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ABSTRACT

Keynesian Coordination Games, Strategic Uncertainty,
and Coordination Failure.

This paper uses the experimental method to examine how human subjects
behave in tacit coordination games that exhibit multiple Nash Equilibrium
points that are perfect, proper and Pareto ranked. The experiments tested
several hypotheses about equilibrium selection including the following:
Hl. All of the Nash Equilibrium points are equally likely outcomes of the

experimental coordination game.

H2. The outcome of the experimental coordination game will be the unique
Pareto efficient Nash equilibrium, that is, the Admissible Nash
Equilibrium point.

The data reject both hypotheses. The Pareto efficient outcome was never

observed in any period of any baseline experiment. Moreover, all the

baseline experiments converged to the most inefficient outcome.

Consequently, the experimental results support the emphasis placed on Pareto

dominated "underemployment equilibria” in the Keynesian Coordination Failure

literature. Two continuation treatments tested possible explanations for
the observed coordination failure.
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As Keynes (1936, [1964]) emphasized, explicating economic phenomena such
as bank panics, stock manias, and business cycle depressions requires
understanding how decision makers formulate beliefs about other decision
makers beliefs. Keynes (1936, [1964];p.156) used a newspaper beauty contest
to illustrate the problem of interdependent beliefs:

"...professional investment may be likened to those newspaper

competitions in which the competitors have to pick out the six

prettiest faces from a hundred photographs, the prize being awarded to
the competitor whose choice most nearly corresponds to the average
preferences of the competitors, all of whom are looking at the problem
from the same point of view. It is not a case of choosing those which,
to the best of one’s judgment, are really the prettiest, nor even those
which average opinion genuinely thinks the prettiest. We have reached
the third degree where we devote our intelligences to anticipating what
average opinion expects the average opinion to be. And there are some,

I believe, who practice the fourth, fifth and higher degrees."
This paper reports experimental evidence on how human subjects coordinate
beliefs and actions in Keynesian Coordination Games.

The language of game theory can formalize the problem of interdependent
beliefs. A game of strategy is a situation in which the outcome of a
decision _makers action--and, hence, utility or payoff--depends on the
actions other decision makers take and vice versa. Consequently, a rational
decision maker must formulate beliefs about the actions of other decision
makers when deciding on a particular course of action. Moreover, a rational
decision maker will realize that other decision makers are solving similar
decisionproblems. The principle of strategic interdependence states thata
decision maker’s best strategy depends on his belief about the strategy
adopted by related decision makers, which in turn depends on their beliefs
about his strategy, and so forth. In games of strategy, it is not possible

to prescribe, describe, or predict a decision maker’s behavior or the game’s
g

-outcome without a theory of interdependent beliefs.
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A common assumption is that rational decision makers behave as if they
form beliefs based on deductive equilibrium concepts. For example, the
Rational Expectations Equilibrium concept requires that decision makers
believe that the game will yield a Rational Expectations Equilibrium.
Similarly, when the Nash Equilibrium is used to prescribe, describe, or
predict strategic behavior--behavior based on ex ante beliefs——then
explicitly or implicitly decision makers are assumed to behave as if they
believe the game will yield a Nash Equilibrium. Deductive Nashbeliefs have
the desirable property that they are individually rational and consistent,
that is, when unanimously expected a Nash Equilibrium is self-fulfilling. 1

Unfortunately, deductive equilibrium analysis often fails to determine
a unique equilibrium solution in many games of strategy and, hence, often
fails to prescribe rational behavior. In games with multiple equilibria,
the rational decision maker formulating beliefs using deductive equilibrium
concepts is uncertain which equilibrium strategy other decision makers will
use and, w_héﬁ the equilibria are not interchangeable, this uncertainty will
influence the rational decision maker’s behavior. Strategic uncertainty
arises even in situations where objectives, feasible strategies,
institutions, and equilibrium conventions are completely specified and are
common kno%ledge. Consequently, prescribing, describing, or predicting
behavior using deductive equilibrium analysis often requires some,
frequently implicit, theory of equilibrium selection.

First, evolutionary stability analysis can be used to select an

equilibrium point. If, as Lucas (1987;p.218) suggests, economists study

1

However, Bernheim (1984) and Pearce (1984) object to the deductive
equilibrium method on the grounds that restricting decision maker’s beliefs

to equilibrium outcomes is not a necessary consequence of rationality.
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"decision rules that are steady states of some adaptive process", then many
equilibria "do not describe behavior that collections of adaptively behaving
people would ever hit on (p.240)." Evolutionary stability analysis usually
postulates myopic behavioral rules and, unfortunately, different
myopic behavioral rules selects diffefent equilibrium points.

A second, implicit, theory of equilibrium selection involves an appeal
to non-binding "pre-~game negotiation." {Of course, introducing "pre-game
negotiation" changes the game. In common usage, the term non-cooperative
game can denote either games without communication or games with non-binding
"pre-game negotiation". To avoid ambiguity, this paper uses the term tacit
game to denote non-cooperative games without "pre-game negotiation."] If,
before the game is played, all participants can and do agree to implement a
Nash equilibrium, it is difficult to see why they would not formulate
beliefs based on this agreement and actually implement the agreed upon Nash
equilibrium. Unfortunately, the appeal to "pre-game negotiation" is
implausiblé.in the context of a many person decentralized economy.

Even when "pre-game negotiation" is impossible, a unique equilibrium
may be the "focal point" [see Schelling (1960,[1980]) for a discussion of
"focal point" effects]. If all decision makers believe that outcomes are
always weli defined equilibria, then a unique equilibrium would coordinate
beliefs and actions. However, in games with multiple equilibria, the
deductive equilibrium method fails to identify the "focal point" and, hence,
can not coordinate beliefs or actions.

When multiple Nash Equilibrium Points can be pareto ranked, it is
possible to use the concept of an Admissible Nash Equilibrium to select a

subset of equilibrium points. A Nash Equilibrium Point is said to be
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admissible if it is not pareto dominated by any other Nash Equilibrium
Point, see Luce and Raiffa (1957), Harsanyi (1982), and Basar and Olsder
(1982). 1If unique, a reasonable "focal point" is the Admissible Nash
Equilibrium Point, see Schelling (1960,[1980]).

Using deductive equilibrium method-s economists have recently begun to
formalize and extend Keymes’s (1936) discussion of interdependent beliefs
and coordination failure [see, for example, Bryant (1983), Diamond (1982),
Heller (1985), Shleifer (1986), and Weitzman (1982)]. Define a Keynesian
Coordination Game to be an n player tacit game in which the payoff functions
exhibit strategic complementarity. Generally, strategic complementarity
refers to a positive externality in best strategies. As Cooper and John
(1985) show, trading, production, or demand externalities produce payoff
functions that exhibit strategic complementarity.2

Keynesian Coordination Games typically exhibit multiple pareto ranked
Nash equilibria. The Keynesian coordination failure literature interprets
pareto dpminated equilibria as "underemployment equilibria." This
literature suggests that the tacit coordination problem of a many person
decentralized economy may be severe. Of course, if the Admissible Nash
argument 1is descriptive, then the recent emphasis on pareto dominated
equilibria‘in Keynesian Coordination Games is misplaced.

This paper uses the experimental method to examine how human subjects
behave in Keynesian coordination games. The multiple Nash equilibrium
points in the experimental coordination game are perfect, proper, and Pareto

ranked. The experiments test several hypotheses about equilibrium selection

2 0f course, the definition of Keynesian coordination games includes

many situations outside the purview of economists: newspaper beauty
contests for example.



including the following:

Hl. All of the Nash Equilibrium points are equally likely outcomes of the
experimental coordination game.

H2. The outcome of the experimental coordination game will be the unique
Pareto efficient Nash equilibriﬁm, that is, the Admissible Nash
Equilibrium point will be the "focal point" of the game.

The data reject both hypotheses. The Pareto efficient outcome was never

observed in any period of any baseline experiment. Moreover, all the

baseline experiments converged to the most inefficient outcome.

Consequently, the experimental results support the emphasis placed on Pareto

dominated "underemployment equilibria” in the Keynesian Coordination Failure

literature. Two continuation treatments tested possible explanations for

the observed coordination failure.

1. A Keynesian Coordination Game

The _game used in the experiments is similar to the Keynesian
Coordination game discussed in Bryant (1983). In this game, the
coordination problem arises from a production externality. There are n
identical player’s, where n = 2. Each player has a payoff function
increasing'in the output of the team and decreasing in their individual
level of effort. Output is produced by a Leontief production technology‘
defined over the level of effort of the n player’s. Consequently, Player i
chooses effort, e, to maximize

1) ﬁ(e.,gi) - a[min(ei,gi)] - be a>b>0

i i

i e, €, e. ,,...,8 ). Efforti tri to th
where gi equals mln(el, 'e1—1’ i+1 n) [¢] is restricted e
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closed interval [0,e].

If the players could explicitly coordinate effort, the--real or
imagined--team leader’s decision problem would be trivial. Given a -b >
0, each player should choose effort equal to e. Moreover, a negotiated
"pre-game" agreement to work e would be self-enforcing, that is, players
have no incentive to shirk in this game.

However, when the players cannot engage in "pre-game" negotiation they
face a non-trivial coordination problem. Player i cannot choose his best
strategy without forming some belief about the effort of the other players
in the game. In the absence of such beliefs, a player’s decision problemis
ill posed. Similarly, player j cannot choose his best strategy without some
belief about what player i’'s effort will be.

Suppose that the game is common knowledge and that the players use the
Nash Equilibrium concept to inform their strategic behavior in the tacit
game. Formally, ann-tuple of feasible strategies (e%,... ,e!*;) constitutes a

Nash Equilibrium Point, if
* * X
(2) m(e;,e¥) < n(e¥,e¥)

for e; € [0,e] and for all i. 1In a Nash Equilibrium, one player cannot
increase his payoff by altering effort unilaterally.

For any Ei; player i’s best response is to set e equal to ;- Player
i’s payoff function is increasing in e when e is less than e and is
decreasing in e, when e, is greater than e,- By symmetry it follows that
any n-tuple (e,...,e) with e ¢ [0,e] is a Nash Equilibrium Point. All

feasible strategies are potential Nash Equilibrium outcomes, thatis, there
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are an uncountable infinity of potential equilibria. The Nash concept
neither prescribes nor predicts the outcome of this tacit coordination game.
[Neither Selten’s (1975) perfect equilibrium refinement, Myerson’s (1978)
proper equilibrium refinement, Kohlberg ard Merten’s (1986) stable
equilibrium refinement, nor Harsanyi’s (1975) :racing procedure reduce the
set of equilibrium points.]

The Nash Equilibrium Points are strictly Pareto ranked. Each player
prefers a higher level of effort provided no player works less than he does.
As discussed above, a Nash Equilibrium Point is said to be admissible if it
is not Pareto dominated by any other Nash Equilibrium Point. Consequently,
the unique Admissible Nash Equilibrium Point is the n-tuple (e,...,e). A
natural "focal point" for this game is the Admissible Nash Equilibrium

Point.

2. Experimental Design

The exiaérimental game differs from the Keynesian Coordination Game of
section 1 in two respects: the effort space was restricted to integer values
from 1 to 7 and the period game was repeated. No "pre-—game" negotiation was
allowed. After each repetition of the period game, the minimum level of
effort cho:;:en was publicly announced and the subjects calculated their
earnings for that period. This experimental game has the same properties as
the game in section 1l: all actions remain consistent with some Nash
Equilibrium and the unique Admissible Nash Equilibrium has all subjects

selecting the maximum feasible effort, 7, in every period.




TABLE ONE

EXPERIMENTAL DESIGN MATRIX

A B A’ C

EXPERIMENT PAYOFF A PAYOFF B PAYOFF A PAYOFF A
# DATE S1ZE | TEAM FULLSIZE | TEAM FULLSIZE | TEAM FULLSIZE | TEaM s1zE 2!
1 June 16 1,2 ,...,10 * — —

2 June 16 1P,2 ,...,10P 1 ,...,15 16P,...,20 —

3 June 14 1P,2 ,...,10P 1 ,...,15 16P,...,20 —

4 Sept 15 1P 2P, . ..,10P | 11P,...,15 16 ,...,20 21,...,27
5 Sept 16 1P,2P ... 10P 1P, ...,15 16 ,...,20 21,...,27
6 Sept 16 1P,2P, ... ,10P | 11P,...,15 16 ,...,20 21,...,25
7 Sept 14 1P2P .. 10P | 11P,...,15 16 ,...,22 23,...,25

In experiment 4 and 5 pairings were fixed, while in experiments 6 and 7
pairings were random.

Denotes a period in which subjects made predictions.
~The continuation of experiment 1 involved public announcements of subjects

intended actions.

Table One outlines the design of the seven experiments reported in this
paper. The appendix contains the actual instructions, payoff tables,
questionnaire, extra instructions and record sheet used in the September
experiments, Dﬁring the course of an experiment some design parameters were
altered resulting in a sequence of treatments labelled A, B, A’, and C.
Instructions for later treatments were given to the subjects after earlier

treatments had been completed.
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Experiments one, two, and three were conducted in June, while
experiments four, five, six, and seven were conducted in September. 1In the
June experiments treatment endpoints were announced at the beginning of the
treatment. In the September experiments treatment endpoints were not
announced. Also, a C treatment was added in the September experiments to
examine conjectures that arose from the June experiments. The instructions
for each treatment were read verbatim to the subjects and this reading was
common knowledge.

In treatment A and A’, the following values were assigned to the
parameters in equation (1): parameter a was set equal to § 0.20, parameter b
was set equal to § 0.10, and a constant of § 0.60 was added to insure that
all payoffs were strictly positive, see payoff table in the appendix. Team
size wvaried between 14 and 16 subjects. Treatment A’ designates the
resumption of these conditions after treatment B,

In treatment B, parameter b was set equal to zero, see payoff table two
in the appéhdix. This gives the subjects a dominating strategy. Section 4
discusses how this changes the nature of the coordination problem and
reports the eXxperimental results. Team size remained the same as in
treatment A.

In tr;atment C, team size was two and payoff parameter values were the
same as in treatment A and A’. The subjects were paired permanently in
experiments four and five, while, in experiments six and seven, the subjects
were paired randomly after their actions had been reported. In neither case
were the subjects told who was a member of their team. Section 5 explains

the conjectures tested and reports the experimental results.
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In the first, tenth, and sixteenth periods of the June experiments and
the first, secoﬂd, tenth and eleventh periods of the September experiments,
the subjects predicted the distribution of actions in that period.3 For
each prediction in the June experiments, a subject was paid $1.40 less .0l
times the sum of the absolute value of the difference between the actual and
predicted actioms. For each prediction in the September experiments, a
subject was paid $0.70 less .02 times the sum of the absolute value of the
difference between the actual and predicted actions. At the end of the
experiment, the subjects were told the actual distribution of actions and
were paid.

The subjects were sophomore and junior economics students attending
Texas A& University. A total of 107 students participated in the seven
experiments. After reading the instructions, but before the experiment
began, the students filled out a questionnaire to determine that they
understood how to read the payoff table for treatment A, that is, map
actions into money payoffs. The instructions would have been re-read if
needed, but all 107 students responded correctly.

The experiments take about two hours to conduct. Consequently, the
subjects could earn significantly more than the minimum wage. For example,
in experim;nt six the minimum earnings possible is $5.74. If all subjects
use their Admissible Nash Equilibrium Strategy--that is, choose 7 in each
period--each subject could earn $35.30. [See Smith (1976) and (1982), koth
(1986), and Plott (1986) for discussions of experimental technique and

surveys of experimental results. ]

3 In two earlier pilot experiments predictions were not made in any
period. The substantive results were the same as those reported here.
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3. Experimental Results for Treatment A
3.1 Initial Choice in Treatment A

Table Two reports the experimental results for Treatment A. In period
one, the Admissible Nash action, 7, was chosen by 31%~-33 out of 107--of the
subjects. However, 69% of the subjects chose an action other than the
Admissible Nash action. This data rejects the hypothesis that the
Admissible Nash Equilibrium is a "focal point" in period one of the
experimental Keynesian coordination game.

The modal response in period one was action 5, which was chosen by 32%-~
=34 out of 107--of the subjects. The payoff table was constructed so that a
risk neutral statistical decision maker with a diffuse prior distribution
for the minimum would choose action 4 and a risk neutral statistical
decision maker with a "bicentric" prior distribution would choose action 5.4
The popularity of actions 4 and 5-- nearly half, 52, of the subjects choose
4 or 5--is consistent with many subjects having nearly diffuse prior beliefs
about the_éﬁtcome of the period game.

In experiments one through five the only action not chosen by any of
the 77 subjects in period one was the maximin action, 1. [In all, 98%--105
out of 107--of the subjects did not play the maximin action, 1, in period
one. ] This is evidence that no subjects in experiments omne through five
were maximin players when they began the experiment.

In the seven experiments, the minimum effort for period one was never

greater than 4. Specifically, the minimum effort chosen in experiment three

4 The "bicentric" prior assigns the following probability p(i) to
action i: p(l) = .7/7; p(2) = .8/7; p(3) = .9/7; p(b4) = 1/7; u(5) = 1.1/7;
p(6) = 1.2/7; p(7) = 1.3/7. Under special conditions the Nash Equilibrium
all team members play 5 would be "risk dominant," see Harsanyi (1982).
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and four was 4, in experiment five was 3, in experiment one and two was 2,
and in experiment six and seven was 1. All of these outcomes are
inefficient. [For example, subjects choosing a 7 in experiment six or seven
earn $0.10 not $1.30.] The subjects were unable to use the Admissible Nash
argument to coordinate their actions.

Moreover, the Admissible Nash argument did not coordinate the
subjects predictions. The modal prediction, 7, accounted for only 35% of
the predictions made and only 10% of the subjects predicted that everyone
would choose the Admissible Nash action, 7. Hence, at least 90% of the
subjects did not wuse the Admissible Nash argument to inform their
predictions. The subjects dispersed predictions suggest that they expect
other subjects to respond to the payoff table differently than they did.
Moreover, the data is inconsistent with any theory of equilibrium selection
that assumes that, because a player will derive his prior probability
distribution over other player’'s pure strategies strictly £rom the
parameters of the game, all players will have the same prior probability
distribution. Instead, some subjects made optimistic predictions and some
subjects made pessimistic predictions.

An interesting question is whether the subjects predictions correspond
to the acﬁual distribution of actions more closely than does predictions
based on Admissible Nash beliefs. Table Three compares the number of
actions correctly predicted, excluding the subjects own action, with the
number correctly predicted by Admissible Nash beliefs in period one. This
statistic is used to measure prediction accuracy because the subjects payoff

was a linear transformation of the prediction accuracy score.
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The average number of actions correctly predicted ranges from 6.5 out
of 13 in experiment seven to 9.7 out of 15 in experiment one. Admissible
Nash beliefs correctly predicted an average ranging from 1.9 out of 15 to
7.5 out of 15. The difference of the means was always positive and in most
cases significantly different from zero at the 1% level. [This result is
robust to non-parametric statistical procedures. For example, a sign test
comparing those subjects who predict more accurately than the theory with
those who do as well or worse gives a binomial statistic that is significant
at the 1% level.] Only 5% of the subjects predicted less accurately than
did Admissible Nash beliefs. The data reveals that most subjects predicted
the actions of the other n-l1 subjects more accurately than did Admissible
Nash beliefs.

While the subjects were unable to coordinate beliefs and actions, in
all most all cases their individual predictions and actions were consistent.
Of the 107 subjects, 106 subjects predicted that at least one other subject
would chqosé effort equal to or less than their choice. Only one subject
predicted he would determine the minimum level of effort. This suggests
that all except one of the players were not rivalrous when they began the
experiment. An anomaly is that, of the 95 subjects who predicted a minimum
less than'7, 87 subjects chose an action greater than the minimum they
predicted.

Comparison of the individual subject’s predictions and actions reveals
that subjects who made pessimistic predictions about what the other subjects
would do chose small values for effort and subjects who made optimistic
predictions about what the other subjects would do chose large values for

effort. The subjects’ actions were significantly correlated with a number
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of statistics derived from the reported predictions, including the minimum
and the mean. However, of the statistics examined, an expected value model
of behavior resulted in the best fit--using a prediction accuracy measure—-
between actions and reported predictions.

Treat the reported predictions as a frequency distribution for the
minimum level of effort. Of course, the frequency distribution for the
minimum will be very different from the solicited frequency distribution of
the subjects actions--which subjects predict quite accurately--but the
subjects seem to behave as if their reported predictions were a frequency
distribution for the minimum.

An expected value strategy chooses the level of effort with the highest
expected value given this interpretation of the reported predictions.

Specifically, let Pj be the predicted number of subjects using action j, n

be the number of subjects, and aij be the payoff for the ith row and jth
column of the payoff table [when i > j aij - aii]; then
1 7
3 % - = i .
(3) EV max = j§1 aijPJ

1

Table Four reports individual actions, the exclusive minimum, e;, and the
theoretical action, EV¥*.

The data in Table Four shows how well the EV* model organizes the data.
Specifically, 57% of the subjects played the expected value strategy, 85%
played an action within $0.05 of the expected value strategy, and 95% played
an action within $0.10 of the expected value strategy. [EV* works about as
well in the periods two, ten, eleven, and sixteen.] Most subjects mapped

predictions into actions in a reasonable way, that is, optimists chose large




TABLE FOUR

PREDICTIONS AND ACTIONS FOR PERIOD ONE

[EV* . expected value action; ACT -~ actual action;

MIN - predicted minimum excluding own action]

PLAYER EXPERIMENT 1 EXPERIMENT 2 EXPERIMENT 3 EXPERIMENT 4
# EV¥ ACT MIN ! Ev* ACT MIN ' EV* ACT MIN ! Ev* ACT _ MIN
1 6 6% 1 4 2t 1 5 5% 3 5 5% 3
2 7 7% 5 6 5° 4 6 7° 3 5 5% 1
3 3 20 2 7 7* 7 7 7* 2 s 5% 3
4 6 4t 4 7 4 1 6 6% 4 e 7t 1
5 7 7% 4 7 7% 1 6 5° 4 7 7% 5
6 6 6% 4 3 s° 1 7 7* 7 4 4k 1
7 7 7% 4 7 6t 5 5 s+ 1 7 7* 7
8 - 5 - 4 2 1 5 5% 1 5 5% 1
9 7 7% 4 5 4° 2 5 S% 4 4 5° 3

10 6 7° 2 4 3 1 3 4 1 5 5% 3
11 7 1% 7 6 5t 4 4 4% 3 7 %7
12 7. 7% 5 6 7° 5 5 5% 4 4 s* 2
13 5 5% 2 5 4 4 6 6% 4 7 7% 7
14 4  3° 2 6 77 s 6 7° 1 s Sk 1
15 7 7% 5 A 2t 1 NA NA NA 7 7* 4
16 6 6% 3 4 4% 1 NA NA  NA NA NA  NA
NOTES:

Let Pj be the predicted number of players using strategy j, n be the

number of players, and aij be the payoff for the ith row and jth column

of the payoff table [when i > j a'j -

O~ o %

denotes
denotes
denotes
denotes
reported n equals 1l4.]

that the action and EV* correspn-.d.
that the action was within 5¢ of EV=*.

that the action was within 10¢ of EV¥,
EV* calculated when £ Pj » n.

i

7

a,.] then EV* = max 1 Z a
ii n

j=1

ij Pj.

[Player 3 in experiment &4




TABLE_TQUR_CONTINUED

PREDICTIONS AND ACTIONS FOR PERIOD ONE

PLAYER EXPERIMENT 5 | EXPERIMENT 6 EXPERIMENT 7
# EVt ACT MIN Evx ACT _ MIN Ev* ACT MIN
1 6 7° 1 5 7° 1 6 6% 1
2 4% s° 2 4 701 7 1 1
3 5 3t 1 7 7* 7 3 20 1
4 7 7% 7 7 5 1 4 3t 3
5 4 4% 1 5 5% 2 5 5% 2
6 5 5% 2 6 7° 3 7 7% 2
7 5 6° 2 3 Kk 1 4 4x 2
8 5 5% 1 5 5% 3 7 7% 7
9 4 4% 1 4 4% 1 7 7% 7
10 5 5% 1 4 5° 1 7 7% 7
11 5 5% 1 5 5% 1 5 44 4
12 S 5% 3 5 7t 1 5 5% 3
13 4 50 2 5 1 2 4 4% 1
14 5 5% 1 7 6° 5 6 44 3
15 4 4% 2 7 6° 5 NA NA NA
16 7 5 5 5 4° 2 NA NA NA

* - denotes that the action and EV* correspond.

° denotes that the action was within 5¢ of EV*.

t - denotes that the action was within 10¢ of EV¥*.

e -~ denotes EV¥ calculated when Z Pj » n.

{In experiment 5, n equals 18

for player 2 and n equals 15 for player 3].
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values for effort and pessimists chose small values for effort.

While reasonable, the subjects failed to correctly account for the
consequences of forming expectations of wvariables that are functions of
order statistics. If the subjects had correctly accounted for order
statistic affects, they would not have systematically chosen effort well
above their predicted exclusive minimum, see Table Fout.5

For example, suppose that the cumulative distribution function for a

subject’s action, F(e;), corresponded to the actual distribution of

A
individual actions in period one of the seven experiments, that is, F(l) =
.019, F(2) = .066, F(3) = .113, F(4) = .281, F(5) = .599, F(6) = .692, F(7)
- 1.000.6 A well known theorem is that if e ,...,e are independent and
identically distributed with common cumulative distribution function F(ej),

then F , (e,) = 1 - [l - F(e,)]", see Mood, Graybill, and Boes (1974).

3 ]

Hence, the cumulative distribution function for the minimum is as
follows: Fmin(l) =-.264, Fin(® = .641, Fmin(S) - .834,: Fmin(h) = .993,
Fpin(5) = 1.000, F ; (6) = 1.000, F_. (7) - 1.000. Using this distribucion
function action 2 maximizes expected value, giving EV* equal to $0.75. The
modal action, 5, costs $0.20 in expected value and the Admissible Nash
action, 7, costs $0.40 in expected value under this distribution function.

The probability of randomly drawing fifteen 7's from the sample of 107

period one actions is twice in one hundred million trials. Since the

5 . . . . .
Consideration of risk aversion would make this anomaly even more

puzzling, and the information structure makes it difficult for a player to
"signal" a willingness to play 7 in the repeated game.

6 The c.d.f. of the mean of the predictions, G(e.), has the same
properties as the c.d.f. used in the text: G(1) = .04, G(%) = .09, G(3) =
.18, G(4) = .32, G(5) = .50, G(6) = .66, G(7) = 1.00. 1In fact, the mean
prediction was slightly more pessimistic than the actual distribution, that
is, G(1) > F(1). '
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Admissible Nash Equilibrium does not describe the game’s outcome, obviously,

it is a poor prescription for individual subjects.

3.2 Dynamics of Treatment A

In period one, the subjects did not "focus" on any Nash Equilibrium:
efficient or inefficient. However, as is evident from Table Two, repeating
the period game does cause actions to converge to a stable outcome. But
rather than converging to the efficient outcome, the adaptive behavior of
the subjects in disequilibrium causes the most inefficient outcome to obtain
in all seven experiments.

Table Five reports the median effort in treatment A. In every
experiment median effort is 4.5 or greater in period one and falls to 1 in
period eight. Moreover, median effort declines systematically over periods.
Regressions on the data in Table Five show that the change in the median
between period one and period two is positively related to the peried one
minimum at'ﬁhe 5 percent level of significance. When the period one minimum
is small median effort declines at a faster rate. The mean, mode, 25th
quantile and 75th quantile all exhibit a similar pattern.

The change in actions between period one and period two provides
insight into the subjects adaptive behavior. Table Six reports the average
change in effort between period one and period two for subjects classiiied
according to the difference between their period one action and the period
one minimum. Of the eleven subjects who determined the minimum in period
one the average change in effort between period one and two was +0.73: seven
subjects increased effort, three did not change, and one decreased effort.

In every experiment someone who had not determined the minimum in period one



TABLE FIVE

MEDIAN EFFORT IN TREATMENT A

PERIOD PERIOD
EXPERIMENT 1 2 3 4 5 6 7 8 9 10 MINIMUM
1 6.5 4.0 4.0 3.0 2.0 2.0 2.0 1.0 1.0 1.0 2
2 4.5 4.0 2.5 3.0 1.5 2.0 1.0 1.0 1.0 1.0 2
3 5.0 5.0 3.0 3.0 2.0 1.5 2.0 1.0 1.0 1.0 4
4 5.0 5.0 5.0 4.0 3.0 2.0 2.0 1.0 1.0 1.0 4
5 5.0 4.5 4.0 3.0 3.0 2.0 1.5 1.0 1.0 1.0 3
6 5.0 3.0 3.0 1.5 1.0 1.0 2.0 1.0 2.0 1.5 1
7 4.5 3.0 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.0 1
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determines the minimum in period two. Moreover, in experiments one through
five the intersection of the set of subjects who determine the minimum in
period one with the set of subjects who determine the minimum in period two
is empty. Since a subject’s payoff is increasing in effort when he (she) is
the minimum this behavior is reasonable.

However, a subject’'s payoff is decreasing in effort when he (she)
played above the minimum and those subjects that played above the minimum
reduced effort. The observed mean reduction in effort is increasing in the
difference between the subjects action and the minimum, and the mean
reduction is significantly smaller than this difference. But there is
almost always at least one subject that reduces effort by at least the
difference between their period one action and the period one minimum.7
Consequently, this treatment quickly converges to the most inefficient
outcome.

By period ten, 66% of the subjects predicted that more than 80% of the
subjects would choose the maximin action, 1. And 72%--77 out of 107--of
the subjects did in fact play the maximin action, 1, in period ten. In all
seven experiments, the A treatment converges to tﬁe most inefficient
outcome. This coordination failure is due to strategic uncertainty, which
is exacerb;ted by the minimum rule, and the adaptive behavior subjects use

in disequilibrium.

4. Experimental Results for Treatment B: Dominating Strategies.
The B treatment changes the payoffs so that subjects have a unique

dominating strategy. A strategy, e*, is dominating if

The only exception is period three of experiment four.
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(3) ﬁ(ei,gi) < ﬂ(eg,gi)
holds for all ey € [0,e] and for all g; ¢ [0,e], with strict inequality for
some e,. Any strategic uncertainty would cause an individually rational
player to choose his unique dominating strategy.

Define treatm;nt B as treatment A with b equal to 0 in equation (1),
see payoff table twoe in the appendix. Like treatment A, any N-tuple
(e,...,e) with e ¢ [0,e] is a Nash Equilibrium point in treatment B.

However, now player i has a unique dominating strategy, e: setting e, equal

i
to e does at least as well as setting e; less than e for all g; ¢ [0,e].
Hence, in the B treatment the Admissible Nash Equilibrium is an equilibrium
in dominating strategies and is the unique perfect Nash Equilibrium,.
Moreover, strategic uncertainty, which caused the inefficient outcome to
obtain in treatment A, should cause the subjects to adopt their dominating
strategy in treatment B.

Table Seven reports the experimental results for treatment B and
treatment A’. In period eleven, the Admissible Nash action, which is now
also a dominating strategy, was chosen by 84%—-76 out of 9l--of the

subjects. However, the minimum in period eleven was never more than 4 and

in experiments four, five, six, and seven it was a 1.

8 At least one subject did not understand how the payoff table had
changed. Subject 3 in experiment 5, who plays a 1 in every period of the B
treatment, predicts that all 16 players will choose 1 but only he does so.
When the actual distribution was revealed, subject 3 appeared genuinely
amazed and confessed that he had not understood how the payoffs had changed.
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Table Eight compares the number of actions correctly predicted,
excluding the subjects own action, in period eleven with the number
correctly predicted by the theory. The average number of actions correctly
predicted ranged from 8.0 to 9.4, Admissible Nash beliefs correctly
predicted an average ranging from 11.14 to 12.19. The difference of the
means was always negative and in most cases significantly different from
zero at the five percent level. Only 9% of the subjects predicted more
accurately than did Admissible Nash beliefs. The data reveals that the
subjects predicted the actions of the other n-1 subjects less accurately
than did the theory. The subjects did not predict that all--or even most——
of the other subjects would respond to the changed payoff table as they did.
Apparently, the subjects failed to fully appreciate how strongly other
subjects would react to the changed payoffs.

0f course, a subject that adopts the dominating strategy need not worry
about what actions other subjects take and, apparently, most subjects
didn’t. .This property of dominating strategies resulted in the B treatment
exhibiting different dynamics than the A treatment. Like the A treatment,
those players who determine the minimum increase their effort, but, unlike
the A treatment, those players who were above the minimum do not decrease
their effo?t. This adaptive behavior converges to the efficient outcome in
four of the six experi.ments.9 By period fifteen, 96% of the subjects cbose

the Admissible Nash action, 7.

9 The two exceptions were due to subject 3 in experiment five, see
footnote 8, and subject 12 in experiment six. Subject 12 predicts that he
will uniquely determine the minimum in period 11, verifies this in period 12
by choosing a 3, and then chooses a one for the remainder of the B
treatment. Apparently, subject 12 became rivalrous or, perhaps, vindictive.
He had chosen a 7 in period 1.



Experiment
FOUR

FIVE
SIX
SEVEN

(1~

15
15
13

Actual Predictions
Max

13
13
13
11

TABLE EIGHT

Prediction Accuracy

Period Eleven

Min ean
1 8.00
0 8.31
2 8.59
0 9.43 .

Ad. Nash

Mean
11.20
12.19
12.19
11.14

Difference
-3.20
-3.87
-3.67
-1.71

® - 5% level of significance
* . 1% level of significance

t Statistic

~2.68
~3.33"
-3.31"
-1.88
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Even in the experiments that obtained the efficient outcome, the B
treatment was not sufficient to induce the teams to continue using their
Admissible Nash Strategy with the original payoff table. Returning to the
original payoff table in period sixteen, 25% of the subjects chose the
Admissible Nash action. However, 37% chose the maximin action. Period
sixteen predictions were pointed with subjects choosing a 7 predicting
everyone else would choose 7 and subjects choosing a 1 predicting everyone
else would choose 1.

In period twenty, 84% of the subjects chose the maximin action, 1, and
94% chose an action less than or equal to 2. In treatment A’, the minimum

in all periods of all six experiments was 1. Like the A treatment, the most

inefficient outcome obtained.

5. Experimental Results for Treatment C: Team Size Two

The experimental results for the A treatment suggest that subjects map
predictions‘ into actions in a reasonable way, but that they fail to fully
account for the order statistic affect. A treatment C was added to the
September experiments to determine if subjects were taking account of team
size in choosing their actions. In theory, any‘uncertainty about the
actions of an individual player in the game is exacerbated by the minimum
rule as team size gets large. For example, a risk neutral statist;ical
decision maker with a diffuse prior distribution over each team member’'s
actions would choose action 4 with team size two, while he would chose
action 1 with team size nine. The C treatment reduces team size to two,

which eliminates the order statistic affect of the minimum rule.
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Table Nine reports the experimental results for the C treatment.
Experiments four and five permanently paired subjects with an unknown
partner.lo In period twenty-one 42% of the subjects play their Admissible
Nash action, 7, and 74% of the subjects increase their level of effort.
This result occurred even though the minimum for the preceding five periods
had been a 1 and all 31 subjects had played either a 1 (28 subjects) or a 2
(3 subjects) in period twenty. Clearly, the subjects thought that their
partner in the C treatment would change his (her) level of effort.

The subjects in experiments four and five used an adaptive behavior in
the C treatment similar to the adaptive behavior exhibited in the A
treatment. Subjects that played the minimum increased effort by an average
of +2.0 and subjects that played above the minimum reduced effort by an
average of -1.9. However, unlike the A treatment, this adaptive behavior
converged to the efficient outcome--the Admissible Nash Equilibrium--in 12
of 14 trails.ll

Experiﬁxents six and seven randomly paired subjects with an unknown
partner. Hence, experiments six and seven test whether the results obtained
in Experiments four and five were due to the players ability to signal and
coordinate by repeating. the period game with the same opponent. In the
first peri.od of these experiments, 37% of the subjects chose the Admissible
Nash action, 7, and 73% of the subjects increased their choice of effort
from the preceding period. Moreover, the subjects’ adaptive behavior was
similar to that found in the fixed pair C treatment: subjects that

determined the minimum in the initial period of the C treatment increased

10 Experiment Four includes one team of size three.

11 foe size three team also converges to the Admissible Nash Equilibrium.
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TABLE NINE

PERIOD
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1 0 0 0 0 0 1
1 2 2 1 1 1 1
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1 1 1 0 0 0 0
0 2 0 0 0 0 0
7 2 1 2 2 2 1
5 5 4 10 8
0 1 3 0 0
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3 1 1 1 1
1 1 1 0 0
1 1 2 2 2
4 2 2 0 1
- - 6 5 5
- - 1 0 1
- - 0 3 0
- - 2 1 4
- - 2 0 0
- - 0 0 1
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effort by an average of +l1.1 and subjects that played above the minimum
reduced effort by an average of -1.0. The results of experiments four and
five cannot be explained as merely due to signaling.12

The experimental results of the C treatment are consistent with the
idea that the subjects were taking account of other subjects actions and
formulating beliefs about other subject’s beliefs. The C treatment confirms
that there are two consequences of the order statistic affect. First, team
size interacting with the minimum rule alters the subjects initial chpice of
effore. Second, team size interacting with the minimum rule alters the

convergence of the subjects adaptive behavior in disequilibrium.

6. Concluding Comments

These experiments provide evidence that the tacit coordination problem
can be severe and that the unique Admissible Nash Equilibrium Point is not
always a "focal point." The experimental results support the emphasis
placed on l"‘L;mderemployment: equilibria” in the Keymesian Coordination Failure
literature.

In all seven experiments, the A and A’ treatments converge to the most
inefficient outcome. Since the subjects could have earned $19.50 in the A
and A’ tre;tments--exeluding predictions—-and the average earnings were only
$8.80, the observed behavior cost the average subject $10.70 in ;ost

earnings. This inefficient outcome is not due to conflicting objectives

12 Experiments by Cooper, et.al. (1987) confirm that after eleven

repetitions randomly paired teams of size two almost always obtain the
Admissible Nash Equilibrium. However, Cooper, et.al. also report
coordination failure for two player randomly paired experimental
coordination games when subjects can choose from a strategy space that
includes certain kinds of dominated cooperative strategies.
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such as in "prisoner’s dilemma" games or in "moral hazard" games. Nor is
this inefficient outcome due to initially rivalrous or maximin behavior.
Rather this inefficient outcome results from coordination failure due to
strategic uncertainty--which is exacerbated by the minimum rule~-and the
adaptive behavior subjects use in disequilibrium.

A glib reaction to these results is that amongst sixteen undergraduates
at least one will be a "non-responder"-—a subject that does not respond to
incentive structure of the game--and under the minimum rule it only takes
one "non-responder" to drive the experiment to the inefficient outcome.
However, in period one 69% of the subjects chose an action other than the
Admissible Nash action, 7. In every experiment someone who had not
determined the minimum in period one determines the minimum in period two,
and in experiments one through five none of the subjects who determine the
minimum in period one determine the minimum in period two. Moreover,
examination of the subjects individual predictions and actions suggest that
subjects méb predictions into actions in a reasonable way. In sum, a
careful examination of the data rejects the "non-responder" hypothesis.13

The game is simple. The only complexity in the experimental
coordination game involves forming beliefs. The subjects inability to
coordinate.on the efficient outcome is not due to an inability to reason
about the game, but rather is the result of their inability to coordinate
interdependent beliefs.

An alternative reaction is that the subjects did not possess common

knowledge that all the subjects were "rational", that is, were using

13 See Haltiwanger and Waldman (1985) for an investigation of the
influence "non-responders" have on equilibrium in models that exhibit
strategic complemetarity.
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deductive equilibrium methods to identify “focal points". They may not have
believed that all subjects were "rational."” Or they may have believed that
all subjects were "rational", but were unsure that all the subjects believed
this. Or they may have believed that all subjects were "rational” and that
all subjects believed this, but were unsure whether all of the subjects
believed that all of the subjects believed this. And so on. Uncertainty
about any stage of this infinite regress can be sufficient to rationalize
playing less than the Admissible Nash action. The subjects behavior is
consistent with this reaction: of the 107 subjects, 106 predicted that at
least one other subject would choose effort equal to or less than their
choice.

Deductive methods suggest that any outcome is rationalizable in this
experimental Keynesian Coordination game. But these experimental results
suggest that the most inefficient outcome is far more likely than any other
outcome. Observing the efficient outcome may be as likely as observing
Samuelson'é‘(1947,[1979];p.5) egg standing on its end. The minimum was
never above four in period one and all seven experiments converged to the
inefficient outcome within four periods. These experimental results suggest
that all but one of the equilibria in the gxperimental coordination game do
not describe behavior that collections of adaptively behaving people are
likely to hit upon.

An importént theoretical question emerging from these experiments is
why does the experimental coordination game converge to the most inefficient
outcome. Strategic complementarity results in the pessimistic subjects
driving the outcome of the period game. The most pessimistic subjects earn

more than the optimistic subjects and, hence, pessimistic beliefs drive out
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optimistic beliefs. The pessimists convert optimists to pessimists causing

beliefs and, hence, actions to converge to the most inefficient outcome.
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APPENDIX
[Instructions for September experiments]
Instructions

This is an experiment in the economics of market decision making. The
National Science Foundation and other funding agencies have provided funds
to conduct this research. The instructions are simple. If you follow them
closely and make appropriate decisions, you may make an appreciable amount

of money. These earnings will be paid to you in cash at the end of the
experiment.

You will be in a market with 15 other people. In this experiment there
will be a number of market periods. In each period every participant will
pick a value of X. The value you pick for X and the smallest value picked

for X by any participant, including your choice of X, will determine the
payoff you receive.

The values of X you may choose are 1, 2, 3, 4, 5, 6 and 7. You are
provided with a table which tells you the potential payoff’s you may
receive. Please look at the table now. The earnings in each period may be
found by looking across from the value you choose on the left hand side of
the table and down from the smallest value chosen by any participant from
the top of the table. For example if you choose a 4 and the smallest value
chosen is a 3 you earn 80 cents that period.

At the beginning of every period each participant will write down on
the reporting sheet their participant number and circle the value of X they
have chosen and hand it in to the experimenter. The smallest value of X
chosen will be announced and each participant will then caleculate their
earnings for that period.

If you will now look at your record sheet you will see the following
entries. MARKET PERIOD, BALANCE, YOUR CHOICE OF X, SMALLEST VALUE OF X
CHOSEN, and YOUR EARNINGS. 1In the first period your BALANCE is zero. 1In
the second period your BALANCE is the value of your earnings in the first
period. In the third period your BALANCE is the value of your BALANCE in
the second period plus the value of your earnings in the second period. And
so on. Please keep accurate records throughout the experiment.

To be sure that everyone understands the instructions please fill out
the sheet labeled questions and turn it in to the experimenter. DO NOT PUT
YOUR NAME OR PARTICIPANT NUMBER ON THE QUESTION SHEET. 1If there are any
mistakes on any question sheet the experimenter will go over the
instructions again.

IF YOU HAVE ANY QUESTIONS PLEASE ASK THEM AT THIS TIME!!!
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PAYOFF TABLE

SMALLEST VALUE OF X CHOSEN

7 6 5 4 3 2 1
1.30 | 1.10 .90 .70 .50 .30 .10
-— 1.20 1.00 .80 .60 .40 .20
— - 1.10 .90 .70 .50 .30 .
— —_— _— 1.00 .80 .60 .40
_— —_— —_— _— .90 .70 .50
— N _— _— - .80 .60

.70
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QUESTIONS

Please look at your payoff table and fill in the following blanks.

Your choice of X The smallest value of Your earnings
X chosen
4 2
2 2
5 5
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EXTRA INSTRUCTIONS

Occasionally you will be asked to predict what every participant will
choose for X. When you are asked to please write down your prediction of
how many people will pick 7, 6, 5, 4, 3, 2, and 1. VWhen you add your
predictions of the number of people that will pick each value i.e. 7, 6, 5,
4, 3, 2, 1, they should add to 16.

You will be paid for each of your correct predictions as follows. Your
earnings will equal 70 cents less two times the sum of the differences
between your predictions and the actual choices.

EXAMPLES: Suppose that sixteen people each had a red ball and a blue ball,
and that they were all asked to put one and only one of the balls into an
urn. At the same time they each were asked to predict the number of red
balls and the number of blue balls that would end up in the urn. With a
payment rule like that above they would find their earnings as follows:

Predict Actual Diff Predict Actual Diff
Blue 8 0 8 Blue 16 16 0
Red 8 16 8 Red 0 0 0
Total _16 Total _o
.02 * 16 =~ __32 02 *0=_0
.70 = 32 = __.38 70 -_0_ = __.70
Predict Actual Diff Predict Actual Diff
Blue 8 8 0 Blue 16 0 16
Red 8 8 0 Red 0 16 16
Total 0 Total 32
02 *% 0= _0 .02 % 32 = _ 64
.70 - _0 = __.70 .70 —__64 = _,06

You will be told the actual choices made for the periods you were asked
to make predictions at the end of the experiment.

IF YOU HAVE ANY QUESTIONS PLEASE ASK THEM NOW!!!



g o .

32

[B treatment]

INSTRUCTIONS 2
The experiment will continue for several more periods. The
instructions are the same as before. With the exception that there is a
new payoff table which is labeled table 2.

IF YOU HAVE ANY QUESTIONS PLEASE ASK THEM NOW!!!

PAYOFF TABLE 2

SMALLEST VALUE OF X CHOSEN

7 6 5 4 3 2 1

7 1.30 | 1.20 | 1.10 | 1.00 .90 .80 .70
Y
)
U 6 — ] 1.20 |1.10 | 1.00 .90 .80 .70
R
c 5 _— — | 1.10 | 1.00 .90 .80 .70
H
) B
I 4 _— — —— | 1.00 .90 .80 .70
c
E

3 —_— — — —_— .90 80 70
)
F

2 —_— - -— —_— — 80 70
X

1 —_— — — — _— — 70
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[A’ treatment]

INSTRUCTIONS 3
The experiment will continue for several more periods. The
instructions are the same as the first instructions. Use the payoff
table in this packet, which is the same as the first payoff table.

IF YOU HAVE ANY QUESTIONS PLEASE ASK THEM NOWt!!

[C treatment fixed pairs]
INSTRUCTIONS 4

The experiment will continue for several more periods,. The
instructions are the same as the first instructions. For the rest .of
the experiment you will be paired with the same person. Each period
the value of the smallest choice of X will be the smaller of your
choice and the choice of the one other person with which you are
paired. Use the payoff table in this packet, which is the same as the
first payoff table.

IF YOU HAVE ANY QUESTIONS PLEASE ASK THEM NOW!!!

[C treatment random pairs]

INSTRUCTIONS 4

The experiment will continue for several more periods. The
instructions are the same as the first instructions, except that you
will now be randomly paired with only one other person. That is in each
period the value of the smallest choice of X will be the smaller of
your choice and the choice of one other person. Use the payoff table
in this packet, which is the same as the first payoff table.

- IF YOU HAVE ANY QUESTIONS PLEASE ASK THEM NOW!1!!



