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AN EXFERIFENTAL STUDY IN OLIGOPOLY™

Jamgs We Friedmang

A very general model with which meny theories of oligopolistiec
behavior might be tested would be a useful tool for economists. In the
first pert of this paper a model is proposed for this role. The model
is not developed in the fullest d.egee of genersality, but is presented in
the way most relevant to experiments of the type présénted. in the second
part of the paper. The experiments employ a simple market model in which
eaeh subject takes the role of & business firm, ‘each firm has only one
decision variable under its control (its own pri@e) and the number of

firms in an industry is two, three and four.

l. A General Behaviorsal qu.el for ﬂ;l.igopaly

In order to present the behavioral model in a form directly
sppliceble to the experiments it is necesgary to present first the market
model utilized in them.

I. Research underteken by the Cowles Commission for Research in Ecconomics
under Contract Nonr-3055(00) with the Office of Naval Research.

2. I have ineurred many é.ebts in the course of this research. A% one
time or another probably all of 'my colleagues at the Cowles Foundation
have been subjected %o e model or results or some problem of mine. Any
virtues of the experimental portion of this paper are due to helpful
advice; encoursgement and arguments with Professors William J. Fellner
and Martin Shubik, end Dr. George J. Feeney. Professor John W. Hooper
end Laurence R. Lynn offered helpful advice at early stages. The
general model offered here owes its existence to the constructive
needling of Professors James Lee Pierce and Donald D. Hester. They read
a recent draft and made many additional suggestions which have improved
both enalysis end exposition. Mrs. Stephen Joseph was much help in
carrying out the experiments end Charles A. Bakewell in c;a:crying out
computations for the emelysis of results.



1,1 The Market Model

The merket model used in the experiments is one in which demand
is linear in the prices of the firms, marginal cost is a linesr function
of output, no balance sheet verisbles sppear, and entry and. exit are not

allowed. The demand function for the i-~th firm is:

(l) qi=81~9.2pi+93§ (i“l’ Y Il)

where g, = the wnit sales (and owtput) of the i-th firm
Py = the price cha:r:géd. 'by the i-th firm

1 B

n iﬁl.i

i

»

81y &ny 53 >0

a.2 > 9.5
This demand function has the chsrescteristies specified by Chamberlin [1]
for & firm gelling a differentiated prod.imto Tﬁe well known chJamberlin

b diegram (see [1], pege 91) is

| showm atrlef*t.‘, The dd' ocurve in
Figure 1 results when the prices
of all firms but the i-th are

*
held constant st p (or when

D' the mean of the other n-l prices
¥*
4 i8 P Jo The DB' ocurve is
Figure 1 obtained by essuming sll n-1 other

prices equal p; (or thelr meen equals p, )
The cost function used in the experiments in

| o . .
(2) €, =cq +eyuy + S5%y (i =1y oeey 1}



where C 1 = total cost. for the i-th firm

€15 Co» c3 >0

This cost function gives rise to linear, increasing marginal cost for the

firm,.

The firms are symmetric., That is, the perameters of cost snd
demend function ere the same for all 1 . There are two reasons for
using & model which is strl;étw.a.lly gimple. Experiments using a carefully
designed sirmple model may yield fundamental insights inmto behavior which
carry mrer' into more complex models. For example, from the experiments
reported below, it sppears the probability that & group of firms will meke
a jointly maximal decision decreases &5 the mmber of firms in the industry
incresses, It would be surprising if this result did not ceryy over imto
more complex models, although the particular probabilities may aljbemf with

the structure of the market.

The second reason for begiming with simple market models sand
moving towsrd the more complex is that this allows agpects of behavior to
be attributed to their rightful sources, It can be seen how changes of

gtructure are reflected in behavior.

1.2 The Behavicral Model

In the course of an experiment, subjects are divided_info groups.
Within esch group, the subjects represent individual firms within the same

industry. A group of subjects remain in the seme industry for many "periods.”
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A period consists of the following steps: a) each subject chooées & price
and, vhile so doing, is not informed of the c‘:hoicea being made by the
others, b) the decisions are collected by personnel conducting the exper-
iment, e.nd c) each subject is told the prices chosen by the others and
the profit eal.rned.- by each firm. A "game™ is defined as & set of periods
during which the division of subjects into industries is unchanged, and

the parameters of the market model are unchanged.

- The behsvioral model consists of tremting the geme &5 a Markov
*
proceys_s_.l It is assumed the indusiry can be in eny one of N “states,”

S1s ees, S\ and there is e matrix of trausition probebilitles, P = Hﬁij M

: * _ |
(i, J = 1, 400y, W) vhere x.., gives the conditionsl probebility thst
’ s P 5

, J
the industry will be in etate 'S 3 in the pext period given that it is in
*

N
state S:i. during the current period. And I x

=1, % >0 for all
PR B & R
i, 3

La241 A Partig.l Theory of Behavior

The subject of this section is only a partial theory because s
fall-fledged, well defined theory would ineliﬁ.e:a precise specification
of how subjects showld behave under giveﬁ circumstences and the prescribed
behavior would be derived from some prior principle(s) of behavior. It

is hoped this defect wlll be remedied in the future.

From equations (1) and (2) in Section 1 & profit function may

be written for each firm in which the profit of & firm depends upon all

1. See Feller [3], Chapter XV



prices:
(3) Hit = Pi‘h qit - ci'b = Hi (pl'b’ seey pn‘b) (i = Ly eoey n)

The subscript, t , denotes a time period. It is sssumed the firm wishes
to meximize 1ts profit stream over the course of the game, and that to

do so it sets its price s0 as to maximize tne following expression in the
t-th period:

(%) BBy go1r oo Byoy) 12 Poyo Prga, pa1e o0 By, 1)

T Pyy 321 Hé(pl, t-1? *°* Prly, £a1? Pied Piyy, ge1r o0 ?n,._t..l?

The subject is assumed to act as if he expects all other subjects %o repeat
their prices of the previous period, snd to meximize the sum of his (expected)
-profit plus & parsmeter ( pit) mltiplied By the sum of the {expected) profits
of the other subjects.” The questions raised here ere: 1) Why essume the
other firms will repest their previous period prices? 2) Why maximize an
expression 1ike (k)? end 3) How is Py, Chosen? These questions ere
related. |

Taking last things first, is assumed to be a function of

Pit
the Py, 4l (3#4) + The subject is assumed to act as if he realizes that

the Py he chooses will affect subsequent choices of p 3 by others. For

1, This formuletion is & generelization of some femiliser solution concepts.
Note that Py = eee =p = 0 is the noncooperative solution -‘and Py = sos = Py = 1

yields the joint meximm. See Mayberry, Nash and Shubik [4]. This generalization
was shown o me by Dr. George Feeney of the General Electric Company.
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the most part, he ls assumed to think increasing his p will induce others
to increase theirs; however, he knows this will not always occur and, 1if
it does, he is not sure how big an incresse to expect. Furihermore, 1f

p values are high (near 1.0) the subject cen résp temporsry high profits
by dropping his p %o zero. He is tempted to do this and sometimes does.
He is sssumed to think other subjects are motivated In a somewhat similar

fashion and are aware of the same sort of things.

The subject does not think explicitly in terms of p , but Lt
is essumed his thoughts on how his price changes will translate into
changes in profits are well represented by the p cencept. He probebly
does think in terms of the extent to which he and others are cooperative,
end p may be regarded as an index of cooperativeness. The higher is

p , the more cooperative the subject is being.

As to the first guestion, the assumption on the pexrt of the
subject that the others will repest their prices is a convenient simpli-
fiecation for b&:h the experimenter and the subject, When the subject is
meking g decision, he is assumed to be thinking about how his cwrrent
decisions will affect fubure-decisions by the oﬁhers, and his fubure profits.
His mind is quite fully occupied with-this, without regard Yo how his
recent decisions are affecting the surrent decisions of the others. Past
decisions of the others ere known, the present is unknown but out of the
subject’'s control, and the fubture can be affected by him and recelves his
attention, |
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It ie therefore assumed that P g ha.s a prbbabil_ity digtribution.

The hypothesized probability distribution for Pyt will now be spgcified,o
Divide the range of Pyy inte N mutually exclusive intervals. Dencte
the k-~th interval Ek » and ssgume the range of Py t divided into the
ssme N intervals for 811 i, t . If, in period % , the i-th firm has
chosen & value for Pyt in the ki-th interval, then the state of the
system in time t is specified by an n-tuple: (F.ki, cony By ) + There
are N pogsible states. From the point of view of the firni?-these

states may be divided into m = (H(_?SI;E?&:B, groups. The probability

that the i-th firm will choose to be in the k-th interval when the stste

1s presently one of the j-th group is o

ik °
(5) gaai =1 & >0 forealld, 3, k
. k=l Jk Jk -~ M *

The grouping oi" X states into n categories 1s done on the following
basis. The probability that the firm will choose & given interval in the
next period is independent of the interval it is in eurrently, Furthermore,
this proba.bi-]iiy depends only on the intervels chosen by the other firms
and not upon which firm happensd to choose a particular interval. Thus,

if there are f‘our firms in the industry who happen to have choden (Eé,

E,, Ey, B)) , the first firm only cares sbout the mumbers E,, By, E; .
It could have chosen eny interval other then E, end the probability
diatriﬁutif:in of o would be mmii‘fe@t@d. Also the firm fioes not care
whicH firm chose E, , which E; or B, . These three numbers could be

permuted in any way without affecting the distribution of Py



For each of the n firms there is a matrix of order mx N
i
Qiz ”G’jk‘l °

From these n x m x N probabilities one can construct & square matrix of

order Hn(= H*) :
Pm": “gtf‘j”

‘.Pm is the matrix of tramsitlon probebilities governing the system 1f the
distrivutions of the Pyy &T© given by the matrices ni N Pw may be
regarded ns the motrix of thsoretical probabilities, and P , csalculated
directly from the date, is the matrix of observed probsbilitles. !!.‘he
hypothesis Ho: Pm = P may be tested by e Chi-sguare test with

(N - 1) - mm(¥-1) degrees of freedom.

An exemple ndght clarify thils formmulation. Assume N , the
mmber of intervals, is two. El coxrresponds

to p_>_o9 and E2

P <9 . Assume the mmber of firms, n, is 2 . Theve sre N° = k

te

possible states:

(Ela El) Pis Py 2 o
(E]_: E,) P2 093. Py < o9
(EBys lfli) Py < o9, pp > 9
(32: EQ) Bys 92“< 9

al is given by:

Table of probebilities for fiym 1

firm 1 chooses

El E

o

1£ firm 2 chose: Elag_'lm;"z axi‘l+a§:2zl
11 11

Ey ay @y Wop * Wy = 1



w G o

Table of probsbilities for firm 2.

£irm 2 chooses

E, E
2 o 52 2
E; @ @ oy ta, =1
if Firm 1 chose 2 2 2 2
Ey, @y @ @y * @y, = 1

The matrix, P , of transition probabilities is given below:

Table of Transition Probabilities
Hext State
(B, E;) ‘“};1 @y
Present state (25 By)

(Ez.ﬂ El)

o o
W P e P
Rfm Fgem Kfm F?w
ngr- EEI‘-' Rfl-' BFI—J
o pfo (oo o

g i P
e e o i

o,
2
(Byr Bp) iy

Consgider :;2-3 = "%2 cnfl » This is the transition probability from state 2
into state 3. This involves two events, one for each firm. The probsbility
that firm 1 will choose Ea in the coming period given that firm 2 has
chosen E, in the current pericd is @, - The probsbility that firm 2
will choose El given that firm 1 has chosen El is m?l ¢ The procbebility
that both these independent events will occur is equal to their product

1 2
G Oy = g ©



1.2.2 Hypothesss Testeble Within This Model

Many additional hypotheses sre bestable within this framework.
Those mentioned below are not intended as an exbaustive list.

It ndgkt be

bypotbesized thelf the interval chosen by the i-th
subjects in the preceding pericd and cn the interval he chose himself.
In this case the 9:1 are replased by a;

into Nm groups, Esch of the m earlier groups is subdivided imto X

and the N° states sre divided

moi:ps, one for each interval the ;I.mth, subject nay choose, The sz: may
be used to generate & matrix of ftransitlion probabilities which may be
tested for equality wiith the cbserved metrix, P .

One could alsze hypotbesize that the interval chosen by the i-th
firm depernds only upon the interval into which the everage of previous
period p 3 values falls, Or, e specific functional relationshlp between
Py and the pg’ fol may be hypothesized. Conslder, for example, the
hypothesis:

2P, b1

+
n=l

. ) 2
(6) Byt Py =G * By TR TUE GO

2

The ai P Bi and o gll could be estimabed by lesst squarss

i

and the enfries in the 111 could be specified with the aid of these

estimates. From the ﬁi » Pm is estimated and the test of equality betwsen

Pw and P provides a very general test of the assumptions underlying

the regression model.

The lest hypotheses covered here relate to lesarning. Consider

an experiment of n subjects in which the subjects play in many gemes,



each game lasting meny periods. Questions arise sbout learning both within
and between games. The data mey be divided into svbsamples according to
position within a game (e.gs, first half, last half), or according to game
(eege, Tirst five games; remaining gemes). Tests for equality of these

subsamples mey be made.

2. The Oligopoly Experiments

2.1 VBackaotmd. Information on the Experiments

Two experiments were conducted, each having its own group of
subjects, its own payoff matrices and experimental design: however, certain
procedures, which will be &e_scri‘ped below, were common to both. The subjects
were Yale University mﬂ.erg-aﬁ.uates who were recruited through the Finsncial
Alds Office. The students were hired to perform “"clericel work” at $1.50
per hour., BEech student wes under the impression that he was the only
person hired -~ that one was needed, The pwrpose in recruiting through
the Financial Alds Office is to get subjects whd need mOney e

The payoffs in each serles .were..chosen. so that if all played
strictly noncocperstively, profits would come out to about $1.70 per hour.
It was hoped that this general level of payoffs would be sufficient to
| motivete subjects drawn in the mammer described. Aﬂ.vertising for clericsal
workers rather then for people to work at someting which might sound
:l:nteresting alsc had the purpose of sttracting subjects for whom the money

to be earned was of prime importance.



The experiments were_dgsigned so that svbjects would not know
ar see one another. I% was eng;hgsized. to the subjects that they should
not discuss the games with anyone during the several days they took place,
and prefersbly they should not discuss them later, in crder to gvoid
b:l.as:l.ng the results of these end future experiments.

The games varied in length from 22 to 26 periods. All perieds
were "reguler" in that subjects were paid the profit they earned om them,
Subjecte were never told in advance how long games would last, snd the
game length was veried in the hope thst they would elweys pley wnder the
assumpiion that there would be _é. muber of periods to go -~ except for
the finel period of the game. Jastbefmthéresults of the mext to lsst
period were handed back, it was announced that the next period (for which
decietons were sbout to be made) would be the last, This snnowncement
was made, of course, to bring out "enl effects.” The subjects were psid
thelr earnings on all gemes of the series after the last game wes played.

The reeson for bringing out end effects will be discussed below.

The peayoff matrices: gavethe subjects "complete information.”
A subject could determine the pré:ﬂit of each subject which corresponded
$0 any set of prices the ssbjects might choose. The determination of
which subjects would be in games together wes arranged before the exper-
imemts ook places

The payoff matrices used in each experiment were chosen to
correspond to particuler values of two new varisbles: Jlevel of payoff,

L , end reletive payoff, R . L is defined as the nonceoperative
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equilibrium profit te a firm in a game. This gives some indication of the
level of payoffs in the game.

I{JhL

N

R=

vhere I, 1s the profit a firm would recelve if jhe game Were at the joint
maximm. R 4is therefore the profit gained by moving from noncooperative
equilibrivm to the jolnt meximm (&1l firms meking the move) divided by
the noncooperative equilibrium yréfito I{ gives s reletive measure of the
gains to joint mﬂmlzatiéﬁ of profits. 1In the twe experiments, L and

B were varied in & reguler manner to preﬁd.e the payoff mstrices wused,

The coefflcients usad %o generabe the payoff matrices come,
therefore, from & relatively small subset of possible coefficlemnts. It
ie an open guestion whether (and how) the choice of these coefficients

affects ths results,

There are glx games in the Dlrst experiment: Table 1 gives thé
value of the coeffiiclemis used in gemersting the paye:ff matrices, and the
noncooperative egullibrium and joint maximum prices (pnee and p jm?o The
six games were pleyed in the crdsr in which they eppear in Tables 1 end
2; however, this order was randomly chosen, Teble 2 shows the values of
L and R which correspond to each of the six games of “the experiment.
There ere three values of L , approximately 4¢, 10¢ and 20¢, and two
values of R , sproximebely .25 and 75 . The six gemes exhanst the six



Game

Lo WA B - VI .+ B
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possible combinations of L snd R values.

%

9.09
J167

9.09
545

L.212
«809

2
o33 W12
#O0153 +000356
166 ;254
00667 »00242
0176 ~006h
+0165 006

TABLE 1

©1

107458
- 5.26
53 .84
12.77
22-«5
21,52

)

15.0

60,0

Te2
h5.0
375
3040

<3

3

1.65
360.0
-825
82.50
30,94
35.0

PE@O

51
203
2043
152
128
102

p_jm

65
243

31e3
185
158
128

The original player pairings, which were so srranged that no

subject was paired with the same person twice, could not be carried out,

because one of the subjeets; Player B, did not show up on the second day

to play games 3 through 6, As & result, alternete player pairings had to

be used. The pairings which were actually used appear in Table 3 » below,

Player € was paired with & pre-selected dummy strategy for the last four

games and it was necessary to repeat two previously used player psirings

involving B, ¥, G, and H.

Game

[N A o

TABIE 2

21.0
h.1
10.5
9.9
205
.2
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TABLE 3

Game _Plaarer Pairing

1 A C» EF GH
2 Ac BD EG FH
5 A DF EH G
4 BE DHE TFG§ ¢t
5 ai DE P ¢
6 AF D@ EF> el

le Due to the dbsence of Player B, Player C bhad dummy
p.layers as competitors in these games.

2. These pairings appear for the second time; dete from
them ere not used in some of the anslysis.

The coefficients used to genervate the nine payoff matrices which
were employed in the second experiment appear in Table 4, along with the
noncooperative equilibrium pri@d and the joint maximum price of each gane.,
Each game 16 identified by a letter and s mmber. The number tells how
many firms are in the industry using the psrticular metrix and the letter
tells to '_which ¥group" the game belongs. The significance of the “group”
is explained below. Table 5, gives the metusl values of L and R
corresponding to each of the mine distinct games. Teble 6 gives the plsyer
pairings for the whole series. The number under the heeding “"game" gives
the chronclogicgl order of the games. Thus, in the first game pls;ﬁred by
the nine subjects, A, B, C, and D playqd in the four person game of the
"A" group, E, H, and I played in the tbres person game of the "A" group,
and F and G played in the two person game of the "A" group. From Tshle 8
it is apparent thet each of the groups, A, Bra.n&c,j contain one two



sunsyBEwe §
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person geme, one three perscn game, and one fouwr person game, and that ths
first three games in which the subjects play are A games, the second
three, B geames, and the last three sre € gsmes, The Players A through

H all plsy exactly once in each of the three games of & group; hence, afler

TABLE 4
! % %5 ! °e °s  Pao T
o 2LeT 399 1,45 50,1 3.0 1358 10,1 12,5
855 L0125 +0030% 8,56 375 43.8 122.0 1570
3.86 283 0514 2143 TS 1.95 23,9 3009
9.96 256 0858  183.5 22,5 233 TT-0 95,0
1.282 Wellly (o} 20114 13.1 15.0  11.7 49,0 62,0
481 L0088 +0016 2,65 30,0 6205 9T.0  123.0
L5 «133 20k84 el 640 b3 2063 25.9
1,78 0218 00529 60,0 450 2553 145,07 18740
57.8 2L.2 3.85 - 5548 15 #0026 %.8 6o3
PABLE 5

Game L R

2A 10,0 o760

3A 203 261

ha 348  1l.34

2B 19.2  1.19

3B 41 708

4B 1061 <237

2c %0 250

3C 10.6  1.250

e 19.7 752



TABIE 6
Game Groun
1 ABCD EHL FG A
2 EFGH ACD BI A
3 BFG cb AR HT A
h ARG  DFI CH B
5 CDFH ABE  GI B
6 CGE A8 DI  EF B
7 ACFG  BDH  EI ¢
8 BDEE AGI CF ¢

the third, sixth, and ninth gemes bsd been finished;, those eight playsrs

had played exmctly once using eschof-the ssme three, six, and nine matrices.

Teble T shows which valne&x of L, R, and n correspond to each of the three
groups. The mumbers of esch group were chosen in such & way that each velue
of L and each-velue of R appetr exactly once in each group. This,
glong with the requirement thet each veluws of n appesr exactly omee, meant
that the series was laid out in & Greeco-letin square dssign with respect
to the four factors, L, R, n, sud group. The purpose of this layout 1s,

of comrse, to balincs the experd mental design with respect to these four

variablﬁs.l
TABLE T
Valuss of L
R T 10 20
25 e¢ 4B 3A
<13 3B 28 o
1.25 UA 30 2B

1,  On experimental design in genersl end Labtin squarss in particular
see Cochran snd Cox- [2].
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2.3 Results and Analysis

The model is epplied in two ways to therem@rimnts.; The first
utilizes the regression formilation of equation (6) and a medified version,
For the second experiment eguation (7) is estimated for each subject in
eddition to eguation (6)-.

5
381 %3, -1
(T) Py = Byg + By + PysPey *+ (Bgy + ByaByy ¥ By, ) L

Nne
Where Dl aand, 1}2 are dmmy varisbies. Bl-t.

cbservation, the'game was 5 person, and Dlt = 0 obberwise. Bm = 1 for

4 person games end zero otherwlse. The second farm of enalysis utilizes

=1 1if, for the t-th

the model in a more genersl form, bubt cums im which the Pyg ars divided
into only two lntervals.

| Unfertunstely the date are not sufficiently plentiful to allow
besting the limear form in the gemeral way mentioned sbove. Only the
traditional F and student ™" tests are PO‘BBi.bho The secopd part of
the snalysis, wiilizing the two intervel :ofﬁiulation, does not permit of
much conelusive hypethesis testing at all. This is in part b@@&*@s@ the
general model had mot been formuleted whan the experiments were designed.
They were designed for enalysis with the regression model, snd only much
later was the more gemeral model, from vihtoh the regression may be derived,
Tormmleted,

Rebel ﬁe@:essﬁ.@n Analysis

In principle, if one hes & T period game, thare will be T-2
chservetions for each subject which may be had from it, These cheervations
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come from gll periods except the first and second., None comes from the
first because, to calculate Pyy Prices are needed for period t-l ,

Thus no vealues of Pyy &TE computable for the flrst peried. As an
observation requires Pyt and. the pj’ £-) » RO observatlion may be
obtained earlier than period 3 of a game because the pj, tey € available
~only from period 2 en. Of these T-2 observations, the last is not

used in the regressions becmuse the last reflects "end effects™ (to be
discussed below)s Of the remaining observetions, some of the last 10

are used. The observations from the early part of each game sre not

used beceuse it is sssumed much learning takes place in this part of

each geame, befecré -the game settles dowm to a relstively stable pattern.

Of the remaining 10 periods per geme, all those were dropped out for

vwhich the subjects a) were at the joint meximm

and b) had been at the
joint metimm during the preceding period. Only when subjects were ab
the jolnt maximum were the same set of prices (smd p values) repeated
in successive periods. It is sssumed that such repeating of prices leads
to a lower varisnce for Py then otherwise. As & resuli, s required
assumption of the regressioa model would be viola.ﬁad by including these

observations.

Tsble 8, below, gives the coefficients estimated for the
behavioral eguation of each subject in the first experiment. Below esch
coefficient is its Student "t* ratio. The column marked "N" gives the
nunber of observations and the column marked "F pooled" gives the F-ratio

testing the lypothesis Hy: By, = By, By ='a2p where the By, e
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the coefficients estimated by pooling cbservations for all subjects., This

is e way to test equelity of coefficlents for all subjects.

TABIE 8
Subject 31 52 N F-pooled.
A BT =392
{4,08)xx (=1.21}) 35 3.06
D 216 0501
(1s54) (+35) 60 87
E 09T &7 |
(1.06} (5.80y%* 30 12.5h%x
F 41 .110
(1.22) («83) 27 1.23
@ «139 0k __
(1:39) (-47) 20 1,94
H +276 402
(3.50)%= (3.36)¢ 15 3e27*
A.LL “ 0276 i ) .12é
(5'17)** (1081) 217 At

* gignificant at the 5% level
%% signifieant at the 1% level

This analysis eppears handicapped by the very small nunber of
observations availsble, particulerly for players F end G o While no
coefficients eve significent for player D , there were sixty observations
MI&. Inspection of the'gams in vhich D plaa:eé. reveals a distinct
pattern of play which is not capbured by the regression model. He would



often pley a value of p higher then that of kis competitor in en effort
10 induce the competitor to raise his p « As the competitor would raise
p » b would raise his even higher until he reached p =1, or even
sbove., At this polnt D would switck 20 p = 0 . He would maintain
this until the competitor dropped bis price (and p ), then he would

try to lure the cmppetiter up agein. This strategy met with varying
degrees of guccess from game to game, and 1t is described above iq an
ideal form; however a questliomnaire which D completed affer the

experiment was over claims this to be bis strategy.

In sum, ene would hope to find more significant coefficients than
are present in Table 8. On the question of whether the subjects all can
be considered to have the seme coefficients, only two subjects' coefficlents
are significantly different from those estd.mbe& by pooling all observations;
however these two are the only two with significmt slope coefficients.
The case for all subjects ‘being thaisame appears poorly supporbed; but the
evidence of Table 8 is really too scant to prove anmybhing either way.

A very gead result Iis that all {he coefficients exceplt cne fall
into the Tange to be expecteﬁ. It is postulated a) that subjects weuld
be more w:t.lling to cooperate (pley a highesr p ), the more ceopm:‘a.t:!.ve
were other sub.jects in the same game. That :ls, 62 i1s expected to be
nonnegative; howevse - As an upper

limit 62 =1 implies e subjeei;'is willing to metch sny incresses in

cooperativeness shown by his conpetitors. Finally, it makes no sense for



snyone to play a p greater than one, All these conditions will be met
if, for any player, Bl, 52>0 and Bl+32_<_:l_. The only coefficient
not meeting these conditions is By far A, vhich is negetive.

The regression anzlysis results for the second experiment are
sumarized below in Teble 9. Two sets of coefficients are shown for each
pleyers The second sre directly compereble to those of the first experiment;
however the _ﬂrs*; coefficients are fw“the- form im equation (7). The

colunn marked “F-pooled" compares the coefficients a given row with the

corresponding regression, and the column marked "Feplayers” tests
for significant difference between the two regressions for one suwbject.
(Toes, it tests the hypothesis Ho: Boy = 33'1 = aﬂ = Bgy = 0)e This

six varisble regression equation. yields n separate intercept term apd slope
coefficlent for two, three snd four person games, The inmtercept and slope.
coefficient for two person gemmes are *fsn and Byy » for three persen

gaaes, ﬁu + 521 snd ﬁ#i + 351 s ekec,

Severel t.entative conelusions may be drawn from Table 9. The
F ratios in the F-pooled column are-overwhelmingly significent, indi-
cating that the eight subjects cannot-be considered to have equal coef-
ficdents, While msmy of the coefficients in the six varisble regressions
are not signifieaht, suggesting that one should stand by the two varisble
regre-iasions as being more relisble, still it is interesting to look &t
these coefficients for eny persistent tendencies, Not that the 321
and BE:L are almost alwsys negative, while the B 1 and ﬂ are nearly

>
always positive. The positive values for the 351 and 561 imply that
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Player

(2.30 )%

807
(5.18)%*
(1&‘23 e

6592
(1O TL)ex

Qo -%9)*‘“

225
(~1.50}

=307
(-1.38)

«o135
( -1,23)

«6L
(-.67

1,093
(~1.85)

"'0065
(-.18)

(-3-25)**

-38%
(=5 -03)**

-592
(=3.91 )%

1.018
(3.16)%*

- 0&56
(-2.22)

+001
(+005)

-10 013
(-1.09)

"'10085
{=1.90)

085
(029)

- 011-57
(-1.66)

=387
(k95 )x

TL
(1.33)
452
(+96)
<763
(406 )

581
(+54)

.63
{1.84

M6
(h.as)**

Bg N
<712
(he33)%% 61
"1.139
“1025 ) 1!-0
«20 71
(46
523
(1.83) N3
1,034 '
(+96) 56
1.213%
(1.45) Yt
=030
(=209} 57
+130
(.26) 75
526
(ke60)4% 482

F-pleyer

5e55k%"
Tipes
by 2l
5.8
2;01
2.08
.82

1‘-.28**‘

Fapooled
6. TT**
Bolzw*

Lo Lge
9L

7.0k
9. To**

Todokx
19 ,90%%

L, 1g%*
11,8p%x
Fadl¥

7T +B2%*

1.23
9

L.29
«36
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Teble 9 - Footnotes
#* Significant et the 5% level,
** Significant et the 1% level.

1. A four varisble regression is shown for B &ll cbservations from
three person games sre deleted.
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subjecis behave more indapendes

-- they respond less to changes in competitors' p values. The negabive
vglues of the '325. acd 531 y:lelﬂ. emaller intercept terms for three and
fowr persor games. Thus, wi:*.‘ile subjects show less response to changes in
ccmpéti‘bors' p valuves in two person games, they also show 8 sireng &ea;ee
of cogperativeness

This bskavier is plausible. The smaller response to changes in

ers 15 becanse the more subjects there are In a game,

the p valuss of otk
the less is spolled vhen one drops from, ssy; the jolnt maximumm. It may
be profiteble for all the others to comtinue cogperation. In a two swje@t

case, the pubject who remai=ns at p = 1 after his ce@etiw goes to p=0

is purely benefitiing the cther &t his own expense, The larger intércept
wbed:uet@agemalmmss@nth&spm-of subjects thet the lsrger

is the number of subjects in a gamz, the more pertant it is for one to
show some cooperabive indltiabive; to railse p without mi.ting for someone

else to lead the way.

One caumot generalize readily about differemce between three and
four person games. For some subjects, Bﬁ > _Bﬁi end for some the reverse
holde, Similarly for Bsy and B, o It does seem clear, however, that
n does affect individual behavior, and the subject warrants more investi-

gation,

In checking the coefficlents fto see 1f they sre within the bounds
deemad reasonsble, the coefficients should satisfy the following inequalities:



12 Bygs Pyy * Poys Byg ¥ Bygo Pygs By * By By + Bgy 2O
Byg + Bygs Byg * Bpg + Byg + Bygs Byy + Byy + By ¥ By 1

The first inequality is satisfied, in the six verieble regressions, sbout
80% of the time end the second, sbout 80% of the time. For the two verlsble
regressions, only one coefficient.ie negative, end only one pair of
coefficients sums to more than unity. These results are emcowrsging. Onre
would expect relstively more violations from the six varisble regressions
because many of them have quite large varisnces. Finally, the results
support @i.te firmly the hypothesis ‘that the behavior of most subjects

(88 meeswred by p ) is a function of the bebsvior of other subjects in

the same geme. Pa‘rﬁhermre, there .aypéars to be a positive cmeia‘bion

" between the cooperativeness of a subject and that of his competitors.

The Durbin Watson:test is used to test for positive serial cor-
relation of error terms within each regressiom:  Using the 1% level of
significence, it is concluded that positive serisl correlation is present
in three of the six regressions -of +the first experiment (subjects D, ¥ end
' G), and in seven of the second experiment (E is the only exception)s

The observations for a subject ere not a simple time series;
hence a word is necessary on how the Dwrbin Watson statistlce, d , is
computed for these samples. The ususl formls is:

T

o (ugy =¥ 4a) oo Uit

(8) a-i = ] mT _ " - = T (i = l, seby n)
z v.2 : Cn u2
% 1t

Tl t=l
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In these samples, consecutive observations sometlmes come from consecutive
observetions within the same game, end scmetimes they do not. Only
consecutive observations which come from consecutive periods within s geme
do yield a term, B, , which msy legitimately used in computing & .

Whenever a term,. is not sppropriate in this sense, a value

B3t » -
of zero is substituted for it. If T such zeros are inmtroduced, the

numerstor of (8) is reelly s swm of M*-l terms instead of T-1 tems.
Two courses &re open to give numerater end denominator the relative welghis

they should have. They sare to use:

-
1 pp 1B
b u2

g=1 ¥

(10) d, =

In each case zeros-are. sppropristely substituted. These two versions lead
to nunbers which are negligibly different because T* 15 not very large
compared to T . There is & question of whether T or T-T should be
considered the number of observations when using the tebles, In no case

does 1t matter to the conclusions which is used.

The positive serial correlation couwld be due to one of three

sources) or some combination of them: &) the true relationship is non-linear,
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b) some explenatory varisbles have been omitted, and c) Py ©lso depends
upon pi, £ * No attempt is made to uncover which of these may be true,
The reason is that the data ere too-scant for amy such attempt to lead to
relisble results. It :I.é enough. to be awlire of these possibilities in
order that fubure experiments will be properly designed for testing these
posasibilities.

2.3.2, Anglysis With a Two Interwal Model

The model used in this section is s two interval model in vhich
E, corresponds to pit +85 and E2 “to pit +«35 « Four separate
questions will be taken up. They sre a) What is the probebility that the
subjects in a game-will choose a jolnt @mofifa maxinizing set of prices in
a glven period; b) Arve the.wlmieeé .
matrices P end P be considered equal; end 4) Do subjects behave elmilarly

equal for all subjects; ¢) Can the

in both the early and later periods of gemes, The items b) through 4) are
incluled primarily for:illustretive purposes, for the data sve not suffi.
clently rich to provide conclusive testing of the hypotheses involved.

Investigating the probebility of all subjects meking a joint
profit meximizing decision must be done subject to some rather restrictive
assusptions: The probability which will be estimsted is really the
probsbility that all subjects will choese to- “ae in the second interval
(p > +85), This interval is unbounded from sbove; hence it extends con;
siderably beyord the reglon sround p = 1 . As the daba permii only two
intervels, this cannot belhelped. Nearly all p values in the second
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Interval are close to 1.0 « The second restrictive sssumption is that all
subjects behave ldentically. While the evidence is no't; conclusive, the
writer believes this assumption to be false. Again, there is not enough
dete to rely uwpon individual estimetes of behavior. In one respect, the
violation of this assumption is probebly not serious. While estimated
probabilities may no‘!; be veriy relisble, the tréndswin--those probabilities
are likely to be relisble. I.c., the dscressing probebility of being in the
second intervel as the number of firms increases is relieble. Of course,

further experimental work is necessary to bear these conjectures out,

Teble 10, below, gives transition matrices for fowr .categories

of gemes: first experiment (two person), second exper:

ment two person,
three person and four person. The row lsbels correspond to "current state,”
 the colum to "next state.” Those matrices mariked "late gm" are estimated
from the ten observations in esch geme prior to the last cbservetion.

Those merked “early gsme" are estimated from the cbservations prior to

- those used for late geme matrices. The matrices are all estimated directly

from the data -« net calculated from O mabrices.

There are several interesting tenmdencies in comparing early gume
t0o late game matrices. The probebility of everyone choosing El when each

hes just chosen E:L (first element, first row) generally is larger in the
lste game mstrices. Similarly for the probability of all choosing 'E,
when each has just chésen E, (last element last row)., Finally, if the
geme is in en intermediste stete (not first or last), the probability of

dropping to a lower state is higher and the pro'babiid.ty of going to a
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TABLE 10

Teble of Matrices of Translition Probebilities

First Experiment - Two Person

Early Game Late Game
B E BB BB BE EE EE

E; E; o789 L1M0  LOTL 81T JITL  .0l2
B, By o291 527 .82 ~400 556 .Okk
EyE, <032 W97 o872 .01k .96 .90

Second Experiment - Two Person

Berly Geme Late: Game
EE BB EE EE EFE EE
W85k A3k 012 928 060 L012
280 580 L1%0 316 526,158
o020 11k 857 0 . 4085 915

= l—’t‘j '_IH
=
m‘.‘ﬂ Fbi

N
e

Total Guare
EJE E E, B E,
801 +153 0h6

o340 L5hO 120
022 L096 .88

B E EE EE
892 096 012
290 565 .1k
J012 9@8 e890
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TABLE 10

Teble of Matrices of Transition Probabilities
Second Experiment ~ Three Person

Berly Game
B\ E B By BBy, By By By, EyEyE,
E) B, By +800 +200 0 0
E, E; E, o125 +333 Sh2 0
E, E, B, 031 219 563 <187
E, B, E, o +O3T L1311 852
Iate Ceme
E5E EERE EEE EEE
E, E; B <906 063 L0031 0-
El E, E, «26T 600 133 0
E, E, B, 2118 235 «588 «059
E, E, E, 0 ~ J038 +038 524
Total CGame
BELERE BEE EERE BEE
E E E, 872 +106 022 0:
E, E, B, 170 U436 385 0
El E2 EE +061 224 «5TL o144
Eg, E2 E, 0 +038 075 887
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TABIE 10

Teble of Matrices of Transition Probebilities
Second Experiment - Four Person

0762

335

«167
0
0

BEERER

8593
«286
«167

By By BB} EEEE EEEE BEE

o By By By

837

+308

167
o
0

258

- o500

<167

LOTL
0

E, By E B, B B E; By B

«107
«T1h
#167
143
o

o163
<615
o167

095
0

Early Gome
E,E,E ) E EEER EEEE E

0
+167
166
21k

0

Late Geme

0

0
333
«286
«200

1 By By

2

o}

0

)
429
+556

Eg

0
o
0333
428
2400

0
0
+166
Jh2g
«3500

E

, B

E E2 E2

E, By By By

0

0
«500
286
il

23:‘.

o

)

0
«143
+400

2

Ey By
0
O
.250
238
U429
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higher state is lower in the late game, Table 11 shows the probability of
being in any given stete T periods hence, as T goes to infinity (i.e.,
the ssymptotic probability)s The probsbility of being in a given state in
T periods is conditional {xpon the current state; however, as T increases,

the dependence on the current stete decreases to insignificance. ILooking

TABLE 11
Table of Asymptotic Probabilities for Esch State

Early Game
First Experiwent Second Experiment
2 person 2 person - 3 person & person
E; By o341 Sh07 E,E, .52 E E E E 2378
E, E, 2196 232 E, E, E2 +166 E, E, E E, .229
By By B, o302 EE EE 0%
E, E, B, B, <152
E, B, o465 0271 E, E, B, 380 E, B, B, E, o156
Late Game
First Experiment Becond Experiment
2 person . 2 person 3 person -4 person
E; E; 5% 562 ElElEl <62k E, Ef E, E; oT29
B B, 25T 421 EEE, AR B EEE 20
B BB Al EEEE O
” | | E, E, K, B, _o
E, E, a6 2311 E, B, E, 093 E,E,E, Eg 0
Totel Game
First Experiment ' Second Experiment
2 person 2 person 3 persen I person .
E, E, 408 +520 E, E E .33% EE ElEl 05Tk
E, E, .21k .182 E, E, E, o;é'; E, E, Ey By .27?
E, E,E, 216 E, E E,E, _'- _
E, E, E, By 054
E, B, 378 +298 E,E,E, «285 E,E,E,E, .0
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&t the late geme probsbilities, it appears the probebility of everyone
ehoosing Ee falls as the mubgr of subjects in the game incresses, and
the probability of everyome choosing E, increases. These results are
far from conclusive for ressoms

with sppropriate skepticism,

shated eariier, and they must be viewsd

Testing the equality of @ metrices ls possible fer the first
experiment and for the duopelies of the second expexd

total game basis. The hypo

thesls Ho: @y = oes = 0 18 tasted by 22
with 2n - 2 degrees of freedom. The theoretical probsbilities are those
ootained by pocling all mammem@mam o mfrix. For

the first experiment a 5 (10 &.f.) and for the seceml, x,2 =&

(14 a,f.). Both ave signiffeant st the 1% level, therefore the conclusion
is that o m&ic@& e ﬁet the same for &il subjects. It is pagﬁible |
they sre the ssme for late game and different for early game, in which case
the above result is imvalid, It 1s net possidle to test on a late/early
guencids im too many celis.

basie becanse of low theoretical fre

Testing the bypothesis Hos E':E'm whare P is the transition
matrix estimated directly from the date snd P 1s calculsted from »
pooled 0 mabrix iz possible for all grms exa@p‘b the four person games.
The valuss are:; |

o

first exper

= 102 (ll- dbfo)
second experiment (2 pam@n) + = 83 (h dofs)
second. experiment (5 pwson) = 57 (14 dofo)

o

R

1. If several cells 4id not have to be c@nsol'.l.d.a:bed, there would have
been 9 degress of f‘reeé.om.
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A1l ere significant at the 1% level, This test is subject to the same

criticizms and limitations as the preceding test.
The test of

Ho: Pl ] _P2

where. 'Pl___ is a transitien matrix estimated from late game data and Pa
from esxly game i done for all gz-eupsf Qxceyﬁgthe foar person gemes, The
theoretical probebilities are teken G be the’ totel game probabilities.

The 7.2 values sxre:

£irst experiment 22 = 9.2 (6a.t.)
second experiment (2 person) xa = hJ (6 &.2.)
‘second experiment (3 .peraen) xa = 13.7 (6 dofs ):L

The criticel velue for the 1% level witlr 6 degrees of freedom is X, = 16.8 .
the ithree person game value is significant. Again, all previous
wernings and limitations hold, however, this evidence gives limited support

to the hypothesis that early and late geme behawlor sxe the same,

20543 End Effects

The snalysis for "end effects" is based on the hypothesis thst -
subjects behave differently vhen the end of the game ;s knownn to be
imminent then vhen.the gane may go on for aa indefinite time. Dats was
genera.ted by the praé;;:lee of telling the gubjects just before handing -
beck results far the next to last period tm_thé next peried for which
a decision 'aas due would be the last period of the-'ga:ne. In Table 12,
bélow, appesr the mmber of rho values for the very last period of the

1. Agein, pooling of cells reduces degrees of freedom from 12 to 6.
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games-wakeh are in the renges shown across the top of the tsbles The
numbers in parentheses below these frequencies are the expecied f_req,uencies;
_The expected frequencles are computed from the frequency of rho valwes in
each of the five cells in the five periods preceding the last period for

each gsme fram which o lest period rho value was teken,

'BABIE 12
E:@ected end Observed Finsl Period Freguencies:

S -2 =2 'b@@ 0 to .2

Observed g

Frequencies 15 8 10 5 6

Expected

Frequenc:t.es} (6.4) (5.2) (6.2) _ (6.6_) (19.6)

Second Experiment
Frequencies <0 0O0to+2 2%0.d4 dtob Hto8 Btol >1
Actual 57 11 2 2 0 6 0
Expected (8.2) (11.8) (6:2) (12.0) (6.6) (26.6) (9.6)

If final period play does not differ, in general, from the play of the
imnedistely preceding periods, the seme fraction of last perlod rho values
would be expected in each cell as is found for the periods preceding the
last.

The hypothesis may be tested by & chi-squere test, with k degress
of freedom for the first experiment and 6 for the second. The value
computed for the first experiment is 25.23, vhich exceeds the value from
the %% table (for & 1% si.gniﬁ.cance level). The critical value is
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13.28, Thus the hypothesis must be sccepted that last period play differs
from play in the immediately preceding periods. The computed chi-square
valve for the second experiment is 337.7, which exceeds the eritical value
(for the 99% level and 6 degrees of freedom) .of 18,48, One must again
reject the hypothesis that final period behavior does not differ from the
behavior of the period just preceding the last.one; The direction in
which the final period dats diverge from the earlier data is obvlous from
Table 12, Valuwes of p have a distinet tendency to drop in the final

period of a game,

3+ Coneluding Remarks

The model presented in the first pert of this paper is suiteble
for the testing of a wide veriety of hypotheses sbout behsvior, Although
it was never mentioned, the behaviora]_- model need not have p as its
basic verieble. Theory mey; in many éircumstancea, suggest another
verisble or variebles, The Markov process could be defined in terms of

them,

The experiments presented In the second part of the paper a:&e,
in retrospect, mich more of an exploratory, pilot nature than wes expected
originally. They indicate the magnitude of data needed to carry out
definitive tests of hypotheses. After looking at the experiments, the
model may give a "ple-in-the-sky" appesrance suggesting the model is
fine in principle, but could never be epplied in any except the most
simple form. This writer-does not believe so. Interesting use of the
model requires much more data than was analyzed here, and it requires

very careful ewperimental design.
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