Ev olving Co op eration in the Non-Iterated

Prisoner’s Dilemma:

The Imp ortance of Spatial Organization

Mic hael Oliphan t

Department of Cognitive Science

University of California, San Diego

e-mail: oliphant@cogsci.ucsd.edu

Published in: Bro oks, R. and Maes, P

, editors,

Pro ceedings of the F ourth Arti�cial Life W orkshop,

Cambridge, MA, 1994. MIT Press.

Abstract

Most work on evolving co op eration in the Prisoner’s

Dilemma treats the non-iterated game as an unde-

sirable simple case that should b e risen ab ove. It

has b een taken as a given that p opulations evolving

to play the non-iterated game will always converge

on defection. This pap er questions this assumption,

and demonstrates that organizing a p opulation spa-

tially dramatically changes the nature of the game

and allows co op eration to emerge.

1 The Prisoner’s Dilemma

A formalism known as the Prisoner’s Dilemma has b een

adopted as the standard for studying the evolution of

co op erative b ehavior. It describ e s a game played by two

players, where each can decide whether or not they will

co op erate with another (failure to co op erate is termed

\defection"). A typical example of the payo� each player

gets dep ending on their choice of action is summarized

in Figure 1, with the payo� to the row player listed �rst.

Co op Defect

Co op R/R S/T

Defect T/S P/P

Figure 1: Payo� matrix for the Prisoner’s Dilemma

The Prisoner’s Dilemma o ccurs when T > R > P > S

and 2R > T + S (the most commonly used v alues are

T=5, R=3, P=1, S=0). Although mutual co op eration

is the b est solution from the joint p ersp e ctive of b oth

players, defection is the b est choice on a self-interested

basis. If an individual can exp ect to encounter a p er-

centage of co op erators F c and a p ercentage of defectors

F d (where F c + F d = 1) over the course of an ev aluation

cycle, then its exp ected average payo� would b e

E [P c] = R � F c + S � F d (1)

for co op erators, and

E [P d] = T � F c + P � F d (2)

for defectors . T > R and P > S , so defectors always

have an adv antage, regardless of the makeup of the p opu-

lation. This mathematical fact is demonstrated if an evo-

lutionary simulation of the Prisoner’s Dilemma is done, with p opulations in such simulations converging to all

defectors .

2 Previous W ork on Ev olving

Co op eration

Dissatis�ed with mathematical inevitability of defection,

Axelro d and many others (Axelro d 1984; Axelro d 1987;

Axelro d and Hamilton 1981; Lindgren 1991) have stud-

ied a more complex v ariant of the Prisoner’s Dilemma.

This v ariant, called the Iterated Prisoner’s Dilemma, in-

volves individuals playing each other more than once. In

order to b ene�t from multiple games against the same

opp onent, individuals are given a three game history that

do cuments b oth their actions and those of their opp o-

nent. They are also given a mechanism that allows them

to mo dify their future b ehavior based their history of

interaction with an opp onent. This allows individuals

to co op erate with those who co op erate with them and

defect on others, and leads to a predominance of co op-

eration in the p opulation.

Nowak and May (Nowak and May 1992) to ok a dif-

ferent approach { attempting to avoid convergence on

defection while staying within the con�nes of the non-

iterated game. They used the Prisoner’s Dilemma as

an up date rule for two-dimensional cellular automata.

In their simulations, cells could b e in one of two states

(co op erate or defect) and at each time step, every cell

was replaced by the cell b ordering it that has the high-

est summed payo� from playing the game with its eight

neighb ors. The result they found was not convergence

on defection, but intricate patterns of co op eration and

defection.

While this result seemed encouraging, it has b een

criticized as b eing an artifact of the simulation condi-

tions. Hub erman and Glance (Hub erman and Glance

1993) argue that the results dep end on the use of a

synchronous up date mechanism where all cells in the

space are up dated simultaneously

. They demonstrate

that when asynchronous up dating (up dating one cell at

each time step) is used, the p opulation quickly degrades

into all defection.

3 Curren t W ork

The present simulations are aimed at showing that, while

the results of the simulations done by Nowak and May may b e artifactual, the idea of using a spatially organized

p opulation is a go o d one and can lead to results similar

to what they thought they had found. There are go o d

reasons to exp ect that organizing a p opulation spatially

might b ene�t co op erators.

3.1 Theoretical Motiv ation

There is an assumption present in the mathematical ex-

planation (shown in equations (1)&(2)) of the sup erior-

ity of defection as a choice in the non-iterated Prisoner’s

Dilemma. The assumption is that individuals will in-

teract with the same p ercentage of co op erators and de-

fectors regardless of their own game-playing strategy

. If

this assumption do es not hold, neither do es the mathe-

matical result. A more generalized version of the payo�

equations can b e formulated as follows:

E [P c] = R � F cc + S � F cd (3)

E [P d] = T � F dc + P � F dd (4)

where Fc c is the p ercentage of the time a co op erator

plays against a co op erator and Fc d is the p ercentage of

the time a co op erator plays against a defector, etc. In

the non-spatial, non-iterated case, F cc = F dc = F c and

F cd = F dd = F d, but this do es not hold true in the

spatial case.

In the bulk of previous simulations involving the Pris-

oner’s Dilemma, the p opulations were not spatially or-

ganized. This meant that when picking an opp onent to

communicate with, or when selecting a mate, all other

individuals were equally likely to b e chosen. In a p opu-

lation where spatial organization is b eing imp osed, this

is not the case. Individuals are more likely to play the

game with those close to them than they are with those

farther away

. Also, when an individual has o�spring,

they are placed in the area of the space where the par-

ent was. What these factors result in is a space where

individuals are more related (genetically closer) to those

nearer to them.

This means that the exp ecte d numb er of co op erators

and defectors an individual will play against dep ends on

their own status, providing a mechanism for co op era-

tion to spread through the p opulation. Co op erators in

the p opulation will b ene�t those close to them. Since

those close to them will b e more likely to b e co op era-

tors as well, they are, in a sense, b ene�tting their own

genes. The opp osite holds true for defectors, who will

have a negative impact on those around them. Since

their neighb ors are more likely to b e defectors, they hurt

their own kind. Getting back to equations (3)&(4), what

spatial organization do es is to increase the probabilities

Fc c and Fdd, thereby increasing the terms R � F cc and

P � F dd. Since R > P , this b ene�ts the co op erators.

3.2 Simulations

Instead of using cellular automata, the present simula-

tions use the genetic algorithm (a function optimiza-

tion technique based on biological evolution develop ed

by John Holland (Holland 1975)). As in Nowak and

May’s simulations, individuals are �xed as b eing co op-

erators or defectors (co ded on a one-bit genome). All