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Abstract

How can groups incentivize cooperative behavior when nelmmitabehavior
spreads slowly or limitedly? | present a game-theoretic ehadwhich rational
agents encounter in- and out-group members at random anchgoitate about
their encounters according to a fixed, possibly incomplet@raunication net-
work determined by their social structure. The novel apghogresented here
makes the study of arbitrary group structures tractabléglwbpens the door to
comparisons of social structures, of individuals withinogial structure, and of
potential improvements to a group’s cooperative prospecshow that despite
the prevailing intuition that “the more communication thettler,” the volume of
communication is insufficient for assessing cooperatioréMinks in the com-
munication network does not imply more cooperation; tharsgement of links—
exactly who communicates with whom— matters.

1 Cooperation in a limited information environment

Decentralized punishment mechanisms maintain cooperatiell when everyone knows and
communicates with everyone else in a group. This logic i$-kwebwn and has been used to explain
a wealth of examples of cooperation outside the ‘shadowenfat,’ from ethnic groups peacefully
coexisting to traders keeping their word to ranchers migeihere their livestock graze [10, 12, 8].

When instead there is heterogeneity in the extent of dirtinounication between group members,
so that some members are more peripheral than others, egshat everyone cooperates is more
difficult. Some players are more likely to get away with offea than others, and some players are
more tempting targets than others, which ensures that tgaiveooperation is more difficult. This
paper is a first attempt to relate the exact network of compatian in a group— a map of who
communicates with whom— to how well that group can enforogpesation using decentralized
institutions.

1.1 Incomplete communication networks

Network games with strategic players quickly become inatle [11]. While the relationship be-
tween the structure of communication or interaction haststedied when players are assumed to
be non-strategic (see, for example, [4]), studying stiatptpyers is generally made tractable by
considering a single network or class of networks [5, 3, §]lafsuming that information problems
are experienced homogeneously by all players [9, 13], onigosing types and restricting their
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arrangement [2]. Here, | consider strategic players whoemier other players at random and com-
municate according to an arbitrary network. The networkoisrastricted to a particular class and
players may have heterogeneous access to information.

2 The model

The game is a generalization of [10], modified so that plageramunicate according to an arbi-
trary communication network, not necessarily the comphetisvork (implicitly assumed in [10]).
Consider two groups4 and B, each with a set of playerS = {1,...,n}. In each time period, all
players play one round of prisoner’s dilemma with a randoaslyigned opponent. With probability
p a player is paired with a member selected uniformly at ranétom the other group; with prob-
ability 1 — p a player is paired with a member selected uniformly at ranéfom his own group.
Each pair plays a single round of the prisoner’s dilemma witihnmon payoff matrix
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wherea, 5 > 1 and‘“—;ﬁ < 1. Rounds occur indefinitely. A player’s total payoff is thesteeam of
discounted single round payoffs. Players have common digdactord < 1.

Let (N, g) 4 be a fixed simple, undirected communication network for grduvith nodesN and

n x n adjacency matriy such that entry;; = 1 indicates the presence of a link between players
andj, g;; = 0 indicates the absence of a link between playensdj. Let (N, g) 5 be the same for
groupB. No links span( NV, g) 4 and(N, g) 5.

Players can perfectly identify and recognize in-group merspbut can only identify the group of
out-group members. The netwof¥, ¢g) 4 is common knowledge among playersdrand(N, g) 5

is common knowledge among playersinplayers know the shape of the other group’s network but
not who sits where (i.e. players only know the permutati@aslof the network of the other group).
The roster of random assignments and the actions playedchnreand are not observable to all
players. Instead, this information is revealed via mességea subset of other players determined
by the communication network.

In each period, after playing one round of prisoner’s dilemma, a stage ofitwinication occurs.
Information about each game played between two playersdh esund is packaged in a message
m containing the identity of the players (as specific as péskikhe time period of the round, the
actions of both players, and the motives of the players\aglemotives are determined by the
strategy. For the strategy profié""V/” below, the relevant motive will be whethérwas played
out of punishment or defection.) Messages about games betsame-group memberand; in

t perfectly identify both playersn; ;:, and are sent to the neighborsicdnd the neighbors of

in the communication network, e.g. 1§,(i) andN,(j). Messages about games between players
from different groups cannot perfectly identify the oppof@nd so ifi € A andj € B, a message
m; g+ IS sent to neighbors afand a message: 4 ; + is sent to neighbors of. A messagen; ; ;
expires aftefl’” rounds, int + TP. Letr govern the speed of communication so that playdoes
the following r times before + 1 begins: send an unsent message alswiwn game played in

t and forward all unsent, unexpired messages to allsoheighbors. This means that unexpired
messages originating ain time ¢ are received by all players reachable-idegrees or fewer before

t + 1. Messages are sent deterministically and are not manguléatategically.

1The innovation here is that players are matched at randorfeaut about others via the network. This
setup, combined with “presumption of innocence” strategsmplifies players’ inference problem and adds
tractability. Once nice consequence is that the model #sglisingle parameter—the probability of punishment
(z)—which reduces the usually multidimensional problem ohparing networks to a single dimension.
2Strategic manipulation of messages is considered in [18].



2.1 In-group policing

The strategy profile of interest isV"W/“” which has groups punish their own members to keep
them cooperating with in- and out-group membgers.

Network In-Group Policing (e ¥WI&P), All players always punish a player (play D) they know to
be in punishment phase, and always cooperate with a playay @) they do not know to be in pun-
ishment phases, using the following definitions: all playeegin as cooperators (not in punishment
phase). A player enters (or reenters) punishment phasé&#fqyeriods when that player (1) defects
against an out-group member, (2) defects against somedrenwn to be in punishment phase, or
(3) cooperates with someone known to be in punishment pAgsayeri is known by his opponent
to be in punishment phase when his opponent was the victig) of (3) committed by in at least
one of the pas™” rounds or has received a message thabmmitted (1), (2) or (3) in at least one
of the pasf'” rounds.

In other words, players punish based on what they know. Roréstwould be 7?7 rounds of
capitulationif all opponents in th@* rounds after the defection know about the defection. If the
communication network is sparse or the reach of commuwicdt) is small, a player can expect
fewer rounds of punishmentin some cases, and based on the shéoe communication network,
different players can expect different amounts of punigfitme

3 Full cooperation

The strategy profiler™¥"V /¢ instructs players to punish members of their own group whe ar
known to be defectors, and this punishment threat enticgem to be cooperative. Even when
the gossip network is incomplete, this strategy profile véBult in a fully cooperative sequential
equilibrium under certain conditions. Strategies mustauapientially rational given they way players
form beliefs over their missing information, and beliefsshie consistent [16].

Proposition 1: Full Cooperation. c¥WIGP s sequentially rational for gamé&' with networks
ga = gg iff
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wherezo% ., andz. ., are the probability that the least-punishable defectidibeipunished at

the end of the punishment phase when the defection is coath@tjainst an out-group member and
in-group member, respectivetyThe minimum probabilities of punishment for a defectioniaga
an in-group member and an out-group member are functiogeaiétwork and can be written:
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and

3This strategy profile is of interest because it can obtailchbperation in equilibrium in an optimal way—
punishment is renegotiation-proof and mistakes do not doooperation— without violating a conception of
fairness as equal treatment in punishment. The stratedijepatso has the desirable property of being realistic—
something like it seems to be employed in real-world sestifsge[10, 22]).

“The behavior in equilibrium is of greater interest than tledidis in equilibrium. It can be shown that
oNWIGP s sequentially rational in any information set with anyiefs over nodes in the information set. Be-
liefs can then be constructed which satisfy the definitionafsistency, making™¥"V /¢ part of a sequential
equilibrium. The proof of Proposition 1 and a fuller disdossof beliefs can be found in [19].
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where# (N;T") is the number of players reachable fréin »7'* degrees.

z = min{
]

3.1 Counting links is insufficient

Proposition 2: More is not necessarily better. The topology of the network matters. If network
¢'(N) contains a larger number of links thajg( V), this doesnot imply thatz(g'(N))™ >

min, TP =
Z(Q(N))min,w or thatz(gl(N))%iz,TP > Z(Q(N))%Z,TP-

Consider an example, shown in Figure 1. Let the length ofghméent be a single round{ = 1),
and let information spread a single degree after each rauadi(). The group on the left has more
channels of communication (11 links) than the group on tijletr(6 links), but player 3 is less likely
to be punished by his own group for defecting against a membtre out-group (not pictured)
when he belongs to the left grougf,!, ;. = .2) than when he belongs to the righf{, -, = .4).

Figure 1: Left: 6 players and 11 links, Right: 6 players anghkd.

Hence the structure of a group matters; counting links isffitsent to characterize cooperation.

4 Conclusion

When groups are large or busy or sparsely populated or budyaee poor communications
technology, information may spread according to an inceteptommunication network. The
above shows that in-group policing strategies which presimocence can maintain cooperation
in these circumstances, and how well groups can enforceetatipn depends on the structure of
communication. While at first blush it may seem that the mammunication the better, it turns
out that the volume of communicationnst a sufficient statistic for cooperation.

This setup allows comparisons of groups, and comparisoirgdafiduals within groups. Players
who are more peripheral—about whom less is known and whawvedess information about
others— are the biggest problems for full cooperation. it lsa shown that when there are players
who are peripheral enough, full cooperation may be impéssibdmostlycooperative equilibria
exist in whichmostplayers are cooperative but some cheat [17]. This cheatiggts the out-group,
and can in some cases even targets in-group members.

Empirical social science research is replete with disgastidies finding a relationship between
group structure and cooperation[21, 15, 14, 7, 20, 1]. Thesating group structure to cooperation
has lagged behind. This theoretical foundation can guitierduempirical work by proposing a
precise mechanism by which structure may affect cooperatio
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