trend is as predicted.

4.2. Mixed Strategy Equilibrium Play

Table 3 reveals that the mixed strategy equilibrium solution for risk-
neutral players cannot account for our results. For example, six subjects of
Group 1 and eight subjects of Group 2 chose location j = 1 in Game 5 at least
14 of 16 times (87.5%), in contrast to the equilibrium probability of play which
is equal to 0.743. Similarly, six subjects of Group 1 and five subjects of Group
2 chose location j = 1 in Game 4 at least 14 out of 16 times, compared to the
equilibrium probability of 0.596. The assumption that a/l the subjects followed
the mixed strategy equilibrium under the assumption of risk-neutrality is not
supported.

A considerably weaker hypothesis asserts that the subject’s 16 decisions
in the same game G constitute a random sequence generated by probabilities
P1> P2, and ps (p; + p» + p; = 1) of entering locations j =1, j =2, and j = 3,
respectively. We impose no further constraints on these three probabilities
and allow them to vary from one player to another. The interpretation of this
hypothesis is that each subject has stable propensities to enter each of the three
locations in each of the six games, and that these propensities may vary across
subjects and games, but for a given subject they are not adjusted over time.
Table 6 presents cumulative probability distributions that a random sequence
containing r; elements of type j will generate R runs in a sequence of 16 deci-
sions. With J = 3 and 16 replications, there are 30 possible sequences®
presented as rows in Table 6. The non-shaded areas in the table present an
80% symmetric confidence interval for the hypothesis that the sequence is
randomly generated.

The hypothesis of randomly generated sequences was tested separately
on the individual level for each game. Tables 2A and 2B (second column)
show the games for which the number of runs falls outside the confidence
interval for a given subject. A (black) circle containing the number 1 indicates
that the hypothesis of a randomly generated sequence is rejected at the 0.01
significance level. The numbers 2, 3, 4, and 5 correspond to significance levels
0f 0.10, 0.2, 0.3, and 0.4, respectively (all the tests are two-tailed). Even at the
most liberal level of significance of 40%, that permits a relatively easy rejec-
tion of the null hypothesis, only 36 of the 108 (18 X 6) sequences in Group 1
and 28 of the sequences in Group 2 reject the null hypothesis. Using a wider
and more common confidence interval of 90%, only 12 of the 108 choice
sequences of Group 1 and 11 of the 108 sequences of Group 2 are rejected as
non-random. Table 3 presents the choice sequences not rejected by the null
hypothesis by subject and game (for a 60% confidence interval). It shows a
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moderate degree of support for the very weak null hypothesis that most of the
subjects randomized their location choices with probabilities p;, p,, and p; that
might vary across games and within a game across subjects.

These findings give rise to three questions. First, how can such
random behavior on the individual level generate the high level of coor-
dination observed on the group level? Second, how sensitive is the group
coordination to the heterogeneity of the subjects in their propensity to enter
each location? Third, can an aggregation of random strategies account for
the group level effects of reward and of over- and under-subscription on
switching behavior?

4.3. A Choice Model with Randomly
Perturbed Probabilities

The next model that we propose assumes that all the individual propen-
sities to enter location j emerge from a single set of three probabilities, but
differ from one another due to random perturbation. Our point of departure is
the intuitive case where all 18 subjects enter each location with a probability
that is proportional to the number of prizes: p; = my/Zm]. The issue that we set
to investigate is how much “noise” can we introduce and still achieve a satis-
factory level of coordination. To answer this question, we perturbed these three
probabilities in the following way. Denote the probability of player i choos-
ing location j by p; (j = 1, 2, 3). We simulated the following process. First,
for each simulated subject i we randomly selected three probabilities from the
intervals [max(0, p; — d), min(1, p; + d)] such that p; = 1. We used a uniform
distribution for each interval. Next, a location was randomly selected for each
subject based on his own individual probabilities. Given the 18 choices, the
MinS scores were then computed (with respect to the pure strategy equilib-
rium). To find the expected MinS for a given d, the process was repeated
10,000 times. The larger the d, the larger the heterogeneity of the 18 simu-
lated subjects. Further, as d approaches 1 the mean probability of entry in each
location (across the 18 subjects) approaches 1/3.

Figure 2 presents the mean simulated MinS scores for various levels of
d. As might be expected, the higher the heterogeneity of the simulated sub-
jects, the larger is the expected deviation from coordination. Second, and again
as might be expected, games with relatively flat distribution of prizes in the
three locations are less sensitive to population heterogeneity. In particular,
given 18 randomly selected probability distributions over the three locations
in Game 1, good coordination is expected. The observed MinS scores for the
six games (over the two groups) were between 0.56 and 2.88. Figure 2 shows
that such results would be expected, given choice probabilities that deviate
from the “intuitive” probabilities p; by about £0.2.
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Figure 2. Expected MinS at Various Level of Population Heterogeneity in the Propensity to
Enter each Location

Finally, we investigate the possibility that an aggregation of random
strategies (with d = 0.2) would produce the group level regularities reported
in Section 3. Recall that we found three significant group level effects:

*  P(switch|reward) < P(switch | no reward).

*  Given a switch-out from location a (j, = a), if (ny, < m, and nq >
m) or (nb(t) < m, and Doy = m,) then P(jt+1 = b) > P(jtﬂ =0).

* P #Jw | 1y >my) > P(ji # juur | 0y < my).

To investigate this possibility, we simulated 10,000 group level results
based on 18 simulated subjects (in each group) that enter each location with
a perturbed probability of p; = my/Zm; + 0.2 (under the restriction Zp; = 1) for
the 6 games and 96 trials as in our design.

Table 7 presents the proportions of simulated trials from replications 1
to 15 that were either rewarded or not rewarded by location'’. Similar to our
data, the frequency of no reward trials is rather low (11.6%). Note, however,
that the probability of reward is a function of the exact location (% column).
The probability of reward decreased from 0.921 to 0.852 to 0.801 for loca-
tions 1, 2, and 3, respectively. Given a reward observation, it is much more
likely to come from j = 1 than from j = 2 or 3 (% row — the probabilities are
0.610 vs. 0.391). However, given a no reward observation, it is more likely to
come from locations j =2 or j = 3 (0.601) than from j =1 (0.399). Given that
the high propensity location is more likely to be repeated (randomly), this
pattern demonstrates that an aggregation of random strategies can produce
data that are consistent with the hypothesis that it is more likely to switch after
no reward than after reward.
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Table 7. Frequency of Reward / No-Reward by Location for a
Group Level Simulated Subjects

% j=1 j=2 j=3

Rewarded row 0.610 0.242 0.149
(88.4%) column 0.921 0.852 0.801
cell 0.539 0.214 0.131

Not Rewarded row 0.399 0.319 0.282
(11.6%) column 0.079 0.148 0.199
cell 0.046 0.037 0.033

Table 8. Proportions of Games with Over- and Under-
Subscribers by Location for the Simulated Data

n; vs. m; j=1 j=2 j=3
< 0.267 0.656 0.189
= 0.156 0.144 0.489
> 0.578 0.200 0.322

Table 8 presents the results of the simulation with regard to the propor-
tion of games on which capacity met (=), exceeded (<) or fell short of demand
(>) by location. Over all games, location 1 was over-subscribed 57.8% of the
time. The proportions of over-subscription in locations 2 and 3 were much
lower. However, the interesting pattern relates to the fact that in the simula-
tion (as well as in our data) location 2 was much more likely to be under-
subscribed (65.6%) than the other two locations. Since location 1 was selected
most often, most of the switch-out observations occurred after location 1 was
chosen. Because a random switch (if it occurs) is more likely to occur to loca-
tion 2 than location 3, coupled with the fact that location 2 was more often
under-subscribed, the observed pattern of switching to the under-subscribed
location is generated at the group level by our simulated subjects.

The only pattern of group behavior that could not be reproduced in
the simulation is the finding that subjects are more likely to switch on
iteration t + 1 after their location decision on iteration t was over-subscribed.
A random strategy that makes it more likely to select a high capacity location
(p1 > p2 > p;) will predict that switching will occur much more often after
selecting the low capacity compared to the high capacity location. However,
the simulation shows that the low capacity locations are the ones that are less
likely to be over-subscribed. Hence, the finding that switching decision is more
likely to occur after the location is over-subscribed was not replicated by the
simulation.
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S.  DISCUSSION

We set out to investigate large group coordination in six different pure
coordination games that were repeated over time in a random order. For each
of these games, perfect coordination would have eliminated the outcome
uncertainty. Given the simplicity of the task, we expected that a high level of
coordination would be achieved through some simple adaptation process. Our
results seem to reject this hypothesis. Although a high level of coordination
was achieved, we found no significant trends in the data across trials. Nor
could we support the hypothesis that the frequent switching in choice of loca-
tion was due to adaptation at the individual level. Rather, switching could be
accounted for by commonly shared but individually perturbed choice proba-
bilities. The important message is that the data should be carefully scrutinized
in order not to fall into several possible traps, where a simple random process
with “noise” can by its very nature produce what seems to be “sophisticated”
adaptation behavior.

Our data suggest that the subjects in our task are not adaptive in the sense
that is commonly used to describe subjects’ behavior in experimental games.
That is, they are neither belief (Selten 1986), nor reinforcement (Erev and
Roth, 1999) nor adaptive EWA learners (Camerer and Ho, 1999). What are
they than? Camerer and Ho (2000) argue in favor of going beyond simple
adaptive and belief learning toward a model of sophisticated EWA learning
and strategic teaching. We contend that our analysis demonstrates that it is
often too easy to read too much sophistication into subjects’ behavior, whereas
a simple random process can account for the results. Rather than going outside
simple adaptive and belief learning toward greater sophistication, we advocate
more primordial models, the extreme of which is a completely random behav-
ior. In our case, however, subjects did not select each location with equal
probability but rather adopted unequal probabilities that are based on some
intuitive notion of location attractiveness. In this respect their behavior is more
sophisticated than completely random behavior, but not much more than that.

We do not argue that all the subjects behaved randomly all the time. The
data clearly refute this statement. For example, we could not rule out as an
artifact the finding that some subjects are more likely to switch out from a
location for which demand exceeds supply. Further, it is quite clear that even
across games, subjects did not exhibit consistent behavior, where in one game
one pattern emerged but not in others. The question is at what level of detail
should we explain the subjects’ choices? Identifying clusters of subjects who
behave similarly is probably the most practical approach (Stahl, Haruvy and
Wilson, in press). We have tried unsuccessfully to follow this approach in our
study. However, it turned out that this was not necessary because at the sim-
plest level all subjects could be clustered into one group described by a mixed
strategy with perturbed choice probabilities. We conjecture that although other
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adaptation processes might take place, in our task their contribution to explain-
ing individual level behavior is negligible.

We only investigated heterogeneity of the group members at a very simple
level of deviation from an underlying set of choice probabilities. The larger
the group, the higher the heterogeneity that can be tolerated in our task. Such
heterogeneity makes sense if the original choice probabilities are common to
all players. We argue that this, indeed, is the case in our no-conflict coordina-
tion game. We do not expect this property to hold in all coordination games.
On the contrary, whenever coordination elicits conflict, we believe that other
considerations such as fairness and envy enter subjects’ thoughts in different
ways such that the assumption of common choice probabilities is probably no
longer valid. This is why, for example, Zwick et al. (1999) found a low level
of coordination in a market entry game that elicited conflict, whereas Rapoport
et al. (in press) reported remarkably good coordination in a market entry game
with no conflict.
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NOTES

—_

For various rationing rules discuss in the IO literature see Tirole (1997), pp. 212-214.

2. One may impose differential costs of entry for the different lotteries or different players.
If the costs are relatively high in comparison to the prizes offered by the lotteries, then
they may constrain the participants from entering all the lotteries.

3. The only non-reproducible information from these tables is the order by which the dif-
ferent 6 games were presented within each of the 16 blocks and the colors representing
each location.

4. This measure is simply the sum of the number of over-subscribes. It is equivalent to

(1/2)XIn; — my.
5. Given the parameters of the six games (Table 1), the mean MinS score over the six games
is 15.3.

6. On the average, six trials separated any two iterations of the same game.

7. We propose this convention for a pure coordination game. If, for example, we change
Game 5 from g =(2,2,2)and m =(12,4,2) to g = (4, 5, 6) and m = (12, 4, 2), the pure
strategy equilibrium does not change and the task can again be interpreted as partition-
ing the group into three subgroups of 12, 4 and 2 members. However, if coordination is
achieved, subjects do care to which subgroup they belong and may object to the conven-
tion suggested above. Rather, they may suggest an alternative convention where those
who are rewarded are to switch to another location.

8. Note that types are interchangeable for this test. For the test purpose, the following two
outcomes are equivalent: (11 in location 1, 3 in location 2, and 2 in location 3) and (3 in
location 1, 11 in location 2, and 2 in location 3).
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9. Note that these are the probabilities that minimize MinS, and not the probabilities that
are prescribed by the mixed strategy equilibrium.
10. Replication 16 did not contribute data to the switching analysis.
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APPENDIX 1
Instructions to Subjects

Greetings!

You are about to participate in a decision making study. At the end of the session you will
be paid according to your performance. A research foundation has contributed the funds to
support this research.

Please read the instructions very carefully.

You are going to participate in many rounds of basically the same game. The game is very
simple. If you make good decisions, you increase your chances of earning a considerable
amount of money.

The game

The game is played by a group of 18 players (all those who are currently present at the
PC Lab). You will repeatedly play the game (in rounds) with the same group of 18 players.

On each round, three lotteries will be conducted (called the YELLOW, BLUE and RED
lotteries). You can participate in one and only one of these lotteries. You will be asked to choose
participating in one of these lotteries without knowing the lotteries the other players in your
group have selected.

At the beginning of each round, the information about the three lotteries will be presented
in the following way:

Number of players in the group: 18 (you are one of them)

Prize 10 10 10

# prizes offered 2 4 12

# chosen

In this round:
The YELLOW' Iottery offers 2  prize of  $10.
The RED lottery offers 4  prize of  $10.
The BLUE lottery offers 12 prize of  $10.

"'Colors were represented by the actual colors on the screen.

Your task is to choose participating in one of these lotteries.

Because the number of prizes offered in each of the three lotteries may vary from round
to round, you should pay close attention to them.

After all the members in your group choose which lottery to play, the computer will
display the number of players who chose each of the three lotteries in the following manner:

Number of players in the group: 18 (you are one of them)

Prize 10 10 10

# prizes offered 2 4 12

# chosen 6 8 4
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For example, in this round, 6 players chose to play the YELLOW lottery, 8 to play the
RED lottery, and 4 to play the BLUE lottery (note that 6 + 8 + 4 = 18).

How winners are chosen in each lottery? If the number of players who choose to play
in a given lottery is equal to or less than the number of prizes offered in this lottery then each
one of them will win the prize.

If, however, the number of players who choose to play in a given lottery is more than the
number of available prizes offered in this lottery then the computer will randomly select as
many winners out of them as there are prizes this lottery.

For example, if 6 players chose the YELLOW lottery, 8 chose the RED lottery, and 4
chose the BLUE lottery, then the 4 players who had chosen the BLUE lottery wins $10 each
because the number of players who chose the BLUE lottery (4) is less than the number of avail-
able prizes in this lottery (12).

Two of the 6 players who chose the YELLOW lottery will be randomly selected to win
$10, and four of the 8 players who chose the RED lottery will be randomly selected to win $10.

Each of the 6 players who choose the YELLOW lottery is equally likely to be selected as
one of the winners of the $10. Similarly, each of the 8 players who choose the RED lottery is
equally likely to be selected as one of the winners of the $10.

Naturally, if no one choose any particular lottery, the prizes of this lottery are not awarded.

On each round, if you are not selected to win a prize in the lottery you chose, your payoff
for this round is zero.

Summary

If the number of players who choose to play in a given lottery is equal to or less than the
number of prizes offered in this lottery then each one of these players will win the offered prize
in this lottery.

If, however, the number of players who choose to play in a given lottery is more than the
number of available prizes offered in this lottery then the more players choose the same lottery
the smaller the chances for each one of them to win that lottery prize.

We shall now test your understanding of the game. If your answers are incorrect, the com-
puter will show you the correct answers and explain them.

How do we pay you for your participation?

Your payoff for the session will equal your cumulative payoffs in all rounds. The highest
possible take home pay is $222. This can happen if you always win the lottery on all rounds.

The lowest possible take home pay is $30. This can happen if you never win any prize in
all rounds and you only get paid the show up fee.

The University regulation requires that all participants read and accept the conditions of
the study.

For the consent form please press the consent form button.

From now on you may not communicate with other participants or anyone else for that
matter.

Please raise your hand to indicate to the monitor that you have finished reading the instruc-
tions. The Monitor will answer any questions you may have and will start the program for you.
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APPENDIX 2

Screen Shots for the Decision Task!

Selection was done by pressing on the color corresponding for the choice

Screen 1
Round: 1

Prize 2 2 2

No. Available 7 6 5

No. Chosen

Please choose one of the lotteries by
pressing on the color corresponding to
the lottery of your choice

After the selection subjects were instructed to confirm or cancel their choice

Screen 2
Round: 1

Prize 2 2 2

No. Available 7 6 5

No. Chosen

You have Chosen to participate in the RED Ilottery,
please confirm or cancel your choice

Confirm  Cancel

1 — In this example myg;; ow = 7, Mggp = 6 and mp; = 5. Colors were represented by the actual
colors on the screen.
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After confirmed choice, subjects were instructed to wait for the decision of

all other players

Screen 3

Round: 1

Prize 2 2 2

No. Available 7 6 5

No. Chosen

You have Chosen to participate in the
RED lottery, please wait for the outcome
of this round. . . .

165

After the outcome is presented, if n; > m; for the selected location, subjects were instructed to

wait for the random selection of winners

Screen 4

Round: 1

Prize 2 2 2

No. Available 7 6 5

No. Chosen 4 10 4

You have Chosen to participate in the
RED lottery, Please wait for the random
selection of 6 players out of the 10 who

have chosen to participate in the RED

lottery. . . .
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If the subject was randomly sleeted to win the prize

Screen 5
Round: 1

Prize 2 2 2

No. Available 7 6 5

No. Chosen 4 10 1

You have Chosen to participate in the
RED lottery. You have been randomly
selected to win the $2 prize in this
round
Press Continue for the next round

Continue

If the subject was not randomly sleeted to win the prize

Screen 6
Round: 1

Prize 2 2 2

No. Available 7 6 5

No. Chosen 4 10 4

You have Chosen to participate in the
RED Ilottery. You have NOT been
randomly selected to win the $2 prize in
this round
Press Continue for the next round

Continue




