Prisoner's Dilemma
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Tanya and Cinque have been arrested for robbing the Hibernia Savings Bank and placed in
separate isolation cells. Both care much more about their personal freedom than about the
welfare of their accomplice. A clever prosecutor makes the following offecto ®6ou may
choose to confess or remain silent. If you confess and your accomplice remainsngllent |
drop all charges against you and use your testimony to ensure that your accomplice does
serious time. Likewise, if your accomplice confesses while you remain shleptwill go

free while you do the time. If you both confess | get two convictions, but I'll see to ibthat y
both get early parole. If you both remain silent, I'll have to settle for token sentences
firearms possession charges. If you wish to confess, you must leave a note withrthe jai
before my return tomorrow morning.”

The “dilemma” faced by the prisoners here is that, whatever the other does, eaid Hfbet
confessing than remaining silent. But the outcome obtained when both confess is worse for
each than the outcome they would have obtained had both remained silent. A common view is
that the puzzle illustrates a conflict between individual and group rationalityyup grhose
members pursue rational self-interest may all end up worse off than a group whdsersnem

act contrary to rational self-interest. More generally, if the payoffa@rassumed to

represent self-interest, a group whose members rationally pursue any goalsnrest less
success than if they had not rationally pursued their goals individually. A closgdreiew

is that the prisoner's dilemma game and its multi-player generalizatoaed familiar

situations in which it is difficult to get rational, selfish agents to coopevatbéir common

good. Much of the contemporary literature has focused on identifying conditions under which
players would or should make the “cooperative” move corresponding to remaining silent. A
slightly different interpretation takes the game to represent a choicecneseiish behavior

and socially desirable altruism. The move corresponding to confession benefit®theact
matter what the other does, while the move corresponding to silence benefits the péner pla
no matter what that player does. Benefiting oneself is not always wrong, of course, and
benefiting others at the expense of oneself is not always morally required, but iisehers
dilemma

game both players prefer the outcome with the altruistic moves to that withfible iselves.
This observation has led David Gauthier and others to take the Prisoner's Dilemyna to sa
something important about the nature of morality.

Puzzles with the structure of the prisoner's dilemma were devised and discussatilby M

Flood and Melvin Dresher in 1950, as part of the Rand Corporation's investigations into game
theory (which Rand pursued because of possible applications to global nuclear sffaegy)

title “prisoner's dilemma” and the version with prison sentences as payoffs aceAlbert

Tucker, who wanted to make Flood and Dresher's ideas more accessible to an audience of
Stanford psychologists. Although Flood and Dresher didn't themselves rush to publicize their
ideas in external journal articles, the puzzle attracted widespreadamttensi variety of
disciplines. Christian Donninger reports that “more than a thousand articles” alvets it
published in the sixties and seventies. A bibliography (Axelrod and D'Ambrosio) ofgsriti
between 1988 and 1994 that pertain to Robert Axelrod's research on the subject lists 209
entries. Since then the flow has shown no signs of abating.

The sections below provide a variety of more precise characterizations of treepsis
dilemma, beginning with the narrowest and survey some connections with similar gadgne



some applications in philosophy and elsewhere. Particular attention is paid to “eveoyitiona
versions of the game in which members of a population play one another repeatedly and those
who get higher payoffs “reproduce” more rapidly than those who get lower payoffs.

‘Prisoner's dilemma’ is abbreviated as ‘PD’.
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1. Symmetric 2x2 PD With Ordinal Payoffs

In its simplest form the PD is a game described by the payoff matrix:

C D

C/RR|ST

D|T,S|PP

satisfying the following chain of inequalities:



PD1) T>R>P>S

There are two players, Row and Column. Each has two possible moves, “cooperate” or
“defect,” corresponding, respectively, to the options of remaining silent or confassineg
illustrative anecdote above. For each possible pair of moves, the payoffs to Row and Column
(in that order) are listed in the appropriate drlis the “reward” payoff that each player

receives if both cooperate.is the “punishment” that each receives if both defet.the
“temptation” that each receives if he alone defectsSisdhe “sucker” payoff that he

receives if he alone cooperates. We assume here that the game is symengthat the

reward, punishment, temptation or sucker payoff is the same for each player, and pagoffs ha
only ordinal significance, i.e., they indicate whether one payoff is better than anottet, but

us nothing about how much better. It is now easy to see that we have the structure of a
dilemma like the one in the story. Suppose Column cooperates. Then R&Xfgets

cooperating and for defecting, and so is better off defecting. Suppose Column defects. Then
Row getsSfor cooperating an@ for defecting, and so is again better off defecting. The move
D for Row is said tetrictly dominatehe moveC: whatever his opponent does, he is better

off choosingD thanC. By symmetryD also strictly dominate€ for Column. Thus two

“rational” players will defect and receive a payoffRyfwhile two “irrational” players can
cooperate and receive greater payffn standard treatments, game theory assumes
rationality and common knowledge. Each player is rational, knows the other is rational,
knows that the other knows he is rational, etc. Each player also knows how the other values
the outcomes. But sind2 strictly dominate€ for both players, the argument for dilemma

here requires only that each player knows his own payoffs. (The argument remains valid, of
course, under the stronger standard assumptions.) It is also worth noting that the ddfcome (
D) of both players defecting is the game's only strong nash equilibrium, i.e., it is the only
outcome from which each player could only do worse by unilaterally changing its move.
Flood and Dresher's interest in their dilemma seems to have stemmed fronethelratiit
provided a counterexample to the claim that the nash equilibria of a game constitatarl
“solutions”.

If there can be “ties” in rankings of the payoffs, condition PD1 can be weakened without
destroying the nature of the dilemma. For suppose that one of the following conditions
obtains:

PD2) T>R>P>S, or
T>R>P>S

Then, for each player, althoughdoes not strictly dominatg, it still weakly dominates the
sense that each player always does at least as well, and sometimes bettgm@¢. Under
these conditions it still seems rational to fiaywhich again results in the payoff that neither
player prefers. Let us call a game that meets P@ak PD Note that in a weak PD that

does not satisfy PD1 mutual defection is no longer a nash equilibrium in the strong sense
defined above. It is still, however, the only nash equilibrium in the weaker sense, that neithe
player can improve its position by unilaterally changing its move. Again, one might suppose
that if there is a unique nash equilibrium of this weaker variety, rational sslésted players
would reach it.

2. Asymmetry

Without assuming symmetry, the PD can be represented by using subsangtsfor the
payoffs to Row and Column.
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If we assume that the payoffs are ordered as before for each player, i'lBzR¥R,>S when

i=r, ¢, then, as beford) is the strictly dominant move for both players, but the outcd@ne (

D) of both players making this move is worse for each tGaC]. The force of the dilemma

can now also be felt under weaker conditions, however. Consider the following three pairs of
inequalities:

PD3) a. T,>R, andP,>S
b. T>R. andP>S
c. R>P; andR>P,

If these conditions all obtain the argument for dilemma goes through as beforeidbefect
strictly dominates cooperation for each player, &\dJ) is strictly preferred by each tB(

D). If one of the two > signs in each of the conditions a - c is replaced by a weak inequality
sign> we have a weak P2 weakly dominate€ for each player (i.eD is as good a€ in

all cases and better in some) a@d ) weakly better tharly, D) (i.e., it is at least as good

for both players and better for one). Since none of the clauses requires comparisomns betwee
r's payoffs and's, we need not assume that > has any “interpersonal” significance.

Now suppose we drop the first inequality of eith@r b (but not both). A game that meets

the resulting conditions might be termedasmmon knowledge RAs long as each player
knows that the other is rational and each knows the other's ordering of payoffs, welstill fe
the force of the dilemma. For suppose a holds. Thenthe dominant move for Row.

Column, knowing that Row is rational, knows that Row will defect, and so, by the remaining
inequality inb, will defect himself. Similarly, ib holds Column will defect, and Row,

realizing this, will defect herself. By, the resultingd, D) is again worse for both tha@ (

C).

3. Multiple Moves

Speaking generally, one might say that a PD is a game in which a “cooperative” @utcom
obtainable only when every player violates rational self-interest is unaninpregtyred to

the “selfish” outcome obtained when every player adheres to rational selsinWweecan
characterize the selfish outcome either as the result of each player pussdmmginant

(strongly dominant) strategy, or as the unique weak (strong) nash equilibrium. In a two move
game the two characterizations come to the same thing — a dominant move pair is a unique
equilibrium and a unique equilibrium is a dominant move pair. As the payoff matrix below
shows, however, the two notions diverge in a game with more than two moves.

C D N

C/RR|ST|TS

D|TS|PP|RS

N|ST|SR|SS

Here each player can choose “cooperate”, “defect” or “neither” and the payofisiared as
before. Defection is no longer dominant, because each player is better off cliddsamip
when the other chooseks Neverthelesd, D) is still the unique equilibrium. Let us label a



game like this in which the selfish outcome is the unique equilibriuegaiibrium PDQ and
one in which the selfish outcome is a pair of dominant mowdesranance PDAs will be
seen below, attempts to “solve” the PD by allowing conditional strategies ede oreltiple-
move games that are themselves equilibrium PDs.

4. Multiple Players

Most of those who maintain that the PD illustrates something important about ynexahh
to believe that the basic structure of the game is reflected in situatiorsrgfeatdroups,
perhaps entire societies, face. The most obvious generalization from the twaglige
many-player game would pay each plagef all cooperateP if all defect, and, if some
cooperate and some defect, it would pay the cooperatmd the defectorE. But it is
unlikely that we face many situations of this structure.

A common view is that a multi-player PD structure is reflected in what Géarelin

popularized as “the tragedy of the commons.” Each member of a group of neighboring
farmers prefers to allow his cow to graze on the commons, rather than keeping it on his own
inadequate land, but the commons will be rendered unsuitable for grazing if it is used by more
than some threshold number use it. More generally, there is some social Bémafieach

member can achieve if sufficiently many pay a €astVe might represent the payoff matrix

as follows:

more thann | n or fewer
choose C choose C

C C+B C

D B 0

The cosiC is assumed to be a negative number. The “temptation” here is to get the benefit
without the cost, the reward is the benefit with the cost, the punishment is to getaaither
the sucker payoff is to pay the cost without realizing the benefit. So the payoffsened8r

> (B+C) > 0 >C. As in the two-player game, it appears thatrongly dominate€ for all
players, and so rational players would chddsend achieve 0, while preferring that everyone
would chooséC and obtairC+B.

Unlike the more straightforward generalization, this matrix does refbactnon social

choices — between depleting and conserving a scarce resource, between using polluting and
non-polluting means of manufacture or disposal, and between participating and not
participating in a group effort towards some common goal. Vilhersmall, it represents a

version of what has been called the “volunteer dilemma”. A group needs a few volunteers, but
each member is better off if others volunteer. (Notice, however, that in a true volunteer
dilemma, where only one volunteer is needed,zero and the top right outcome is

impossible. Under these conditiodsno longer dominateS and the game loses its PD

flavor.) A particularly vexing manifestation of this game occurs when a vaicziratown to

have serious risks is needed to prevent the outbreak of a fatal disease. If enough of her
neighbors get the vaccine, each person may be protected without assuming the risks.

The tragedy of the commons game diagramed above has a somewhat differentr¢haracte
the two-player PD. First, even if each player's moves are entirely independenodiers,

the alternatives represented by the columns in the commons matrix above are no longer
independent of the alternatives represented by the rows. My ch@bsiecessarily increases



the chances that more thapeople will choos€. To ensure independence we should really
redraw the matrix as follows:

more thann others | n others | fewer thann others
choose C choose C choose C
C C+B C+B C
D B 0 0

But now we see that mo& doesnot dominateC. When we are at the threshold of adequate
cooperation, where exacthyothers choos€, | am better off cooperating. Provided thas
large, however, it would seem that this effect could be ignored and we could assume, for
practical purposes, that the payoff matrix is like the previous one.

Similarly, whereas we saw in the original PD that mutual defection was theastly
equilibrium, this game has two equilibria. One is universal defection, since any playe
unilaterally departing from that outcome will move from payoff Ct®But a second is the

state ofminimally effectiveeooperation, where the number of cooperators just exceeds the
threshold. A defector who unilaterally departs from that outcome will moveBrtn+C

and a cooperator who unilaterally departs will move fB¥€ to 0. This might suggest that

the tragedy of the commons is less tragic than the PD, but in real life situdtisosld seem
unlikely that the participants would know when they are at the equilibrium point of mipimall
effective cooperation.

Furthermore, in the ordinary PD, universal cooperation is a pareto-optimal outcome ree., the
is no outcome in which each player is at least as well off and some are better wfftHgut
commons game the only pareto optimal outcomes are those of minimally effective
cooperation. Whether universal cooperation is nevertheless desirable may depend on the
nature of the choices involved. In the medical example it may seem best to vaccinate
everyone. In the agricultural example, however it seems foolish to stipulate that mgkbody

the commons. Someone who avoids vaccination in the former case is seen as a “free rider”
An underused commons in the latter seems to exemplify “surplus cooperation.”

The two-person version of the tragedy of the commons game (with threshold of one) produces
a matrix presenting considerably less of a dilemma.

C D

C | B+tC,B+C | C,0

D 0,C 0,0

This game captures David Hume's example of a boat with one oarsman on the port side and
another on the starboard (provided we assume that Hume's oarsmen must make their choices
between rest and exertion simultaneously). Mutual cooperation is identical toathynim

effective cooperation and therefore is both an equilibrium outcome and a pareto optimal
outcome. Games of this sort will be discussed below under the label “Stag Hunt.”

The above representations of the tragedy of the commons make the simplifying assampti
that the costs and benefits of cooperation are the same for each player, that the cost of
cooperation is independent of the number of players who cooperate, and that the size of the
benefit (0 oB) depends only on whether the number of cooperators exceeds the threshold. A
somewhat more general account would rep@aeadB by functionsC(i, j) andB(i, j)



representing the cost of cooperation to playenen he is one of exactlylayers who

cooperate and the benefit to playgrhen exactly players cooperate. We suppose that there
is some thresholtfor minimally effective cooperation so thad, j) is not defined unlegst.

We may also assume additional cooperation never reduces the bgetfifrom effective
cooperation, i.e B(i, j+1>B(i, j) whenj>t and that additional defection never reduces the cost
i bears in cooperating, i.€(i, j+1)>C(i, j). Now suppose, in addition, that, once the threshold
of effective cooperation has been exceeded, any benefit one gets from from the mkeaence
additional cooperator is exceeded by one's cost of cooperation and that the costs t¥@neffec
cooperation are genuine, i.e., for all playeB(i, j)>(B(i, j+1)+C(i, j+1)) whenj is greater

thant and 0X(i, j)) whenj is less than or equal toFinally, suppose that the benefits to each
playeri, of effective cooperation exceed the costs, i.ej>ipB(i, j)+C(i, j))>0 We then have

a tragedy of the commons game, which presents a familiar dilemma: defectiétslzane
individual in every circumstance (except the one where exaothers cooperate) but
everybody is better off in any state of effective cooperation than in any state ititAdus
account could be easily be modified to allow threshold of minimally effective competat
differ from one individual to anotherg clean water requirements might be more stringent
thanj's for example) or to allow to be defined everywhere (thus eliminating the threshold,
so that we always benefit from another's cooperation). The resulting game wbhklsstits

PD flavor.

Phillip Pettit has pointed out that examples that might be represented as nyanyrpla

come in two flavors. The examples discussed above might be classified addree-ri
problems. My temptation is to enjoy some benefits brought about by burdens shouldered by
others. The other flavor is what Pettit calls “foul dealer” problems. My teioptatto benefit
myself by hurting others. Suppose, for example, that a group of people are applying for a
single job, for which they are equally qualified. If all fill out their applications ktyehey

all have an equal chance of being hired. If one lies, however, he can ensure that he is hired
while, let us say, incurring a small risk of being exposed later. If everyonénbgsagain

have an equal chance for the job, but now they all incur the risk of exposure. Thus a lone liar,
by reducing the others' chances of employment from slim to none, raises his own chances
from slim to sure. As Pettit points out, when the minimally effective level of cabpers

the same as the size of the population, there is no opportunity for free-riding (everyone's
cooperation is needed), and so the PD must be of the foul-dealing variety. But (Pettit's
contrary claim notwithstanding) not all foul-dealing PDs seem to have thisdeSuppose,

for example, that two applicants in the story above will be hired. Then everyone gets the
benefit (a chance of employment without risk of exposure) unless two or more players li
Nevertheless, the liars seem to be foul dealers rather than free ridererAlhatacterization

of the foul-dealing dilemma might be that every defection from a generally ctiopestate
strictly reduces the payoffs to the cooperators, i.e., for every plaperevery greater than

the threshold, eithds(i, j+1)+ C(i, j+1)>B(i, })+C(i, ). A free-rider's defection benefits

himself but does not, by itself, hurt the cooperators. A foul-dealer's defection bbme§df

and hurts the cooperators.

The game labeled a many-person PD in Schelling, Molander 1992 and elsewhere requires tha
the payoff to each co-operator and defector increases strictly with the number oatmspe

and that the sum of the payoffs to all parties increases with the number of coopsoettoas (

one party's switching from defection to cooperation always raises the surheriddithese
conditions is met by the formulation and the examples discussed above. They may, however,
hold “locally,” i.e., forj close to the threshotdor minimally effective cooperation, it may be
reasonable to assume that:

» for every individual, B(i, j+1)+C(i, j+1)>B(i, j)+C(i, j) for j>t,



« for every individual, C(i, j+1)>C(i, j) for j<t, and

o B(1,j+1)+C(@, j+1)+...4B(j+1,j+1)+C(t+1, j+1)+B(j+2, j+1))+...+B(n, j+1) >B(1,j)+C(1, j)+...+B(,
D+CG, )+B(+1,))*...+B(n, ).

By requiring that cooperation of others always benefits each and all, the Schedling a
Molander formulations of thie-person PD fail to model the surplus cooperation/free rider
phenomenon that seems to infuse “Tragedy of the Commons” situations. Their conditions
might, however be a plausible model for ceraiblic gooddilemmas. It is not unreasonable

to suppose thatny contribution towards public health, national defense, highway safety, or
clean air is valuable to everybody, no matter how little or how much we already have, but that
the cost to each individual for his own contribution to those goods always exceeds the benefit
that he derives from that contribution. This outlook has the advantage of focusing attention on
the PD quality of the game. Defection dominates cooperation, while universal canperati
unanimously preferred to universal defection. Michael Taylor goes even further in this
direction. His version of the many-person PD requires only the two PD-conditions just
mentioned and the one additional condition that defectors are always better off when some
cooperate than when none do. (Taylor's main concern is with the iterated version of &is gam
a topic that will be addressed in future editions of this entry.)

5. Single Person Interpretations

The PD is usually thought to illustrate conflict between individual and collectiomaty,
but the multiple player form (or something very similar) has also been intetra®ete
demonstrating problems within standard conceptions of individual rationality. One such
interpretation, elucidated in Quinn, derives from an example of Parfit's. A mddidaé
enables electric current to be applied to a patient's body in increments so tihgrtha ho
perceivable difference between adjacent settings. You are attached to theaddwgoeen the
following choice every day for ten years: advance the device one setting and collect a
thousand dollars, or leave it where it is and get nothing. Since there is no perceivable
difference between adjacent settings, it is apparently rational to advanedtitigeesach day.
But at the end of ten years the pain is so great that a rational person would sathfece
wealth to return to the first setting.

We can view the situation here as a multi-player PD in which each “player” tesntip®ral

stage of a single person. So viewed, it has at least two features that wereussedisc

connection with the multi-player examples. First, the moves of the playersjasnsal

rather than simultaneous (and each player has knowledge of preceding moves). Second, there
is the matter of gradation. Increases in electric current between adjgitegissare

imperceptible, and therefore irrelevant to rational decision-making, but sums of arnumbe

such increases are noticeable and highly relevant. Neither of these feature®rhiswe

peculiar to one-person examples. Consider, for example, the choice between a polluting and
non-polluting means of waste disposal. Each resident of a lakeside community may dump his
or her garbage in the lake or use a less convenient landfill. It is reasonable to sugpose tha
each acts in the knowledge of how others have acted before. (See “Asynchronous Moves”
below.) It is also reasonable to suppose that addition of one can of garbage to the lake has no
perceptible effect on water quality, and therefore no effect on the welfare efttdents. The

fact that the dilemma remains suggests that PD-like situations sométvob/e something

more than a conflict between individual and collective rationality. In the one-persoplexa

our understanding that we care more about our overall well-being than that of our temporal
stages does not (by itself) eliminate the argument that it is rational towstd adjust the

setting. Similarly, in the pollution example, a decision to let collective rdiipoaerride

individual rationality may not eliminate the argument for excessive dumpingnitsse



appropriate, however, to separate this issue from that raised in the standard PibrSrada
that are imperceptible individually, but weighty en masse give rise to inivansieferences.
This is a challenge to standard accounts of rationality whether or not it ariseBihka
setting.

A second one-person interpretation of the PD is suggested in Kavka, 1991. On Kavka's
interpretation, the prisoners are not temporal stages, but rather “subagéetshoetlifferent
desiderata that | might bring to bear on a decision. Let us imagine that | am hungry and
considering buying a snack. The options open to me are:

a. Buy a scoop of chocolate gelato.
b. Buy a scoop of orange sherbet.
c. Buya granola bar.

d. Buy nothing.

My health-conscious side, “Arnold,” orders these options in the following arderd, a. My
taste-conscious side, “Eppie,” ranks thexyb, d, c. Such inner conflict among preferences
might often be resolved in ways consistent with standard views about individual choice. My
overall preference ordering, for example, might be determined from a weightadeweéthe
utilities that Arnold and Eppie assign to each of the options. It is also possible, Kavka
suggests, that my inner conflicts are resolved as if they were a resuditegistinteraction
among rational subagents. In this case, Arnold and Eppie can each choose iisingioto
getting their wayl() or toacquiescego a compromiseX). The interaction between subagents
can then be represented by the following payoff matrix, where Arnold plays row and Eppie
plays column.

A |l
Al b|a
| c |d

Examination of the table and preference orderings confirms that we again have an
intrapersonal PD. Kavka argues that a story like this might “provide a psychdipgical
plausible picture of how internal conflict can lead to suboptimal action.” It also unrdey @i
standard view that choices reflect values in favor of one that they partiatigtyéthe
structure of inner conflict”.

6. Cardinal Payoffs

If the game specifies absolute (as opposed to relative) payoffs, then universahioooper

may not be a pareto optimal outcome even in the two person PD. For under some conditions
both players do better by adoptinghaxedstrategy of cooperating with probabilipand

defecting with probability (3). This point is illustrated in the graphs below.
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Here thex andy axes represent the utilities of Row and Column. The four outcomes entered
in the matrix of the second section are represented by the labeled dots. Conditions PD3a and
PD3b ensure thaC( D) and D, C) lie northwest and southeast &f, (D), and PD3c is

reflected in the fact thaC( C) lies northeast ofl, D). Suppose first thal), D) and C, C)

lie on opposite sides of the line betwe€n D) and P, C), as in the graph on the left. Then

the four points form a convex quadrilateral, and the payoffs of the feasible outcomegsaf mix
strategies are represented by all the points on or within this quadrilateralir®é @ player

can really only get one of four possible payoffs each time the game is played, but thénpoint
the quadrilateral represent teepected valuesf the payoffs to the two players. If Row and
Column cooperate with probabilitipsandq (and defect with probabilitigg'=1-p andqg*=1-

), for example, then the expected value of the payoff to Rgwgs+pqRp*g* P+pg*S A
rational self-interested player, according to a standard view, should prefer mexpbeted

payoff to a lower one. In the graph on the left the payoff for universal cooperation (with
probability one) is pareto optimal among the payoffs for all mixed strategié® grdph on

the right, however, where botb,(D) and C, C) lie southwest of the line betweed, O) and

(D, C), the story is more complicated. Here the payoffs of the feasible outcomehiie avit

figure bounded on the northeast by three distinct curve segments, two linear and one concave.
Notice that C, C) is now in the interior of the region bounded by solid lines, indicating that
there are mixed strategies that provide both players a higher expected pay(@f, @Ga It is
important to note that we are talking about independent mixed strategies here. Row and
Column use private randomizing devices and have no communication. If they were able to
correlate their mixed strategies, so as to ensureGsd&y) (with probabilityp and O, C) with
probabilityp*, the set of feasible solutions would extend up to (and include) the dotted line
betweenC, D) and D, C). The point here is that, even confined to independent strategies,
there are some games satisfying PD3 in which both players can both do better than they do
with universal cooperation. A PD in which universal cooperation is pareto optimal may be
called a pure PD. (This phenomenon is identified in Kuhn and Moresi and applied to moral
philosophy in Kuhn 1996.) A pure PD is characterized by adding to PD3 the following
condition.

P) (T-R)(TeRI<(R-S)(R-S)
In a symmetric gamP reduces to the simpler condition
RCA) R=1/2(T+S)

(named after the authors Rapoport, Chammah and Axelrod who employed it).

7. The PD with Replicas and Causal Decision Theory



One controversial argument that it is rational to cooperate in a PD relies on thetdse

that my partner in crime is likely to think and act very much like | do. (See, for example
Davis 1977 and 1985 for a sympathetic presentation of one such argument and Binmore
1994,Chapters 3.4 and 3.5, for a reformulation and extended rebuttal.) In the extreme case,
my accomplice is an exaplica of me who is wired just as | am so that, of necessity, we do
the same thing. It would then seem that the only two possible outcomes are where both
players cooperate and where both players defect. Since the reward payoff dxeeeds t
punishment payoff, | should cooperate. More generally, even if my accomplice is notca perfe
replica, the odds of his cooperating are greater if | cooperate and the odds of hisglafecti
greater if | defect. When the correlation between our behaviors is sufficigntig ©r the
differences in payoffs is sufficiently great, mypectegayoff (as that term is usually
understood) is higher if | cooperate than if | defect. The counter argument, of courge, is tha
my action iscausally independemtf my replica's. Since | can't affect what my accomplice
does and since, whatever he does, my payoff is greater if | defect, | should defect. These
arguments closely resemble the arguments for two positions detheomb Problepa

puzzle popularized among philosophers in Nozick. (The extent of the resemblance is made
apparent in Lewis.) The Newcomb Problem asks us to consider two boxes, one transparent
and one opaque. In the transparent box we can see a thousand dollars. The opaque box may
contain either a million dollars or nothing. We have two choices: take the contents of the
opaque box or take the contents of both boxes. We know before choosing that a reliable
predictor of our behavior has put a million dollars in the opaque box if he predicted we would
take the first choice and left it empty if he predicted we would take the second. hatsee t
each player in a PD faces a Newcomb problem, consider the following payoff matrix.

C D

C m m | O, mt

D | m+t0 tt

By “cooperating” (choosing the opaque box), each player ensures that the other gieas a mil
dollars (and a thousand extra for defecting). By “defecting” (choosing both boxes) &gah pl
ensures that he will get thousand dollars himself (and a million more if the otheratesper

As long agn>t>0, the structure of this game is an ordinary two-player, two-move PD (and
any such PD can be represented in this form). Furthermore, the arguments for “one-boxing”
and “two-boxing” in a Newcomb problem are the same as the arguments for cooperating and
defecting in a Prisoner's dilemma where there is positive correlation Inetinemoves of the
players. Two boxing is dominantstrategy: two boxes are better than one whether the first
one is full or empty. On the other hand, if the predictor is reliablesxpectegayoff for
one-boxing is greater than the expected payoff for two-boxing. [See Hurley, howeer, for
argument that the two puzzles are significantly different. In a PD (of etb@rdinary or the
Newcombized variety) each player knows that the other is rational and that theokisethe
outcomes in the ways described. This, Hurley argues, opens a possibility for coopairsdtive
action that is absent in the original Newcomb problem.]

The intuition that two-boxing is the rational choice in a Newcomb problem, or that dafecti

is the rational choice in the PD with positive correlation between the playerss nseeens to
conflict with the idea that rationality requires maximizing expectatiors &pparent conflict

has led some to suggest that standard decision theory needs to be refined in casksaim whic
agent's actions providesidenceor, withoutcausing the context in which he is acting. In the
case of the PD, standard (evidential) decision theory asks Player One to compape tiisd
utilities of cooperation and defection, which can be writtep(@g|C,)xR +p(D,|C1)xS and



P(C2|D1)XT + p(D2|D1)xP (where, for examplg(C,|C,) is the conditional probability that

player Two cooperates given that Player One cooperates). If the players' neostesragly
correlated thep(C,|C4) andp(D.|D1)will be close to one anp(C,|D;) andp(D,|C,) will be

close to zero. On the suggested revision, these conditional probabilities should bel teplace
some kind of causally conditional probabilities, which might (on some accounts) be edpress
by phrases like “the probability that if One were to cooperate, Two would also cooperate.”
When the moves are causality independent this would just be the probability that Two
cooperates.

The rather far-fetched scenario described in Newcomb's Problem initchBpihee to doubt
the importance of the distinction between causal and evidential decision theoryatgues
that the link to the PD suggests that situations where the two decisions divargesoe
unusual, and recent writings on causal decision theory contain many examplestizaless
than Newcomb's problem. (See Joyce, for example.)

It might be noted that what is here called “PD between replicas” is usuddgt taD with
twins” in the literature. One reason for the change in nomenclature is to distirigagsh t
ideas from an experimental literature reporting on PD games played wifidesdical or
fraternal) twins. (See, for example, Segal and Hershberger.) It turns owtitissdrie more
likely to cooperate in a PD than strangers, but there seems to be no suggestion that the
reasoning that leads them to do so follows the controversial arguments presented above.

8. The Stag Hunt and the PD

The idea mentioned in the introduction that the PD models a problem of cooperation among
rational agents is sometimes criticized because, in a true PD, the coopmrttome is not a
nash equilibrium. Any “problem” of this nature, the critics contend, would be an unsolvable
one. (See for example, Sugden or Binmore 2005, Chapter 4.5.) By changing the payoff
structure of the PD slightly, so that the reward payoff exceeds the temptatadf) pay

obtain a game where mutual cooperation, as well as mutual defection, is a nashwquilibri
This game is known as the Stag Hunt. It might provide a better model for situations where
cooperation is difficult, but still possible, and it may also be a better fit for ailesr r
sometimes assigned to the PD. More specifically, a Stag Hunt is a two playenpie game
with a payoff matrix like that for the PD pictured above where the conditions PD1 are
replaced:

SH) a. R>T
b. R>P

c. P>S

The fable dramatizing the game and providing its name, gleaned from a passage éaurR®uss
Discourse on Inequalityconcerns a hunting expedition rather than a jail cell interrogation.

Two hunters are are looking to bag a stag. Success is uncertain and, if it comesthequire

efforts of both. On the other hand, either hunter can forsake his partner and catch a hare with a
good chance of success. A typical payoff matrix is shown below.

C D
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Here the “cooperative” move is hunting stag with one's partner and “defection” is hunting
hare by oneself. The “temptation” payoff in a Stag Hunt is no longer much of a temptation,
but we retain the payoff terminology for ease of exposition. In this case the iemptad
punishment penalties are identical, perhaps reflecting the fact that my ‘saattiens have

no effect on my hunt for hare. Alternatively we could have temptation exceeding punishment,
perhaps because hunting hare is more rewarding together than alone (though still less
rewarding, of course, than hunting stag together), or we could have punishment exceeding
temptation, perhaps because a second hare hunter represents unhelpful competition. Either
way, the essence of the Stag Hunt remains. There are two equilibria, one unanimously
preferred to the other. The Stag Hunt becomes a “dilemma” when rationalitgslitttat both
players choose the action leading to the inferior equilibrium. It is clear thamifdertain that

my partner will hunt stag | should join him and that if | am certain that he will hunt hare |
should hunt hare as well. For this reason games with this structure are somaiedes c

games of “assurance” or “trust.” If | do not know what my partner will do, standardatecisi
theory tells me to maximize expectation. This requires, however, that | testhea

probability of my partner playin@ or D. If | lack information to form any such estimates,

then one putative principle of rationality (“indifference”) suggests that | oogheat all

options as equally likely. By this criterion | ought to hunt hare if and only if the following
condition is met:

SHD) T+P>R+S

When SHD obtains, hare hunting is said to be the “risk-dominant” equilibrium. Let us call a
Stag Hunt game where this condition is m&tag Hunt Dilemmarhe matrix above provides
one example.

Another proposed principle of rationality (“maximin”) suggests that | ought to conbigle

worst payoff | could obtain under any course of action, and choose that action that maximizes
this value. Since the sucker payoff is the worst payoff in a Stag Hunt, this princigestug
thatany Stag Hunt presents a dilemma. Maximin, however, makes more sense as a principle
of rationality for zero sum games, where it can be assumed that a rational oppayeny is t

to minimize my score, than for games like Stag Hunt, where a rational opponent magbe quit
happy to see me do well, as long as he does so as well.

The Stag Hunt can be generalized in the obvious way to accommodate asymmetric and
cardinal payoffs. The quadrilateral formed by the games' graphical repteserstaonvex,

so the pure/impure distinction no longer applies. (l.e., in a Stag Hunt no mixed strategies
ever preferred to mutual cooperation.) The most obvious way to generalize the gamg to ma
players would retain the condition that there be exactly two equilibria, one unanimously
preferred to the other. This might be a good model for cooperative activity in whichssucces
requires full cooperation. Imagine, for example, that a single polluter would spkd, ataa
single leak would thwart an investigation. If many agents are involved and, by appeal to
indifference or for other reasons, we estimate a fifty-fifty chance of caepefeom each,

then these examples would represent Stag Hunt Dilemmas in an extreme foyon&ver
would benefit if all cooperate, but only a very trusting fool would think it rational to coeperat
himself. Perhaps some broader generalization to the many-person case would alsd,be use
but that matter will not be taken up here.

The cooperative outcome in the Stag Hunt can be assured by many of the same means as are
discussed here for the PD. As might be expected, cooperation is somewhat easierlip com

in the two person Stag Hunt than in the two person PD. Details will not be given here, but the
interested reader may consult Skyrms 2004, which is responsible for a recenhi@sofge

interest in this game.



9. Asynchronous Moves

It has often been argued that rational self-interested players can obtain thata®per
outcome by making their moves conditional on the moves of the other player. Peter
Danielson, for example, favors a strategyeafiprocal cooperationif the other player would
cooperate if you cooperate and would defect if you don't, then cooperate, but otherwise
defect. Conditional strategies like this are ruled out in the versions of the gasrbetes
above, but they may be possible in versions that more accurately model real woiltzhsituat
In this section and the next, we consider two such versions. Here we eliminate the
requirement that the two players move simultaneously. Consider the situatiomofxhbse
sole competitor has just lowered prices. Or suppose the buyer of a car has just paakthe ag
purchase price and the seller has not yet handed over the title. We can think of these as
situations in which one player has to choose to cooperate or defect after the othdrgsayer
already made a similar choice. The corresponding gameaisyaichronousr extendedPD.

Careful discussion of an asynchronous PD example, as Skyrms (1998) and Vanderschraaf
recently note, occurs in the writings of David Hume, well before Flood and Dresher's
formulation of the ordinary PD. Hume writes about two neighboring grain farmers:

Your corn is ripe today; mine will be so tomorrdilis profitable for us both, that | shou'd
labour with you to-day, and that you shou'd aidteamorrow. | have no kindness for you, and
know you have as little for me. | will not, theredo take any pains on your account; and
should I labour with you upon my own account, ipestation of a return, | know | shou'd be
disappointed, and that | shou'd in vain depend woam gratitude. Here then | leave you to
labour alone: You treat me in the same manner.s€hsons change; and both of us lose our
harvests for want of mutual confidence and security

In deference to Hume, Skyrms and Vanderschraaf refer to this kind of asynchronous PD as
the “farmer’s dilemma.” It is instructive to picture it in a tree diagram.

Figure 2

Here, time flows to the right. The node marked by a square indicates Player Oro&s choi
point, those marked by circles indicate Player Two's. The moves and the payoffs to each
player are exactly as in the ordinary PD, but here Player Two can choose his noogimgcc
to what Player One does. Tree diagrams like Figure 2 are saickbemsive-forngame
representations, whereas the payoff matrices given previousipamal-form

representations. As Hume's analysis indicates, making the game asynchronous does not
remove the dilemma. Player One knows that if he were to clidosethe first move, Player
Two would choos® on the second move (since she prefers the temptation to the reward), so
he would himself end up with the sucker payoff. If Player One were to cBoddayer Two
would still choos (since she prefers the punishment to the sucker payoff), and he would
end up with the punishment payoff. Since he prefers the punishment payoff to the sucker



payoff, Player One will chood® on the first move and both players will end up with the
punishment payoff. This kind of “backward” reasoning, in which the players first evaluate
what would happen on the last move if various game histories were realized, and use this to
determine what would happen on preceding moves applies quite broadly to games in
extensive form, and a more general version of it will be discussed fimtierteration below.

The farmer's dilemma can be represented in normal form by understanding Playeb®ne
choosing betwee@ andD and Player Two to be (simultaneously) choosing among four
conditional moves: cooperate unconditionallyj, defect unconditionallyfu), imitate
Player One's mové), and do the opposite of Player One's m&@%g The result is a two
player game with the following matrix.

Cu Du | (@]

C/RR|ST|RR|ST

D|TS|PP|PP|TS

The reader may note that this game is a (multiple-move) equilibrium dilemmaolghe

(weak) nash equilibrium results when Player One chdosesd Player Two choosé&s,

thereby achieving for themselves the inferior payoff@ ahdP. The game is not, however, a
dominance PD. Indeed, there is no dominant move for either player. It is commonly believed
that rational self-interested players will reach a nash equilibrium even witleer mayer has

a dominant move. If so, the farmer's dilemma is still a dilemma.

To preserve the symmetry between the players that characterizes theyd?@nare may

wish to modify the asynchronous game. Let us take extended PD to be played in stdges. Firs
each player chooses a first mo@dr D) and a second moveZu, Du, | or O). Next a

referee determines who moves first, giving each player an equal chance. Rmallydome

is computed in the appropriate way. For example, suppose Row Pla®3 (meaning that he

will defect if he moves first and do the opposite of his opponent if he moves second) and
Column plays €, Du). Then Row will geP if he goes first and if he goes second, which

implies that his expected payoff is IPHT). Column will getSif she goes first ang if she

goes second, giving her an expected payoff ofP3). It is straightforward, but tedious, to
calculate the entire eight by eight payoff matrix. After doing so, the readeolmsarve that,

like the farmer's dilemma, the symmetric form of the extended PD is an d@gmliBD, but

not a dominance PD. The sole nash equilibrium occurs when both players adopt the strategy
(D, Du), thereby achieving the inferior payoffs & P).

It may be worth noting that an asynchronous version of the Stag Hunt, unlike the PD, presents
few issues of interest. If the first player does his part in the hunt for stag on ddyeone, t

second should do her part on day two. If he hunts hare on day one, she should do likewise on
day two. The first player, realizing this, should hunt stag on day one. So rational players
should have no difficulty reaching the cooperative outcome in the asynchronous Stag Hunt.

10. Transparency

Another way that conditional moves can be introduced into the PD is by assuming that players
have the property that David Gauthier has lab&kusparencyA fully transparent player is

one whose intentions are completely visible to others. Nobody holds that we humans are fully
transparent, but the observation that we can often successfully predict what dtrdeys wi
suggests that we are at least “translucent.” Furthermore agents ollzabge like firms or

countries, which may have to publicly deliberate before acting, may be more trahspane



we are. Thus there may be some theoretical interest in investigations oftARDamsparent
players. Such players could presumably execute conditional strategies morgcsaptithan
those of the (non- transparent) extended game players, strategies, for ekatrguie t
conditional on the conditional strategies employed by others. There is some djfficulty
however, in determining exactly what strategies are feasible for suchspl8yppose Row
adopted the strategy “do the same as Column” and Column adopted the strategy “do the
opposite of Row”. There is no way that both these strategies could be satisfied. Onrthe othe
hand, if each adopted the strategy “imitate the other player”, there are twtheaysategies
could be satisfied, and there is no way to determine which of the two they would adopt. Nigel
Howard, who was probably the first to study such conditional strategies systdiypatic
avoided this difficulty by insisting on a rigidly typed hierarchy of games. At the lbael we
have the ordinary PD game, where each player chooses beélva®iD. For any gamé in

the hierarchy we can generate two new gaR@andCG. In RG, Column has the same

moves as in gam® and Row can choose any function that assigjosD to each of

Column's possible moves. Similarly@G, Row has the same moves as&iand Column has

a new set of conditional moves. For example, if [PD] is the base level gam€[@ighis the
game in which Column can choose from among the strat€giddu, | andO mentioned

above. Howard observed that in the two third level gaR@BD] andCRPD] (and in every
higher level game) there is an equilibrium outcome giving each gRayeiparticular, such

an equilibrium is reached when one player plagad the other cooperates when his opponent
playsl and defects when his opponent pl@ys Du or O. Notice that this last strategy is
tantamount to Danielsor’sciprocal cooperation

The lesson of all this for rational action is not clear. Suppose two players in a €D wer
sufficiently transparent to employ the conditional strategies of higher lasetg How do

they decide what level game to play? Who chooses the imitation move and who chooses
reciprocal cooperation? To make a move in a higher level game is presumably to form an
intention observable by the other player. But why should either player expect the int@ntion t
be carried out if there is benefit in ignoring it?

Conditional strategies have a more convincing application when we take our inquiry as
directed, not towards playing the PD, but as designing agents who would play it well with a
variety of likely opponents. This is the viewpoint of Danielson. (See also J.V. Howard for an
earlier enlightening discussion of this viewpoint.) A conditional strategy is natemtion

that a player forms as a move in a game, but a deterministic algorithm definmyaf ki

player. Indeed, one of the lessons of the PD may be that transparent agents aré ibetter of
they can form irrevocable “action protocols” rather than always following thetiones they

may form at the time of action. Danielson does not limit hineselfiori to strategies within
Howard's hierarchy. An agent is simply a computer program, which can contain lines
permitting other programs to read and execute it. We could easily write two su@mpspg
each designed to determine whether its opponent glayP and to do the opposite. What
happens when these two play a PD depends on the details of implementation, but it is likely
that they will be “incoherent,” i.e., they will enter endless loops and be unable to make any
move at all. To be successful a progrsimuldbe able to move when paired with a variety of
other programs, including copies of itself, and it should be able to get valuable outcomes.
Programs implementingandO in a straightforward way are not likely to succeed because
when paired with each other they will be incoherent. Programs impleméntiage not

likely to succeed because they get ddlhen paired with their clones. Those implementing
Cu are not likely to succeed because they get 8mifren paired with programs that

recognize and exploit their unconditionally cooperative nature. There is some vagneness
the criteria of success. In Howard's scheme we could compare a conditiongy stitiell

the possible alternatives of that level. Here, where any two programs can be paired, t



approach is senseless. Nevertheless, certain programs seem to do well whenithaire
wide variety of players. One is a version of the strategy that Gauthier has advasat
constrained maximizatio he idea is that a playpshould cooperate if the other would
cooperate if did, and defect otherwise. As stated, this appears to be a strategyRa Ry
or CRIPD] games. It is not clear how a program implementing it would move (if indeed it
does move) when paired with itself. Danielson is able to construct an approximation to
constrained maximizatigiowever, that does cooperate with itself. Danielson's program (and
other implementations @onstrained maximizatigrcannot be coherently paired with
everything. Nevertheless it does move and score well against familiagstsatt cooperates
with Cu and itself and it defects agaift. If it is coherently paired it seems guaranteed a
payoff no worse thaR.

A second successful program models Danielgegiprocal cooperationAgain, it is not
clear that the strategy (as formulated above) allows it to cooperate (or nyakewe) with
itself, but Danielson is able to construct an approximation that does. The (approximate)
reciprocal cooperatiordoes as well as (approximatenstrained maximizatioagainst itself,
Du andconstrained maximizatiomgainstCu it does even better, gettifigwhere
constrained maximizatiogot onlyR.

11. Finite Iteration

Many of the situations that are alleged to have the structure of the PD, like defense
appropriations of military rivals or price setting for duopolistic firms areebetodeled by an
iterated version of the game in which players play the PD repeatedly, retaioass at each

round to the results of all previous rounds. In these iterated PDs (hence forth IPDs) playe

who defect in one round can be “punished” by defections in subsequent rounds and those who
cooperate can be rewarded by cooperation. Thus the appropriate strategy for ragdinally
interested players is no longer obvious. The theoretical answer to this question,auturns
depends strongly on the definition of IPD employed and the knowledge attributed to rational
players.

An IPD can be represented in extensive form by a tree diagram like the one fomidesfar
dilemma above.

Figure 3

Here we have an IPD of length two. The end of each of the two rounds of the game is marked
by a dotted vertical line. The payoffs to each of the two players (obtained by adding their



payoffs for the two rounds) are listed at the end of each path through the tree. The
representation differs from the previous one in that the two nodes on each branch within the
same division mark simultaneous choices by the two players. Since neither playethaows
move of the other at the same round, the IPD does not qualify as one of the game theorist's
standard “games of perfect information.” If the players move in successiontrather
simultaneously (which we might indicate by removing the dotted vertical linesgghking

game is an iterated farmer's dilemma, which does meet the game theefisiteon and

which shares many of the features that make the IPD interesting.

Like the farmer's dilemma, an IPD can, in theory, be represented in normal formnigythei
players' moves to betrategiedelling them how to move if they should reach any node at the
end of a round of the game tree. The number of strategies increases very rapidig with t
length of the game so that it is impossible in practice to write out the normaldoath hut

the shortest IPD's. Every pair of strategies determines a “play” of thes gama path

through the extensive-form tree.

In a game like this, the notion of nash equilibrium loses some of its privileged statal. Re
that a pair of moves is a nash equilibrium if each is a best reply to the other. Letndsthet
notation used in the discussion of the asynchronous PD and kst the strategy that calls

for defection at every node of an IPD. It is easy to sedbtha@ndDu form a nash

equilibrium. But againdDu, a strategy that calls for defection unless the other player
cooperated at, say, the fifteenth node, would determine the same play (and thereforethe s
payoffs) adu itself does. The components that call for cooperation never come into play,
because the other player does not cooperate on the fifteenth (or any other) moveySamilarl
strategy calling for cooperation after the second cooperation by itself doey @llThus
these strategies and many others form nash equilibriadDwitihere is a sense in which these
strategies are clearly not equally rational. Although they yield the saroffgalthe nodes
along the path representing the actual play, they would not yield the same payoffs if othe
nodes had been reached. If Player @agcooperated in the past, that would still provide no
good reason for him to cooperate now. A nash equilibrium requires only that the two
strategies are best replies to each other as the game actually developsgér solution
concept for extensive-form games requires that the two strategies wduld best replies to
each other no matter what node on the game tree were reached. This nauioganfie-

perfect equilibriums defined and defended in Selten 1975. It can be expressed by saying that
the strategy-pair is a nash equilibrium for every subgame of the original gaere, av
subgame is the result of taking a node of the original game tree as the root, pruning away
everything that does not descend from it.

Given this new, stronger solution concept, we can ask about the solutions to the IPD. There is
a significant theoretical difference on this matter between IPDs of fixeie, length, like the

one pictured above, and those of infinite or indefinitely finite length. In games of the firs
kind, one can prove by an argument knowbacskward inductiorthatDu, Du is the only
subgame perfect equilibrium. Suppose the players know the game will last exacthds.

Then, no matter what node have been reached, at relitide players face an ordinary
(“one-shot”) PD, and they will defect. At rouneR the players know that, whatever they do
now, they will both defect at the next round. Thus it is rational for them to defect nowl.as wel
By repeating this argument sufficiently many times, the rational playdisdéhat they

should defect at every node on the tree. Indeed, since at every node defection is a best
response to any move, there can be no other subgame-perfect equilibria.

In practice, there is not a great difference between how people behave in longrfgtéd-le
IPDs (except in the final few rounds) and those of indeterminate length. This suggést



some of the rationality and common knowledge assumptions used in the backward induction
argument (and elsewhere in game theory) are unrealistic. There is a cinsilierature
attempting to formulate the argument carefully, examine its assumptions, @edhove

relaxing unrealistic assumptions might change the rationally acceptaégs in the PD

and other games of fixed length. (For a small sample, see Bovens eKedgdsreps and

Wilson, Pettit and Sugden, Sobel 1993 and Binmore 1997).

Player One's belief that there is a slight chance that Two might pursueasiorial” strategy

other than continual defection could make it rational for her to cooperate frequentlf herse
Indeed, even if One were certain of Two's rationality, One's belief that thersowee chance

that Two believed she harbored such doubts could have the same effect. Thus the argument
for continual defection in the IPD of fixed length depends on complex iterated claims of
certain knowledge of rationality. An even more unrealistic assumption, noted by Rakinowic
and others, is that each player continue to believe that the other will choose ratinriagy

next move even after evidence of irrational play on previous moves. For example, it is
assumed that, at the node reached after a long series of 8o@s (..,(C, C), Player One

will chooseD despite never having done so before.

Some have used these kinds of observation to argue that the backward induction argument
shows that standard assumptions about rationality (with other plausible assump#ions) a
inconsistent or self-defeating. For (with plausible assumptions) one way to dradlae t

rational player will doubt one's own rationality is to behave irrationally. In tieelfiength

IPD, for example, Player One may be able to deduce that, if she were to follow an appropri
“irrational” strategy, Player Two would rationally react so that they careae mutual
cooperation in almost all rounds. So our assumptions seem to imply both that Player One
should continually defect and that she would do better if she didn't. (See Skyrms 1990, pp.
125-139 and Bicchieri 1989.)

12. The Centipede and the Finite IPD

Many of the issues raised by the fixed-length IPD can be raised in even starkby f@arm
somewhat simpler game. Consider a PD in which they punishment payoff is zero. Mbav iter
the asynchronous version of this game a fixed number times. Imagine that both p&ayers ar
restricted to highly “punitive” strategies according to which, they must aldefect against

a player who has ever defected. (One important strategy of this variety isdstetow

under the labeGRIM .) The result is aentipedegame. A particularly nice realization is

given by Sobel 2005. A stack nfone-dollar bills lies on a table. Players take turns taking
money from the stack, one or two bills per turn. The game ends when the stack runs out or
one of the players takes two bills (whichever comes first). Both players keeghepatie
taken to that point. The extensive form of the game witin$dris pictured below.

c £ c B E 0y [
) (2.2)
\\_‘\k/\
\\\

(2.0} (1.2} (2.1} 12,3)

Figure 4



Presumably the true centipede would contain 100 “legs” and the general form discussed her
should really be called the-tipede.” The game appears to be discussed first in Rosenthal.

As in the fixed-length PD, a backward induction argument easily establishesatiahal

player should take two bills on his first move, giving her a payoff of $2 or $3 dollars,
depending on whether she moves first or second, and leaving the remainder adblthes
undistributed. In more technical terms, the only nash equilibria of the game are those whe
the first player takes two dollars on the first move and the only subgame perfabriequils

the one in which both players take $2 on any turn they should get. Again, common sense and
experimental evidence suggest that real players rarely act in thiswd/dlyisileads to

guestions about exactly what assumptions this kind of argument requires and whethrer they a
realistic. (In addition to the sample mentioned in the section on finitely iterB®dsPe, for
example, Aumann 1998, Selten 1978, and Rabinowicz.) The centipede also raises the same
guestions about cooperation and socially desirable altruism as does the PD and/drigea fa

tool in empirical investigations of game playing.

13. Infinite Iteration

One way to avoid the dubious conclusion of the backward induction argument without
delving too deeply into conditions of knowledge and rationality is to consider infinitely
repeated PDs. No human agents can actually play an infinitely repeated gameseflmatur

the infinite IPD has been considered an appropriate way to model a series ofiamgiact

which the participants never have reason to think the current interaction is théir tlhst

setting a pair of strategies determines an infinite path through of the gaméttie payoffs

of the one-shot game are positive, their total along any such path is infinite. Thisimakes
somewhat awkward to compare strategies. If we confine ourselves to thogpestiihiat can

be implemented by mechanical devices (with finite memories and speeds of camputati
however, it turns out that the sequence of payoffs to each player will always,fafter a

number of rounds, cycle repeatedly through a particular finite sequence of payoffs. The
relative value of such infinite sequences of payoffs can then be identified with tageaver

value of the payoffs in one cycle. This value reflects the limit of average payotiyrel as

the number of rounds increases. (See Binmore 1992, page 365 for further justification.) Since
there is no last round, it is obvious that backward induction does not apply to the infinite IPD.

14. Indefinite Iteration

Most contemporary investigations the IPD take it to be neither infinite nor of fixésl f

length but rather of indeterminate length. This is accomplished by including in the game
specification a probabilitp (the “shadow of the future”) such that at each round the game
will continue with probabilityp. Alternatively, a “discount factorp is applied to the payoffs

after each round so that present payoffs are valued more highly than future. Matdmiatic
makes little difference whetheris regarded as a probability of continuation or a discount on
payoffs. The value of cooperation at a given stage in an IPD clearly depends on the odds of
meeting one's opponent in later rounds. (This has been said to explain why the level of
courtesy is higher in a village than a metropolis and why customers tend leavépzeiter

local restaurants than distant ones.ypfgpproaches zero, the IPD becomes a one-shot PD,
and the value of defection increases pfepproaches one the IPD becomes an infinite IPD,
and the value of defection decreases. It is also customary to insist that the gadhnee ha
property labeled RCA above, so that (in the symmetric game) players do better bpitogpe
on every round than they would do by “taking turns” — you cooperate while | defect and then
| cooperate while you defect.



There is an observation, apparently originating in Kavka, 1983, and given more mathematical
form in Carroll, that the backward induction argument applies as long as an upper bound to
the length of the game is common knowledge. Fbrisfsuch an upper bound, then, if the

players were to get to stagethey would know that it was the last round and they would

defect; if they were to get to stalgd, they would know that their behavior on this round

cannot affect the decision to defect on the next, and so they would defect; and so on. It seems
an easy matter to compute upper bounds on the number of interactions in real-life situations
For example, since shopkeeper Jones cannot make more than one sale a second and since he
will live less than a thousand years, he and customer Smith can calculate (comdgrtaat

they cannot possibly conduct more thah?tfansactions. It is instructive to examine this
argument more closely in order to dramatize the assumptions made in standarehteat

the indefinite IPD and other indefinitely repeated games. Note first that, in dmitedé D

as described above, there can be no upper bound on the length of the game. There is, instead,
some fixed probability that, at any time in which the game is still being played, it will

continue to be played with probabily If the interaction of Smith and Jones were modeled

as an indefinite IPD, therefore, the probability of their interacting in a thousarsivwesald

not be zero, but rather some number greaterﬂhwtnerep is the probability of their

interacting again now aridis the number of seconds in a thousand years. A more realistic

way to model the interaction might be to allow the valup tof decrease as the game

progressed. As long @salways remains greater than zero, however, it remains true that there
can be no upper bound on the number of possible interactions, i.e., no time at which the
probability of future interactions becomes zero. Suppose, on the other hand, thaadeere
numbem such that that there was zero probability of the game's continuing tonstasge;,

..., pn be the probabilities that game continues after stage 1, ... ,rstagen there must be a
smallest such thap; becomes 0. (It would happeniah if not sooner.) Given the standard
common knowledge assumptions that we have been making, the players would know this
value ofi, and the IPD would be one of fixed length, and not an indefinite IPD at all. In the
case of the shopkeeper and his customer, we are to suppose that both know today that their
last interaction will occur, let's say, at noon on June 10th, 2020. The very plausible idea that
we began with, viz., thaomeupper bounds on the number of interactions are common
knowledge, even though the smallest upper bound is not, is incompatible with the assumption
that we know all the continuation probabilitigdrom the start.

As Becker and Cudd astutely observe, we don't need an upper bound on the number of
possible iterations to make a backward induction argument for defection possible. If the
players know all the values pffrom the outset, then, as long as the valyg bécomes and
remains sufficiently small, they (and we) can compute a &tagevhich the risk of future
punishment and the chance of future reward no longer outweighs the benefit of immediate
defection. So they know their opponent will defect at skagad the induction begins. This
modification of the Kavka/Carroll argument, however, only further exposes the intgpligsi

of its assumptions. Not only are Smith and Jones expected to believe that there i®non-zer
probability that they will be interacting in a thousand years, each is expecteddle be a
compute the precise day on which future interactions will become and remain so uhékely t
their expected future return is outweighed by that day's payoff. Furthermore eapkdted

to believe that the other has made this computation, and that the other expects him to have
made it, and so on.

The iterated version of the PD was discussed from the time the game was devisedrdsit i
accelerated after influential publications of Robert Axelrod in the eaiiesy Axelrod
invited professional game theorists to submit computer programs for playing IPBse A
programs were entered into a tournament in which each played every other (asavobdines
of itself and a strategy that cooperated and defected at random) hundreds of thess)ito



see that in a game like this no strategy is “best” in the sense that its sciddoe highest
among any group of competitors. If the other strategies never consider the previoyohistor
interaction in choosing their next move, it would be best to defect unconditionally. If the other
strategies all begin by cooperating and then “punish” any defection against tresnisel
defecting on all subsequent rounds, then a policy of unconditional cooperation is better.
Nevertheless, as in the transparent game, some strategies have fedtaeesrttia allow

them to do well in a variety of environments. The strategy that scored highest iodsel
initial tournament, Tit for Tat (henceforff+T ), simply cooperates on the first round and
imitates its opponent's previous move thereafter. More significanfthars initial victory,
perhaps is the fact that it won Axelrod's second tournament, whose sixty threes engrant

all given the results of the first tournament. In analyzing the his second tournamanmdAx
noted that each of the entrants could be assigned one of five “representativelestrateg
such a way that a strategy's success against a set of others can bdyapoedateed by its
success against their representative. As a further demonstration of thehsafdi , he
calculated the scores each strategy would have received in tournaments in whicthene of t
representative strategies was five times as common as in the originafrieatieg=T

received the highest score in all but one of these hypothetical tournaments.

Axelrod attributed the successTFT to four properties. It inice, meaning that it is never

the first to defect. The eight nice entries in Axelrod's tournament were titengjgest

ranking strategies. It i®taliatory, making it difficult for it to be exploited by the rules that
were not nice. It i$orgiving, in the sense of being willing to cooperate even with those who
have defected against it (provided their defection wasn't in the immediatedglimgecound).
An unforgiving rule is incapable of ever getting the reward payoff after its opponent has
defected once. And it dear, presumably making it easier for other strategies to predict its
behavior so as to facilitate mutually beneficial interaction.

Suggestive as Axelrod's discussion is, it is worth noting that the ideas are ndatedn
precisely enough to permit a rigorous demonstration of the suprem&ge{f oOne doesn't
know, for example, the extent of the class of strategies that might have the foutiggoper
outlined, or what success criteria might be implied by having them. It is true ¢mest'sf
opponent is playingFT (and the shadow of the future is sufficiently large) then one's
maximum payoff is obtained by a strategy that results in mutual cooperation oncewety r
SinceTFT is itself one such strategy this implies th&T forms a nash equilibrium with

itself in the space of all strategies. But that does not particularly digimgeir , for Du, Du

is also a nash equilibrium. Indeed, a “folk theorem” of iterated game theory (now widely
published — see, for example, Binmore 1992, pp. 373-377) implies that, fpr @<l

there is a nash equilibrium in whighs the fraction of times that mutual cooperation occurs.
IndeedTFT is, in some respectworsethan many of these other equilibrium strategies,
because the folk theorem can be sharpened to a similar result about subgame perfect
equilibria. TFT is, in generalpot subgame perfect. For, were oHeT player per

impossiblg to defect against another in a single round, the second would have done better as
an unconditional cooperator.

15. Iteration With Error

In a survey of the field several years after the publication of the results tepboee,

Axelrod and Dion, chronicle several successeBRar and modifications of it. They conclude
that “research has shown that many of Axelrod's findings...can be generalizethys skt

are quite different from the original two-player iterated Prisoner'siibila game.” But in
several reasonable settinOST has serious drawbacks. One such case, noted in the Axelrod
and Dion survey, is when attempts are made to incorporate the plausible assumption that



players are subject to errors of execution and perception. There are a number bifsicaays t

be done. Bendor, for example, considers “noisy payoffs.” When a player cooperates while its
opponent defects, its payoff$e, whereeis a random variable whose expected value is 0.
Each player infers the other's move from its own payoff, andesig gufficiently high its

inference may be mistaken. Sugden (pp 112-115) considers players who have a certain
probability of making an error of execution that is apparent to them but not their opponents.
Such players can adopt strategies by which they “atone” for mistaken defectiomsgoy be

more cooperative on later rounds than they would be after intended defection. Assuming that
players themselves cannot distinguish a mistaken move or observation from a real one,
however, the simplest way to model the inevitability of error is simply to forbid lebemp
deterministic strategies liIKEFT, replacing them with “imperfect” counterparts, like “imitate

the other player's last move with 99% probability and oppose it with 1% probability.”
Imperfect TFT is much less attractive than its deterministic sibling, because when two
imperfect TFT strategies play each other, an “error” by either one will set off a long chain of
moves in which the players take turns defecting. In a long iterated game between two
imperfect TFT's with any probabilityp of error, 0 g < 1/2, players will approach the same
average payoffs as in a game between two strategies that choose randondg betwe
cooperation and defection, namely B4P+S+T). That is considerably worse than the payoff

of R, that results whep=0.

The predominant view seems to be that, when imperfection is inevitable, succestdgiest
will have to be more forgiving of defections by their opponents (since those defectidrts mig
well be unintended). Molander 1985 demonstrates that strategies thBEmixith Cu do
approach a payoff d® as the probability of error approaches zero. When these mixes play
each other, they benefit from higher ratioCofto TFT, but if they become too generous,
they risk exploitation by “stingy” strategies that nfikT with defection. Molander calculates
that when the mix is set so that, following a defection, one cooperates with prologRiliey

T, 9=min{1-(T-R)/(R-S), (R-P)/(T-P)}, the generous strategies will get the highest score with
each other that is possible without allowing stingy strategies to do bettestapaim than

TFT does. Following Nowak and Sigmund, we label this strajeggrous TFT, or GTFT.

The idea that the presence of imperfection induces greater forgiveness orityeisevasy/
plausible for low levels of imperfection. As the level of imperfection approaches 1/2,
Imperfect TFT becomes indistinguishable from the random strategy, for which the very
ungenerouu is the best reply. A simulation by Kollock seems to confirm that at high levels
of imperfection, more stinginess is better policy than more forgiveness. But BenaimeiK

and Swistak note that the strategies employed in the Kollock simulation are neénegtige

and so the results must be interpreted with caution.

A second idea is that an imperfect environment encourages strategies to obgerve the
opponent's play more carefully. In a tournament similar to Axelrod's (Donninger)ah whi
each player's moves were subject to a 10% chance of altefldibrfinished sixth out
twenty-one strategies. As might have predicted on the dominant view, it was bedten by t
more generousit-for-Two-Tats (which cooperates unless defected against twice in a row).
It was also beaten, however, by two versionB@ivning, a program that bases each new
move on its best estimate how responsive its opponent has been to its previous moves. In
Axelrod's two original tournament®owning had ranked near the bottom third of the
programs submitted. Bendor (1987) demonstrates deductively that against impetegies
there are advantages to basing one's probability of defection on longer histories than does
TFT.



One clever implementation of the idea that a strategies in an imperfect eramtcstrould

pay attention to their previous interactions is the family of “Pavlovian” stest@gvestigated

by Kraines and Kraines. For each natural numbafsPavlov, orP,, adjusts its probability of
cooperation in units of &/ according to how well it fared on the previous round. More
precisely, ifP, was cooperating with probabilifyon the last round, then on this round it will
cooperate with probabilitg[+](1/n) if it received the reward payoff on the previous round,
p[-](1/n) if it received the punishment payofl+](2/n)if it received the temptation payoff,
andp[-](2/n) if it received the sucker payoff. [+] and [-] are bounded addition and
subtraction, i.ex[+]y is the sunx+y unless that number exceeds one, in which case it is one
(or as close to one as the possibility of error allows) xgAy is similarly eitherx-y or close

to zero. Strictly speakindp, is not fully specified until an initial probability of cooperation is
given, but for most purposes the value of that parameter becomes insignificant iarglyffic
long games and can be safely ignored. It may apped®thatjuires far more computational
resources to implement than, saifT. Each move for the latter depends on only on its
opponent's last move, whereas each move@{fas a function of the entire history of previous
moves of both player®&,, however, can always calculate its next move by tracking only its
current probability of cooperation and its last payoff. As its authors maintain, ¢nis $i&e

“a natural strategy in the animal world.” One can calculate tha>fbrP, does better against
the random strategy than doEST . More generallyP, does as well or better thair T

against the generous unresponsive stratépethat always cooperate with fixed probability
p>1/2 (because an occasional temptation payoff can teach it to exploit the unresponsive
strategies.) In these cases the “slow learner” versions of Pavlov with hidines wén do

slightly better than the “fast learners” with low values. Against responisategies, like

other Pavlovian strategies améiT, P, and its opponent eventually reach a state of (almost)
constant cooperation. The total payoff is then inversely related to the “trainmg tien, the
number of rounds required to reach that state. Since training tifyevafies exponentially

with n, Kraines and Kraines maintain tli&tor P, are to be preferred to other Pavlovian
strategies, and are close to “ideal” IPD strategies. It should be noted, howewshdha
(deterministic)TFT plays itself, no training time at all is required, whereas when a Pavlovian
strategy play§ FT or another Pavlov, the training time can be large. Thus the cogency of the
argument for the superiority of Pavlov ovigfT depends on the observation that its
performance shows less degradation when subject to imperfections. It is also worth
remembering that no strategy is best in every environment, and the criteria usetse dé
various strategies in the IPD are vague and heterogeneous. One advantage of the eyolutiona
versions of the IPD discussed in the next section is that they permit more carefubtion

and evaluation of success criteria.

16. Evolution

Perhaps the most active area of research on the PD concerns evolutionary versions of the
game. A population of players employing various strategies play IPDs among lthesnse

The lower scoring strategies decrease in number, the higher scoring inandabe, process

is repeated. Thus success in an evolutionary PD (henceforth EPD), requires doinighwell w
other successful strategies, rather than doing well with a wide range efistsat

The initial population in an EPD can be represented by a set of gairsi( ...(pn, S)}
wherepy, ..., p, are the proportions of the population playing strategjies., s,,

respectively. The description of EPDs given above does not specify exactly how the
population of strategies is to be reconstituted after each IPD. The usual assumgttbe, a
most sensible one for biological applications, is that a score in any round indicatdatthe r
number of “offspring” in the next. It is assumed that the size of the entire populatien sta
fixed, so that births of more successful strategies are exactly offsehttns aé less



successful ones. This amounts to the condition that the proppftioheach strategg in the
successor population is determined by the equatterp;(Vi/V), whereV; is the score of in

the previous round andis the average of all scores in the population. Thus every strategy
that scores above the population average will increase in number and every one that scores
below the average will decrease. This kind of evolution is referred to as “rephiyatamics”

or evolution according to the “proportional fitness” rule. Other rules of evolution are gossibl
Bendor and Swistak argue that, for social applications, it makes more sense to think of the
players as switching from one strategy to another rather than as coming into aisteotex
Since rational players would presumably switch only to strategies thateeédke highest

payoff in previous rounds, only the highest scoring strategies would increase in numbers. A
variety of other possible evolutionary dynamics are described and discussed in Kuhn 2004.
Discussion here, however, will primarily concern EPDs with the proportional fitakess

Axelrod, borrowing from Trivers and Maynard Smith, includes a description of the ERD wit
proportional fitness, and a brief analysis of the evolutionary version of his IPD tournament
For Axelrod, the EPD provides one more piece of evidence in favidé of

TIT FOR TAT had a very slight lead in the originalirnament, and never lost this lead in
simulated generations. By the one-thousandth ggoeriawas the most successful rule and
still growing at a faster rate than any other rule.

Axelrod's EPD tournament, however, incorporated several features that might leeldeem
artificial. First, it permitted deterministic strategies in a néise-environment. As noted
above,TFT can be expected to do worse under conditions that model the inevitability of
error. Second, it began with only the 63 strategies from the original IPD tournamemssSuc
against strategies concocted in the ivory tower may not imply success afjaimsse that
might be found in nature. Third, the only strategies permitted to compete at a giveweatag
the survivors from the previous stage. A more realistic model, one might argue, wowid all
new “mutant” strategies to enter the game at any stage. Changing thisahure faight well
be expected to huiitFT. For a large growth in thEFT population would make it possible
for mutants employing more naive strategies tketo regain a foothold, and the presence of
these naifs in the population might favor nastier strategie®likeverTFT .

Nowak and Sigmund simulated two kinds of tournaments that avoid the three questionable
features. The first examined the family of “reactive” strategies. lppeobabilitiesy, p, and

g, R(y, p, 9) is the strategy of cooperating with probabijitin the first round and thereafter

with probabilityp if the other player has cooperated in the previous round, and with
probabilityq if she has defected. This is a broad family, including many of the strategies
already considere€u, Du, TFT, andCp areR(1,1,1),R(0,0,0),R(1,1,0), andR(p, p, p). To
capture the inevitability of error, Nowak and Sigmund exclude the deterministiegsés,
wherep andq are exactly 1 or 0, from their tournaments. As before, if the game is sufficiently
long (andp andq are not integers), the first move can be ignored and a reactive strategy can
be identified with it andq values. Particular attention is paid to the strategies close to
Molander'sGTFT described above, whepel andg=min{1-(T-R)/(R-S), (R-P)/(T-P). The

first series of Nowak and Sigmund's EPD tournaments begin with representatptessaf
reactive strategies. For most such tournaments, they found that evolution ledibiet@rs

Du. Those strategieR(p, ) closest tdr(0,0) thrived while the others perished. When one of
the initial strategies is very closeT&T, however, the outcome changes.

TFT and all other reciprocating strategies (ned)jlseem to have disappeared. But an
embattled minority remains and fights back. The tigkns when ‘suckers’ are so decimated
that exploiters can no longer feed on them. Slawffjrst, but gathering momentum, the
reciprocators come back, and the exploiters nowewBnt theTFT -like strategy that caused
this reversal of fortune is not going to profitimat: having eliminated the exploiters, it is



robbed of its mission and superseded by the sirafegest taGTFT. Evolution then stops.
Even if we introduce occasionally 1% of anotheatstgy it will vanish.

On the basis of their tournaments among reactive strategies, Nowak and Sigmurtdreahjec
that, whileTFT is essential for the emergence of cooperation, the strategy that actually
underlies persistent patterns of cooperation in the biological world is more oKedy3TFT .

A second series of simulations with a wider class of strategies, howeved, tioece to revise
their opinion. The strategies considered in the second series allowed each plagerit® ba
probability of cooperation on its own previous move as well as its opponent's. A strategy can
now be represented &1, P2, P3, Pa) Whereps, p2, Ps, P4 are the probabilities of defecting

after outcomes(, C), (C, D), (D, C), and D, D), respectively i.e., after receiving the reward,
sucker, temptation and punishment payoffs. (Again, we can ignore the probability ofngefecti
on the first move as long as the are not zero or one.) The initial population in these
tournaments all play the random strat&g, .5, .5, .5) and after every 100 generations a
small amount of a randomly chosen (hon-deterministic) mutant is introduced, and the
population evolves by proportional fitness. The results are quite different than befere. Aft
10’ generations, a state of steady mutual cooperation was reached in 90% of the simulation
trials. But less than 8.3% of these states were populated by player3E$ireg GTFT. The
remaining 91.7% were dominated by strategies clo$€1t@,0,1). This is the just the

Pavlovian strategl; of Kraines and Kraines, which cooperates after receRiagT and

defects after receiving or S. Kraines and Kraines had been somewhat dismissiRe dhey
recall that Rapoport and Chammabh, who identified it early in the history of game liagory
labeled it “simpleton” and remark that “the appellation is well deserved”. Ineé@s the
unfortunate characteristic of trying to cooperate \Withon every other turn, and agaii$tT

it can get locked into the inferior repeating series of payofis S T, P, S ... . But Nowak

and Sigmund's simulations suggest that these defects do not matter very much ionewgluti
contexts. One reason may be tRahelps to make its environment unsuitable for its enemies.
Du does well in an environment with generous strategiesCliker GTFT. TFT, as we have
seen, allows these strategies to flourish, which could pave the way .fdhus, although

TFT fares less badly againdu thanP; doesP; is better at keeping its environment free of
Du.

Simulations in a universe of deterministic strategies yield results gfféesdt than those of
Nowak and Sigmund. Bruce Linster (1992 and 1994) suggests that natural classes of
strategies and realistic mechanisms of evolution can be defined by represeatagyes as
simpleMoore machinesFor exampleP; is represented by the machine pictured below.

Figure 5

This machine has two states, indicated by circles. It begins in the leftntesiT$teC in the
left circle means that the machine cooperates on the first move. The arrow feadirige



left to the right circle indicates that machine defects (ente®)tlagter it has cooperated
(been in theC state) and its opponent has defected (the arrow is labebd lbgster has
conducted simulations of evolutionary PD's among the strategies that can bentegriege
two-state Moore machines. It turns out that these are exactly the detecmigisions of the
S strategies of Nowak and Sigmund. Since the strategies are deterministiastve
distinguish between the versions that cooperate on the first round and those that defect on the
first round. Among the first round cooperatd§),0,0,0),50,0,0,1),50,0,1,0) and
$(0,0,1,1) all represent the strategy of unconditional cooperation. Similarly, four of the
first-round defectors all represddti. Each of the othe®(py, p2, ps, Pa) Whereps, p2, ps, ps are
either zero or one represent unique strategies. By deleting the six duplicatesdrthirty-
two deterministic versions of Nowak and Sigmund's strategies, we obtain the-sixenty
“two-state” strategies considered by Linster.

Linster simulated a variety of EPD tournaments among the two-state isisatégme used
“uniform mutation” in which each strategy in the population has an equal probabdity
mutating into any of the other strategies. Some used “stylized mutation” in whichlyhe
mutations permitted are those that can be understood as the result of a single “broken link”
the Moore machine diagrams. In some, mutations were assumed to occur to a tiny proportion
of the population at each generation; in others the “mutants” represented an invading force
amounting to one percent of the original population. In some, a penalty was levied for
increased complexity in the form of reduced payoffs for machines requiring me®@ta

more links. As one might expect, results vary somewhat depending on conditions. There are
some striking differences, however, between all of Linster's results and thoseait Bnd
Sigmund. In Linster's tournaments, no single strategy ever dominated the surviving
populations in the way th& andGTFT did in Nowak and Sigmund's. The one strategy that
did generally come to comprise over fifty percent of the population was the iritially
cooperating version &(0,1,1,1). This is a strategy whose imperfect variants seem to have
been remarkably uncompetitive for Nowak and Sigmund. It has been frequently discussed in
the game theory literature under the |aBBIM or TRIGGER. It cooperates until its

opponent has defected once, and then defects for the rest of the game. According to Skyrms
(1998) and Vanderschraaf, both Hobbes and Hume identified it as the strategy that underlies
our cooperative behavior in important PD-like situations. The explanation for the diszyrepa
betweenGRIM's performance for Linster and for Nowak and Sigmund probably has to do
with its sharp deterioration in the presence of error. In a match between two ohperfe

GRIM s, an “erronious” defection by either leads to a long string of mutual defections. Thus,
in the long run imperfed6RIM does poorly against itself. The other strategies that survived
(in lesser numbers) Linster's tournamentsi&é&, P;, Cu, and the initially-cooperative

$(0,1,1,0). (Note that imperfe@RIM is also likely to do poorly against imperfect versions

of these.) The observation that evolution might lead to a stable mix of strategregp§each
serving to protect others against particular types of invaders) rather thatealsimgant

strategy is suggestive. Equally suggestive is the result obtained underpeféay sonditions

in which evolution leads to a recurring cycle of population mixes.

One might expect it to be possible to predict the strategies that will pregiDs meeting
various conditions, and to justify such predictions by formal proofs. Until recently, however,
mathematical analyses of the EPD have been plagued by conceptual confusions about
“evolutionary stability,” the condition under which, as Nowak and Sigmund say, “evolution
stops”. Axelrod and Axelrod & Hamilton claim to show tR&T is evolutionarily stable.

Selten 1983, includes an example of a game with no evolutionarily stable strategy, and
Selten's argument that there is no such strategy clearly appliesEBEne&nd other

evolutionary games. Boyd and Lorberbaum and Farrell and Ware present still diffexist
demonstrating that no strategies for BRRD are evolutionarily stable. Unsurprisingly, the



paradox is resolved by observing that the three groups of authors each employ slightly
different conceptions of evolutionary stability. The conceptual tangle is unravelegiiies

of papers by Bendor and Swistak. Two stability concepts are described and applied to the
EPD below. Readers who wish to compare these with some others that appear irathesliter
may consult the following brief guide:

Concepts of Stability in Evolutionary Games

A strategys for an evolutionary game hasiversal strong narrow stabilit{*fusn-stability”) if
a population playing strategywill, under any rule of evolution, drive to extinction any
sufficiently small group of invaders all of which play the same strategy. An evtduy
game has usn-stability just in case it meets a simple condition on payoffsedeyif
Maynard Smith:

MS) For all strategieg, V(i, i) > V(j, i) or bothV(i, )=V(j, i) andV(i, j)>V(, })

(Here, and in what follows, the notati®i, j) indicates the payoff to strategwheni plays

j.) MS says that any invaders do strictly worse against the natives than the thatinsslves

do against the natives or else they get exactly the same payoff againsivée asmthe

natives themselves do, but the native does better against the invader than the invaller himse
does.

For any strategyin the IPD (or indeed in any iterated finite game), however, there are
strategieg different fromi such thaf mimics the way plays when it plays againisorj. The
existence of these “neutral mutants” implies that MS cannot be satisfied and BD ha&
usn-stability. This argument, of course, uses the assumption that any strategienatbe
game is a possible invader. There may be good reason to restrict the availtagestriaor
example, if the players are assumed to have no knowledge of previous interactions, then it
may be appropriate to restrict available strategies to the unconditional onesa $aic of
players then get the same payoffs in every round of an iterated game, we mayaiswel
each round of the evolutionary game to be one-shot games between every pair of players
rather than iterated games. Indeed, this is the kind of evolutionary game that Mayitard S
himself considered. In this framework, any strat8gych that$, S) is a strict nash
equilibrium in the underlying one-shot game (including unconditional defection in the PD)
meets the MS condition. Thus MS and usn-stability are non-trivial conditions in some
contexts.

A strategys hasrestricted weak broad stabilityjwb-stability) if, when evolution proceeds
according to the proportional fitness rule and the native population is p&yng (possibly
heterogeneous) group of invaders of sufficiently small size will fail to drivedtiees to
extinction. This condition turns out to be equivalent to a weakened version of MS identified
by Bendor and Swistak.

BS) For all strategieg, (i, i) > V(, i) or bothV(i, )=V, i) andV(i, |)>V(, j)

BS and rwb-stability are non-trivial conditions in the more general evolutionangark:

strategies for the EPD that satisfy rwb-stability do exist. This does nmiubenly vindicate

any of the strategies discussed above, however. Bendor and Swistak prove a result analogous
to the folk theorem mentioned previously: If the shadow of the future is sufficiergéy lar

there are rwb-stable strategies supporting any degree of cooperation fromaeeo®ne

way to distinguish among the strategies that meet BS is by the size of thenmeagiired to
overturn the natives, or, equivalently, by the proportion of natives required to maintain

stability. Bendor and Swistak show that this numberphemal stabilizing frequengyever
exceeds 1/2: no population can resist every invading group as large as itself. Titaynmai

that this result does allow them to begin to provide a theoretical justificatiorxébroél's



claims. They are able to show that, as the shadow of the future approaches one, apy strateg
that is nice (meaning that it is never first to defect) and retaliatorynfrgethat it always

defects immediately after it has been defected against) has a mirambisty frequency
approaching one half.FT has both these properties and, in fact, they are the first two of the
four properties Axelrod cited as instrumental'tl 's success. There are, of course, many
other nice and retaliatory strategies, and there are strategieB;{litkat are not retaliatory

but still satisfy rwb-stability. But Bendor and Swistak are at least ableote that any

“maximally robust” strategy, i.e., any strategy whose minimum stabilizeguency

approaches one half, chooses cooperation on all but a finite number of moves in an infinitely
repeated PD.

Bendor and Swistak's results must be interpreted with some care. First, one shouid keep i
mind that no probabilistic or noise- sensitive strategies can fit the definiti@ithef “nice”
or “retaliatory” strategies. Furthermore, imperfect versionsraf do not satisfy rwb-
stability. They can be overthrown by arbitrarily small invasions of deternuiBii or,
indeed, by arbitrary small invasions of any less impeiffédt. Second, one must remember
that the results about minimal stabilizing frequencies only concern weaktgidiihe
number of generations is large compared with the original population (as it often is in
biological applications), a population that is initially composed entirely of @araploying
the same maximally robust strategy, could well admit a sequence of smalhongaoiups
that eventually reduces the original strategy to less than half of the populatibat point
the original strategy could be overthrown.

It is likely that both of these caveats play some role in explaining an appareepdrsoy
between the Bendor/Swistak results and the Nowak/Sigmund simulations. One would expect
Bendor/Swistak's minimal stabilizing frequency to provide some indication ofrtgthlef
time that a population plays a particular strategy. A strategy requirimgeaifevasion to
overturn is likely to prevail longer than a strategy requiring only a small invasion. A
straightforward calculation reveals thgthas a relatively low minimum stabilizing
frequency. It is overturned by invasions of unconditional defectors exceeding 10% of the
population. Yet in the Nowak/Sigmund simulatioRs/ike strategies predominate ovEFT -
like strategies. Since the simulations required imperfection and since treraigel a
sequence of mutants vastly larger than the original population, there is no real cbotradi
here. Nevertheless the discrepancy suggests that we do not yet have a theoretical
understanding of EPDs sufficient to predict the strategies that will emedge various
plausible conditions.

Like usn-stability, the concept of rwb-stability can be more discriminatingsifrelativized to

a particular set of strategies. Molander's 1992 investigation of Schellingyspeeson

version of the PD, for example, restricts attention to the farily {., S,} of TFT-like

stratgies. A player adoptirf§ cooperates on the first round and on every subsequent round
after at least others cooperate. By construing stability as resistance to invasions by other
family members, Molander is able to show that there are conditions under which agrartic
mix of two of theS's (one equivalent tbu) is uniquely stable. The significance of results
like these, however, depends on the plausibility of such limitations on the set of peemissibl
strategies.

17. Spatial PDs

A previous section discussed a controversial argument that cooperation is ratioRBl in a
when each player knows that the other is enough like himself to make it likely thatifthey w
choose the same move. An analog of this argument in the evolutionary context is more



obviously cogent. If agents are not paired at random, but rather are more likely to pigy othe
employing similar strategies, then cooperative behavior is more likely t@emer

There are at least three mechanisms by which this kind of “association” amoexg [glay be
achieved. One such mechanism in evolutionary PDs has been widely studied under the label
“spatial PD.” Players are arranged in some “geographical” arrangenmenin@y be an array

with a rectangular boundary, for example, or a circle, or surface of a sphere c& stidac

torus with no boundary. From the geographical arrangement two (possibly identical) kinds of
neighborhoods are identified for each player. Agents meet only those in their tiot€rac
neighborhood, and the evolutionary dynamics considers only the payoffs to those in their
“comparison” neighborhood. Generally, the evolutionary dynamics employed is one of
“winner imitation” within the interaction neighborhood. (This can model either thehdga t

each player is invaded by its most successful neighbor or the idea that each plagethadopt
most successful strategy that it sees.) Because both evolution and interactiooah’

players are more likely (after the first round) to meet those playinggéasaiée their own in

an SPD than they would be in an ordinary evolutionary game. In addition to the “association”
effects, one should also keep in mind that the outcome of SPDs may be influenced by winner
imitation dynamics, which may drive to extinction strategies that might suranel

eventually predominate—uwith the replicator dynamics more commonly employed in grdinar
EPDs.

As usual, the impetus for looking at spatial SPDs seems to come from Axelrod. Fosrodopie
each of the 63 strategies submitted to Axelrod's tournament were arranged onitngrid w
spherical geometry so that each cell had four neighbors for both interaction and comparis
For every initial random distribution, the resulting SPD eventually reachec:avtate the
strategy in every cell was cooperating with all its neighbors, at which point herfurt

evolution is possible. Only about ten of the 63 original strategies remained in thesatesd-s
and they were no longer randomly distributed, but segregated into clumps of various sizes.
Axelrod also showed that under special conditions evolution in an SPD can create Gugcessi
of complex symmetrical patterns that do not appear to reach any steady-stdigiaqui

To get an idea of why cooperative behavior might spread in this and similar frameworks,
consider two agents on either side of a frontier between cooperating and non-cooperating
subpopulations. The cooperative agent sees a cooperative neighbor whose four neighbors all
cooperate, and who therefore gets four times the reward payoff after playingltHeonhe

will imitate this neighbor's strategy and remain cooperative. The non-coopergéng on

the other hand, sees his cooperative counterpart, who gets three reward payoffs from his
cooperative neighbors and one sucker payoff. He compares this to the payoffs of his non-
cooperatiave neighbors. The best these can do is to get three punishments and a temptation.
So, as long asBSexceeds B+T, the non-coperative agent on the frontier will adopt the
strategy of his cooperative neighbor. Axelrod's payoffs of 5,3,1 andlQ RIP andS do

meet this condition.

Nowak and May have investigated in greater detail SPDs in which the only permitted
strategies ar€u andDu. (These are the strategies appropriate among individuals lacking
memory or recognition skills.) They find that, for a variety of spatial configurstiand
distributions of strategies evolution depends on relative payoffs in a uniform way. When the
temptation payoff is sufficiently high, clustersiofi grow and those d€u shrink; when it is
sufficiently low, theDu clusters shrink and ti@u ones grow. For a narrow range of
intermediate values, we get more of the complicated patterns noted above. The evolving
patterns exhibit great variety. For a given spatial configuration, however, ithefrdte two
strategies seems to approach the same constant value for all initial destalmitstrategies



and all payoffs within the special range. More recently, Nowak, Boenhoeffer and May have
observed similar phenomena under a variety of error-conditions identified by Mukherji and
Rajan, although cooperators seem to require lower relative temptation valuegtoiticier
these conditions, and the level of error must be sufficiently low.

Grim, Mar and St Denis report a number of SPD simulations with a greater drirityal
strategies. In general their observations confirm the plausible conjectucedpatative
outcomes are more common in SPDs than ordinary EPDs. Simulations starting ofitinell
pure reactive strategies of Nowak and Sigmund (i.e., all of the strakgigs q) described
above wherg, p andq are either 0 or 1.), all ended witlr T (i.e., withR(1,1,0)) as the only
survivor (though other outcomes—including one in whichis the sole survivor and ones in
which Cu andTFT are intermixed—are clearly possible.) Simulations of the 64 possible pure
strategies in which a move may depend on the opponent's previous two moves, ended with
mixed populations of survivors all of whom defect after two defections, cooperatenafter
cooperations and cooperate in the second round of the game. (Again, other outcomes are
possible.) Simulations with many (viz., 100) evenly distributed samples of Nowak and
Sigmunds mixed reactive strategies, tended to be taken oR€rd8; .1), which is a version

of generoud FT with slightly less generosity thasTFT . Simulations beginning with a

random selection of a few (viz., 8) of these strategies tended to evolve to a mixedistabl
cyclic pattern dominated by a single version of genefdétis with considerably more

generosity thaGTFT . R(.99, .6) seems to have been a frequent victor.

The “geographical” aspect of SPD's need not be taken too literally. For sociabpp8,

and probably even for biological ones, there seems to be no motivation for any particular
geometrical arrangement. (Why not a “honeycomb,” for example, where each aggart has
neighbors, rather than a grid where each agent has four?) The interest in SPDalgyesum
lies in the insight that my “neighborhood” of interaction and my “neighborhood” of
comparison, is much smaller than the population as a whole even if it turns out not to be
limited by details of physical geography. Nevertheless SPD models of the evolution of
cooperation in particular geometrical arrangements have given us some seggesiretty
pictures to contemplate. Several examples are accessible through the heksrat of this
entry.

18. PDs and Social Networks

One way to make the idea of local interaction more realistic for some appig&tito let the
agentschoosehe partners with whom to interact, based on payoffs in past interactions.

Skyrms 2004 considers iterated PDs among a population of unconditional cooperators and
defectors. Initially, as usual, each agent chooses a partner at random from thmgema

members of the population. For subsequent interactions, however, the odds of choosing that
partner are adjusted, according to either the payoffs from previous times that wagne

chosen, or (more realistically) the payoffs from previous times that theredrasberaction

with that partner (regardless of which one was “chooser”). In a typical PD, vilegpayoffs

for temptation, reward, punishment and sucker are 3,2,1 and 0, both cooperators and defectors
eventually choose only cooperators. Since the cooperators are chosen by both cooperators and
defectors, they play more often than the defectors who play only when they are chosen. If we
assume that there is an equal division between cooperators and defectors, then cooperators
can expect a return of two reward payoffs, while defectors can expect a return of one
temptation payoff. So with payoff structure indicated, cooperators do better, even svith thi
“‘one-way” association. The story may unfold somewhat differently in what Skyissan
“attenuated” PD, where the payoffs are, let us say, 2.01, 2, 1.98, and 0. (We might think of

this as the “Just Don't Be a Sucker” game.) Here, as before, the cooperators garokhot



to choose defectors as partners. The defectors get roughly the same payoffstivether
choose cooperators or defectors as partners. Since they rapidly cease being chosen by
cooperators, however, their returns from interactions with cooperators will Hbdeseturns
from defectors and they will soon limit their choices to other defectors. (lperiamt to
understand here that the learning algorithm that determines the probabilitinkevdict with
agenta depends ototal returns from interacting with (or totalrecentreturns from

interacting witha) rather tharaveragereturns from interacting wit.) So in the attenuated
game we end up with perfect association: defectors play defectors and coopeagtors pl
cooperators. Since the reward payoff slightly exceeds the punishment payoff, thawossper
again do better than the defectors.

The social network games considered above are not really evolutionary PDs in the sense
described above. The patterns of interaction evolve, but the strategy profile of the populati
remains fixed. It is natural to allow both strategies and probabilities ofcgtitardo evolve
simultaneously as payoffs are distributed. Whether cooperation or defection (or)neithe
comes to dominate the population under such conditions depends on a multitude of factors:
the values of the payoffs, the initial distribution of strategies, the relatiee sfi¢he

adjustments in strategy and interaction probabilities, and other properties ofatbose t
evolutionary dynamics. Skyrms 2004 contains a general discussion and a number of
suggestive examples, but it does not provide (or aim to provide) a comprehensive account of
social network PDs or a careful analysis of precise formulations to properly pasteular
phenomena. Much remains unknown.

19. Group Selection and the Haystack PD

A third mechanism by which players can be made more likely to meet those likeltremmise

to consider a more sophisticated dynamics of evolution that operates on groups of players as
well as on the individuals within those groups. There has been a heated debate among
biologists and philosophers of biology about the appropriate “units of selection” on which
natural selection operates. The idea that in many cases it makes sense tceakeithéo be
groups of individuals (instead of, or in addition to, genes or individuals) has recently been
resuscitated as a respectable and plausible viewpoint. (See Sober and Wilsonroadls
Sober for a history and impassioned defense of this resuscitation.) For culturabey et

idea is equally plausible—within-group behavior may be in equilibrium, but the equilibria
reached by different groups may be different. Less successful groups mag,ibetegplaced

by, or lose members to, more successful groups. Sober and Wilson sometimes write as if
evolutionary game theory is afternativeviewpoint to group selection, but it is important to
understand that this is only true of simple evolutionary models like those presented above.
More sophisticated evolutionary games are possible. Consider, for example, avsirsiole

of thehaystack modadriginally described by John Maynard Smith. Pairs of players from a
large population pair randomly. Each pair colonizes a single haystack. The pair plays a
prisoners dilemma and the payoffs to an individual determine the number of offspring of that
individual in the next generation. (Parents die when the children are born.) The members of
the colony pair randomly with other members and play the PD for some fixed number of
generations. Then the haystacks are torn down, the population mixes and random pairs
colonize next season's haystacks. One simple way to represa+geheratiorhaystack PD

as we might call it is to view it as a game between the two initial founders gé@atlawith

the payoff to a founder being set to the number of living descendants who are using his
strategy. (This idea is suggested in Bergstrom and reported in Skyrms 2004.)rfpleexa
supposa=3 and the temptation, reward, punishment and sucker payoffs are set to 5,3,1,0.
Then, if Player One cooperates and player Two defects, the payoff to Player QyeeQyil
because a cooperator gets 0 offspring in the second, and any subsequent, generation. The



payoff to player Two will be 5 because the defector has five (like-minded) offspniogga

the second generation and each of these has one in the third generation since there are no
cooperators left to meet. The full payoff matrix for the four generation haystacktR

payoffs 3,2,1, and O is given by the matrix below.

C D
Cc 88|03
D 30|11

As Skyrms 2004 notes, this matrix characterizes an ordinary Stag Hunt gam@ex def
above. In fact, Skyrms' observation is generally true. For any PD gafrreis sufficiently
large, then-generation haystack versiongfs a Stag Hunt. A simple argument for this result
is given in the following very short document:

Haystack PDs Become Stag Hunts
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