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I. INTRODUCTION

In different societies, regionglubs, classes or other groups, there can be glifterent
conventionsabouthow to behavandhow not to behave. Thesreconventions concerning which
language to speak, whhkihd of dress to wear to thepera, whaside of theroad todrive on,
whether to collude in a market or engageufthroatcompetition, etc. The acceptancetwse
conventions may change over time, some may be adopted by th@entlaionwhile others are
only honored in some small fraction of the population, or a convention may die out completely.

This essay, using an approach from evolutiomame theorytries to explainvhy some
conventions are more successful than others. In contrast to Youngyh@3gjdresses the origin
of conventions, thigpaper takeshe existence of competing conventions in different social,
geographical oeconomic entities called "towns" as a givand tries to explain which, if any,
emerge as the successful conventions.

According to David Lewig1969)definition, a convention is eegularity in behavior in a
repeated coordination game to whid) almostveryone conformsand (2) almostveryone
expects (and prefergyeryone else to conforngimilarly, | will define aconventionto be a pure
strategy that iplayed and is expected to be played by ewsynber of somgroup in a 2-person
random matching game.

Taking thisdefinition as astarting pointthe basicpremise of thepproach taken in this
paper isthe assumptiothat people whoshare acommon conventioni.e. belong to the same
"town", have most of their interaction with membershig group rather thanwith outsiders. This
tendency to have increased interaction with neighbors, tefis@asityby biologists, is responsible
for the central conclusion of tipaper;namely,that the evolutionary process allows societies to
coordinate endogenously on an efficient convenrtion.

Since thispaper is primarilyinterested in explaining the competition among existing
conventions, | will assumthat atthe beginning of the game each possible conventibaing
played somewhere in society. Once the gatagsplayers ardree to adjust their strategies and
move betweemowns. However, | will assuntlatthere is soménertia in the sens¢hat players
are locked intotheir strategy forsome time due to adjustmeand information costs or the
existence of legal and/a@ontractual barriers. Wwill assumethat each player hathe chance to
adjust his strategy with some constant probability every period.

1 A good example is the evolution of free-trade areas. In Europe the efficient convention “free
trade" emerged as the dominant convention as more and more countries left the "protectionism"
camp and joined the EC. One important factor in this development was the fact that the countries
in question have most of their trade interactions with each other.



Once a playehasthe opportunity t@adjust, hechooses a best response against the current
strategy profile, i.e. he picks tawn and astrategy thamaximizes his expected payoff in the
currentenvironment. | wilfurther assume that a playawitches towns or changes strategiely
if he can strictlyimprove on hiscurrent position. In contrast tmuch of theliterature in
evolutionary game theory | wilot make the assumption that players make mistakes.

The main conclusions of tipaper can besummarized as followsFirst, the evolutionary
process, despite the absence of 'mutatiacvergesfor avery broad class ofgames.
Specifically, the process converges for all games that satisfy either weak acyclity (xaf8)gor
a condition, calleagkvolutionary stability with respect to pure strateg{&SPS). This result is
independent of the towstructure ofthe model and applies to athodels with the sambest
response dynamics.

ESPS isthe an adaptation of the concept of an evolutionary stable strategy (Maynard
Smith, 1982) togames in whiclplayers are restricted folaying pure strategies. Games that
satisfy eithemweak acyclity olESPSinclude, amongthers, coordination gamesymmoninterest
games, 2x2 games, and games with only pure Nash equilibria.

The second maimesult is, that, ifthe process converges, it converges t@fficient
convention(rather than tahe riskdominant one - if theyiffer) whenever theParetooptimal
among the symmetridash equilibria are strict. This resuMthich is due to the assuméalvn
structure, shows how important neighborhood effectare forthe emergence of efficient
coordination.

Some of the ideas ihis paper can be traced backitelrod'sEvolution of Cooperation
(1984). More closely related, however, are several recent contributions to learning and equilibrium
selection. In théirst, which can beermed thé'ask around" or "adaptive play" approddtoung,
1993) players ask aroundfind outhow the gamevas played ithe past,i.e. they take a random
sample of past plad.Players then choose an optimal strategy against this sample.

The secondapproach is based othe “inertia" assumptiomentioned above, first
introduced by Kandori, Mailath and Rob (1993)in their model, thepportunity to change a
strategy comes up with some constant probability every period. If players get the opptraynity,
myopically choose &est strategy against the current strategy profilieh theyare assumed to
know.

It has been showrthat with both, the "ask around" and the "inert@dproach, play
converges for some classes of games to certain lorglat@svhich are ingeneralNash equilibria

2 See Canning (1992) for an application of this approach to signaling games.
3 See also Kandori and Rob (1992). Noldeke and Samuelson (1992) apply this approach to
extensive form games.



of the game. Through the introduction of mutations or mistakes (players play a suboptimal strategy
with someprobability) a unique equilibrium can belectedor some games in the serisat this
equilibrium will be observed "almost all the time" in the long-run. This follows from the fact that it
takes a certaiminimum number of mutations tomove from one longun state to another. If
mutations ar@éare,and if it takes fewer mutations neovefrom A to B than from B to Athen A

will be observed more often. As the mutatiategoes to zero, Awill be observed almostll the

time. With respect t@x2 games with twastrict Nash equilibria both approachssdect the risk
dominant equilibrium (Harsanyi and Selten, 1988).

It may be questioned whethésk dominance is a good equilibrium selectaiterion in
the context of repeated interaction. In games wher®ahetoefficient and therisk dominant
equilibrium do not coincide, it is reasonable to selectitiedominant equilibrium in @ne shot
situationbecause nonecan be sure abothe other player's strategy. In the context of repeated
interactions irsomepopulation, itseems less risky talay theParetoefficient equilibrium once a
conventions is established since, by definition, if a convention @aite, everyone expects
everyone else to behave according fo it.

The third approach ithe literature, which, contrary to the aboyields Paretoefficient
outcomes, is based on cheap-talk (Mail€981,Kim and Sobel992, andSobel1993). Again,
players areandomly matched to play a normal form game. Befloeg play, however, each
player cansend a costless and non-binding message regardirsgraiegy he proposes to play.
Cheap-talk works as a "secret handshake" (Rolk@®0) thatallows players to escageom
inefficient equilibria incommoninterest games and symmetric coordination games. The problem
with this approach is that, becauskeating is costless, there is no presfareany pathological
liars thatmay exist in the initial population to change tlstiategies. Fothem todisappear it
may take a long time and the coincidence of many mutations.

My paper diverges from these three approaches in the way | model how conventions can be
overturned. In thamodels discussed above, conventiof@ long-run stategre upset if a
sufficient number of mutations in a certain directimeur, which maytake a vernjong time to
happen, especially in large populatin®uring thetime leading up to a changey suboptimal
payoff resulting from the use of an inefficiezdnventionhas nceffect on the success of the
convention in question. thke the oppositapproach in this paper. | disregard mutations and
concentrate instead on the payoffs associated with certain conventions. Conwehrditge

4 The efficient equilibrium would also be selected by Harsanyi and Selten (1988, p. 356) as their
theory gives clear precedencgtyoffdominance ovetisk dominance.

5 See Kandori et al. (1993) for an example of how the required number of mutations increases
with population size. Ellison (1993), however, shows that in a model with local interaction (with
players spatially distributed around a circle) convergence may occur at a much faster rate.



because playemsill abandon a convention if it is not agccessful asomealternative in another
town$ This produces the resufhat, for a broad class afames, the evolutionary process
converges globally to a Pareto efficient convention.

The remainder of this paperadsganized as follows. In the next section | present the basic
framework forthe analysis. Section 3 presentsdfiigiencyresult and in section 4 tleenditions
for globalconvergencaregiven. In section 5 theodel is generalized the case with interaction
between towns. Section 6 contains a conclusion.

[Il. THE EVOLUTIONARY PROCESS

Having defined conventions as regularities in strategic behavior to which almost every member of a
"town" adheres, | willnow suggest an evolutionary proce$smt governs the development of
different conventions in the total population. To be precisél tonsider aarge populatiorirom

which pairs oftwo playersarerandomly matched to play a normal form game.défined above,

a town is an entity whose members have most of ihractions amongst themselves. In the
simple model considerdzblow, player@areonly matchedgainst players from theswn town. In

section 5, below, | will relax this assumption and allow for interaction between towns.

In symmetric games the definition of a convention in a random mafghingss poses no
problems: it is simply @ure strategyvhich (almost) everybody ithattown plays; andeverybody
expects that almostverybody elsglays this strategy. Howevearpnventionsare by nameans
restricted to symmetrisituations. Foexample, a convention may teat adriver on themain
road hasthe right of way and a driver on the sidad has to wait. Thusach driver has
conditional strategie®r each of his possible roles. This sugghets asymmetrisituations can
be handled in theurrent framework.Following a commorpractice in evolutionargame theory
(see e.g. Selter1,980), anasymmetric game is symmetrized by assuntivag all playershave
strategies conditional on their role. Assumthgt it is equally likely to be in eitherole, the
payoffs in thesymmetrized game (caresimply the average of whatrale-oneplayer and a role-
two player would get in the asymmetric game (denoteq aydl, respectively).

Since the primary focus of thigaper is to explairthe competition among existing
conventions, | will assumihat atthe beginning of the game each possible convention is already
established somewhere in society, i.e. in every town there is an historical way of playing the game.

6 In this sense the model is not unlike the "voting with one's feet" in Tiebout's (1956) model of
local public goods and its most recent generalization to the choice between institutions by Caplin
and Nalebuff (1992).



Assumption 1:The set of pure strategiestite symmetric or symmetrized game is S 5 {5, ...
S,}. At the beginning of the game, eagthategy ideing played as a convention somewhere in the
population.

Towns ardabeled by the conventidhat existed there at the beginning of the gathat
is, atown in which the original population playsttategy A is calledtown A" throughout the
entire gameaegardless of the current strategy profilehaft town (hence, therare nnon-empty
towns T = {T, T,, ... T.} at the beginning of the gameplayers do not have to play the current
convention of their town if it is not in their interest toso Once the gambas startethey may
switch to another strategy or to anottwevn if theycan expect a strictlyigherpayoff. However,
following Kandori etal. (1993), Iwill assumethat only a fraction of players may switch their
strategies or town ievery givenperiod. This inertia may be justified by a variety of reasons:
there could exist legal and/oontractual barriers againghanging one'strategy too often; social
pressuramight discourage too frequent changes; and finally, thereerigiysignificant adjustment
and information costs of finding a better strategy and changing to it. Thesmigbstse lower at
some random points in time. For example, if the new convent&nnirgroupbecomes to drive a
pink car, | am much more likely to join in when my old car breaks down.

Assumption 2:Every period the opportunity to change one's strategyftomes up witltonstant
probability p O (0,1) for each player f.

Whenever glayer haghe chance tadjust his strategy, he cahoose a new towand a
new strategy to play in that town. He does so by maximizing his payoff curtent environment
without taking into account possible fututevelopments of the gamEhis myopia is justified to
some extent by thaertia assumption. Sinaanly a smallfraction of the populatiorthanges
strategies in each period, a stratéupt proves successful the currenenvironment will remain
successful fosome time in théuture/ Notethat | assume that playeobserve only theurrent
strategy profile. Players may be ignorahbut theiropponents' utility functions and @wommon
knowledge about any of the parameters of the game like payoffs, priors, etc. is assumed.

To be precise, let Nenote the number pfayers in theotal population, Nthe number of
players in town j, and Nthe number of players choosing strategy i in town j. Let the proportion of
players in town j playingtrategy i bedenoted byx; = N; /N;. Let6, = N;/N be the proportion of
players located in town j. Ttetrategy profile in eactown j is given bya; = (0, O, ... ,0).

7 See also Kandori et al. (1993) for this argument.



For anygiven period t thestate of the system cathen be summarized by a vectof) =
({Gij(t)} =1..n j=1..n 16j

}=1 - Thestate spacd is given by
A= {a O Opo, g7

Zaii =0if §, = OZO(ij = 1otherwis%.

To avoid arbitrary payoffdiscontinuities driven by the possibility of a towacoming
extinct and the impossibility of resettlement, | asstinat in each town there exists gummy
player, who cannot change his strategy. Thus a town cannot die out completely.

A rational playemwould exclude himself from the profie and would thermplay a best
reply to the remaining profile. Mainly for notational convenience | will assiatglayers are not
sophisticated enough to tlis calculatior®. Thus,the expected payoff from playisgrategy i in
town j is

I (a) = Zakjclk
=

where ¢ is the payoff from playing strategy i against strategy k irsynemetrized game. A best
responseB(a®) [ ST against the current strategy profile ipwre strategy Sand a town Tin
which toplay § such thatB(a) U B(a) = argmax [1,(a). A best response against the strategy
profile in town jisB(a;) O B(a;) = argmax M (a;).

Assumption 3:Playersvho have thepportunity to adjust their strateggow thecurrent strategy
profile a® and switch to a best resporf3@®) in the next period if andnly if their current

strategy is not a best response. |If theee several best responses, anthefmcan bechosen
(according to some stationary probability distribution) as long as none is excluded a priori.

The above defines stationary Markov chain on trstate space A. Will say that the
process hasonverged to aabsorbing staten periodt if a® = a®1 for all periods & 1. The

processwill be said toconverge globallyif the same absorbingtate isreached from all initial
partitions of the population into towns satisfying Assumption 1.

[ll. THE EVOLUTION OF EFFICIENT CONVENTIONS

8 The mainresult in this papefconcerning the efficieny of conventions) is independent of this
assumption. Sealso Kandori and Rob (1992) for same simplification. Tlaees however,
important differences for the case of convergence to mixed equilibria.

9 Payoffs of dummy players need not be defined as they cannot change their strategies.



Before proceeding it might be helpful to look at an example of howrteess works. Will use
an asymmetric coordination game, the "battle of sexes". With paydis2yfand (2,4) on the
main diagonal and zeros elsewhere, the symmetrized version of the game is the following.

SS SB BS BB
SS 33| 12| 21| 00
SB 21| 00| 42| 21
BS 12 | 24| 00| 12
BB 00| 12| 21| 33

Figure 1
whereBS, forexample, means to go to the ballet if e a type 1 player and to a sporgwvent
if you are a type 2 player. Ate beginning of the game, everybgiiyys the strategy of hiswn.
That is, the initial distribution is; = 1 anda; = 0 if i # ]. The®, are arbitrary as long &> 0, Li
andz8, = 1. The first player&sho have th@pportunity to change strategiemve toBS-town and
play SB,which yields apayoff of 4. However, as soon 25% ofthe population in BS-town is
playing SB, the expected payaffopsbelowwhat a player can get in SS or BB-town (because the
SB playersnow meet more often somegulaying also SB irwhich casethey receive a payoff of
zero) Hence, evemglayerwho hasthe opportunity to switctvill move to SS- orBB- town. The
process converges to an absorlstgea witha,; =a,, =1 andd, + 6, = 1. SincgSS,SS) and
(BB,BB) yield the same payoffs, both conventions will coexist in their respective towns.

While the example might suggetbiat the process always converges tpuae Nash
equilibrium, this is not so. Convergence toigedstrategy equilibrium is possibéven if astrict,
pure strategy Nastequilibrium exists. Mixed strategy equilibridnowever, posesome
interpretational problems since individual® constrained tthoosingpure strategies. Anixed
strategy equilibrium, therefor@nplies that different strategiesre played by ahomogeneous
population in the same town. Thesems taontradict the termiconvention" according tavhich
everybody is supposed to take the same action (remehaiéhe game islready symmetric).
Thus, although the process reaches an absorkiiatg when it converges to a mixestrategy
equilibrium, | will not call this a convention.

Of course, the process canly converge to a mixestrategy equilibrium if N iglivisible
by theappropriate factor to produdiee equilibrium profilex*; otherwise the process gming to
oscillate around the equilibrium forevefor example, in the matching pennies game an absorbing
state camever be reached if the numbeiptdyers is odd. In thimllowing, | will assumehat the
population size is sucthat every desired mixedtrategy can bachieved by theppropriate
population proportions.



Proposition 1: A stat&” is absorbing only if it induces a symmetric Nash equilibrium in each
town, i.e.a” is absorbing only if(a;", a;") is a Nash equilibrium for all j. Moreover, i

induces different Nash equilibria in different towns then they all yield the same expected payoff.

Proof: (a) Assume to theontrary thathe process reaches an absorsiagea which does not
induce aNashequilibrium in at leasbne town, saytown j. Thus,there is at leasbne player
playing a strategy,S1 B(a;). As soon as this playéasthe opportunity to change strategies he
will switch to a best responf€a). Since Swas not a best response, no player switchesaads
a,, must fall. Hencer was not an absorbing state.

(b) Symmetry of the equilibrium follows from the fact that in any absorbingcstate

o,/ >00 § OB(a;"), Lj.
This implies that anyconvex combination of the, #nust be a best response agairgt. In
particular a;” must be a best responseiich showsthat @;", a;") is a symmetric Nash
equilibrium.

(c) Assume to theontrary thata® induces aNash equilibrium with different expected
payoffs in different towns. Obviously, players in towns with lower payoff do not play a best
response against’. They will switch to a town in which an equilibrium with higlperyoff is
played as soon as they have the chance. Hehcannot be an absorbing stgte.

The result of Proposition 1 is not surprising since | have asstinaeglayers possess a
degree ofationality thatallows them to determinelzest response to the current strategy profiles
in the different towns, whictules out all non-Nash equilibria absorbing sté®eJhe interesting
question is tavhich Nashequilibrium the process converges if thare several. Ithe "battle of
sexes" example the processnverged to an efficient convention in each town. The next
proposition addresses the generality of this result.

Definition 1: A convention is calleéfficientif it is Pareto optimahmongall symmetric Nash
equilibria.

10 This is an important difference to the biological model in which players (animals) inherit
strategies and are genetically bound to use them. In models with local or kinship interaction non-
Nash equilibria outcomes become possible because players cannot simply switch to better
strategies. Altruistic behavior up to ultimate self sacrifice can thus become evolutionary successful
(see e.g. Hamilton, 1964).



Proposition 2: Consider the class of games wWdrich the Pareto optimal symmetric Nash
equilibria are strict. If the evolutionary process converges, then an efficient convention is
established in all non-empty towns.

Proof: Assume to the contrary that the process converges to an inefficiergddggirium {1,)
(which must be symmetric by Proposition 1) sometown, eventhough an efficientstrict
equilibrium, say (S,), exists. Since thdatter equilibrium isstrict, the equilibrium strategy is the
unique best response against the original population in k-town. Hence, navilagmter k-town
and play a strategy other thap(&is holdseven ifa,, = 0 at somgoint during the game). But
this contradicts the supposititmat {1,1) is an absorbing state: at teedplayerswould switch to
playing § in k-town which yields a strictly higher paygff.

V. CONDITIONS FOR CONVERGENCE

We can now turn to the conditions under which the evolutiqgmragess converges to an absorbing
state. The results in thgection do not depend on the tostnucture assumed ihe previous
section. Nor ddhey depend on the initial conditiospulated in Assumption 1. The results
apply, therefore, to all best reply dynanticat satisfyAssumptions 2 and 3. Sufficient conditions
needed taassureconvergencare either weak acyclity (Youndl993) or acondition similar in
spirit to the concept of an evolutionary stable strategy (ESS) (Maynard Smith, 1982).
Adapting Young'{1993) definition of acyclity to symmetric games, [&iG) be the best
reply graph of agame G whose verticesnsist of pure strategies($S. For anyjtwo vertices 5
S, there exists a directed edge-SS if and only if SO B(S).

Definition 2: A symmetric game G iweakly acyclidaf, from any initial vertex $ there exists a
directed path to some vertextBat is part of a strict, symmetric Nash equilibriup .

Given a weakly acyclic game convergence of the best reply process can easily be shown. However,
even if a game has a very cyclical structikesthe game in figure 2, convergence is possible if the
game possesses an equilibrium that satisfies a stability condition similar to ESS.

An ESS testshe stability of a (possiblgnixed) strategy that isnitially played by the
entire population against the invasion of a small number of mutants playing a different strategy. A
strategy satisfies ESS if it does better on average, when matched randomly agamnisenof the
new population, thandoes theentrant strategy. The entrants aslectedagainst and the
population returns to its original state.



The ESSconcept is based onmonomorphic population whepayers are able to play
mixed strategies. Théollowing definition is anadaptation of th&SS concept to polymorphic
populations where players are restricted to pure strafégies.

If a game is not weaklgicyclic, the best reply process may enteemodic set obtates
from which there is nescape. That is, for amgodic set E, the probability of eventually reaching
statea’ froma is

aa’

|0 faDOEa'OE
_{1 if a,a' OE
Let K(E) denote the "carrier" of E, that is
K(E) ={s 03 a; >0 for somen [ g.
Consider now the reduced game consisting onlgtrattegies contained iK(E). Since it is a
symmetric game, it possesses at les& symmetric equilibrium*. Notethat p* is also an
equilibrium of the entire game because E is closed under best replies, that is,
SUOKED SORa),0aOE
Let
O, (W) ={S OK(B) | e ~Hp 2, — 1,0}
be the set of strategies in K(gat arethe most over-represented in the strategy prpfilelative
to the equilibrium profiler”.

Definition 3: A game isevolutionary stable with respect to pure stratedieSPS) if for all
ergodicsets E and the corresponding reduced games consisiyngf strategies contained in
K(E), there exists a strategy profiles.t.

1. ', W) is a symmetric Nash equilibrium and
2. OpOAK(E), pzp, O0S 0O Ow(u) and SO Ow(u) s.t. U B(W) and $T B(W).

A simpler,but overly restrictive stability condition would be to requirdaat none of the
over-represented strategies can be a best reply. This wayld be easy to guaranttdet the
process converges to an equilibrium. ESPS requires onigttiegtst oneof the strategiethat are
over-representetthe mosin L relative to the equilibrium profile is not a best replyt@nd that at
leastone of theébest repliesloes not belong to tietrategies that a@ver-represented the most. In
particular, ESPSmplies that if just one player deviates from the equilibrium profile, his new
strategywould not be &best response against thew strategy profile. Note alsthat ESPS
implies thaty® is the unique equilibrium on K(E). As an example consider the following game.

11 This is not a refinement of ESS as there are equilibria that satisfy ESPS but not ESS, and vice
versa.

10



0,0 X,1 1,x
1,x 0,0 X,1
X,1 1,x 0,0

Figure 2

For all x= 0, the mixed equilibrium¥, %, +) satisfiesESPS. However, if x < 0, it is easy to

find ap for which there does not exist 80 . (1) s.t. $OB(y) , e.gp= (0, 3. 3)

Theorem: The evolutionary process converges to an absorbing state for all finite, symmetric
(or symmetrized) games that are either weakly acyclic or satisfy ESPS.

The process as defined by Assumptions 2 and 3 is a stationary Markov chain on a finite state space
A. A can therefore be partitioned into transient and (positive) recstegas. Wititime, either

the process reaches an absorbing state (a symmetric Nash equilibrium by Proposition 1) or it enters
a recurrent clas@rgodic set) ostates. Thushe process may fail tmnverge only if there exists

a non-singleton ergodic set EA.

The following lemma will be useful for the proof of the Theorem.

Lemma: If E is a non-singleton ergodic set, then there exists anE such that,, = 1and
a; = 0,01 #kl (excluding the dummy players).

Proof: In the appendix.

Proof of Theorem: The strategy for provinghe Theorem is to shothat all ergodicsets are
singletons, that is, they are absorbing states themselves. The proof is divided into two parts. In the
first step Iwill consider weakly acyclic games and in a secstegh gameshat arenot weakly
acyclicbut satisfy ESPS. Fdoth cases will show thatthe supposition of an ergodic eing a
non-singleton yields a contradiction.

() Assume to theontrary that in aveakly acyclic game theexists an ergodic settBat
is not a singleton. From themma we knowthatthere exists an©@ such thati©); = 1 forsome
ij. Since thegame is weaklyacyclic, there is a directgghth inl"(G) thatleads from the starting
vertex § in m steps to a stricsymmetricNashequilibrium (§;, §;), which is amabsorbing state.
There exists a positive probabilifyat all playersave the opportunity to change their strategies
simultaneously and switch to the next vertex on the dirgettd Hence, there exists a probability
g > 0 that all playerkave the opportunity to change their strategies m times in a rovthstiche
process reaches the strict Nash equilibrium.

11



Since E is a non-singleton ergodiet, a© is visited infinitely often. Therefore, the
probability ofnot reaching the absorbirggate after t visits ta©, (1 - q)t, goes to zero as+ .

Hence E contains an absorbing state contradicting the assumption that E is an ergodic set.

(i) In the second step | will now consider ttiass ofgameghat arenot weakly acyclibut satisfy
ESPS. Again, assume to the contratyat there exists an ergodic settlat isnot a singleton.
Consider the reduced game consisting ofstnategies in K(E). By assumption there exists a
symmetric equilibriumu” satisfyingESPS. will show by constructionhatthe processonverges
to an equilibriump”, which is anabsorbing state, contradictirtige assumption of E being an
ergodic set.

As a starting point takeome a [ E such thatr,, = 1, whichexists by the Lemma. will
denote thestrategies in K(E) by Tstartingwith T, = §. The starting profile itown| is thusp?
=(1,0,0,...,0).

If (T, T) is not a Nash equilibrium, theegther existsomestrategy intown|, call it T,
that is a best responseu®) or there exists a best responsarifsome other town. Note that in the
latter case T' argmax ¢,. Also, if T, is a best response some town#l, then it is a best
response in all towngli. Hence, there is a positive probability that N/n players move ta@ach
and play T,. Hence, thetarting profile in eackown looks likep® and thefollowing construction
can be continued parallel for each town.

With positive probability gexactly (1p,") percent of players have the chance to switch
strategies and adopt, While the remainingt,” percent have to retain,.T The resulting profile is
pt =, 14, 0, 0,...,0).

If pt = p*, an absorbing state is reached. If ngtTB(u') becauset” is assumed to
satisfy ESPS: sinqe, = 141," > ", {T,} = O(uY), which implies that JLI B(uY).

The remaining possibilities are either,

[1] {T } = B(uY), i.e. T, is the unique best response. In this case players will switch fraom T
T, and increasp, until a profilefi* is reached, such that either
[1.1] T, T,O0B(g") - absorbing state, or
[1.2] T, T, OB(HY). Both, T, and T, areover-represented ip* (If {I; became
smaller thanu,” at somepoint before reaching® , T, would be the only over-representithtegy
and, hence, by ESPS could not be a best respenpa)ceed with the construction; or
[2]{T ;} # B(u) - proceed with the construction.

In the case of1.2] or [2] there must bessomeother strategy, call it ;T that is a best
response againgt™ or pl, respectively. There exists a strictly positive probabilithat 141, -jL,"
percent of the players switch tqQ While theothers stay at Tand T, respectively, yielding the new
profile p2 = (u,", ,", 144,"-1,", 0, 0,...,0).
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If u2 =y, an absorbing state is reached. If nQt[JTB(u?) due toESPS. Bythe same
logic as above, either
[1] {T,, T} ) B(u?) — proceed.
[2] {T, T,} OB(u?, i.e., either Tor T, or both are the only best responses.
[2.1] Considerfirst the case {], T,} = B(p?). With positive probability the processoves to a
statep’ = (', 1, 13, 0, 0, ..., 0), where

My = M=, — o = p — M, @)
Since Of') = {T,, T,, T;}, by ESPSthere exists a ,JU B(4) and at leasbne T O O('), s.t. T O
B(1). Three cases can occur:
[2.11] T, O B(W), di=1,2,3 - proceed.
[2.12] Only onestrategy remains a best reply. Assume, without loss of geneitadityl;, T, [l
B(p"). Due to the upper hemi-continuity of the best reply correspondence,
Op"=(y,' -€ W, -€ Yy, 2,0,..,0), s.t. T T,0BW").

Since O") = {T,}, ESPS implies that JJU B(u"). Furthermore, there exists g M B(u"). If T,
OB(u"), let T, = T,. Otherwise, everyone currently playingsivitches to T proceed.
[2.13] Two strategies remain a best reply. This case can be handled by applying [2.12] twice.
[2.2] Theremainingcases are {{f = B(pu?) or {T,} = B(u?). Assume, WLOG, {T} = B(p?).

With positive probability the processoves tou™ = (", W, 4", 0, 0,..., 0),where theu," are
defined as in equation (1). EYSPSeither T, or T, is not a best reply to™. Assume, WLOG,
T, 0 B(W").

[2.21] T, O BW™). If T, OBW"), d= (" -€, 1", K", 0, ..,0) can beeached whergl is such
that T, 0 B({1) and T, O B({l). Since Oft) = {T.}, by ESPS, T O B({i). Hence' can be
reached and one can proceed as in [2.1].

[2.22] T, O B(u™). In this cas&eSPSimpliesthatthere exists a ,JO B(u™). [2.11] and [2.12]
can then be applied analogously.

For all the above casesnhve showrthat a state can beached in which none of the
strategies in {J, T,,T;} is a best reply. The construction candestinued from thistate,since
there is a positive probability, that 141,"-p,"-l," percent of players switch to, While all others
stay put, yielding® = (", 1", Mg, 1-2 17, 0, 0,...,0).

Continuing in this fashion it is clettrtat an absorbing state mustrbached startinffom
KO in a finite number of steps with some probability g > 0. SiiceE, it will be visitednfinitely
often if E is an ergodic set as assumed. Hence, the probability of not reaching an ab&igding
from PO after u visits tqu, (1-q), approaches zero as-u. Therefore, E must be a singleggn.

In much of the literature the discussiorcohventions centers on two kinds of games, coordination
games and games admmoninterest. Foexample, Lewig1969) based his origindefinition of
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conventions on coordination games. cdordination gameas an rxn game in which each player
prefers hist} strategy if andnly if the othemplayer also prefers to play his gtrategyt2 A game
of common interestan bedefined as a game in which therasts a payoff vectathat strongly
Pareto dominates all other feasible payoffs (see e.g. Aumann and Sorin, 1989).

Proposition 3: For all coordination games armbmmoninterest games, the evolutionary process
convergegylobally (for all initial conditions satisfying Assumption 1) to an efficient convention in
each non-empty town.

Proof: Convergencdor symmetric commornterest games is obvioudzor asymmetric games
rename strategies suthat (3,, b,,) strictly Paretodominates all other payoff vectors. In the
symmetrized game,c= (g, + b;)/2 Paretodominates all other payoffs.c Hence, from the
beginningplayers switclonly tothat strategy. The process ltasiverged as soon as every player
had the chance to move once.

Convergence to an efficient convention follows from Proposition 2 since ircas#is the
Pareto optimal symmetric Nash equilibria are strict.

By definition of a coordination gamal| strategy pairs othe main diagonal yielskrictly
higher payoffs for both players than any other strapegyyintheir respective row or columne.,
Ok

A~ & and B~ &
bkk > qq‘ and Qk > Qk Oi, j# k. 2

For symmetric coordination games (2) implies weak acyclity. Hence, convergence is guaranteed by
the Theorem. Furthermore, (2) implies that all pure Nash equilibria are strict. Thus, Proposition 2
can be applied to show convergence to an efficient convention.

To prove convergenctr the symmetrized version of asymmetric coordination games
rename, without loss of generality, the strategies in the original game such that

a,+b,2g+h Ui
Together with (2) this implies that
a11+b112"%j+b|j Di’j (3)

It is easy to see that Nash equilibria in the asymngnee become the symmetNash equilibria
of the symmetrized gamefrurthermore, the process of symmetrizing gaene implieghat the
payoffs in thesymmetrized gamare averagefsom two cells of the asymmetric gammatrix, i.e.,
if c; = (g, + b,)/2 then ¢ = (g, + b,)/2. Hence,

12 Coordination games are sometimes also defined as games with positive payoffs on the main
diagonal and zeros off the diagonal. The results below apply to this definition a fortiori.
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G+ G =(a *hy)/2 +(a,+h,)2< (g, + b, =2¢, (4)

where the inequality follows from (3). In the symmetrized game «¢g) is therefore a Pareto
optimal equilibrium payoff.

If a; # b; for some i, there may heayoffs ¢ off the diagonal highethan ¢;,. Assume to
the contrary that the process converges to one of these payoff vectors. Due to (4) the payoff in any
of these vectors camly be highethan ¢, for oneplayer and must be lowéor the other player
(the "exploited"}.2 Hence, the exploited playensll switch to otherstrategies or towns with the
consequencehat eventually no one i¢eft to be exploited. Thus, the expected payoffom
exploiting fallsbelow G,. From then omll agents with an opportunity to change strategies switch
to strategy $(or to a strategy thatields the sam@ayoff). An absorbing state (afficient
convention) is reached once all players had an opportunity to switch to one of these sfrategies.

V. INTERACTION BETWEEN TOWNS

The assumption maintained f&w thatplayersonly interact with players from theawn group or
town wasvery strongput it served well to demonstrate thasic point othe model. Now, Will
showthatthe mairresults remain valigven ifthere is interaction betweéowns. Althoughmost
of social or economical interactions take place within a tglayers may have to dealith
outsidersvho might follow different conventions. | widlssume that players canmti$criminate
betweenplayers from theirown townand outsiders (i.e. theage no labels otihe forehead).
Following Hamilton(1964)who definedviscosityto be the tendency of animals to havieigher
degree of interaction with members of theiwn (geneticalyroup, | will define a viscosity
parameterd as the probabilityhat amatchingpartner is drawmxclusively from one's owtown
(seealso Myerson eal., 1991). Accordingly, 18 is the probabilitythat amatchingpartner is
drawn from the population at large.

A player who plays strategy i in town j receives the following expected payoff:

n, (@) =6(iaquk )ﬂl—&ie.(iam qk)

where agaim,, is the proportion of players in towrplaying strategy k ané| = N, /N is the share
of players located in towh Ford = 1 onegets the payoffs associated with thedel inthefirst

part ofthis paper. Lower &'s correspond to higher degrees of interaction pldlgers from other
towns. Ad equal to zero corresponds tonadelwithout a townstructure;matchingpartners are

randomly drawn from the population at large.

13 This is the (4,2) payoff in the "battle of sexes" example
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Since the towrstructureplayed no role in the proofs of the Theorem or Proposition 1, |
can state immediately the following proposition.

Proposition 4: For alld [ [0,1] , and for all games that are either acyclic or satisfy ESPS, the

evolutionary process converges to a symmetric Nash equilibrium.

The townstructure washe driving force behind thresult of Proposition 2. Thereforme cannot
expect the efficiencyesult tohold if the neighborhood effectse too weak. Clearlyhe required
o will depend on theayoff structure anthe original partition of players into townslowever,
there will always be & < 1 such that Proposition 2 continues to hold.

Proposition 5: Consider all games imhich the Pareto optimal among the symmetric Nash
equilibria are strict. Thernld < 1,s.t.[0 & > &', an efficient convention is established in all

non-empty towns whenever the process converges.

Proof: Again, assume to the contrary that the process converges to an inéffaseequilibrium
(4,1) (which must be symmetric by Proposition 1)sometown, eventhough an efficientstrict
equilibrium, say (8S), exists. At thebeginning of the gamall players play theonvention of
their respective town, i.e,, = 0,0 k#l. Hence, the payoffs from playing & town karegiven
by
n
nkkzackk'*'(l_é)zackl (5)

Since ({S) is strict, i.e. g > ¢, U1,

06 <1,st006>0,N,>M, Oi.
Hence noplayer isgoing to enter k-towand play a strategy other than thed@ring the entire
game (even ifx,, = 0 at someoint during the game). Thereforg,|() cannot be an absorbing
statesince at the englayerswould switch to playing Sin k-town which yields a strictly higher
payoffw

As an example consider the following gaamel assume that dte beginning of thgame

A B
Al 88 0,4
B 40| 66

Figure 3
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For all3 > £ strategy A inA-town is thebest response against thtarting profilea,© = [g ﬂ.

Hence, somelayerswill switch to A in A-town, with the consequentteat A becomes even more
attractive. Therefore, the efficient convention (A,A) is the absorbing state.

This should be compared to the resultsyoting (1993) and Kandori eal. (1993) in
which theprocess driven by random mutations settles omiskelominant equilibrium (B,Bgven
if originally everybodyplays A. This isdue to thdact thatthere is a small chance ehough
players making simultaneously a mistake such that society switches to the other equilibrium. Since
it requires fewer mistakes to switch from (B,B) to (A,A) thare versa,the former will be
observed almost all the time as the probability of mistakes goes to zero.

It is interesting to not¢hat experimental evidence seemsrégect theview that players
would acceptinefficient equilibria in coordination games. In the experiments by Van Huyck,
Gillette, and Battalio (1992) subjects played a coordinag@me in which ararbiter gave non-
binding recommendations regarding which equilibriurpley. Van Huyck eal. found that most
subjects rejected the recommendation of an inefficient equilibridavam of theefficient oneeven
though they were givendear focal point. Unfortunately, the games in Van Huyck.e{1992)
werepure coordinatiogames in which the efficient and ttigk dominant equilibrium coincide. It
would be interesting to test whether players would still choose the efficient equildweant does
not coincide with the risk dominant equilibrium.

VI. CONCLUSION

The purpose of this paper was to demonstrate how an efficient equilibrium irpkyegrandom
matching game can emerge endogenously through an evolutionary process. | tissumgidyer
in a repeated game adapts to his environment; however, he adapts with a certain inesigge the
that he cannot always react instantaneousighémges in the environment. Tkey assumption
was that a player has most of his interaction with players from his own neighborhood (“town").

The two maimresultswere the following. First, | showedthatthe evolutionary process -
despite the absence of 'mutations' - convergesNash equilibriumfor a broad class @fames
satisfying weak acyclity oevolutionary stability with respect to pure strateg(ESPS). This
result was independent of the town structure.

Secondly, | provethat anefficient convention emergdsr all games in which thBareto
optimal among the symmetric Nash equilibria are strict.

While this paper explainsfficiency among the equilibria of the game, it doesyieit
efficiency amongll payoffsbecaus®nly Nash equilibria can be absorbing stateghefstochastic
process. Itwill be interesting tostudy the evolution of cooperation in a prisondilemma
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situation in which the efficient payoff combination is not a Nash equilibrium of the game. | reserve
this question for future work.

18



APPENDIX

Lemma: If E is a non-singleton ergodic set, then there exists anE such that,, = 1and
a; =00 ij #K.

Proof: Take anya™ U E. Define E={ a U E |a; 2 a;" if S; U B(a") anda; = 0 if § U B(a")}.
Notethat anya'l] E', andhenceany convex combination of anda’, can be reached froai in
one step with positive probability and, therefore, will be reached with probability one eventually.
() If Do'0E" and S OB () s.t.

{S4 = Bd) =argmaxI o)

S;0B(a’)
thenOe > 0, s.t.
{Sy} = B(a") (6)
with a" =ea' + (1€)a”. Sincea" can be reached froatf, there exists a positive probability that
starting froma" all players switch to, S which produces the desirad

(ii) If there does not exist am” such that (6holds, therall § U B(a') must have theame
payoff against any S B(a”),

nes;, S =neS; S, 0S;, S U B(a')andO S, O B(a). (7)
Leta"OE"={a OE|a; 20, if S, 0 B(a'), anda; = 0if § 0 B(a')}. With positive
probability the process moves - a'— a™. Due to (7) either,
B(a') O B(a™), inwhich casea™ is an absorbing state contradictihg assumptiothat E is a
non-singleton ergodic set, or
B(a') n B(a™) = 0. In thelatter casewith positive probability all players adogome SO

B(a™), which gives the desirety
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