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ON EXPERIMENTAL RESEARCH IN OLIGOPOLY

by

James W. Friedman*

l. Introduction

Economlcs has not generally been regarded as an experimen-
tal sclence, although in recent years this view has changed a little.
The first experiment in economies of which this writer is aware was
conducted by E. H. Chamberlin [2] and appeared in 1948 in the Jour-

nal of Political Economy. The next effort, sppearing in the same

Journal several years later, is the utility experiment of Mosteller
and Nogee [14]. In the past decade the amount of experimental re-
search in économics has increased markedly, although the volume could
by no means be called large. Some examples are the experiments in
competitive markets of V. L. Smith [17, 18, 19], the utility experi-
ments of Davidson, Suppes and Siegel [3], Dolbear [4] and Yaari [20],
the bilateral monopoly experiments of Fouraker and Siegel [6, 16],

and the oligopoly experiments of Hoggatt [12, 131, Fouraker and Siegel

[6] and Friedman [7, 8, 91.

*The author is Assistant Professor of Economics at Yale University
and a staff member of the Cowles Foundation. The resesrch described
in this paper wes carried out under a grant from the National Science
Foundation,



This paper is concerned with g detalled review and discussicn
of a group of oligopoly experiments (Hoggatt [12, 13], Fouraker and
Siegel [6] and Friedman [7]). These experiments are all concerned
with the same economic question: does standard oligopoly theory (e.g.,
Cournot's) predict behavior in markets in which the usual textbook
assumptions are met, Though this may seem a useless enterprise (why
worry about whether an "unreslistic" theory predicts behavior in an
unrealistic" situation?), it is far from being so. Indeed all theory
is unrealistic by nature. TIts value lies in organizing the mind in
an insightful way and ln giving manageable, comprehensible models
which ean predict behavior in a complex world. Oligopoly theory is
very hard to test empirically, not only because of the complexities
of modern industry, but also because much useful data is owned by firms

who cherish their right to privacy.

Experimental testing of cligopoly theory is of interest
for several reasons. First, in the laboratory an artificlal market
may be created which satisfles the assumptions of standard theory
(esg., each firm has only its own quantity as a decision variable,
no randomness enters the profit functions, a firm knows his own ccst
and demand functlons, etc.). Surely 1f theory fails to predict be-
havior in a market meeting these assumptlons, one has strong evidence
the theory is not valid. BSecond, there 1s an interaction between
theoretical and empirical research. Perhaps experimental results

which cannot be explained by existing theory are suggestive of new



tines of theoretical development. Finally, as a soclal scientlst,
the economist has a general interest in understanding decision making
by individuals. Experiments involving human subjects making decisions

are relevant to this end.

The several experiments reviewed below deal with "non-coop-
erative"” oligopoly. That is, oligopoly where the subjects have no
verval or written communication with one another. The only informa-
tion a subject has when he makes a decision are the previous decisions
he and his rivals have made. He is informed of his rivals' declsions

for the current period only after he has made his own.

In discussing the experiments, attention will, of course,
focus on the economic hypotheses which they test; however, the experl-
mental procedures will also come under close scrutiny. The procedures
are of interest because they bear on the validity of the results, and

because experimental techniques are not famllliar to most economists.

2. Description of and Comments on the Experiments

2.1 General Characteristics

There are a few general cheracteristics which are identical
in all the experiments, and certain others which differ in very specific
ways. Concerning the former: a) Each subject represented a single
firm in a market with two, three or four firms. D) Each firm had ex-

actly one decision variable. In some experimente this was price, in



some, output level. c) Demend functions were always linear, as were
marginal cost curves., d) In all the experiments, subjects played

in "games" which lasted for many "periods." In each period, subjects
would make their decisions (choose price or output, as the case may
be), each in ignorance of what his rivals were choosing. After all

had chosen, each would be informed of the decisions taken by the rivals,
and the next period would commence. During a single game, a subject
knew that his rivals would be the same ldentical individuals, and the
payoff matrix (or other information) he received would be unchanged.
Subjects did not know the identity of their rivals. e) There was

no communication allowed between subjects. (That is, no written mes-

sage or conversations.) The only information to accumulate to a sub-

ject in the course of a game was the past decisions of the rivals.

Systematic differences petween experiments were: a) whether
subjects were pald their actual profits, b) the length of time sub-
jeets spent in the experdiment, ¢) the form in which market informa-
tion was given and d) the information state. The two information
states are "complete" and "incomplete." Complete informetion is the
case in which the subject knows the profits to each firm in the in-
dustry, corresponding to a given set of choices. Incomplete informa-
tion describes the condition in which the subject knows only the pro-

fits to himself. Table 1 summarizes these differences.



Table 1
Hoggatt 1 F.5 Friedman Hoggatt 2
Were subjects paid
their actual profits No Tes tes No
How many games did 1 1 6 or 9 se- 2 simul-
each subject play guentially| taneously
In what form was Algebraic Payoff Payoff {Algebraic
profit information profit matrix matrix profit
given function function
: \ Some com-
What information Incomplete | plete, somel Complete |Complete
known on profits -
incomplete

Thus, Tor example, F-S subjects were pald their actual game earnings,
each subject was in only one game, information was provided in the
form of a payoff matrix, and both complete and incomplete information

states were used in thelr experiments.

2.2 Hoggatt 1
2.2,1 Description

Hoggatt's first experiment [12] employed nine of his Uni-
versity of California {Berkeley) business school colleagues, in three
triopolies, as subjects. The games were played under Incomplete in-
formation with each subject being given the industry demand curve and

his own cost curve, The demand and total cost functions had the form:
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1 is the industry price in period t ,

, .th . . \
qit is the output of the i firm in period t ,
%)>O, %->%2>q5>0, 5Lj>o’ i=1, 2, 3,

ij.,l,E.

Thus demand 1s modeled in a way which causes an increase in the out-
put of pericd t to have a depressing effect on the prices cf the

next two periods (Pt+1 and pt+2) as well as on the current price

(Pt) -

The three yardsticks against which the behavior of the firm

is measured are [12, page 196]:

Generalized Cournot Behavior Assumption I:
The Manager of each firm assumes on day t that
the combined ocutputs of ofther firms will be the
same in the current period as they were in the
previous period, Output is set so that profit
on day t will be maximized if the assumption
is correct.

Generalized Cournot Behavior Assumption 1I:
The Manager of each firm assumes that the combined
outputs of the other firms will be the same in the
current and the next two fubture periods as they
were in the previous periocd. OQutput level is set
on day t so that if it is constant for two future
periods, and if the assumption of fixed opponents'
outputs 1s correct, then profit on day t+2 will
be maximized.




The third yardstick is joint industry profit maximization.

The three games ran, respectively, for 13, 16 and 20 periods,
and the firms chose output levels tolerably close to the short-run
Cournot levels {Cournot I, above). This experiment is of great in-
terest because it is the first olligopoly experiment to be reported
and it is the only one to date in which there is a behavioral hypo-
thesis in which explicit consideration is given to profits in a future

period.

2.2.2 Comments

The prime weaknesses of the experiment relate to experimental
control snd the motivation of the subjects. Concerning the first,
subjects were not confined to a laborastory and isclated from one ancther
during the experiment; rather, they made decisions every day or few
days, leaving them in a mallbcx and picking up their results from
gnother mailbox. As a result there is no experimental control insuring
that the subjects did not discuss the experiments with one another,
although the results are hardly those one would expect from collusion.
Even without collusion, the mere fact that subjects couid talk to one
another, and assorted others, during the course of the experiment adds
an uncontrolled element a} the importance of which is very difficult
to assess and b) which could have been easily controlled by a differ-

ent design.

These subjects were not pald money in proportion to their



profits, which raises the question of what objectives they might

have had in the game. IUnder incomplete information, the subject

lacks opportunity to formulate an objective function involving the
profits of rivals. Furthermore, with their training as professional
economists, they are aware of the more popular oligopoly formulatione,
Both these influences should incline them toward & simple, Cournot-

type of behavior.

In general, to refrain from paying subjects their actusl
profits is to refrain from building into the experiment a real-world
incentive which is easily duplicated in the laboratory. The unwanted
effects on behavior which may result are best illustrated by considering
complete informetion oligopoly == where subjects know their rival’s
profit functions. Where profits are not paid, the subject will not
cherish a marginal "dollar" of profit as if it were a dollar in his
pocket. Indeed the absolute level of his profits is without meaning.
The subject will be in a parlor game situation where success is judged
by how well he does in relation to his rivals. Compare the subject
whose profits are low, but are greater than those of any rival, with
the subjects whose profits are twice as high, but lower than thoge
of any rival. The first will regard himself a success, the second
a failure. @lving real money payoffs to subjects will moderate, per=-

haps completely overshadow, this parlor game influence.

Generally the behavior which maximizes profit does not maxi-

rmize the extent to which one's profit exceeds his rivals . Indeed



pursuit of the latter objective requires a sacrifice of one's profit

level.

The experimental situation should speak for itself. As the
intent of the experiment is to see whether and in what manner subjects
react to a profit incentive in an oligopoly setting, the best experi-
ment is one which provides a real profit incentive in its basic de-
sign. Then, subjects merely are given Instructions which describe
the features of the experiment without reference to how they should
behave; and the experimenter records and analyzes the resulting be-

havior.

The "long-run” Cournot behavior, designed to maximize pro-
fits in the second period hence, 1s a bothersome notion. It appears
highly arbitrary and hard to defend. Why maximize tomorrow's profit
and pay no attention to todays? A much more natural notion would be
that of maximizing the sum of profits over the current and next two
periods, with the firm assuming his rivals wlll continue indefinitely
their outputs of the preceding period, and choosing his current and
next two output levels so as to accomplish this maximization (with
the firm not required to assume it must hold its output constant for

three periods)al

In summary, it is difficult to gauge the success of this
experiment. In part, its success depends upon how iis purpose is
viewed. As a demonstration that experimental research is possible

in oligopoly, it 1s surely successful despite the shortcomings which



w 10 e

have been noted. The importance of paying profits to subjects is
minimized by the incomplete information state, and the problem that
subjects could have colluded because they were not confined to a lab-
oratory is not of concern here because Hoggatt's subjects were his
colleagues, whom he could surely trust. These results form the first
experimental support of the hypothesis that the Cournot sclution is

typlcal of benhsvior in incomplete information games.

2.5 TFouraker-Siegel

2.3.1 Description

Fourasker and Siegel (F-S) performed ten oligopoly experi-
ments and half a dozen bilateral monopoly experiments which are des-
eribed in their second book [6]. Their first book {16] was concerned
only with bilateral monopoly. Thelr experiments are characterized
by the virtues of extreme simplicity of design, a high degree of con-
trol and excellent documentation of their procedures and results.

The subjects were college undergraduate students, who were paid their

actual earnings for participating in the experiment.

Among the 10 oligopoly experiments were elght which exhaust
all possible combinations of a) complete and incomplete information,
b) duopoly or tricpoly and ¢} Cournot or Bertrandesque market. The
erucial difference between Cournot and Bertrand markets is that the

latter have discontinuities in demand for the cutput of a firm and
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the former do not.2 Only the four standard Cournot experiments will
be discussed here. All the F-S experiments are based on demand func-

tions of the form:
P, = Oy - ai(qlt * Qu t QBt) for tricpoly
P, = Oy - afl(qlt + th) for ducpoly

Costs are nil, so profit for a firm is

ﬂit = ptqit i=1, 2 for ducopoly
i=1,2,3% for triopoly

Information was given to the subjects in the form of payoff matrices
which afforded each a choice of 25 output levels (the integers from

8 to 32). Under incomplete information, payoff matrices gave profit

to the subject corresponding to any ocutput he might choose and any
total output the rivals might choose. Under complete information,

the subject's matrix also gave total profit to the rivals corresponding

to the choices which might be madeu5

There were 16 incomplete information duopoly games, 1l trio-
poly, 16 complete informetion duopoly and 11 triopoly. The precise

demand functions were, in cents:

Py = 2.4 - JOb(g,, + Aoy )

P, = 2. - ,Oh(qlt Ty * q3t)
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wvosty were assumed nil.

F-5 singled out three sclution concepts as being of specia.
interest. There are a) the "Cournot solution” which is found by as-

g:ming each firm seeks to maximize its own profit with resgpect to its
p
dx,
~wn declsion variable Swi =0, 1=1, ¢ee, ), b) the "“joint
4
maximum" which is found by assuming each firm seeks to maximize total
dT x

7]

industry profits with respect to its decision variable Sg F c )

and c¢) the "rivalistie solution" which is found by assuming the firm

seeks to maximize the excess of its profit over the average uwrofit

of its rivals

Table 2 gives the output levels which correspond =~ these
soiutions for the models used by F-S. All games in the four experi-
ments ran for 25 periods of which the first three were desiznatea

“practice,"” and for which subjects were paid no profits.

The principal hypotheses tested by F-5 in these experiments
are: 3, subjects under incomplete information will tend to choose
the Cournot solution output Levels (20 for ducpoly and 15 for triopoly),
and b) the variability of responses under compiete information is greater
than under incomplete. Apparently the rationalization for the latter

is that under incomplete intormation, those subjects with a rivalistic
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Table 2

Output Quantity

Duopoly Triopoly
Firm Industry Firm Industry
Rivalistic (R) 30 60 20 60
Cournot (M) 20 Lo 15 45
Joint Maximum (C) 15° %0 10% 30

*The jolnt maximum is achieved so long as total industry ocutput is
30, irrespective of how the total is allocated among the firms.
or cooperative bent are prevented from exercising it due to ignorance

of their rival's profit functions.

The hypothesis a) is confirmed. Using as data the output
decisions for the pemultimste period, the mean observed output levels
are: 20,9 for individual duopolists, 16,0 for individual triopolists,
41,8 for duopoly games, and 48.1 for triopoly games. Also & tabula-
tion was made, reproduced in Table 3, in which each individual and
each game was classified as R, M or C saccording to whether the
decision of the next to last period was nearest the R, M or ¢

output level.

The specific hypotheses on Cournot behavior (item a) were
two: 1) As the individual Cournot output for ducpoly (20) exceeds
that for triopoly (15), while the Joint Cournot output for duopoly

(40) is less than triopoly (45); it was hypothesized that the observed
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Table 3

Observed Cocperativeness

Individual Game

R M C R M C
Complete information ducpoly 9% 1a% 10 5% 7% 5
Complete information triopoly 15 15 3 6 5 0
Incomplete information duopoly L 26 2 2 1k 0
Incomplete information triopoly 9 20 y 2 9 O

individual mean for ducpoly (20.9) would be significantly larger than
the triopoly mean (16.0), and the joint duopoly mean (L41.8) would be
significantly less than the joint triopoly mean {(48.1). These hypo-
theses were confirmed by Student "t" tests. 2) The second hypothesis
is that, in the sbsence of systematic preferences by subjects, there
would be & probability of 1/2 that a given game will (in the next to
last period) exhibit total output nearer the Cournot level than either
the rivalistic or cooperative. At significance levels of ,002 for
duopoly and .035 for triopoly (or greater) it is concluded that ob-
served behavior is not due to chance, and therefore systematic pre-

ference is indicated for the Cournot output.

A fault common to both the preceding tests is that they
employ the wrong data. The analysls is based on the assumption that
Cournot maximlzing behavior by an individual is the same as choosing
the Cournot equilibrium point output. This is only so if rivals are

expected to choose Cournot equilibrium output also. The same applies
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to rivalistic and cooperative behavior. For example, consider Cournot

maximizing behavior for firm 1 in a duopoly. His profit function is
j{lt = q‘lt(e.h‘ - Ooll'qlt - ooh-q_z)t)

and his estimate of his profit for period t is

e

e
ﬂlt = Cj_lt(Eoll- - noll-q_lt bl .Ol'-q_et)

where th is his estimate of the output level his rival will choose

in period t . His estimated profit is maximized when:

aﬂit - e
qult = 2ol w .,08q1t - .ohqet = 0
e
=60 - 29, - qp

or, equivalently, when
e
ql.t == 30 - °5q.2t

Thus, for the Cournol maximizer, the sppropriate output level depends
on the expected output level of the rival, and, it is the Cournot
equilibrium output of 20 if, and only 1f, the rival is also expected

to choose 20,

The F-5 procedure for classifying the decisions of indivi-

duals impiies that whatever type of behavior a subject decides to exhibit,
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he expects his rival to do the same in the current period. This makes

sense if a subject is flrst presumed to estimate the behavior he expects
his rivals to exhibit and then mimic that behavior himself. While
the latter appears an absurd way to behave, it is the best the present

writer can conjure to justify the strange use of data employed by F-S.

One alternative is to assume the subject takes the preceding
period output levels of its rivals as his estimate of what they will
de in the current period. Then a Cournot response is one which is
nearer the Cournot level than the rivalistic or cooperative, with the
three points calculated under the relevant output assumptionz. Under

this procedure Cournct behavior for ducpoly is given by:
dyy = 30 = D85 4 -
Rivalistic behavior is given by:

atyy - )
0454

= 29)4- b -08q_lt = O

or qlt = 30

and cooperative by:

a(alt + “2t)
914,

= 2.4 - °08qlt - °08q2,t~l = 0

or Ay =30 = 9 4y
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Table b contains the same information as Taeble 3 for individual re-
sponses, with the classification made on this basis. A marked inerease
In Cournot behavior and decrease 1n cooperatlve behavior 1s seen in

Table 4, as compared with Table 3.

Table 4

Alternative Classification of Observed Cooperativeness

Individual
R M C
. . 1 =1
Complete information duopoly 9§ 195 T
Complete information triopoly 1L 19 0
Incomplete information ducpoly ] 26 2
Incomplete information tricpoly G 23 1*

*Phis observation is ambiguous. While the output choice of eight
units 1s nearer M than € , 1t was the lowest available cutput
level.

To test the hypothesis b), F-S first calculate the standard
deviation of total game output, for the next to last period, across
all games of an experiment. They then test whether the standard de-
viation for complete informatlion ducopely exceeds that of incomplete
information duopoly, and similarly for triopoly. The hypothesis is

confirmed that standard deviations are greater for complete Informa-

tion.
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2.5.2 Comments

Many issues are raised by reflecting on the F-38 experiments:
a) They make little use of their data. b) Are students appropriate
as subjects? c¢) Can relevant, useful, results be gotten when subjects
participate in only one game cach? d) Their behavioral hypotheses

are quite crude. These will be discussed in turn.

a) 1In each game some twenty-five observations are generated
in order that only the next to last he used. This procedure naturally
raises guestions; How many pericds of play are necessary before a
“learning phase’ is over and some sort of stable-state equilibrium
behavior beginst Could the experiment shed light on the learning
phase? Are there characiteristics peculiar To an individual which
may be seen in the learning phase and which give en indication of
how he will behave in the stable state? No effori seems to have
been made to distingulsh the learning phase from stable equilibrium

behavior.

Of course, knowing the length of the learning phase suggests
s minimum length for the game if one wanis observations on settled
behavior. The minimum differences to be expected between learning
phase and later behavior are: 1) The random component in learning
behavior is 1likely to be larger because the subject's alms are not
as well defined as they will eventually become. ii) To the extent
that learning phase behavior has regular features, one would expect

these to change over time as learning proceeds. One characteristic
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of stable equilibrium behavior should be that it is characterized
by features which remain constant over time, For example, the guan-
tilty cihclice of firm 1 of a ducpoly might be descrived by a reaction

function:
q'l't = f(qE,‘bwl’ gt)

The reaction function gives the decision of firm 1, in the current
period, as a function of his rival's decision in the preceding period
and a random varieble. One would expect, as the learning phase pro-

ceeds, that the funetion, f will chenge, end the role cof gt will
diminish in importance.

It would be most interesting to see experiments which dis-

tinguished the two phases and tested hypotheses relevant to each.

b) The obvious questions about the student sample (or about
Hoggatt's faculty sample) is whether they are drawn randomly and from
the right population. F-5 generally sought male volunteer subjects
who were told they "could make scme money by participating in a re-
search project."4 Are students drawn in this way typical of the male
student population or are they different because they wanted to earn
money or be in & research project? Perhaps these volunteers are more
hard working. Are students typlcal of the population of businessmen?
They are both younger and more uniform in age and education. Perhaps
there are relevant, singular traits which are typical of businessmen

are not students. Deos the businessman's years of experience change
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him in ways relevant to this sort of experiment? It would be a mis-
take to pretend to answer these questions here. They are empirical

questions to be answered by appropriate, well-designed studies.

¢) Each subject participated in only one game, probably
of an hour's duration. As businessmen may be assumed gquite familiar
and accustomed to their usual circumstances, the appropriste thing
is to have data from subjects who are used to theirs -~ who have gotten
a feeling for the game, as & businessman has a feeling for his business.
The experience of the present writer suggests that for games of the
approximate complexity of those reviewed here, two to four hours of
play must elapse before a subject gets fully accustomed to his cir-
cumstances. Striking evidence in [8] shows behavior changing for
approximately three hours and stable for the next seven in an experi-
ment which consisted of two five hour sessions on consecutive nights
with the same subjects. Perhaps the behavior viewed by F-5 is analogous

to that of the trainee who has just entered the business world.

Considering the comments of paragraph &), above, raises
the question whether there may be two sorts of learning relevant to
the subject who plays many games. The first is that which gives him
general understanding of and feel for the experimental situation, and
the second is that which gives him a sense of how his particular rivals
of the moment make their decisions. These may be termed "experimental"
learning and "within game" learning. Surely that latter proceeds

more quickly, the more experimental learning the subject has experienced.
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Loosely speaking, experimental learning is llke acquiring general
business experience, while within game learning is like gaining ex-

perience in a particular new market.

d) They admit of three types of behavior, R, M and
C . Without much deviation from their scheme and spirit it is easy
to suggest a less crude formulation. A subject may be regarded as

trying to meximize;
R R

where s, 1s his own profit, =, is his rival's and Pl is the

1 2
welght he puts on his rival's profit relative to his own. R, M

and C clearly correspond to P = -1, 0 and +1 , respectively.
The F-S procedure amounted roughly to saylng that if P is nearer
+1 than 0 , the subject is considered to have py = +1 . Why not

admit intermediate values? ¥For each game of, say, ducpoly there is

a pair of values, P1 and P, » ONE for each subject. One could

test whether the two series have the same rank order. If the dats
on each subject were not so skimpy, it might have been possible to
conslder whether subjects attempted to maximize profits over an hori-
zon of, say, T periods, instead of assuming they are single pericd

maximizers.

On balance, the ¥F-5 experiments are execiting, disappointing

and very suggestive. After the very great care with which they designed



their experiments, chose and handled their subjects, and reported
all they have done, it is & let-down to see the very crude and in-
direet nature of the hypotheses they test, and to see how little use
they make of their data as well as how little attention they pay to
determining which date they really want. To call down F-S for these
shortcomings is, perhaps %o criticize them for not seeing before they
ran their experiments certain things which are much more clearly per-

ceived after seeing what they have done.

Whether or not thelr experiments are ideal, they are deslgned
to facilitate testing the hypotheses they set out to test in simple
and uncluttered ways. Thelr results provide a further corrcborsticn
of the hypothesis that the Cournot soiution will prevail under incom-
plete information. The great dispersion of results under complete
information suggests that personal characteristics may play a role
in determining eguilibrium behavior, and that the most appropriate

solution concept may be one for whicn the outcome is not unique.

2.4 Friedman
2.4.1 Description

The Friedmaen experiments [7] were designed and executed
after F-5 and with a knowledge of their work. 1In many respects F-S
techniques and procedures were copied: Student subjects were used
and were paid their actual profit. Subjects entered and left the

laboratory slugly so they would not see fellow subjects. Instructions
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werg given in written form so that the precise instruction each sub-
ject received could be fully reported in the research report. Sub-
jects were in single decision variable games which could be represented

by payoff matrices,.

These experiments differed from F-5 in several important
respects. They are confined te oligopoly and, although price was the
decision variable, the models were not Bertrandesgue, so there were
no discontinuities in the demand relations., All games were the com-
plete information variety, as F-5 seemed to have strong results for
the incomplete case. Arguing that noncooperative behavior is_all
that makes sense when a subject knows only his own payoff matrix
seemed compelllng, although this conjecture will be called into ques-

5

tion in section 3.

The Friedman experiments were designed to have each subject
play in many (6 or 9) gemes. The games were sequential with the pay-
off matrices and grouping of subjects into games varying from game
to game. While a subject never knew who his rivals were, he did know
that he had the same rivals all through a game, and that he would
haye new ones from game to game. The original intent of having a
subject play in many games was to provide sufficient data so that
the behavior of each subject, as a function of the behavior exhibited

by his rivals, could be characterized individually.

The payoff matrices were derived from the following demand

and total cost relations:
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Mg = Prelyy = Cpp = My Py Z Pjt) .

JH
Thus, as with F-8, the firms were symmetric (if each makes the same
decision, profits are identical for all)., n , the number of firms,

was 2, 3 or L.

The prinecipal analysis was based on an lndex of cooperative-

ness:6 Consider the following firm:

F- = g, + p. E i »
it it i . t
J#L :

If a firm chose its price so as to maximize Fit s Py could be re-

garded as its index of cooperativeness. An index of zero corregsponds
to a Cournot, or non~cooperative, maximizer. Values greater than

zero show a positive degree of cooperativeness, with Py = 1l corres-

ponding to a firm seeking to meximize industry profits. Negative

values correspond to various degrees of rivalistic behavior, with

p, = =i being the rivalistic behavior notion of F-8. When py =

i n-1 n-1 "’

the firm seeks to maximize the excess of its own profit over average

profit of its riva.ls.T
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If it is sssumed that & flrm believes its rlvals will re-
peat in the current period the prices they charged in the preceding
period, then the price the firm should charge in period t is impli-

citly defined Dby:

Bx.(p,ilp‘__) (E)n P.y 12 P I )
I\ 1t g gtel o 3 i Pj,t-1° Pap t Kfi,y K Py t-1
OPy¢ i S oPy

0.

Friedman sssumed that the firm might have & different value of Py
in each period and that p,  depended on the Py 41 (j#i) « The

degree of cooperativeness exhibited by a subject 1n pericd + was
assumed to depend on the ccoperativeness shown by his rivals in period

t-1 . Clearly, if p,, and the Py g1 (Jf1) are known, and it
2

is assumed the firm maximizes in the way described, is given

Piy

by:

-Bﬁ.(pit, .Zip. t_l)/ap.
3

Py =
it Z on, (pJ,t 17 Pyt + I Pk o l)/ P+

A 541, 3

The relationship, whose parameters were estimated separately,

for each subject, is a variant of:

Bi
Pyp =% * a1 5 Pie-1t fie
JHL
Where e, ig & random disturbance term with zero mean.

it
The data used were from the ten periods preceding the final

period of each game. Earlier pericds (the first ten to fifteen) were
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not used on the premise that the subjects required this time to get
used to ecach new game. The latter assumption appears inconsistent with
the validity of the estimated relationship, because it is asssumed the

paranmeters ai and Bi do not depend on how the rivals choose their

p values. If the a and B of a subject were thought to depend
on the «'s and P's of the rivals, one might wish to exelude the
early periods of each game when subjects would be assumed teo be sizing
up one ancther and deciding on appropriate parameter values. Thus
consistency would appear to demand that Friedman either a) assume

¢ and pB for a subject depend on the a's and B's of rivals,

and estimate a different a and B for each subject for each game
(which justifies using only the later reriods of each game to esti-
mate the behavioral relationships) or b) assume & and B are not
dependent on the behavior of rivals, in which case there is no rea-
son to assume the values of & and P should differ early in a game
from their later values. Friedman made the assumption b), yet did

not use the data from the early part of the games.

The Jjustification for Friedman's formulation is not that
one firm really cares about the profits aceruing to its rival, but,
rather, that the firm believes it will make more profits in the long
run if it allows its cooperativeness index to be higher, the higher
are the indices of its rivals. This could he valid if the firm be-
lieved the rivals' indices were positively related to its own. Then
it would seem likely that a flrm would select its @« and P as some

function of the Q@'s and B's of its rivals.
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The gaestions raised above about Frieuman's anaiyssics are
toc mich for nis data to bear. Its proper settliement wou.d regqulire
a new, and we.. thought out, experiment. in part this is because
ir. .8 experiments, certain parameters of trhe profit functions, as
e ,oaf .- -roping of subjects intc games, were changing from game
oot . Phus 1t is impossible to telil vhether o an: 3 for a

~ =~ coange from game to game due -0 changes in game parameter:
gy s ot Aifferences in the @'s anz S's exhibited ny rivals.
If 4 =ut P 4id not change from gamne ©0 game, weak suppcit would
ne fain=1 for the hypothesis that neitiner rival behavior nor gams
srameters affect the @ ana B of &2 gubject. This strange con-
niusior is not borne out, however. (ame parameters were introduced
in the regressions by means of dumr: variables, and it was found that
~ney sannot, in general, be remcves without significant effect.
Por each game and each subject, .n “oth experiments, the B's were

qsually hetween zero and one.

Friedman's first experiment involved only ducpoly games,
with six subjects playing in six games each.9 The second utilized
nine subjects in 2, 3 and k perscr games. Elght of them were in 3
duopolies, 3 triopolies and 3 four jerson games, witt: the ninth sub-

ject in 6 Auopolies and three tricrclies.

A second type of informs lon coming out of nis experiments
concerns the number of games that -rentually reach the joint meximun
and,once attained, stay there until the end of the game. In the ex-

periment it is 6 out of 18 duopolie . In the second, it is 6 out



- 28__

of 15 duopclies, 2 out of 9 triopolies and O out of 6 four-person games,
The proportion of Jjolnt-maximm games appears to decline rapidly as

the number of players ilncreases.

2.4.2 Comments

In comparing the F-5 complete information games to Friedman's,
one difference that stands out 1s the freguency of joint maximum games.
There were none among their 16 duopolies or 11 triopolies; while 12
of 33 of Friedman's duopolies weré Joint maximum, and 2 of 9 triopolies.
Only one of these games occures when subjects were in their first game.
It was a duopoly and was among 5 ducpoly games which were the filrst

played by subjects. This information is summarized below in Table 5,

Table 5

Frequency of Joint Maximum Games

First game Later games
Duopoly 11 of 268 1of 5
Triopoly 2 of 8 -0 of 12

The evidence is not conclusive, bul it suggests that there are dif-
ferences between the mode of play of a subject 1n his first game,
as compared with later gemes. Additional, and stronger evidence may

be found in an experiment not reviewed here [8].
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Another side to the guestion of subjects particlipating in many games
is that casusl empiricism suggests some may become bored after a while,
Boredom may lead to random choices, cholces designed to shock one's
rivals, mechanical repetition of some pattern of play while the mind
dwells on other things, etc. Perhaps the real world of business in-
volves stakes o large or an environment so interesting and varied
that boredom is rare. 1In any case, it is really not known when and
how boredom sets in to the experimental scene, much less whether it
oceurs in a way different from or similar to the real business world.
In the progress of an experiment, a stable equilibrium phase may give

way to a boredom phase.

Friedmsn tried to do too much 1n his experiments and, as
a consequence, soméwhat muddied his results. Clearly the more vari-
ables one wishes to examine, the more observations are required for
good analysis. Friedman gave in to the temptation to let vary almost
anything he could, given the number of games and subjects he used.
The result is that when all variables are accounted for, nearly none
seems significant; however, if, say, half the variables are excluded
nearly all the remainder are significant,. The half to be used may

be chosen arbltrarily.

It was algo noted earlier that the theoretical underpinnings
of the regression are shaky. The behavioral hypotheses embodied in it
do not arise from any well-defined optimization process. They are

supported by (somewhat contradictory and fuzzy) ad hoc reasoning.
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2.5 Hoggatt 2
2.5.1 Description

Hoggatt has done a second experiment [13], after those re-
ported earlier in this section, which is, 1ln certain ways, a notable
improvement in design over its predecesscrs; however, it also fails
to utilize certain important lessons learned or demonstrated in them.
The weak points In this experiment are: 1) using unpaid subjects,
and 2) having subjects play only a small number of periods (two games

of between 13 and 21 periods each).

Hoggatt had 12 subjects for this duopoly experiment, all of
whom were researchers in the School of Engineering of the Unilversity
of Chile, JIdike the F-53 and Friedman experiments, this one is concerned
with the cooperativeness of subjects; however, it is nearer in approsach
to the latter than the former. The fundamental F-S hypothesis was
that behavior is more uniformly non-cocperative, the less information
the subjectes possess. Friedman used the index of cooperativeness,
p , to characterize the behavior of a subject and estimated the re-
lationship between the index of a subject and that of his rivals’
in the preceding period. Hoggatt's hypothesis is the higher the p

value of the rival, the higher is one's own p value.

Hig experiment is designed in a very simple, yet very power-
ful and gensithle way. His subjects each played in two games simultane-
ously. They were told they sold in two completely isolated and in-

dependent markets with a distincet rival in each. The rivals were
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in fact robot players, whose modes of play were programmed into a
computer, The strategy against which the subject played in one mar-
ket was p = -.6 and in the other p = +.6 . The precise hypothesis

ig that In a game with fixed p for the robot, the series of Pyt
chosen by the subject will go to a limit p: . The higher is the »p
velue of the robot, the higher is equilibrium value p: cf the sub-
Jject.

The precise statement of Hoggatt's hypothesis is [13, pp.

21-22]:

+sewe shall split each time series of ocutputs by the sub-

Ject into a "first half" and a "last half," discarding the
central term in the event that the number of terms is odd.
Similarly, we divide the series of first differences with

respect to time inte a first half and second half. We

say that the path of a particular market shows a tendency

toward stability if:

a) The mean of the absolute deviations of the last half
series of cutputs is less than the mean of the abso-
lute deviation of the first half series of oulputs
for that market and;

b) the mean of the flrst difference with respect to time

of the last half series of output is less than the

mean of the first difference with respect to time of

the first half series of ocutput.
Seven of the games with robot p of «.6 and eleven with robot
p of +.6 pass tests a) and b) for stability. Table 6 below shows
the comntingency table for the 12 subjects concerning the passing of
the tests a) and b). A 2 test for independence of the éntries of

Table 6 is accepted at the 95% level., On this basis, one cannot con-

clude for stability.
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Table 6

Does behavior tend towerd stability (pass
tests a) and b)) in games where the robot
strategy is +.6

Does behavior tend toward Yes No
stability (pass tests a)

and b) in games where the Tes 1 ©
robot strategy is =~.6 o L N

While one cannot conclude formally for stability, a glance
gt the data leaves the impression that p is higher for a subject,
the higher is the p played against him. In six of the 12 cases
the p & subject plays is never lower against the p = .6 robot
than the corresponding move against the p = -.6 robot. In four
cases there are a few instances (6 out of 68 periods) where a lower
p 1is played against the .6 robot than the -.6 . The remaining
twe casesg are less clearcul; however, the overall effect leaves the
strong impression that Hoggatt's hypothesis concerning the happy ef-

fect of cooperation is correct.

2.5.2 Comments

Like 8ll the experiments discussed in the present paper,
this one is interesting because of some novel insights of design, as
well as because the results, themselves, are suggestive. Using un-
paid subjects and not allowing them enough experience to get fully
used to the game situation has been commented on before. The experi-

mental design is excellent for its simplicity. The parameters allowed
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to vary are kept down to a reasonable few. The analysis itself utilizes
techniques calling for a minimum of underlying statistical assumptions,

in contrast with Friedman, who uses ordinary least squares regression.

The really novel feature of this experiment is the use of
pre-programmed strategles. The obvious advantages are that subjects
may be paired with many types of rival players, and, as the experi-
menter knows the parameters of the robot players, any statistical
analysis is simplified. Instead of having a set of parameters to
estimate for each subject, with interdependence between the values
for them, causality runs only one way. The parameters of & subject

are never affected by those of another subject.

Like most good things, the robots come at a price. If their
behavior is very singular and unlike the behavior of people, it is
possible the subjects play against them in ways they would never play
with other subjects. For example, Hoggatt's robots have no learning
phase. It is possible that the response of a subject to his learning
phase may affect the final, stable equllibrium behavior of hils rival.
In these circumstances, one could not predict subjects' behavior in
games with other subjects on the basis of their performance with robots.

Clearly the ideal is to have robots which behave like people.

Hoggatt's robot strategies were of the form

X = g + bX
s

rt yE-1

where X ¢ is the tth pericd output of the robot and Xy is the
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tth period output of the subject. Such a simple, rigid pattern may
be easily detected by subjects, and spotted as a mechanical strategy.
It may be possible to make the robot appear more human by adding a
random element to its behavior rule. In any case, the robot strate-
gies, while potentially very useful, must be understood beitter and

handied carefully.

3. Further Comment on the Experiments

3.1 Motivation of Subjects

The first question concerns whether the subjeclts are likely
to have a relevant sort of motivation. All the experiments reported
above are aimed at a simple modeling of business behavior, thus the
subjects are supposed to be actuated by the most important forces
operating on real businesses. A common list of business motivations
would probably include: a) profit, b) sales, c) rate of growth of
profit or sales or assets, d) power, e) relative share of industry
sales going to the firm, f) level of profit, sales, or growth raie

relative to rivals.

Traditionally, economists would argue for a) and claim that
b) and c) might be regarded as proxles for future profits while d), e)
and f) either play no role or are of secondary importance next to pro-
fit. It remains an empirical guestion of importance to determine
whether there are motivations more important than profit, and 1f there
are, after determining what they are, to reconstruct economic theory

with these new, correct, motivations in such a way that it gives more
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insight into and explanation of economic realities than the presently
accepted theory. For those who, like the author, believe that profit
is unlikely to be dethroned, the experiments which have been described

focus on the principal motivation.

2,2 On the Hyvpobtheses Which are Tesied

A number of behsvioral hypotheses have been put forward in
the oligopoly literature. In each of the experiments reviewed here,
a few of the alternatives are singled out and the experiment is used
to choose among them, or a relationship ils sought between the mode

of behavior displayed by a subject and the behavior of his rivals.

Hoggatt's first experiment featured standard Cournot beha-
vior and a misconceived notion of long-run Cournot behavior. The
F-5 experiments focused on Cournct, rivalistic and joint profit maxi-
mizing behavior. The Friedman and Hoggatt 2 experiments assume firms
seek to maximlze a weighted sum of thelr own and their rivals'™ pro-

fite.

All of these modes of behavior-assume single period profit
maximization, which ig a rather naive objective for oligopolists.
They are presumsbly aware that thelr actions will affect the behavior
of their rivals and that there will be many decision perlods after
the current one, BSurely maximizing a discounted profit stream is more
sensible. Another difficult assumption is that a firm assumes its
rivals will repeat in period t their decisions of period t-1 .

Generally this assumption will be contradicted by the facts, so its
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maintenance by raticnal economic agents is untenable,.

Two pepers by Friedman ([10], [11]) develop fairly general
models of oligopoly in which firms behave noncooperatively (i.e.,
without concern for the profits of rivals), but where they maximize
discounted profit streams and do not make wrong assumptions concerning
their rivals' behavior., The paper [10] is on price or quantity du-
opoly, while [11] deals with n firm oligopoly where price is the

decision variable.

Roughly speaking, these papers prove the existence of sets
of reaction functions which are stable and have an important optimal-
ity property. The reaction function of a firm gives its current de-
cision as a function of all the declsions made in the preceding pericd.
They are stable in the sense that, starting with an arbitrary price

(or quantity) vector Xy » X%, Wwill converge to an equilibrium set

of prices as t goes to infinity. The optimmlity property possessed
by this set of reaction funections and equilibrium point 1s the follow-
ing: Let any one firm calculate its profit maximizing reaction func-
tion for an horizon of T periods (i.e., the firm seeks to maximize
the discounted sum of T periods' profit). The reaction functions
calculated for various values of T will converge, ags T goes %o
infinity, to a limiting function. If the firm replaces its assigned
reaction function with the limit function, this new set of reaction

functions is stable and possesses the same eguilibrium price wvector.
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There are many points which may be equilibrium points and
many sets of reactlon functions which may be associated with them.
Thus a wide range of behavior may correspond to noncooperative profit

maximizing behavior for all firms.

It should be noted that a firm is not required to know the
profit functions of its rivals. It must know its own profit function
and their reaction functions. Thus noncooperative profit maximization
under imcomplete information need not lead to the Cournot point.

One would need much data and a very well-designed experiment to test

for this sort of sophisticated long-run profit maximizing behavior.

3¢5 Concluding Comments

On balance the experiments discussed here are pioneering
efforts which go far to demonstrate the usefulness of experimental
methods for economic research. They contain much information on and
insight into the problems of good experimental design, and they test

interesting hypotheses in fruitful ways.

The extreme care with which F-S wrote instructions and
handled subjects may be a contribution from experimental psychology.
In any case, it helped to launch experimental economics at a high
level, Perhaps the individual cholice circumstances characteristic
of oligopoly, bl-lateral monopcly and utility may regquire a much
longer period of familiarization than the psychologists' subjects

need. A longer time is needed than was at first recognized.
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Paying subjects is an important plece of realism, When
this is done, decisions are not hypothetical. Profit to the subject
actually depends on his behavior, and he need not be asked to pre-
tend it does. Chances are most people are poor at guessing how they
would behave in sgituations with wiich they are not thoroughly familiar,
so anything that can be done to make an experiment real instead of

hypothetical is very important.

The advantages of experimental research, when adapted to
the needs of economics, are striking. Compared to traditional empirical
research in economics the experimenter has considerable control over
the desgign of the markets within which his economic agents operate,
and he can exclude some influences from which he wishes to abstract
while concentrating on others he wishes to study. Anyone questioning
results within the experimental framework is able to replicate an
experiment performed by someone else and analyze entirely new and in-
dependent data. On the other hand, the world of the experimenter
is artificial and of his own design; so the extent to which experi-
mental results may be taken as a clue to behavior in real life mar-

kets is uncertain.

The two conclusions on oligopolistic behavior which emerge
from these studies are: the Cournot sclution characterizes behavior
in incomplete information situations, and, under complete information,
a subject is more cooperative, the more cooperative is his rival.

It is not obvious whether these conclusions will obteln under more
intensive examination, or how more comprehensive experiments will
find them modified; however, they are interesting results and sugges-

tive of what might be done experimentally.
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FOOTNOTES

lere sengible still is the assumption that the firm seeks to maxi-
mize a discounted stream of profits extending from the current period
until the firm will cease to cperste. More will be said on this in
section 3.

21n the Cournol experiments, quantities ere the decision variables:

however, in the Bertrand case prices are chosen by the firms, with
the following understanding: 1) Only the firm charging the lowest
price has any sales, 2) his sales are given by the industry demsnd
relationship, and 3) if two or three firms tie for low price they
share industry sales equally. Obviously for a firm, a discontinuity
in the profit function occurs where its price is equal to the lowest
of the rivals. At prices above this level, sales are Zero and profit
equals zero. At the rival's price, profit jumps to half the profit
previously enjoyed by the low priced rival and, if price is lowered
Jjust below the rival's, profit doubles. The original hint for this
model is found in Bertrand [1], and further analysis appesrs in
Edgeworth [5] and Shubik [15]. The Bertrand games will not be dis-
cussed further.

AN

There were two additional duorpoly experiments which are of a very
sbrange nature., In one of them the subjects are told that he who
makes more profit than his rival shall win an extra $3.00, over and
above his regular game winnings. This extra prize so greatly over-
shadowed the potential ordinary game winnings that a subject inter-
ested in simply maximizing his own gain would behave in the game as
if he {apart from the $8.00 prize) wished to maximize the excess of
his profit over the profit of his rival. The second experiment of
the pair iz intended to induce cooperative behavior by giving a prize
of $4.00 to each subject if the pair attain a joint profit of approxi-
mately the joint maximum. Like the obther experiment, this induces
the desired behavior in only the most trivial sense -- by making it
become indistinguishable from noncooperative behavior,

kSee [6], pages 22 and 1L.

PTheoretical results appearing in {10] and [11] make it appear much

less obvious that players will, under incomplefie information, behave
a5 ordinary Courncot meximlizers.

6This 1s the concept which was denoted P4 in the discussgion of F-S
See page 21,
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7If py = i%I for all 1, the oligopoly game with the Fi 88

payoff functlons would be & zero sum n-person game. I voint this
out because zero sum games do not often arise nabturally in economics.

F  tests were performed comparing, for each subject, a regression
with several dummy variables present to represent game parameters and
a regression with all dummy variables removed in which only two para-
meters were estimated. For nearly all subjects in the second experi-
ment the two regressions were significantly different at the 5% level.
While the reverse was true in the first experiment, there was consi-
derably less data avallable per subject.

9Actually eignt subjects were hired, one quit in the middle of the
experiment resulting in complete participation for only six subjects.
The seventh was played against dummy strategies in every game after
the eighth quit.
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