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Abstract

We explore whether competitive outcomes arise in an experimental implementation of a market game,
introduced by Shubik (1972). Market games obtain Pareto inferior (strict) Nash equilibria, in which some,
and possibly all, markets are closed. We find that subjects do not coordinate on autarkic Nash equilibria,
but favor more efficient “full” Nash equilibria in which all markets are open and there is a large volume of
trade. We further find that as the number of agents participating in the market game increases, the full
Nash equilibria they achieve come closer to approximating the associated Walrasian equilibrium of the
economy. Motivated by these findings, we investigate theoretically whether evolutionary forces lead to
Walrasian outcomes in such games. We introduce a strong version of evolutionary stable strategies (SESS)
for finite populations. Our concept requires stability against deviations by coalitions of agents. A small
coalition of trading agents is sufficient for Pareto improving trade to be generated. In addition, provided
that agents lack market power, Nash equilibria corresponding to approximate competitive outcomes
constitute the only approximate SESS.
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1 Introduction

Walrasian equilibrium is a cornerstone of modern economics. It is, therefore, not surprising that the question
of price formation has received considerable attention in general equilibrium theory. The tatonnement process
has been used extensively in this context.! The study of tAtonnement, however, has produced largely negative
results, and this has led some researchers to conclude that decentralized information about prices alone is
not sufficient to bring the economy to a Walrasian equilibrium. In addition, and perhaps more importantly,
the tatonnement has been criticized for lacking micro-foundations since the price adjustment process is not
the outcome of individual optimization.

Even setting the traditional stability question aside, Walrasian equilibrium may be challenged on the basis
of complexity considerations. Can “unsophisticated” agents learn to behave in such a way that an outside
observer of the economy will see a Walrasian equilibrium allocation? We begin this paper by exploring
whether agents exhibit behavior consistent with Walrasian equilibrium in a laboratory implementation of
a market game, introduced by Shubik (1972).2 Market games are one of the structures that give rise to
competitive outcomes when agents lack market power. Thus, it has served as a non-cooperative foundation
for the Walrasian equilibrium. Even in large economies, however, in addition to approximately Walrasian
outcomes, market games obtain Pareto inferior (strict) Nash equilibria, in which some, and possibly all,
markets are closed due to a coordination failure. While market games offer an interesting benchmark, to
our knowledge there are no attempts to experimentally implement a market game setup. Our work, thus,
attempts to fill this gap and is in the spirit of exploring properties of different market structures in the
laboratory.

Our experimental findings reveal that subjects placed in a two-good pure exchange environment that is
subject to market game rules, do not coordinate on autarkic Nash equilibria, where markets are closed (even
though such equilibria are strict) but instead favor more efficient “full” Nash equilibria in which all markets
are open and there is a large volume of trade. We further find that as the number of agents participating in
the market game increases, the full Nash equilibria they achieve come closer to approximating the associated
Walrasian equilibrium of the economy. Indeed, our findings suggest that if the economy is sufficiently large,
the market game mechanism will reliably lead agents to coordinate on Walrasian equilibrium allocations.

Motivated by these observations, and in order to understand our experimental findings, we built a theo-

retical model of a market game.?> We consider a pure exchange economy with a large, finite number of agents

1See Arrow and Hurwicz (1959) for a classic reference.

2There is extensive literature on market games. Standard references include Shapley (1977), Shapley and Shubik (1977),
Dubey and Shubik (1977), and Mas-Colell (1982).

3We remark that our paper reverses the standard sequence in experimental economics research, in which an (often existing)
theoretical model is implemented experimentally. In building a theoretical model in order to understand regularities observed
in experimental data we follow a long tradition established in the natural sciences.



and a finite number of goods as in Postlewaite and Schmeidler (1978). Instead of imposing Nash-behavior,
we study this game from an evolutionary point of view. After all, competitive outcomes are often justified
by appealing to the natural selection of behavior that is more “fit.”* Our story is not explicitly dynamic.
Rather, we demonstrate that certain outcomes can be disturbed by the introduction of a small number of
“noise-traders,” some of whom can become better off in relative terms by choosing different trading patterns.
Interestingly, the lack of market power is necessary for this to be true.®

We introduce a strong version of evolutionary stable strategies (SESS) for asymmetric, finite games
and demonstrate that, in an approximate sense that we make precise, (partial) autarky outcomes are not
SESS. Roughly speaking, SESS requires stability against all coalitions consisting of at most one agent per
population. A suitable small-size coalition can generate trade and open a market. Thus, evolutionary forces
provide an avenue through which the economy can avoid situations where some markets are closed due to a
coordination failure. In addition, feasible outcomes in which all markets are open, and in which non-Walrasian
prices prevail in some markets, can be disturbed by a small coalition. More precisely, we demonstrate that
if the game is sufficiently large so that agents’ market power is insignificant, Nash equilibria that support
approximate Walrasian equilibria of the underlying economy are the only approximate SESS.

We can summarize the intuition behind our theoretical findings as follows. Since a single agent cannot
create beneficial trade, Pareto inferior outcomes, in which some markets are closed, cannot be disturbed
by one agent. On the other hand, the introduction of trading agents from several sides of the market is
sufficient to rule out such outcomes. All other non-Nash states that involve trade, but not necessarily
individual optimization, can be disturbed by a single agent who chooses the best basket at given prices.
An important ingredient in our analysis is that the number of agents in the economy under study is much
greater than the size of the deviating coalition. Consequently, while such coalitions can change certain agents’
baskets, they have a small effect on prices. As a result, if the economy is close to a Walrasian equilibrium,
no deviations by small-size coalitions can lead to improvements in an approximate sense. Thus, consistent
with the traditionally held view, our findings provide support for the belief that evolutionary forces lead to
competitive outcomes, but only when individual agents lack market power.5

The remainder of the paper is organized as follows. In the next Section we provide a motivating example of
a simple, 2 x 2 market game that will be used in our experiment. Section 3 presents the experimental design

and findings. Section 4 contains our main theoretical findings, beginning with the evolutionary solution

4See Alchian (1950) for one of the first attempts to formalize this argument. See, for example, Weibull (1995), Vega-Redondo
(1996), or Samuelson (1997) for a review of evolutionary models.

50ur results are related to Dubey and Shubik (1978), who introduce an outside agency that ensures that arbitrarily small
amounts of bids and asks are present in all markets. Our argument, however, does not rely on the existence of such an agency.
In addition, we impose minimal rationality requirements on our agents, and we explicitly consider non-Nash outcomes.

6More precisely, the Nash equilibrium in which all markets are open may fail to be evolutionary stable if it does not correspond
to an approximate Walrasian equilibrium. This is in contrast with some recent papers in the literature, notably Vega-Redondo
(1997).



concept used, followed by a description of a general market game environment and finally an application
of evolutionary stability to this market game and statement of the main theoretical findings of the paper.

Finally, Section 5 relates these findings to the existing literature. A technical Appendix follows.

2 2 x 2 Market Games

We begin by presenting a simple example of a market game that involves an Edgeworth box pure exchange
economy with two types of agents and two consumption goods. This example serves two roles. First, it
introduces the main setup in which our experiment we will based. Second, it motivates some of the issues
that we will concentrate on in our theoretical study of more general market games.

There are two populations of equal size, each consisting of n agents. We will refer to agents in the
first population as type I and those in the second population as type II. There are two consumption
goods, z and y. Populations are distinguished by preferences and endowments. Agents of type i, where
i € {I,II}, have continuous, strictly increasing, strictly convex smooth preferences denoted by =¢ and
endowment w' = (w¢, w’y) € R%r 1. We shall restrict ourselves to economies with a unique, interior Walrasian
equilibrium.

Agents participate in a market game as in those studied by Shapley and Shubik (1977). Each agent can
bid a positive amount of one good in exchange for an amount of the other good. The exchange rates, or
prices, are determined as the ratios of the aggregate bids for the two commodities.

More precisely, let b;- be the amount of good j bid by agent ¢. Let B; = Zle b; be the total amount
of good j bid by all agents. Bidding takes place according to the following rules. For all agents of type 1,

i € {I,II}, we assume:

bi =0 or b; =0, or both, (1)

Ogbigwxandogbggwy. (2)

The first condition requires that agents may bid a positive amount of only one of the two goods. The
second condition requires that these individual bids are feasible. The resulting allocation (also referred to

as agent i’s consumption basket) is determined by the following rules:

B
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In order to “visualize” the mechanism, one could imagine the existence of a trading post where the total
bids of the two goods are aggregated and then the total amount of good x(y) bid is distributed across the

good y(z) bidders in proportions equal to the relative size of their individual bids.



A standard approach is to consider the Nash problem that each individual faces in this game. Assuming
that agent ¢ is a bidder of good x, this problem is as follows: given the total bids by all other agents, choose
b so as to maximize =! subject to constraints (1)- (2) and similarly for bidders of good . Since agents of
the same type are identical, it makes sense to consider outcomes where agents of the same type make the
same bids and achieve the same allocation. It is straightforward to verify that b%, = 0, b}, = 0 is a strict,
“autarkic” Nash equilibrium of this game. Unless the endowment point itself is the Walrasian equilibrium
allocation, this equilibrium results in a Pareto inferior outcome. It is also straightforward to verify that there
exists another strict Nash equilibrium in which trade occurs. This equilibrium is Pareto superior to autarky,
yet, it is not efficient since agents in a finite game have some market power. This inefficiency, however,
diminishes as the number of agents increases. In that case, the Nash equilibrium with trade approximates
the Walrasian allocation of the underlying economy as each agent’s bid becomes insignificant relative to the

aggregate bid. We consider a numerical example next.

2.1 A Symmetric Example

Assume n > 1 of each of the two player types, I and II. The two types have the following endowments and

preferences over amounts of the two goods, = and y:
w! = (10,200), v’ = 2%y, and w'’ = (200, 10), v/’ = 232 4)

For the given preferences, the demand functions for the two player types are given by:

o= 2(pwwglc + pywi)
3ps ’
I _ (p:vwi + pywé)
Yy - T?
I (p:vwiI + pywél)
3ps ’
y[] _ 2(pzngcI + pywéI) .
3py

Using market clearing and the endowments w® = (w,,w,) given in (4), the (unique) competitive equilib-

rium is given by:
P =Py =1; ' =140; §' =70; T = 70; 7' = 140. (5)

The Nash problem for agent ¢ of type I (and similarly for a type I agent) is:

A 2
bl .
max <10 + —me> (200 — by)

bi €[0,w]] B,y
, 2
b ,
= max [104 — K — B, | (200 —by).
by €l0wy] (b} +2jer,ji bw)



The FOC for this problem gives

b , b
2|10+ - . — B, | (200 — b;)B, Zjerizi —
(b-% +2jer b]y) (bé + 2 jer i b,ﬂ)
4 2
bl
10 + 5 ~B,| =0.
i J
(by + 2 jer i by)
Similarly for the type I agent. The two equations can be solved for the symmetric Nash bids:
2(200 — b},) B, Zjerszi 5| =10+ . —B,,
; j i J
(bif + 2 jer iz ng) ] (by +2jer iz by)
. . b i
2(200 — b')B, 2jetr iz S| =10+ b —B,.
. i i J ’
(b;+2jell7j;£i b]z) ] (bz +Zj€ll,j;£i bx)

In the symmetric Nash equilibrium,

bl = by, b; =by, fori=1,...,n,

and

B, = nb,, By = nby.

Thus, in the symmetric Nash equilibrium

(n—1)by by
2(200 — =(1
(200 — by )nb, (nby)? (10+ nbynbx),
(n—1)b, by
2(200 — ~ 27 (1 -
(200 — by )nb,, (b2 (10 + nbznby)’
or
2(n—1)(200 —by)b, = (104 by)nby,
2(n—1) (200 —by)b, = (10 + by)nb,.

Subtracting (7) from (6) we obtain

2 (n — 1)200(by — by) = 10n(b, — b,).

(8)

Assuming n > 1, equation (8) reveals that all Nash equilibrium solutions are such that b, = b,. Substitution

of the latter restriction into (6) or (7) yields precisely two solutions. The first is the strict “autarkic” Nash

equilibrium, where b, = b, = 0, and allocations are equal to initial endowments. The second solution is the

symmetric, full-trade Nash equilibrium, where

~ 3900 — 400

by = by = ET— >0, n>1.



No. of Each Group Size Full NE bids Full NE Allocation WE Allocation

Player Type, n 2n by = by Type I; Type 11 Type I; Type 1T
2 4 95 (105,105); (105,105) (140, 70); (70, 140)
10 20 125 (135,75) ; (75, 135) (140, 70); (70, 140)

Table 1: Equilibrium Predictions: NE=Nash Equilibrium, WE=Walrasian Equilibrium

The symmetric, full trade Nash equilibrium bids imply, via (1)-(3) and using (4) the following full Nash

equilibrium allocation as a function of n:

. 390n — 400
= 10+ W;
7 = 200 3922:;100;

. 390n — 400

1 = 200 - .5

g1 = 10+ ng - ;100. 9)

The parameterization used in this illustration was chosen because it yields integer values for the full Nash
equilibrium allocation in the case where n = 2 and 10 (see Table 1 below) as well as for the competitive

equilibrium allocation (5). These allocations will be used in the experiment of the following section.

3 The Experiment

This section derives the experimental findings that motivate our theoretical model. We begin by describing

our experimental design. We then discuss our main experimental findings.

3.1 Experimental Design

The experiment uses a 2 x 2 design where the treatment variables are 1) the number of players in a group,
4 or 20, divided up equally between the two consumer types (I and IT) so there are n = 2 or n = 10 of
each player type, and 2) the initial endowment for each type, which was either given by {w! = (10,200),
w!! = (200,10)} or was set equal to the Pareto superior “full” trade Nash equilibrium levels, given in Table
1, and calculated according to (9). For comparison purposes, this table also reports the unique Walrasian
competitive equilibrium allocation for all economies studied in this experiment using the calculation given
in (5). Notice that as the number of subject increases from n = 2 of each type to n = 10 of each type that
the full Nash equilibrium allocation comes closer to the Walrasian competitive equilibrium allocation, an
observation we will revisit later.

The experimental design, summarized in Table 2, indicates that in two treatments, one with n = 2 and

the other with n = 10, the initial endowments {w! = (10,200),w!’ = (200, 10)}, were far away from the full



Initial Endowment:
{w! = (10, 200), w!! = (200,10)} At Full NE Allocation
Group Size =4 3 Sessions (16 Sbj/Sess., 4 Groups) 0 Sessions
Group Size = 20 3 Sessions (20 Sbj/Sess., 1 Group) 3 Sessions (20 Sbj/Sess., 1 Group)

Table 2: Experimental Design

Nash equilibrium predictions. In a third treatment, n = 10 subjects of each type began with endowments
equal to the trade Nash equilibrium predictions {w! = (135,75), w!! = (75,135)}. The case where n = 2
players of each type start out at the trade Nash equilibrium prediction was not studied experimentally. For
each of the three cells in our experimental design, we have conducted three sessions for a total of nine sessions
involving 168 subjects.

At the start of a session, subjects were randomly divided up into two equal-sized groups and assigned the
roles of type I or type I1 players. Subjects were given instruction on the objectives of both player types but
were informed that they would remain in the same role (type I or type IT) in all 25 rounds of the experiment.
Notice from Table 2 that in the n = 2 treatment, we used 16 subjects per session. In these sessions, the 16
subjects were randomly divided up into four groups of 4 subjects in each of the 25 rounds played, with each
group consisting of two type I and two type I players. In the n = 10 treatment, we used 20 subjects per
session, ten of type I and ten of type II players.

Subjects were given written instructions which were read out loud in an effort to make the instructions
“common knowledge.” A copy of the instructions used in one of the n = 10 treatments is given in the Appen-
dix; instructions for the other treatments are similar. Subjects were informed that they would participate in
25 rounds of decision-making, with each round consisting of a repetition of the exact same decision problem.
They were instructed that there were two goods, = and y, and they were informed of their initial endowments
of these goods at the start of each round, and that these initial endowments would be the same at the start
of every round. They were further instructed that their payoff for the round would depend on their final

I_ .2

allocation of the two goods. They were also informed of their payoff function over final allocations: 7 Ty

or Tl = xy2.7
The sequence of events in each round of the experiment was as follows. Subjects were reminded of their
initial endowment of goods x and y and of their payoff (utility) function, all of which remained the same in

every round. They were then asked to make one of three trading decisions: (1) trade good x for good y, (2)

trade good y for good z, or, (3) no trade. Subjects who chose option (1) or (2) (trade) were then asked how

"To aid subjects in calculating these payoffs, they were given tables displaying payoffs for type I and type II players as a
function of the final allocations of z and y for a large (though incomplete) set of final allocations; this payoff table included the
payoffs from not trading (final allocation = initial allocation) and from a wide variety of other final allocations including the
trade Nash equilibrium allocation (see the instructions in the Appendix for the payoff tables shown to subjects).



many units of good z (b), or good y (b},), they wanted to trade for the other good (y or x, respectively).
Trade amounts were restricted to be integers between 1 unit and the subject’s total endowment of the good
offered in trade. Notice that while choices were limited to just one type of trade (or no trade), we did
not restrict the choice of good that either player type was allowed to trade, and no trade of either good
was always a choice option. Once all subjects had made their trading decisions, the computer program
calculated B, = ;b and B, = ), b; for each group and then determined each player’s end-of-round
allocation according the allocation rules (3). The manner in which these final allocations were made by the
computer program was carefully explained to subjects.®

At the end of each round, subjects were informed of (i) the amount they chose to trade (bid) of one
good for the other (if any), (ii) the total amounts bid of goods = and y, B, and B,, by all members of
their group (size 4 or 20) including themselves, and even if they chose no trade, (iii) the fraction of B, or
B, they individually acquired from their bid (if any), (iv) their individual final allocation of goods x and
y, and finally, (v) their individual payoff in points for the round and the dollar value of that point total
(the conversion rate of 100,000 points = $1 was public information). To make this information as salient as
possible, we not only showed it to subjects on their computer screens but we also asked them to record all
these pieces of information on individual record sheets. Once this information was provided and recorded
the round was over. If the 25th round had not yet been played, a new round would then begin.

Subjects were instructed that, at the end of the session, one round would be chosen randomly from all 25
rounds played and their dollar earnings for that round would comprise part of their earnings for the session.
In addition, subjects were awarded a $5 show-up payment. Total earnings averaged $17.28 per subject in
the three n = 2 sessions and $18.42 per subject in the six n = 10 sessions. Each session lasted about 90
minutes.

Subjects were recruited from the undergraduate population at the University of Pittsburgh. No subject

participated in more than one session.

3.2 Experimental Results

We begin by considering trading decisions, “end-of-round” or “final” allocations, and payoff efficiency across
the three treatments of our experimental design. Specifically, we report (1) the average frequency with
which each player type chose “No Trade,” (2) the average amount bid of each good by each player type
(among those players choosing to trade), (3) the average, final allocation for each player type, and finally,
as a measure of efficiency, (4) the average payoff earned by each player type as a percentage of the full trade

Nash equilibrium (Full NE) payoff.

8Indeed, before playing, subjects had to answer a number of quiz questions that tested their understanding both of the
experimental design, the trading rules, the final-allocation market mechanism and their understanding of the payoff table. The
interested reader is referred to the experimental instructions, provided in the Appendix, for further details.



To avoid possible learning effects (for now), we calculate all of four statistics for each player type using
data from the last 5 rounds of each session (we will consider behavior over all 25 rounds and individual
behavior later in this section). These aggregate statistics are reported in Tables 3-4, where average amounts
bid (“Avg. Bid”), and average final allocations (“Final Alloc.”), are represented as pairs in the format

(amount of good x, amount of good y).

Type L, w’ = (10, 200) Type II, w’7 = (200, 10)

% No | Avg. Final Pay. Eff. | % No | Avg. Final Pay. Eff.

Session | n = | Trade Bid Alloc. % Full NE | Trade Bid Alloc. % Full NE
1 2 [ 000 | (0,95) | (0L, 105) | 0.727 | 0.00 | (3L,0) | (119, 105) | 1.152
2 2 | 000 | (083) | (115, 117) | 1.264 | 0.00 | (105,0) | (95, 93) 0.737
3 2 | 000 | (0,03) | (121,97) | 1194 | 0.00 | (111,0) | (89, 113) | 0.924
Avg. 1-3 | 2 | 000 | (0,94) | (109,106) | 1.062 | 0.00 | (99,0) | (101, 104) |  0.937
FulNE | 2 | 0.00 | (0,95) | (105,105) | 1.000 | 0.00 | (95,0) | (105, 105) |  1.000
WE - (0,130) | (140, 70) 1.185 - (130,0) | (70, 140) 1.185
1 10 | 0.00 | (0,130) | (129,70) | 0833 | 0.00 | (119,0) ] (31, 140) | L1l
2 10 0.00 (0,113) | (124, 87) 0.933 0.00 (114,0) | (86, 123) 0.948
3 10 0.00 (0,126) | (140, 74) 1.013 0.00 (130,0) | (70, 136) 0.902
Avg.l-3 | 10 | 0.00 | (0,123) | (131,77) | 0926 | 0.00 | (121,0) | (79,133) | 0.987
Ful NE | 10 | 0.00 | (0,125) | (135,75) | 1.000 | 0.00 | (125,0) | (75,135) |  1.000
WE - - (0,130) | (140, 70) 1.004 - (130,0) | (70, 140) 1.004

Table 3: Averages by Player Type I, II, from the Last Five rounds of Sessions where w! = (10,200),
w!! = (200, 10)

Consider first the results for the n = 2 and n = 10 treatments where subjects start out with w! = (10, 200)
and w!! = (200, 10) as reported in Table 3. The results in both treatments are striking: we see that all
subjects are choosing to engage in trade (% No Trade = 0.0), so subjects have clearly chosen to move away
from the strict, autarkic Nash equilibrium. Further, as a first test of the subjects’ understanding of the
game, we observe that type I subjects are choosing only to bid good y for good z, as evidenced by the 0 in
the first element of their bid pairs, and likewise, type II subjects are choosing only to bid good z for good
y, as evidenced by the 0 in the second element of their bid pairs (and not the opposite type of trades). Such
bidding behavior was not imposed on subjects but rather follows from the objective of maximizing one’s
type-specific payoff function. That is, subjects nearly always offered to bid for the good with the higher
marginal payoff for their type, even though they were free to bid for either type of good, or not to bid at
all. Most importantly, subjects in these treatments bid so as to achieve final allocations that are very close
to the full Nash equilibrium (Full NE) by the final rounds of all sessions. Both the average amounts bid
and the final, end-of-round allocations are very close to these full NE predictions in both the n = 2 and
n = 10 treatments. Indeed, we also see that subject are achieving approximately 100% of the payoffs they

could have earned had all played according to the full Nash equilibrium; in some instances certain player

10



types are doing slightly better, due to less than complete coordination on the NE and the inefficiency of that
equilibrium relative to the Walrasian equilibrium. Notice further that most of these averages lie below the
Walrasian equilibrium allocation (WE) predictions, which is consistent with theoretical predictions. Perhaps
most importantly, there is strong evidence for the comparative static prediction of greater trade volume (bid
amounts) as the number of each player type increases from 2 to 10, with no change in efficiency. Using
the three session—level averages for the bids of type I players (of good y for good x) or the bids of type
1T players (of good z for good y), a non-parametric, Mann-Whitney test confirms that we can reject the
null hypothesis of no difference in bid amounts between the n = 2 and n = 10 treatments in favor of the
alternative hypothesis that bids by both player types are greater when n = 10 than when n = 2 (p = 0.05
for both tests).”?

This is powerful evidence that, as the number of agents in the economy increases; i.e., as the economy
becomes large, strategic considerations (i.e., imperfect competition) diminish in importance, as the full trade
NE allocation gradually approximates that of the perfectly competitive Walrasian equilibrium (WE). This
is in contrast to experimental findings using double auction trading rules. Under conditions of incomplete
information, such experiments suggest that the number of agents on either side of the market— the extent of
market power — matters little for whether convergence to Walrasian, competitive equilibrium obtains.'® The
fact that strategic considerations (group size) matter in a predictable and intuitive way under the market
game trading rules would seem to make the market game mechanism a compelling alternative to the double

auction for understanding the conditions under which a competitive equilibrium may be reached.

Type I, w! = (135, 75) Type II, w!! = (75,135)

% No | Avg. Final Pay. Eff. | % No | Avg. Final Pay. Eff.

Session | n = | Trade | Bid Alloc. % Full NE | Trade | Bid Alloc. % Full NE
1 10 | 048 | (0,6) | (141,69) | 1004 | 030 | (6,0) | (69, 141) | 0.983
2 10 | 032 | (0,11) | (147,65) | 1.007 | 0.26 | (13,0) | (63, 145) | 0.928
3 10 | 034 | (1,11) | (147,65) | 0996 | 0.18 | (13,1) | (63, 145) | 0.953
Avg. 1-3 | 10 | 038 | (0,9) | (145,66) | 1.002 | 025 | (11,0) | (65, 144) |  0.956
Ful NE | 10 | 1.00 | (0,0) | (135,75) | 1.000 | 1.00 | (0,0) | (75,135) | 1.000
WE | - | - | (05) | (140,70) | 1.004 ~ | (5,0) | (70, 140) | 1.004

Table 4: Averages by Player Type I, II, from the Last Five rounds of Sessions where w! = (135,75),
w!! = (75,135), i.e., the Full NE allocation.

Next, we consider the case where groups of 20 subjects (n = 10 of each type) start out with endowments

9The same test applied to the session level data on payoff efficiency relative to the full NE confirms that we cannot reject
the null hypothesis of no difference in that statistic as n increases from 2 to 10 (p > .35 for all pairwise comparisons); that is,
subjects are playing just as efficiently in groups of size 4 as they are in groups of size 20.

10For instance, markets organized under double-auction rules generate near-competitive outcomes even in the case of a single,
monopoly seller (e.g., Smith (1981)), where the seller’s efforts to achieve and sustain monopoly prices are ultimately unsuccessful,
or in cases where one side of the market has opportunities for pre-trade collusion (Isaac and Plott (1981)).
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equal to the full NE allocation, as reported in Table 4. Here we see that, contrary to the strict, full NE
prediction, a majority of subjects do choose to engage in some trade — the percentage clicking on the “no
trade” button (% No Trade) over the last five rounds of each session averages just 38% for type I and 25%
for type II players. While this represents a statistically significant increase in the frequency of subjects
choosing no trade over the n = 10 treatment where subjects did not start out at the full trade NE allocation
(p = .05, Mann-Whitney test), the frequency of subjects choosing no trade is still far less than the predicted
100%. We make a couple of observations about this result. First, notice that the amounts traded are rather
small. Type I agents trade, on average, just 9 units of good y for good x while type II agents trade, on
average just 11 units of good x for good y. The alternative type of trade available to each player type
averages 0 as in the other treatments. A Mann-Whitney test using session level data confirms that trade
volume (bids of good y for = by type I players and bids of good z for y by type II players) is significantly
less in the n = 10 treatment where subjects start out at the full NE allocation than in the n = 10 treatment
where they do not (p = .05). Second, somewhat surprisingly, these small amounts of trade move subjects
very close to the Walrasian equilibrium (WE) allocation. Subjects, on average, overshoot the WE to a small
degree, by acquiring a little too much of the good with the higher marginal payoff. Indeed, because of this
overshooting payoff efficiency generally lies below both the full Nash and the WE predicted levels.'? While
these findings violate the no-trade prediction of this treatment, the violation seems rather small and could
be partially rationalized as follows: the full NE endowment is not Pareto optimal while the WE allocation
is, and subjects are trying to find a way to achieve the latter, despite the game theoretic prediction that
the WE is not a Nash equilibrium in this environment. Yet, there is a continuum of other Pareto optimal

allocations and the power of WE in this context remains somewhat puzzling.
[Insert Figures 1-3 here.]

Thus far we have considered only aggregate, session-level averages. Figures 1-3 show all individual final
allocations (averaged over the final 5 rounds) using data from all sessions of each of the three treatments.
These individual allocations are situated within the Edgeworth box representing the pure exchange economy
that we implemented experimentally. In Figure 1, we see that for the n = 2 treatment, where initial
endowments are w! = (10,200) and w!! = (200, 10), by the final 5 rounds there remains considerable
dispersion in individual final allocations, though the averages for the two player types are very close to the
full NE prediction. This dispersion is attributable to the relatively greater market power subjects have in this
treatment where they interact in groups of 4. By contrast, as Figure 2 shows, when the group size increases

from 4 to 20 (n = 10 of each type) so that market power is greatly reduced, the dispersion in individual,

HHowever, we again find that we cannot reject the null hypothesis of no difference in payoff efficiency for this treatment
relative to the other two treatments involving n = 2 or 10 subjects of each type where initial endowments were far away from
the full NE (p > .35, for all pairwise comparisons using the Mann-Whitney test on session—level data).
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average final allocations is also greatly reduced, with the averages for each player type remaining very close
to the full NE prediction. Finally, as Figure 3 shows, when subjects interact in groups of 20 and start out
at the full NE, w! = (135, 75), w!! = (75,135), the dispersion in individual, average final allocations is even
further reduced. In this case, as noted earlier, the average final allocations are closer to the WE prediction

than to the full NE.
[Insert Figures 4-6 here.]

In addition to considering allocations over the last 5 rounds of a session it is instructive to consider
subjects’ bidding behavior over the entire 25 rounds of each session so as to assess whether there is any
evidence of trends or learning behavior over time. Figures 4-6 show time series on the average bids of good
x for good y or of good y for good x by both player types using pooled data from all three sessions of a
treatment. Please note the use of a different vertical scale in all three figures: The smaller vertical scale on
the LHS is for type I(II) bids of good z(y) for good y(z) - which are predicted to be zero — while the 10
x larger scale on the RHS is for type I(II) bids of good y(x) for good z(y), which, in treatments where
subjects’ initial endowments were not equal to the full NE (Figures 4-5 only), are predicted to be strictly
positive. Notice that, consistent with theoretical predictions, type I players quickly learn only to bid good
y for good x, and type II players quickly learn only to bid good x for good y; the alternative types of
bids (dashed lines in Figures 4-6), while available to subjects, are generally small (use the LHS scale) and
converge to zero over time in all treatments. Second, notice that the amounts types I(II) bid of good y(z)
for good x(y) are very close to the full NE predictions after only a few rounds. Specifically, in Figure 4,
where subjects interact in groups of size 4, it is predicted that type I(II) bids 95 units of good y(z) for
good z(y), and subjects are on average close to this prediction after 5 rounds of play. Similarly, in Figure 5
where subjects interact in groups of size 20, the prediction is for type I(II) to bid 125 units of good y(z)
for good z(y), and this prediction is, on average, close to being met after around 10 rounds of play. Finally,
in Figure 6, where subjects interact in groups of size 20 but have endowments equal to the full NE, the
prediction is that all bid amounts should be zero. Here we see that type I(II) bids of good y(z) for good
z(y) start out averaging around 20 and decrease to an average of around 10 over the 25 rounds, so there is
some evidence that subjects in this treatment are learning not to bid, though it appears that this learning
process was not complete in the time-frame allowed by our design. Alternatively, as noted earlier, subjects
in this treatment are very close to achieving the WE allocation, which would involve type I(II) bidding 5
units of good y(z) for good z(y). As mentioned before, such non-Nash bidding remains puzzling. Yet, while
it cannot be rationalized as a Nash equilibrium, the WE allocation is payoff superior to the full NE, and
given the number of subjects involved in trading, such payoff considerations may play a role for the findings

in this treatment.
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Summarizing our experimental design and findings, we have implemented a simple, 2-good, 2-player type
market game in the laboratory; to our knowledge, this is the first-ever experimental test of this important
class of games which serve as a bridge between non-cooperative game theory and general equilibrium analysis.
Importantly we have found that the autarkic (no trade) outcome, while a strict Nash equilibrium, is never
observed in our sessions where subjects’ initial endowments are far from the full NE allocation. Instead,
subjects quickly learn to bid so as to implement allocations that closely approximate the full NE allocations,
on average. A further, striking finding is that the size of the economy, in terms of the number of agents
of each player type, matters greatly for the realized outcome. In particular, we find that when subjects
interact in small groups of size 4 (2 of each type) and thus individually possess some market power, the full
NE allocation to which such groups converge is far from the competitive, WE allocation. By contrast, when
subjects interact in groups of 20 (10 of each type) and thus individually possess comparatively less market
power, the full NE allocation to which groups converge is much closer to the competitive WE allocation.
As we discuss in the next Section, this finding is consistent with theoretical predictions in the context of
a market game. Yet, it stands in sharp contrast to a large body of experimental work using double oral
auctions (mentioned above) which, somewhat counter to economic intuition, shows that the size of the market
economy matters little for whether or not a competitive equilibrium is achieved; competitive equilibria in
experimental implementations of these auctions are reliably achieved with very small numbers of agents on
either side of the market (three or less). Finally, when subjects’ initial endowments are equal to the full NE
allocation, we demonstrated that there is significantly less trade. In addition, and somewhat surprisingly,
the trade that does occur moves allocations in the direction of the WE allocation.

Having presented strong evidence that human subjects eschew the strict, autarkic NE in favor of the full
NE in all cases, and that as predicted, the full NE allocation approximates the competitive WE allocation
as the size of the economy (number of each player type) grows, we next turn toward providing a theoretical

explanation of these findings.'?

4 The Theoretical Model

In order to help us understand the experimental data, our theoretical model must have two important fea-
tures. First, it must be able to assist in equilibrium selection by distinguishing among strict Nash equilibria.
More precisely the model must generate a process through which autarky can be escaped and a NE with
trade might be reached. Secondly, the model must be able to distinguish between NE and WE and generate

the right comparative statics. In particular, Nash behavior must approximate Walrasian behavior as agents’

12In a way, our approach reverses the typical order of inquiry in the social sciences and follows a path that is more common
in the natural sciences: having designed a sequence of experiments and having observed certain regularities in experimental
data, we build a theoretical model in an attempt to understand this data.
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market power declines. In what follows, we build a model that has these features. In order to encompass the
first feature, we extend existing concepts in evolutionary game theory in order to account for the possibility
of “coalitional deviations,” and in order for our concepts to be applicable in the context of market game-like
exchange. In order to encompass the second feature, we will build on a version of a market game introduced
by Postlewaite and Schmeidler (1978). Their version allows us to study properties of the NE with trade as
the number of agents in the underlying economy becomes large. While our theoretical analysis is motivated
by our experimental findings, we believe that it can be useful in other context. To this end, we first develop

an abstract model that we later interpret in our specific context.

4.1 The Solution Concept

We begin by stating two existing definitions of evolutionary stability in the context of an abstract normal
form game. First, consider a single population consisting of a continuum of identical agents, and assume
that N agents are selected to play a normal-form game I' = (N, S,U), where S is the set of available
(pure) strategies, and U represents payoffs. The definition of an FEwvolutionary Stable Strategy (ESS) for
(N = 2)-player symmetric games is as follows (see Weibull, 1995):

Definition 1 A strategy s € A is an ESS if, for every strategy t € A, t # s, there exists ¢4 > 0 such that
U(s,(1—¢)s+et)>U(t,(1—¢e)s+et), (10)
for all € € (0,e¢), where A is the set of all mized strategies.

Next, consider any finite population of size N. The definition of ESS for N-player symmetric games is

as follows (see Schaffer, 1988, 1989):
Definition 2 A strategy s € S is an ESS if, for any strategy t € A, t # s,
Ul(s, (t,5) 2 U(t, (s,59)), (11)

where (t,5) and (s,8) denote the strategies of the other (n — 1) players. In particular, (s,3) indicates that
all other players play strategy s, while (t,5) indicates that one player plays strategy t, while all other players

play s.

Note that, unlike Nash equilibrium, the ESS criterion refers to relative performance. We will amend
Schaffer’s (1988) definition in two ways. First, we extend the definition of an ESS from one to multiple,
distinct, finite populations. Second, we will require a strong version of evolutionary stability: one that

requires stability against simultaneous deviations by multiple agents from different populations.
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We first present the concept in the context of an example. In the next section, we will apply it to a
market game. Assume that there are K > 1 finite populations. Each population, 4, contains n; > 2 agents.
We assume that agents play an N-player game, I', where N = n; 4+ ... + ng. The game is assumed to have
the following symmetry property. All players from population 3 have the same set of strategies, X?, and the
same payoff function, U*. In other words, if two players (from the same population) play the same strategy,

they will obtain the same payoffs. Hence, we indicate the normal form game as

D= {{m+..+nx}; 8" x..x8" x..x8x. . .x8(U.;UN)

ny times nx times

In what follows, we will need to consider the situation where one agent from population 4 plays strategy t’,
while every other agent from that population plays strategy s. More generally, in the case where at most
one agent in each population plays a strategy, ¢, which is different from the one chosen by every other agent
in his population, the payoff of the agent from population i who plays a different strategy than his peers can

be written as:
U (5 (5D i (8,57 (8755 (12)

where, as before, (ti,g) denotes that one agent from population ¢ plays t?, while all other agents from
population ¢ play s’.

We are now ready to define our main concept.

Definition 3 A symmetric strategy profiles = | s',...,s% .85, . 8 | € 81 x ... x S'x..xSK x ... x SK
N—— N———
ni ng mn1 ng
is a Strong ESS (SESS) if, for all i,
U (s59",..7%) 2 U (541, ..,97), (13)

for any strategy t' € S, t' # s, and for all v, such that 7/ = (sj,y), oryl = (tj,§>.

In other words, a notable feature of the SESS is that it requires stability against up to K simultaneous
deviations (one per population). Clearly, this is a stronger concept than Schaffer’s ESS. Thus, like ESS, SESS
will not exist in general. An important feature of our concept is that while it requires a symmetric outcome,
it can be applied to asymmetric games. Below, we give an example of a four-player coordination-like game

in which SESS uniquely selects the Pareto efficient Nash equilibrium even though there is another ESS.

Example: Suppose that there are two populations (I and IT), each consisting of two players. Each player

has two strategies (a and b). Let 07(;7) stand for the number of a-players in population I(/1). Payoffs are
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defined as follows.

Ur(a,01,0rr)  Ur(b,01,01r)  Urr(a,01,01r)  Ur(b,01,011)
Ur(a,1,0)=0 U;(b,0,0)=2 Urs(a,0,1)=0 Us;(b,0,0) =2
U[(G,Q,O):O U](b,].,O):Q U[[(a,0,2):0 U[[(b,o,l):2
U[(CL,L].):?) UI(b,O,l):l Uu(a,l,l):3 U[[(b,l,O):l
U[(a,271):3 U](b,l,l)zl Uu(a,l,2):3 U[[(b,l,l)zl
Ur(a,1,2) =4 U;(b,0,2) =0 Urr(a,2,1) =4 Urr(b,2,0) =0
Ur(a,2,2) =4 Ur(b,1,2) =0 Urf(a,2,2) =4 Up(b,2,1) =0

For example, Ur(a,1,0) = 0 means that the payoff of an a-player from population I, when all other players
(one player in population I and two players in population IT) play action b, is zero. This game obtains two
symmetric strict Nash equilibria in which all agents play a or all play b, respectively. The a-equilibrium is
an SESS. Notice, however, that the b-equilibrium is not an SESS since a coalition consisting of one agent
per population (type) deviating to playing a will result in a payoff of 3 for each of the two deviators (instead

of 1 for the b-players).

Later, we shall make use of the following approximate notion of an SESS.

Definition 4 A symmetric strategy profiles = | s', ..., s .85, . s8] € 81 x ... x Stx..x8% x ... x SK
N————

ni ng ni nkg

is an e-SESS if, for all i,
Ut (s'59Y, /™) 2 U (8591, 7)) — (14)
for any t* # st, and for all ¥7, such that 7/ = (Sj,g), oryl = (tj,§>.

Thus, an e-SESS requires that no agent can be better off by more than a small amount, e¢. In the next

section we motivate and use e-SESS in the context of our main topic of study, a strategic market game.

4.2 The General Market Game

For our theoretical analysis we consider a finite, convex pure exchange economy with L consumption goods.'?

The economy is described by £ = <I, X w, u’>Z where I = {1,...,nK} is a finite set of agents belonging

er
to K > 1 different populations (or types); X = R{; denotes the consumption possibility set for agent i;
w' € RY is the endowment vector of agent 4; and u’ : RY — R is the utility function of agent i. Agents
belonging to the same type have identical preferences and endowments. We assume that u® is continuous,
strictly increasing in all its variables, and strictly quasi-concave.

Agents participate in a strategic market game related to the one in Shapley and Shubik (1977). We will
follow Postlewaite and Schmeidler (1978), henceforth PS, in specifying the market game corresponding to

13The reader should think of the 2x2 model studied in our experimental section as a special case of the general market game
studied here.
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£. An nK-person market game in normal form is defined as follows. For each i € I, let S* = {s = (b, ¢*) €
Ri X Ri : ¢* < w'} be the set of strategies available to agent i. Given any (symmetric) nK-list of strategies
(b',¢%)ic1, the payoff to agent i is denoted by U’ ((b',¢');...; (b, ¢%);...(b" %, ¢q"K)). Here, b® denotes the
vector of bids or “goods requested” by agent i, measured in abstract units of account, while ¢* denotes the
vector of goods offered by agent i. U’ : S' x ... x "% — R is the von Neumann and Morgenstern utility
function of agent 3.

Individual agents have to satisfy a balance or bankruptcy condition, which requires that the total value
of an agent’s bids be less than the total “receipts” from his sales of goods. More precisely, the individual
balance condition is given by

i J

zeZLb <ZGZL S J;bl. (15)
One issue is what happens to agents who violate the balance condition. This is particularly important in our
case for two reasons. First, unlike PS, we explicitly consider non-Nash states in which this constraint might
be violated. Second, since agents in our model are concerned with relative performance, they might take an
action that will make them worse off in absolute terms if this leads to other agents of their type becoming
further worse off. This could occur, for example, if an action by a single agent led to other agents’ becoming
bankrupt. This possibility would arise under the PS specification since they assume that agents who violate
the balance condition have all their resources confiscated. With these considerations in mind, we impose the
milder assumption that an agent whose total value of goods requested exceeds that of his total receipts has

his bid vector “shaved” by an amount that is proportional to his overbidding. More precisely, let

q j
Yier S @ >jerbl
Yierbi

and let
/b\§ _ Ozi'%, if ZZEL b > ZZGL Z J ZJEI (17)
; otherw1se

The resulting consumption baskets (previously referred to as allocations) are defined as follows. For all i € T,

and [ € L, let the consumption of good [ by agent i be given by

Z qi- (18)

Z]EI ; Jjel
Note that each strategy profile ((bl, q');..; (b, q%); ... (b7 K, q”K)) uniquely determines agents’ consumption

(et omseh) s (5, s ) ) using (18).

A (symmetric) strategy profile (51, ...,3"

i
Cl—wl—fh

&Y is a Nash equilibrium if for all s € I and all s* € S,
Ui, ..., 8, 5" > U3 ..., s, .57,
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A Nash equilibrium is full if all markets are open; i.e., for all [ € L,
ZE} > 0 and ZZ]}L > 0.
i€l el

We shall only consider economies where a full Nash equilibrium exists, in which there is (sufficiently
large) positive trade in all commodities.

Proceeding as in PS, for all , and for a distinguished agent i, we can write B; = bj+B; " = b+ s i b,
and Q; = ¢} + Ql_i =q + Zjem?éi qu. Let p; = B;/Q; denote the average price of commodity ! (provided
that the denominator of this expression is strictly positive). Define an allocation Z resulting from a full Nash
equilibrium to be e-Walrasian if all markets are open, and there exists p = (p1, ..., pr,) such that for all 4 € I,
Pzt = pw?, and

#{i e I:V2" ' (2') > u' (Z') = p2' > p(1 — e)w'} > (1 — e)#,
where, as stated above, prices correspond to ratios of aggregate bids. We first state the main result of PS.
It establishes the connection between full Nash equilibria of the market game and approximate Walrasian

equilibria of the underlying economy.

Proposition 1 (PS): For any positive numbers «, 3, and €, any allocation resulting from a full Nash
equilibrium in an economy &€ = <I, Xi,wi,ui>iel with w* < B(1,...1) for all i € I, Yier w' > Na(l,..., 1),
and N > 16L3/ae? is e-Walrasian.

This completes the description of the market game. For a more detailed discussion of these concepts, we
refer the reader to PS. Henceforth, we will concentrate on the evolutionary stability properties of the full

Nash equilibria.

4.3 Evolutionary Stability

Before we analyze the market game from an evolutionary point of view, we introduce the main argument in
an informal way. This will also serve as a motivating discussion for the concept introduced in the previous
section. First, notice that no Nash equilibrium in which some markets are closed can be disturbed by a single
deviating agent. This is because at least one agent on each side of the market is necessary for any trade.
While the existence of such (partial) autarky Nash outcomes is plausible, it is also insightful to study under
what conditions evolutionary forces will result in the “opening of markets,” leading to a Pareto superior
outcome. The fact that this requires multiple simultaneous deviations is exactly what SESS is designed to
capture.

A separate issue from whether all markets will be open is whether evolution will give rise to an efficient

or, more restrictively, to a Walrasian outcome. Even if no state in which some or all markets are closed
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corresponds to an SESS, one might ask whether states that correspond to full Nash equilibria are SESS.
Here, a difficulty arises. The fact that we deal with a finite game implies that each individual agent has
some market power. Of course, market power vanishes as the number of agents increases. This suggests
that in the case where the economy is large enough, we can expect the above question to be answered in the
affirmative, but only in an approximate sense.

To see this, let us assume that the economy is at a full Nash equilibrium. Suppose that an agent switches
to a different bid/offer. Clearly, since the previous situation was a Nash equilibrium, the deviating agent
will be worse off. However, this does not imply the evolutionary stability of full Nash equilibria. The reason
is as follows. Since there is a finite number of agents, the deviation will result in slightly different prices
for at least some agents. While the deviator is worse off under the new prices, the other agents of his type
may be even more worse off or, in other words, the deviator could be better off in relative terms. Thus, the
evolutionary stability of full Nash equilibria is not automatic. A continuity argument, however, guarantees
that if the economy is large enough, a deviation by a small-size coalition cannot make the deviators better off
by more than an arbitrarily small amount. Thus, a full Nash equilibrium of a large enough economy, which
PS have shown to be approximately Walrasian, will also be an approximate SESS, provided that agents lack
significant market power. Formalizing the details of this argument is the main purpose of this section. We
begin by presenting a definition of e-SESS in the context of a market game. Define the price for good [ faced
by agent i by pj = Bfi/Q;i, with the convention that p} = 0 if Bfi = Qfl = 0. Then,

Definition 5 A symmetric strategy profile s = (31, 555K, ...,EK) €St x .. xS x..xSK x. . x8K

is an e-SESS of the market game if, for alli € I " "’
U (s55) 2 U (155 ) — ¢, (19)
. . . . ~ .~ . ~ .~ . ~—1i ~—1 ~—1 ~—1
for any t* € S*, and for all p*, where p* = (Bf’/Qfl7...,Bgl/Qzl>, (Bl /Q1 sy Bp /QL ) and

Bt = -5+ > ( n—15§“+2b’“
k=1

k=1,k#1i
K K
QF = =2+ Y, n=DT+D. 7,
k=1,k+#i k=1
~—i K K
B =Y @-nh+ > W,
k=1 k=1,k+#i
- K K
Q = DY -7+ Y @
k=1 k=1,k+#i

As before, the above conditions require that a distinguished deviating agent be at most better off by

€ relative to the other agents of his type when at most one agent per population deviates. The variables
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~—i x—i

(E - @ﬂ) and (E ,Q ) give rise to the resulting prices before and after the deviation by the distinguished
agent. Throughout the paper we assume that the economy in question has a symmetric full Nash equilibrium.
Our first result below is stated analogously to the result in PSS, but in the context of our evolutionary analysis.

Consider an economy & and suppose that (8%, ...,8%;...;3%...,5K)

profile where 5% = (E’, qAL) Let

is a symmetric full Nash equilibrium

maxq, = \; >0, forall [ € {1,...,L}, (20)
denote the largest offer (per population) in this equilibrium. We have the following result.

Theorem 1 Consider an economy & that for any positive numbers e, 5, and \ satisfies the following: (1)
A1y AL) > A(1,.0,1), (2) w' < B(1,...,1), and (3) there exists § (¢, 8,\) > 0 such that [2(1+ K) S +

(K —1)] LQ(KT\};)K%AI (n’i)3 <6 (¢,8,)\). Then, the symmetric full Nash equilibrium profile (8%, ...,3;...;5%...,5K)

of the market game associated with £ is an e-SESS.

The proof appears in the Appendix. We briefly discuss the conditions needed for the above Theorem.
The first condition requires that the full Nash equilibrium involves a strictly positive amount of trade in all
markets. The second condition is also employed in PS. It assumes that individual endowments are “small.”
Finally, the third condition requires that the number of agents belonging to each type, n, be sufficiently
large.

The proof proceeds by deriving explicit bounds for the effects of a deviating coalition on the terms of
trade. Such effects are small provided that the economy is sufficiently large. Given this fact, the proof
establishes that the resulting change in consumption baskets and, thus, in utility, for the non-deviating
agents is also small. A couple of remarks are in order. First, notice that the above proof uses the “large
economy” assumption. This turns out to be a necessary condition for the result. This feature is consistent
with our experimental findings and we consider it to be a central feature of our model as it suggests that
evolutionary arguments can be used as a foundation for Walrasian equilibria only when agents lack market
power. We discuss this issue further below. We now proceed by demonstrating two additional facts. First,
outcomes in which some markets are closed are not consistent with SESS. Second, if all markets are open,

only full Nash equilibrium outcomes can be consistent with SESS. We begin by studying the first assertion.

Theorem 2 Consider an economy & and suppose that a symmetric strategy profile (s',...,s%;...;s% ... sK)

is associated with an outcome where market | is closed; i.e., b} = qli =0, for all i € I. Then, there exists

€0 > 0 such that the profile (s',...,s1;...;8%..., s%) is not an €-SESS.

The proof of this Theorem appears later in the Section. First, we briefly discuss the idea behind it. As

mentioned earlier, we assume that a full Nash equilibrium exists. We will demonstrate that, in any state in
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which a market is closed, there exists a coalition of agents (one agent per type) such that if the coalition
opens the market, at least one member of the coalition can always become better off than any non-deviant
agent of his type after trading. In this sense the proof of the theorem is “destructive.” We will describe a
coalition deviation which guarantees a higher payoff for one (but possibly not all!) of the deviating agents.
Indeed, that at least one member of the deviating coalition is better off is all that is required to violate the
SESS criterion. A stronger form of Theorem 2 holds for the case of the autarky (no trade) equilibrium. In
that case, there exists a coalition C'such that, by introducing trade, coalition C opens all markets and makes
all of its members better off. No approximation argument is needed in that case. We next demonstrate this

last result.

Proposition 2 Consider an economy £ and the strategy profile associated with no trade, b} = ¢¢ = 0 for
alli eI and alll € {1,...,L}. This profile is not an SESS. Moreover, there exists a deviating coalition of
agents (one per population) such that each member of the coalition obtains a higher payoff than he had in

the autarky.

Proof: Denote the strategy profile associated with no trade as (ﬁ, ...,6). By assumption, there exists

a full Nash equilibrium, (3!,...,8%;..;5%...,5%). In the full Nash equilibrium each agent obtains a payoff

strictly higher than the corresponding payoff associated with a no-trade strategy profile; i.e.,
U'(s;p') > U (0:9°) (21)

where p* = (pi,...,p}) = (0/0,...,0/0). Note that, in the symmetric full Nash equilibrium, all agents
from the same population play the same strategy. Thus, agent i’s consumption of good [ in the full Nash

equilibrium can be written as

Yjert s
T
_ (3 -
=w —q + 7 gkn q;
(DN it
R
_ 7 -1
—wz—QH'T/ng q -
k=101 k=1

Now restrict attention to the no-trade strategy profile. Consider a coalition C, consisting of exactly one agent
per type (K agents in total), and suppose that each agent in C deviates to the strategy prescribed by the
full Nash equilibrium. In that case, the following strategy profile arises (5',0,...,0;52,0,...,0;5%,0,...,0).
Note that each deviant agent ¢’s individual consumption of good [ is given by

~ K
o b .
Cﬁzw?—a‘HK—lng@k:E}L- (22)
Zk:1 l k=1
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Since ¢} = ¢, for any | € {1,...,L}, for each deviant agent i, we have that U(s"; p') = U'(5';p’), where

p' = (pli, - p’L) is the price vector faced by the deviant agent . Therefore,
U'(s;p') = U'(s;p") > U’ (0;9") .
Hence the strategy profile associated with no trade (6, ...,6) is not an SESS. B

The above Proposition is consistent with our experimental findings. It offers a strong sense in which
autarky, although a strong Nash equilibrium, is not likely to be observed. A general version of the above
Proposition is contained in Theorem 2. In the proof below we assume that two agents form a coalition. One
of these agents gives her endowment of the good from the market which was closed initially in exchange for
an arbitrarily small amount, n > 0, of another good. This exchange does not affect prices on all previously
opened markets, but makes one of the agents in the coalition “much better off” than any non-deviant agent

of her type.

Proof of Theorem 2: Consider a symmetric strategy profile (s!,...,s';...;s%..., s%) which is associated

with an outcome where market [ is closed. Note that all agents from the same population play the same
strategy. Thus, agent ¢’s consumption of good h is given by

¢ =wi — gt + q
h h — 4n ZJEIbJZh

h jeI

= wj, — g + ——— th
Zk 1bk k=1

= wj, — g} + = th
Zk 1bflk 1

Since each strategy profile uniquely determines players’ consumption through (18), we have that
U' (s'5s7") =u' (cf,...,ch). (23)

By assumption, there exists a market [ which is not open, bf = qli =0, for all 4 € I. Choose an arbitrary
agent, say of type 7, with w} > 0. If all other markets (in addition to that of good [) are closed, the result
follows directly from Proposition 2. Thus, assume that there exists good h and type j such that b{b >n>0.
Now, consider a coalition C = {i,j} and suppose that C deviates by opening the market for good I by

adopting
Ejli :wla bg =1, (24)
in exchange for

b = bl +n, bl =bl —. (25)



Note that the prices for all goods except good [ are not affected by the deviation of coalition C. Thus, each
non-deviant agent of type j has the same payoff as before. However, the deviating agent, j, obtains a strictly

higher payoff than any non-deviant agent of his type. More precisely, denote

2

€=73 [uj (c{7 cl 1,2?,017“,.. ) —u! (017...,c{71,cz,cg+1,...,ci)] > 0.

Let E’? denote the resulting consumption of good [ by the deviant agent j. We then have
W (cfcﬂwcﬂzw) —u/ (e dy iyl

e A G PR A A PO IR CE IO BN I S 5
+(uﬂ'(c{,...,c{_l,a;',cg+l,...,c) (el )
3
= 3%

)uj (C{a-~-7Cgf1vglfvcg+1’-~-’C}1;71a5j1;a0171+1a-~-7ciL) — (lev Cz 1)57"317“7" )‘

The function v’ (c{, e cZL) is continuous in all its arguments. Therefore, for all Eﬁh such that

n < 01(€p), we have

0 (ool oy Gl el ) = 0 (o, &l )| < 3.

Thus, the strategy profile associated with an outcome where at least one of the markets is not open is not

an €p-SESS for n < §1(e). W

Next, we demonstrate another necessary condition for evolutionary stability. The resulting allocation
must be a symmetric full Nash equilibrium. Like before, for any strategy profile (tl, ot ), and for all
goods j for which the corresponding market is open, let max;gi = A, > 0 denote the largest offer (per
population) in the given state. Since the definition of e-SESS involves symmetry, it is sufficient to consider

only symmetric profiles. We have the following.

Theorem 3 Let & be such that all markets are open and consider any symmetric profile (tl, ot tE tK)
that does not constitute a symmetric Nash equilibrium of the underlying market game. Let B and \ be posi-
tive numbers for which the following conditions hold: (1) (A1,...,AL) > )\( L 1), and (2) wt < B(1,...,1).
Then, there exists €9 > 0 such that if (3) 0 < f—zLKQ A+ (LK+L)B) o < 0 (€0, 8, ), then the profile
(tl, ...,tK) is mot an €y-SESS.

(n

The proof appears in the Appendix. Summarizing our findings, Theorems 1-3 demonstrate that for any

€ > 0, if the economy € is “large,” any symmetric full Nash equilibrium profile of the market game associated
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with £ is an e-SESS. Proposition 1, from PS, demonstrates that any allocation resulting from a full Nash
equilibrium in a large enough economy is approximately Walrasian. In this sense, SESS provides support for
approximately Walrasian outcomes in large economies. We think that these results are consistent with our
experimental findings of the previous section. In this sense, they provide plausible theoretical explanations
for the observed behavior in our rudimentary 2x2 experiments.

As we mentioned before, the above results will not hold in general if the economy is populated by a small
number of agents. In that case, by having a non-negligible effect on prices, an agent deviating from the
full Nash equilibrium allocation may be able to make himself better off relative to the other agents of his
type. Therefore, full Nash equilibria may not correspond to e-SESS if agents have significant market power.
While this observation is consistent with the traditionally held view that competitive outcomes arise when
individual agents are of insignificant size, it is distinct from Vega-Redondo (1997), in which a competitive
outcome is evolutionary stable in the context of a Cournot oligopoly model where agents have significant
market power. This suggests that whether a partial or a general equilibrium framework is assumed matters

when determining the evolutionary stability of Walrasian outcomes.

5 Discussion

Experimental results on double auctions (DA) give remarkably strong support for Walrasian equilibrium
(WE) outcomes. This is true even when there are a small number of agents on both sides of the market.
Vernon Smith (1982) referred to this property as a “scientific mystery.”'# This raises the important question
of whether Walrasian price formation crucially depends on the choice of market institution. Is this support
particular to the way a DA “aggregates” agents’ actions and information, or is it a property of WE itself?
In the second case, the apparent emergence of WE should be shared by a wvariety of market mechanisms, in
addition to the DA. This question can be studied in the context of several models of price formation such
as the partial equilibrium setups of Cournot/Bertrand-like models. However, little experimental work has
been done to investigate the performance of different “general equilibrium” market setups.

Market games as in Shapley and Shubik (1977) offer such mechanisms in that they involve the general
equilibrium properties of the Walrasian paradigm while, at the same time, they are fully specified non-
cooperative games. These two features make them particularly suitable for the study whether Walrasian
prices will emerge under different specifications of the underlying economic environment; i.e., the agents’

preferences, endowments, etc.

14Smith (1982, p. 945) recognized that “many economists express surprise, if not discomfort, with the evidence [that con-
vergence to competitive equilibrium obtains with small numbers of competing agents].” He adds “the idea that a competitive
equilibrium is an ideal frictionless state not likely to be approached in any observable market — and certainly not without a
large number of agents with its assumed concomitant “price taking” behavior — is a deeply ingrained belief based on untested
theory going back to Cournot. Since Cournot’s theory does not specify an institution, it is unclear in what context the theory
is supposed to have relevance.”
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The role of private information in Smith’s scientific mystery is not fully understood. Since they completely
abstract from private information frictions, market games offer a rudimentary setup that allows us to isolate
issues related to the emergence of WE from the effects of private information. More precisely, rational
behavior in a market game requires a standard Nash equilibrium play, as opposed to a Bayesian equilibrium
in which subjects must form consistent beliefs about other subjects’ values, etc. The formation of such
belief/action assessments is a rather demanding task. In contrast, the only relevant variable in a market
game is the price, as defined by the ratio of the aggregate bids. As the above discussion suggests, since
subjects are playing a “simpler” game, their performance should be expected to be at least as good as that
exhibited in the more complex DA setup.'®

Another feature of the kDA is that it is subject to severe multiplicity of equilibrium. Although less severe,
multiplicity is also present in strategic market games. More precisely, among other partial autarky outcomes,
such games always obtain a strict equilibrium that involves no trade. One can, thus, ask whether agents in
a laboratory setup will “learn” to open markets when this would lead to a Pareto superior outcome. While
obviously interesting, the issue of opening new markets has not been sufficiently explored in an experimental
setup.

Even if one expects that subjects find it easier to play “rationally” in a market game than in a DA,
an interesting issue arises as to which outcome will be eventually selected. In all finite games there is a
discrepancy between the Nash equilibrium with trade and the Walrasian outcome. Which of the two will the
subjects’ actions converge to? On the one hand, Nash equilibrium is the outcome consistent with rationality.
Alternatively, since the Nash equilibrium is socially inefficient, one might also expect that subjects will
find their way to a socially efficient outcome, perhaps through bids that implement Walrasian prices. The
question of whether a Nash or a Walrasian outcome will be selected becomes particularly interesting when
it is studied as a function of the number of subjects in the game.

The above question is important since, unlike the Walrasian outcome, even the most efficient Nash out-
come involves an inefficiency due to market power. Satterthwaite and Williams (2002) study this inefficiency
in a wide class of mechanisms and conclude that the “worst-case” inefficiency converges to zero at the fastest
possible rate in a kDA. Postlewaite and Schmeidler (1978) established the connection between the most
efficient Nash equilibrium of a “large enough” market game and approximate Walrasian equilibria of the

underlying economy. Cason and Friedman (1997) report experimental findings that are closer to the Bayes-

15Within the DA framework, the k-DA (see, e.g., Satterthwaite and Williams (1991)) is the closest to our setup. Saterthwhite
and Williams find theoretical support for WE when the economy is large. In addition, they perform simulations that offer some
support for WE even when the number of agents is small. Experiments on the #DA by Kagel and Vogt (1993) found that
as the number of traders increases efficiency also increases but at a very slow rate. In related experimental work, Cason and
Friedman (1997) study a single call market in which buyers and sellers bids and asks are collected and then a uniform market
clearing price prevails when the market closes. They find support for the predictions of Bayes-Nash equilibrium. However, they
too report that observed efficiency is below the equilibrium prediction.
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Nash equilibrium than the Walrasian equilibrium. The performance of market games in that regard has not
been investigated experimentally and our paper offers a first attempt in this direction.

Throughout the paper we required stability against coalitions consisting of K agents (one per population).
One could ask whether our results would be different if we required stability against any coalitions of size K
(possibly several per population). Indeed, our results would hold under this more general specification (we
adopted the more restrictive notion for notational convenience). That is because any outcome that does not
satisfy our notion of stability would not satisfy the more general notion. In addition, full Nash equilibria will
satisfy the more general notion since, provided that the economy is sufficiently large, there is no coalition
consisting of K agents that will have an appreciable effect on the price vector. Thus, the approximate
evolutionary stability of full Nash equilibria will remain intact under the more general specification.'6

Peck and Shell (1990) and Ghosal and Morelli (2004) study variations of market games in which compet-
itive outcomes prevail even when the number of traders is small. It would be interesting to study whether
our evolutionary story can be embedded in their setups. An important extension of our analysis concerns the
relation between our static SESS concept and the asymptotically stable points of a suitably defined dynamic
system describing the learning process. This extension is left to future research. Finally, an advantage of
the proposed setup is that it is simple enough to be implemented in an experimental environment. In future
work, we plan to study under what specifications of preferences and endowments human subjects will exhibit
behavior consistent with SESS in a laboratory environment.

Future work includes studying economies with many goods, more general preferences and multiple Wal-
rasian equilibria. In addition, we could investigate the properties of different dynamic learning process that

can give rise to SESS.

16Clearly, the two notions will not be equivalent in all games. Our concept could be used in biological examples in which
simultaneous mutations, say by a male and a female, might be needed in order to increase population fitness. See Noldeke and
Samuelson (2003) and references therein for related examples in biology.
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Appendix

<l oK oK )

Proof of Theorem 1: Fix an economy &£ and let € > 0 be given. Suppose that (31,...,5%;...; 8% .. %) is

a symmetric full Nash equilibrium profile. Each strategy profile uniquely determines players’ consumption

through (18). Thus, in a symmetric full Nash equilibrium, agent i’s consumption of good [ is given by

i o ~
q=w; — l+7~§ q

k=1 bl k=1

Since all markets are open, %’;fl%; > 0. Note that any unilateral deviation, t* # §*, from the full Nash
k=1"1

equilibrium by an agent of type 7 does not improve his payoff; i.e.,
U’ (?;’yi) —U! (ti;’yi) =U (?;?i) - Ut (ti;?i) >0,
where 47 = (’57,@) for all j # 4.
Consider a coalition of agents, C' # (), consisting of at most one agent per type, who deviates from the
full Nash equilibrium. Denote by ' a deviation by an agent of type i.
Let ;cﬂl (ﬁl’) denote the resulting individual consumption of good ! by a non-deviant (deviant) agent of
type 4. Then, for any ¢’ # 5%, and for all 47 such that 7/ = (37,’87) or v/ = (tj, 37)7 we have
U (35591, 9") = U (159, .7 %)
=U' (859", 07™) = U (357")
LU (/s\z';,yz') _Ui (tz’;,yi)
+U? (ti;’yi) - Ut (ti;'yl, ...,ny) >
— |Ui (?;71,...77]() —- U (?,71)’ — |Ui (ti;vi) —-U* (ti;'yl,...7'yK)| .
Next, we consider the differences |U* (5% 41, ...,7%) — U" (§%;4")| and
‘Ui (ti;'yi) - Ut (ti;vl, ...,'yK)’. From (18) note that

5 ) = ) = i ) )] 2

where df denotes the individual consumption of good [ by a non-deviant agent of type ¢ when only one agent

of type i deviates from the symmetric Nash equilibrium. Likewise,
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where 5; denotes the individual consumption of good [ by a deviant agent of type ¢ when only one agent of

type i (the deviator himself) deviates from the symmetric Nash equilibrium.
The function u’(cj,...,¢}) is continuous in all arguments.

;=
max; ‘c} - cl‘ < d1(€), we have

Therefore, for all (cf,...,c¢}) such that

’ui (?1, 752) — (cil, ,cZL)’ < % (28)
Similarly, for all (cil, - CZL) such that max; |c§ — fq'ﬂ < d2(€), we have
|t (G ) =t ()| < = (29)
Define 6(e) = min {01 (€), d2(€)}. Next, we need to estimate the value of max; ) —d ‘ We have:
i ~i 3; - ~% S Ak_ i o
mlax‘ —dj _ql+2£15§“+(n—1)2£13§“ L; ! +(”—1)I;Qz_ — (w; — @)
G SN ]
R ENUE llgif+mngﬁ_
4 ZkK;éi,kzl q + (@L +n—-1) Y0, quk) Zk;ﬁz ko1 @+ ( +(n—-1)Ye @ ) (30)

K = . K o ;
D okti k=1 by + (bz +(n—1)> bf) Zk#i,k:l bl + (bz

Denote K
o= (a;+<n_l>z«;>,
k=1
and .
B= <~f+(n— 1)23?) .
k=1
Then,

K ; K K
Dt pet 41 F (@L +(n—1)>7, quk) Dt ot 41 F (ql (n—

(n—1) Zk:l bf)

)Zk 1‘11)

St O+ (B + - 1) BF)

K . K
Zk;ﬁzk 1qzk+Q kg 0+ Q
Zk;ézk 0+ B Zk;ﬁzk b+ B

Z?;éi,k:l bf + (b; +(n—1) Zk:l bf)

(Zngéuk:l q + Q) (Zk#i,k:l by + B) - (Zk;ﬁi,k:l Q-+ Q) (ZkKyﬁi,kzl bf + B)

(Z,‘z{#i’k:l 5{“ + B) (ZkK;éi,kzl/géc + B)

K ~ K Tk K ~ K Tk
BY sk @+ Qi pr U + (Zk#i,k:l q ) (Zk;ﬁi,k:l by )

(Zﬁéi’k:lgf + B) (Z?;éi,k:l/gf + B)
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K K 7 K K 7
B Zk#i,k:l quk -Q Zk#i,k:l bf - (Zk¢i,k:1 quk) (Zk¢i,k:1 bf)
K T K N
(Zk;ﬁi,k:l by + B) (Zk;ﬁi,k:l by + B)
K ~j K K N K 7
B|Ciinms @~ Shsines @ Q| i B = i 0|

< K = K = TR = K =
(Zk;ﬁi,k:l by + B) (Zk;ﬁz’,k:l by + B) (Zk;ﬁi,k:l bf + B) (Zk;ﬁz’,k:l by + B)
K . K ~ K K >
B @) (S ®) ~ (S @) (Shessn )
K 7 K o ’
(Zk#i,k:l by + B) (Zk#i,k:l by + B)

We now proceed by estimating the above expression. Using (5), we have

bi < Z ij < ) nKﬁ,

leL JEI l_]EI

or, summing up,

B= <~;+(n—1)26§°> S(l—&-(n—l)K)LK%(n_l).
k=1

Using assumption (2) of the Theorem, we also have

and

k#i,k=1 k#i,k=1
Inequality (31) leads to
K K 2 n
of — | < (K —1) KL= :
S | FEp
ki k=1 ki, k=1

Finally, assumption (2) and inequality (31) give

K K N K K N
Sooa@ || doou - X ar | >
ki k=1 ki, k=1 ki, k=1 ki k=1
g n
<LK (K -1)7%*=
- ( ) A(n—1)

Note that assumption (1) implies the following inequalities:

B:<;+ (n—1) Zbl> (n—1)A,
and

K N K N
> u+B S W +B| = (n-1)°N

ki, k=1 ki, k=1
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Thus, we obtain

K . K K ~ K =
B ’Zk;ﬁi,k:l (Jlk - Zk¢i7k:1 Z]\lk’ " Q ‘Zk;ﬁi,k:l bf - Zk;éi,k:l b;f’
K = K = K = K ~
(Zk;ﬁi,k:l bf + B) (Zk;ﬁz’,k:l by + B) (Zk;ﬁi,k:l bf + B) (Zk;ﬁi,k:l by + B)
K , K ~ K K b
N ‘ (Zk¢i,k:1 ‘ﬁ) (Zk¢i,k:1 bf) - (Zk¢i,k:1 azk) (Zk#i,k:l bf) )
K e K =
(Chsisc O+ B) (Zisiscs 0 + B)

(1+(n—1) K) LKS 25 (K = 1) B+ (1+ (n — 1) K) B (K — 1) KL5 -2
(n—1)% X2

3
LK(K-1)"5G"y  L(K-1)Kp®

(n—1)% A2 A

201+ (- K)B+(K—Dn|
(n—1)°

Now, we finally have

~i
=

max ‘cl —dj| <

L2(K-1)K?8* |21+ (n—1)K)B+ (K — 1) n?

A4 (n _ 1)4
L*(K-1)K?B* |2(1+ K)B+ (K — 1)]n? < 5 (33)
At (n—1)° '
Similarly, we obtain
max ]?jf —3i| < 8. (34)

Hence, from (33) — (34) and (28) — (29) we get
U' (559", .7™) = U (t591, 7)) =
— |Ui (?;71, ...,’yK) ~U’ (?,7’)|
— |Ui (ti;'yi) - U (ti;fyl,...,'yK)| > —
In other words, a full Nash equilibrium profile is an e-SESS. B

Proof of Theorem 3: Consider any symmetric Non-Nash strategy profile (tl, ottt tK) such that
all markets are open. Then, there exists an agent, say from population 7, such that by deviating to a different

strategy, say s', he obtains a strictly higher absolute payoff; i.e.,

U' (55t > U (t5¢77). (35)

33



To complete the proof, we need to demonstrate that this also results in the payoffs to non-deviant agents

changing only by a small amount. To this end, let

=2 F) 0 ()] o @8

Let fq'f (c}) denote the resulting individual consumption of good I by a non-deviant (deviant) agent of type
i. Then
U (?Wi) _yi (ti;,yi)

= (U F) U () + (U (#5077 = U (59)
> %eofiUi (ti;tﬂ‘)fUi (ti;'yi)|, (37)

where 47 = (tj,g) for all j # 1.
We now consider the difference |Ui (ti; t*i) —U? (ti; 'y’)| Note that, from (18),

U (#57) = U (¢57)| = o @) — (15 ) | (39)

where 5; denotes the individual consumption of good ! by a non-deviant agent of type ¢ when only one agent
of type ¢ deviates from the symmetric strategy profile (tl7 ot tR L tK).

The function u? (Eﬁ, ,EfL) is continuous in all its arguments. Therefore, for all (L:q:;, ,52) such that

PP~
max; ’g; - gl’ < 61(€0), we have

i(= =i (= = €0
u (517”'79L) —u (glv'“?gL)’ < 5 (39)

Like in the proof of Theorem 1, we now need to estimate the value of max; "g; — :j;’ We have:

max‘ '—gl‘—
. S
w; — q +”ZkK:1bz [71%(11]
bi ~i - S
B TS S T q”@%iﬁ“””‘”%ﬁ

+ (Zi;i,kzl ‘Ilk +(n—1) 25:1 ‘Ilk)
+ (Shipm b+ (= 1) 0f) @+

Denote
K K
Q= > d+n-1> g
ki k=1 k=1
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and

Then,

K K
:( Z b;"—l—(n—l)be).
k=1

ki k=1

+ (Zﬁéi,k:l gF +(n—1) Y, qlk) (Zk;ﬁz pr @+ (0 —1) Y g )

+ (Zé;i,k:l by +(n—1) ZkK:1 bf) b? + (Zk¢i,k:1 by +(n—1) Zk:l bf)
(ai+Q) (%i+B) - (@+Q) (i +B)

G+ Q G +Q| _
(b; + B) (b + B)

bi+B bi+B

(B +5Q+ ¥ —gp -t —gy| | -a) B+ (B -b)Q+ (b - aH)

(b + B) (b + B) - (b + B) (b + B)
g — @i| B+ |5 — bi] @ + |afF} - @it

(i + B) (b + B)

Note that from assumption (2) we have:

and

K
( > b+ (n—1) be) < (nK —1) 8,
k=1

k#i,k=1

Qz( > a +n—1z ) (nK —1) 8,

ki k=1

lal — @] <8,
- 8
b —bj| < L—————nK
l | = (’fl — 1)>\7’l ﬁv
T i B
‘lel - (szz’ < LWRK52-

In addition, from assumption (1),

and

(b§+B)( +B) (n—1)2 A%
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Inequalities (41) — (47) imply that

|qlfql|BwL bz—bl

QJF‘qle*ql ’
<

(v + B) (b + B) -

‘6(nK—1)B+L )/\nK(nK—l)B2+L AnKﬁ'<

(n— 1) A2 -
B* [ A(nK —1)(n— 1)+LKn(nK— 1)B+LﬁnK
X (n—1)°
Since, from assumption (2),
i g
<J[—r
b; < L(n— 1)>\71I(5,
we obtain
mlaX‘ﬁf —E‘ <
B2 )\(an1)(n—1)+LKn(nK—1)ﬂ+LBnK B
13 nKpg
4 2 2,2
<B—4LK AKn +LKTLLZ+LKBTL n <
A (n—1) (n—1)
ﬁ4 5 TL3
G LEK*(A+ (LK + L)) < dp(€o)
(n—1)
Finally,

U’ (?;’yi) ~ U (ti;’yi) >

gﬁo — ’Ui (ti;fi) —U? (ti;’yi)} > §eo — %eo > €.

[\)

Therefore, the profile (¢',...,t%) is not an €-SESS. W

36



Appendix: Instructions Used in the Experiment

Here we provide the instructions used in treatment (1) involving groups of 4 players, and
treatment (2) involving groups of 20 players. In both of these treatments, Type I (1)
players begin with an (X,Y) endowment of (10,200) while Type Il (2) players begin with
an (X,Y) endowment of (200,10). Instructions for treatment (3), where groups of 20
players start at the full Nash equilibrium are omitted as they are identical to the
instructions for treatment (2) except that the initial endowments are changed to (135,75)
for Type 1 and (75,135) for Type 2 (the full NE values). Note further that all three
treatments make use of the same payoff tables for Types 1 and 2, so these payoff tables
only appear once in this appendix.



[Treatment (1) involving groups of 4 players].

Instructions
Welcome to this experiment in economic decision-making. Funds for this experimental
study have been provided by the University of Pittsburgh. Please read these instructions
carefully as they explain how you earn money from the decisions that you make. There is
NO TALKING for the duration of this experiment. If you have a question, please raise
your hand.

Today’s session involves 16 participants. At the start of the session, all participants will
be divided up equally into one of two types, Type 1 or Type 2. The types differ only in
their preferences for the two types of goods, Good X and Good Y, as will be explained
below. Your type will be shown on your computer screen and will not change for the
duration of the experiment.

Sequence of Play in Each Period

In today’s experiment you will participate in 25 periods of decision-making. At the start
of each period, you will be randomly and anonymously matched with three other
participants: one of the same type as you and two of the opposite type. All possible
matchings involving two Type 1 and two Type 2 players are equally likely. You will
never know the identity of any member of your group nor will they know your identity
even after the session is over.

You will start the period with an initial “endowment” of Good X and of Good Y that will
be shown to you on your computer screen. This initial endowment depends on your type
and since your type never changes, your initial endowment will be the same at the start of
each period. After you are randomly matched with three other participants, all four of you
must simultaneously make a choice. Your choices are: 1) Trade Good X for Good Y, 2)
Trade Good Y for Good X or 3) No Trade. Click on the radio button next to your
choice and then click the Submit button. You can change your choice any time prior to
clicking the Submit button.

If you choose options 1 or 2: Trade Good X for Good Y or Trade Good Y for Good X,
then an input box will appear. In this box, you must type in the quantity of the good you
wish to trade for the other good. Quantity amounts are restricted to be integers (no
decimals, please). The minimum quantity you can offer to trade is 1 unit and the
maximum quantity you can offer to trade is your entire endowment of that good (X or Y).

If you choose option 3: No Trade, you will not participate in any trade of Good X or Y
for the other good and will end the period with your initial endowment of these two
goods.

Your End-Of-Period Allocation

Your end-of-period-allocation is the amount of good X and good Y you have at the end
of the period. This end-of-period allocation determines your payoff in points for the
round as explained below.



If you chose No Trade, your end-of-period allocation is the SAME as your initial
endowment of Good X and Good Y.

If you chose to Trade Good X for Good Y, or to Trade Good Y for Good X, then your
end-of-period allocation depends on the amount you offered to trade and the amounts and
goods the other three members of your group chose to trade.

Let £x be the total amount of good x offered for trade by all members of your group
including you and let Xy be the total amount of good Y offered for trade by all members
of your group including you.

If you chose to Trade Good X for Good Y and you offered x units of Good X, then your
end of period allocation is determined as follows:

End of period allocation of good X = Initial amount of Good X — x (amount offered in
trade).
End of period allocation of good Y = Initial amount of Good Y + (X / Zx)x Zy.

If you chose to Trade Good Y for Good X and offered y units of Good Y, then your end
of period allocation is determined as follows:

End of period allocation of good X = Initial amount of Good X + (y / Zy)x Xx
End of period allocation of good Y = Initial amount of Good Y —y (amount offered in
trade).

Notice several things.

1) If you offer to trade Good X for Y or Good Y for X, your end of period allocation of
the good you are trading is always reduced by the amount you offer in trade relative to
your endowment level of that good.

2) If you are the only one offering to trade a good (X or Y), then x / £x or y / Zy will be 1
—that is, you will get 100 percent of the other good offered in trade (Y or X), if any of
that good is offered. Otherwise, your fraction or share of the other good (if offered) is
proportional to you relative contribution to the total supply of the good you are offering
intrade, x/ Zx ory/ Xy.

3) If you offer to trade Good X for Y (Good Y for X) and Xy=0 (Xx=0), you do not
acquire any additional units of Y (X). That is, in order to increase your end of period
allocation of one good relative to your initial endowment level, there must be “supply”
and “demand” on both sides of the market, that is, both Xy and Xx must be positive.

Your Payoff Each Period

Your payoff in points each period depends on your type and your end-of-period
allocation.



Let x denote your end-of-period allocation of Good X and let y denote your end-of-period
allocation of Good Y.

If you are Type 1, then your payoff in points for the period = x> x y.
If you are Type 2, then your payoff in points for the period = x x y°.

The computer program will calculate your end-of-period points for you and this number
will be reported to you on your screen.

Information Feedback and Record Keeping

At the end of each period, you will be reminded of your trading decision (if any) and
informed of the total amount of good X and good Y offered by all members of your
group including yourself (x and Xy). If you offered to trade a good, you will also learn
the fraction of the total amount of that good that was provided by you and the amount of
the other good you acquired as the result of that trade (if any). Finally, you will be told
your final allocation of good X and good Y for the period, your total points calculated
using the payoff function for your type and your cash earnings for the round in the event
that round is chosen for payment (as discussed below).

Following each round of play, please record this information on your record sheet under
the appropriate headings.

Payments

At the end of the 25 periods played in today’s session, one of the 25 periods will be
chosen at random. The points you earned in that round will be converted into dollars at
the rate of $1=100,000 points. For your convenience, we report your dollar payoff for
each period, but remember that only one period will be randomly chosen for actual
payment in cash at the end of the session.

For your convenience, we attach two Tables, one for Type 1 and one for Type 2. These
tables show the dollar payments you can earn from various end-of-period allocations
using the conversion factor of 100,000 points = $1. Notice that these tables do not
include all possible or feasible payoffs, but they are comprehensive enough to give you
some sense of what your payoffs would be for various end-of-period allocations you
might achieve. In reading these tables notice that as you increase your end of period
allocation of both goods (move down and to the right), your payoffs increase. The shaded
bands in these Tables are there to help you assess payoff increases. Roughly speaking,
your payoff doubles as you move down and to the right from the midpoint of one shaded
band to the midpoint of the next lower band.

The computer program will convert your end of period point total into dollars and this
will be reported to you on your decision screen.

Initial Endowments




If you are Type 1 you will start each period with 10 units of Good X and 200 units of
Good Y.

If you are Type 2 you will start each period with 200 units of Good X and 10 units of
Good Y.

Things to Consider

1. If you choose No Trade, then your end-of-period allocation equals your initial
endowment. Your payoff in points if you are Type 1 is:
10x10x 200 = 20,000 points, and your payoff if you are Type 2 is
200x10x10 = 20,000 points. In either case, your dollar earnings would be

$(20,0000/100,0000)=$0.20. If you choose not to trade your payoff is certain —
your end-of period allocation is unaffected by the decisions of other members of
your four-player group.

2. If you are Type 1, then your payoff increases over your endowment payoff if you
successfully acquire more of either Good X or Good Y. As the payoff table for
Type 1 players indicates, your payoff increases more rapidly if you succeed in
obtaining Good X in trade (trade Y for X) than if you succeed in obtaining Good
Y in trade (trade Good X for Y). However any increase in your payoff over your
endowment payoff will depend on other players in your group offering to trade
some of the good opposite to the good you are offering to trade.

3. Ifyou are Type 2, then your payoff increases as you successfully acquire more of
either Good X or Good Y. As the payoff table for Type 2 players indicates, your
payoff increases more rapidly if you succeed in obtaining Good Y in trade (trade
X for Y) than if you succeed in obtaining Good X in trade (trade Good Y for X).
However again, any increase in your payoff over your endowment payoff will
depend on other players in your group offering to trade some of the good opposite
to the good you are offering to trade.

Questions

Now is the time for questions. | am happy to answer any questions about the rules of
play and payoff determination as described in these instructions.

Quiz

Before proceeding, we ask that you answer the attached quiz questions. You do not need
to write your name on this quiz and it does not affect your payoff in any way. We just
want to verify that you have comprehended these instructions. If any quiz questions are
answered incorrectly, we will go over the relevant part of the instructions again.



Pre-Experiment Quiz: Please answer the questions in the space provided. You do not
need to write your name on this quiz. When you are done pass your quiz answers to the
experimenter. We will review any incorrect answers before proceeding.

The numbers in these quiz questions are examples only. Actual numbers in the
experiment may be quite different.

1.

2.

True or false: Your Type, 1 or 2, will be the same in all periods.

True or false: You must offer to trade either good X for good Y or good Y for
good X.

Suppose you initially have 10 units of good X and 200 units of good Y. If you
choose to trade, what is the minimum and maximum units of good X can you
offer in trade?

What is the minimum and maximum units of good Y can you offer in trade?

Suppose you are Type 2: You initially have 200 units of Good X and 10 units of
Good Y.
a. Suppose you offer 50 units of good X for good Y. What is your end of

period allocation of good X?

. Suppose the total amount offered of good X (£x) including your own

contribution is 100, what is your share of the total amount of good Y (Zy)?

If the total amount offered of good Y (Zy) is 210, what is your end of
period allocation of good Y?

Using your end of period allocation of goods X and Y (your answers to
parts a and c), what would be your payoff in dollars for this period if it
were the one chosen at random for payment?

5. Suppose you are Type 1: You initially have 10 units of Good X and 200 units of

Good Y.
a. Suppose you offer 150 units of good Y for good X. What is your end of

period allocation of good Y?

. Suppose the total amount offered of good Y including your own

contribution (Zy) is 150, what is your share of the total amount of good X
(2x)?

If the total amount offered of good X (£x) is 0, what is your end of period
allocation of good X?

Using your end of period allocation of goods X and Y (your answers to
parts a and c), what would be your (approximate) payoff in dollars for this
period if it were the one chosen at random for payment?



[Treatment (2) involving groups of 20 players].
Instructions

Welcome to this experiment in economic decision-making. Funds for this experimental
study have been provided by the University of Pittsburgh. Please read these instructions
carefully as they explain how you earn money from the decisions that you make. There is
NO TALKING for the duration of this experiment. If you have a question, please raise
your hand.

Today’s session involves 20 participants. At the start of the session, all participants will
be divided up equally into one of two types, Type 1 and Type 2, so that there are
precisely 10 of each type. The types differ only in their preferences for the two types of
goods, Good X and Good Y, as will be explained below. Your type will be shown on
your computer screen and will not change for the duration of the experiment.

Sequence of Play in Each Period

In today’s experiment you will participate in 25 periods of decision-making. In each
period you will make decisions that will affect outcomes for all other participants and the
decisions of all other participants will affect your outcome as well. You will never know
the identity of any other individual nor will they know your identity even after the session
is over.

You will start the period with an initial “endowment” of Good X and of Good Y that will
be shown to you on your computer screen. This initial endowment depends on your type
and since your type never changes, your initial endowment will be the same at the start of
each period. All participants must then simultaneously make a choice. Your choices are:
1) Trade Good X for Good Y, 2) Trade Good Y for Good X or 3) No Trade. Click on
the radio button next to your choice and then click the Submit button. You can change
your choice any time prior to clicking the Submit button.

If you choose options 1 or 2: Trade Good X for Good Y or Trade Good Y for Good X,
then an input box will appear. In this box, you must type in the quantity of the good you
wish to trade for the other good. Quantity amounts are restricted to be integers (no
decimals, please). The minimum quantity you can offer to trade is 1 unit and the
maximum quantity you can offer to trade is your entire endowment of that good (X or Y).

If you choose option 3: No Trade, you will not participate in any trade of Good X or Y
for the other good and will end the period with your initial endowment of these two
goods.

Your End-Of-Period Allocation

Your end-of-period-allocation is the amount of good X and good Y you have at the end
of the period. This end-of-period allocation determines your payoff in points for the
round as explained below.



If you chose No Trade, your end-of-period allocation is the SAME as your initial
endowment of Good X and Good Y.

If you chose to Trade Good X for Good Y, or to Trade Good Y for Good X, then your
end-of-period allocation depends on the amount you offered to trade and the amounts and
goods the other participants chose to trade.

Let Zx be the total amount of good x offered for trade by participants including you and
let Zy be the total amount of good Y offered for trade by all participants including you.

If you chose to Trade Good X for Good Y and you offered x units of Good X, then your
end of period allocation is determined as follows:

End of period allocation of good X = Initial amount of Good X — x (amount offered in
trade).
End of period allocation of good Y = Initial amount of Good Y + (X / Zx)x Zy.

If you chose to Trade Good Y for Good X and offered y units of Good Y, then your end
of period allocation is determined as follows:

End of period allocation of good X = Initial amount of Good X + (y / Zy)x Xx
End of period allocation of good Y = Initial amount of Good Y -y (amount offered in
trade).

Notice several things.

1) If you offer to trade Good X for Y or Good Y for X, your end of period allocation of
the good you are trading is always reduced by the amount you offer in trade relative to
your endowment level of that good.

2) If you are the only one offering to trade a good (X or Y), then x / £x or y / Zy will be 1
—that is, you will get 100 percent of the other good offered in trade (Y or X), if any of
that good is offered. Otherwise, your fraction or share of the other good (if offered) is
proportional to you relative contribution to the total supply of the good you are offering
intrade, x/ Zxory/ Xy.

3) If you offer to trade Good X for Y (Good Y for X) and Xy=0 (Xx=0), you do not
acquire any additional units of Y (X). That is, in order to increase your end of period
allocation of one good relative to your initial endowment level, there must be “supply”
and “demand” on both sides of the market, that is, both Xy and Xx must be positive.

Your Payoff Each Period

Your payoff in points each period depends on your type and your end-of-period
allocation.

Let x denote your end-of-period allocation of Good X and let y denote your end-of-period
allocation of Good Y.



If you are Type 1, then your payoff in points for the period = x> x y.
If you are Type 2, then your payoff in points for the period = x x y?.

The computer program will calculate your end-of-period points for you and this number
will be reported to you on your screen.

Information Feedback and Record Keeping

At the end of each period, you will be reminded of your trading decision (if any) and
informed of the total amount of good X and good Y offered by all participants including
yourself (£x and XZy). If you offered to trade a good, you will also learn the fraction of
the total amount of that good that was provided by you and the amount of the other good
you acquired as the result of that trade (if any). Finally, you will be told your final
allocation of good X and good Y for the period, your total points calculated using the
payoff function for your type and your cash earnings for the round in the event that round
is chosen for payment (as discussed below).

Following each round of play, please record this information on your record sheet under
the appropriate headings.

Payments

At the end of the 25 periods played in today’s session, one of the 25 periods will be
chosen at random. The points you earned in that round will be converted into dollars at
the rate of $1=100,000 points. For your convenience, we report your dollar payoff for
each period, but remember that only one period will be randomly chosen for actual
payment in cash at the end of the session.

For your convenience, we attach two Tables, one for Type 1 and one for Type 2. These
tables show the dollar payments you can earn from various end-of-period allocations
using the conversion factor of 100,000 points = $1. Notice that these tables do not
include all possible or feasible payoffs, but they are comprehensive enough to give you
some sense of what your payoffs would be for various end-of-period allocations you
might achieve. In reading these tables notice that as you increase your end of period
allocation of both goods (move down and to the right), your payoffs increase. The shaded
bands in these Tables are there to help you assess payoff increases. Roughly speaking,
your payoff doubles as you move down and to the right from the midpoint of one shaded
band to the midpoint of the next lower band.

The computer program will convert your end of period point total into dollars and this
will be reported to you on your decision screen.

Initial Endowments




If you are Type 1 you will start each period with 10 units of Good X and 200 units of
Good Y.

If you are Type 2 you will start each period with 200 units of Good X and 10 units of
Good Y.

Things to Consider

4. 1f you choose No Trade, then your end-of-period allocation equals your initial
endowment. Your payoff in points if you are Type 1 is:
10x10x 200 = 20,000 points, and your payoff if you are Type 2 is

200x10x10 = 20,000 points. In either case, your dollar earnings would be

$(20,0000/100,0000)=%$0.20. If you choose not to trade your payoff is certain —
your end-of period allocation is unaffected by the decisions of other participants.

5. If you are Type 1, then your payoff increases over your endowment payoff if you
successfully acquire more of either Good X or Good Y. As the payoff table for
Type 1 players indicates, your payoff increases more rapidly if you succeed in
obtaining Good X in trade (trade Y for X) than if you succeed in obtaining Good
Y in trade (trade Good X for Y). However any increase in your payoff over your
endowment payoff will depend on other participants offering to trade some of the
good opposite to the good you are offering to trade.

6. If you are Type 2, then your payoff increases as you successfully acquire more of
either Good X or Good Y. As the payoff table for Type 2 players indicates, your
payoff increases more rapidly if you succeed in obtaining Good Y in trade (trade
X for Y) than if you succeed in obtaining Good X in trade (trade Good Y for X).
However again, any increase in your payoff over your endowment payoff will
depend on other participants offering to trade some of the good opposite to the
good you are offering to trade.

uestions

Now is the time for questions. | am happy to answer any questions about the rules of
play and payoff determination as described in these instructions.

Quiz

Before proceeding, we ask that you answer the attached quiz questions. You do not need
to write your name on this quiz and it does not affect your payoff in any way. We just
want to verify that you have comprehended these instructions. If any quiz questions are
answered incorrectly, we will go over the relevant part of the instructions again.

Pre-Experiment Quiz: Please answer the questions in the space provided. You do not
need to write your name on this quiz. When you are done pass your quiz answers to the
experimenter. We will review any incorrect answers before proceeding.



The numbers in these quiz questions are examples only. Actual numbers in the
experiment may be quite different.

6.

7.

True or false: Your Type, 1 or 2, will be the same in all periods.

True or false: You must offer to trade either good X for good Y or good Y for
good X.

Suppose you initially have 10 units of good X and 200 units of good Y. If you
choose to trade, what is the minimum and maximum units of good X can you
offer in trade?

What is the minimum and maximum units of good Y can you offer in trade?

Suppose you are Type 2: You initially have 200 units of Good X and 10 units of
Good Y.
a. Suppose you offer 50 units of good X for good Y. What is your end of

period allocation of good X?

. Suppose the total amount offered of good X (£x) including your own

contribution is 100, what is your share of the total amount of good Y (Zy)?

If the total amount offered of good Y (Zy) is 210, what is your end of
period allocation of good Y?

Using your end of period allocation of goods X and Y (your answers to
parts a and c), what would be your payoff in dollars for this period if it
were the one chosen at random for payment?

10. Suppose you are Type 1: You initially have 10 units of Good X and 200 units of

Good Y.
a. Suppose you offer 150 units of good Y for good X. What is your end of

period allocation of good Y?

. Suppose the total amount offered of good Y including your own

contribution (Zy) is 150, what is your share of the total amount of good X
(=x)?

If the total amount offered of good X (Zx) is 0, what is your end of period
allocation of good X?

Using your end of period allocation of goods X and Y (your answers to
parts a and c¢), what would be your payoff in dollars for this period if it
were the one chosen at random for payment?



End of Period X

XY

10

15

25

75

250

300

Type 1 Player Payoffs in Dollars
10 15 25
0.010 0.015
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End of Period X

Type 2 Player Payoffs in Dollars End of Period Y

XY 10 15 25 35 45 55 65 75 85 95 105 115 125 135 140 150 200

10 0.010 0.023

0.563 0.723 0.903

15 0.015 0.634 0.844
25 0.025
35 0.035

6.860 7.875

45 8.820 10.125
55
65

75

54.000

56.000
60.000

6.050

250

6.250

9.375

53.125

59.375

65.625

71.875

78.125

84.375

87.500
93.750

80.000 125.000

5.063 7.563 56.250 100.000 156.250

6.075 9.075 54.675 58.800 67.500 120.000 187.500

300

9.000

58.500

67.500

76.500

85.500

94.500

103.500

112.500

121.500

126.000
135.000

180.000

225.000

270.000
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Figure 1: Average Final Allocations, Last 5 Rounds,
Treatment Where n=2 and Initial Endowments for Type 1, 2 are: (10, 200), (200,10)
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Figure 2: Average Final Allocations, Last 5 Rounds,
Treatment Where n=10 and Initial Endowments for Type 1, 2 are: (10, 200), (200,10)
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Figure 3: Average Final Allocations, Last 5 Rounds,
Treatment Where n=10 and Initial Endowments for Type 1, 2 are: (135, 75), (75,135)
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Figure 4: Average Bids Over All Rounds of a Session
Treatment Where n=2 and Initial Endowments for Type 1, 2 are: (10, 200), (200,10)
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Figure 5: Average Bids Over All Rounds of a Session
Treatment Where n=10 and Initial Endowments for Type 1, 2 are: (10, 200), (200,10)
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Figure 6: Average Bids Over All Rounds of a Session
Treatment Where n=10 and Initial Endowments for Type 1, 2 are: (135, 75), (75,135)
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