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ABSTﬁACT
The iterétiye two person Prisoners’ Dilemma game has
been generalised tD £he N-person case. The nvolut1nn pf
cooperat:on is explored by matching the T1t for—Tat(TFT)

strategy (Axelirod and Ham;]tnn 1981) against the selfish
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strategy. Extension of TFT to N-person situatjons yields
a graded set of strategies from the softest TFT,which
continues cooperation even if only one of the opponents

reciprocates it, to the hardest, which would do so only

when all the remaining opponents co-—-operate,

The hardest TFT can go to fixation against the
selfish provided it crosses a threshold frequency pc.
All the other TFTs are invadable by Dythe selfish or the
pure dafector strategy, while une can invade D, Yet ,

provxded a threshold Pe la crossed ,  they can  coexist

,—;u

stably with D. A% N , the size of the group increases

EER AT i

the threshold P. also increases , indicating that the

i i v

evolution of cooperation is more difficult for targer

Lad it

groups. Under certain conditions only the soft TFTs can
cué;igig stably against the selfish strategy D , while
the hérder ones cannot. An interesting possibility of a
complete takeover of the selfish population by succesive

invasions by h;rder and harder TFT strategies is also

presented.
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1. INTRODUCTION

Explaining the evoluticii of cooperation within the
tramework of natural selection has been one of the
challenging problems for evolutionary theory. If two
individuals cooperate , each of theﬁ”bubht to be better
off than otherwise. However , if one of them ‘cheats’ "
1.e.y manages to get the benefit from the other without
cooperating in turn , he is Tikely to be much better
oft. The cheaters are thus expected to be at a selective
advantage. Trivers{(1971) . pointed out that this
phenomencn may be modelled by the two persons prisoner’s
dilemma game. Given a choice between cooperation and
cheating , it is always better to cheat since the
cheataer does better than the coopetrator regardless of
the what his opponent chooses. Both the players thus opt
for cheating and consequentiy are worse off than what
they ..would have been had they cooperated. Trivers also
showed:that if the same individuals interact repeatedly
( dterated version of the prisoners’ dilemma game ) and
can.;base their choices on the ‘experience’ gained in
the .previous encounters y Cheating may not be the best
stratagy. He went on to show that a large degree of
asymmetry between the benefits and costs assoclated with
the acts of cooperation could tead to the evolution of

reciprocal altruism.
A formal model for the evolution of cooperation based

on reciprocal interactions has been investigated by

L



Axelrod and Hamilton (1981). They consider the iterated
version of the prisoner’‘s dilemma game , and adopt a
prabablistic treatment for the frequency of repeated
interactions between the same pair of individuals. lUnder
this scenario a rich variety of complex strategies is
possible. From an analysis of these strategies they have
been . able to identify a set of robust and evolutionarily
stablie, cooperative strategies.

Inipature , however , an individual often interacts
simul taneously with several individuals. It is therefore
of - interest to mode; such situations as N-person
versions of the iterated two person game . We therefar
explore in this paper the outcomes of competition
between the selfish strategy and the tit for tat(TFT)
strategy proposed by A. Rapoport which was highly
successful ﬂﬂ the computer tournament amongst various
strategies d;ganised by Axelrod {(Axelrod,i1984). An
extension of TFT to N-person situations leads to a set
of graded strateeies, and we find that some of these can
coexist in stable equillibriwe wikh the sal fish
stmétegy.

:»:.The basic model including the payoff matrices and
the .dynamics of genotype frequencies is described in
section 2. The results of competition between two
interacting strategies are described in section 3, while

s@ction 4 deals with situations invalving more than two

strategies at a time.
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2. THE MODEL
2.1. Payoffs to the players.

‘:The two actions open to any player on a given play.
are cooperate (C) or defect (). For a two PErsln gamne,
the four possible combinations of the choices by the two
players are CC, CD, D€ and DU where the successive
letters indicate the choice made by the first and the
second ptayer respectively. The same notation can be
used to denote the payoff obtained by the first player
a% a result of the choices. Thus, if the outcome is Co,
the payoff to the first player is also denoted by CD,
and ﬁhg value of the payoff to the secoand player DC. We
assume  that the elements of the payof+ @atrix satisfy
the inequality DC > CC > 0D > CD as in the prisoner’s
dil emma:

iy an N-person game, each participant faces N-1
opponents . Each can choose either C or D. The payoff
to any: player then depends on his strategy , as well as
the ' strategies chesen by its N-1 opponents . Let n of
the opponents of a Player choose U aind lev 1o o] {rew
D. " We :take the payoff to a player Choosing U oop i oas
f(C) or (D), where

FAC)=Ln JCC+ (N=1-n) .CD1/ {N-1)

(D) =ln,DC+ (N~-1-n) .DBI/ (N~1) venall)

In other words, We assume that the payoff accruing

to a‘playgr is the average pPayotff the player would have

h
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received in series of two person games with each of the
opponents separately, the choices of strategies by each

player remaining unaltered.

2.2. The Iterated Prisoners’ Dilemma Game

In the itgéatad version, the same participants
may interact more than once. Under these conditions,
thel_sirategy for each game (inte;actinﬁi could be
speéified in terms aof the choictes wade by each player
and its opponents in their previous interaction. The
situations when players interact M times is customarily

referred to as a game consisting of M moves.

‘I¥ is assumed that the game played by each group
consists of at least one move. In one version, each game
consists of exactiy M moves. Alterhatively, the number

of moves ”ﬁ the game piayed by each group could be a

~ IR}

random variable. Following Axelrod and Hamilton, the
prbbébility of continuation of the game is taken to be
constant, denoted by w. Then the probability that the

game consists of exactly K moves is given by

FR S A

P = wlan ceeel2)

and M , the mean number of moves in a game , is 1/w.
2.3. DBynamics of genotype frequencies.
Mayriard Smith(l1974) initiaced Chie o .

[ SR BRI -

approach to modelling competitici D LWOEN L0 gt o H
others have combined this withn popo! SUon geoellos by

equating payoffs with genetic fitnesses. (Gadgil et al

&



1988, Hines 1988 , see Maynard Smith 1982). A similar

appreach is used here.

Consider an infinite population of asexual
BT He iyl s AsnL T LT - : Lo
organisms with nonoverlapping generations, and with

fréquéncy p aﬁd Iﬁp of ‘geﬁéy;,pu; -ﬁj unﬁ k
E;spectiveiy. ét the beginning-of Edcﬁdéenérdtlun, tﬂg
populagion is | 5ubdi§1dud it uf&uph,. with N
individuals per groug. Assuming random asscciatian,
tha frequency of groups containing exactly n

individuals of genotype A is given by

N sy
F(Ngm) = () p" (-pNP eeal3)
n : :
where! -
bodry N . N! .
{ } BB o s o s e

‘JJ'I (N-11)! n!

Each.'qenntypa is assumed tou code Ffor a specific
strategy. The payoff of an individual of genotype A,

when it is in a group containing n  individuals of type

i

B , and when K moves are made , is denoted by YA{K,P)-
The aveﬁage payotf of A is then given by
N-1 g
flA) = 2{@ F(N=1,n) 2:1 PUK) Y, (Kyn) el (B)
n= —]

where FP(K) is the probability that the N-~tuple plays

a game consisting of exactly X moves.

We assume that the average payoff of A measures the
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fitness of A. The mean fitness for the population is

then seen to be

f = p ) + -(1-p) +(B) E PR 4=

I
y

ana'$£ﬁe change in the frequency of A from the (mth) to

(m+1§t) generation is given by

P(m“‘]) = omme s p(m) tol-(él)

*ﬁrl the offspring of a given generation mix and
resettle in random associations of N individual each ;
they -then repeat the cycle to give rise to the next
generation. One can thus:study the change in freqguency
of 'éﬁy genotype , given the various payoffs associated
with the strategies of the competing ygenotypes. This

procedure can be readily generalised to a case where

more than two genotypes interact.

3

2i4T;;Elaments of the payoff matrix.
o As explained earlier, (mec . .2.1) if an individual
chooses the strategy ‘C°, itw payotf .. Licak o diehl
would be a linear combination of UL wid Gl vdogrnsndiog
on the strategies of the rest of 1i¢ COmpetlitors in the
group) , while a choize of ‘D’ would make it a linear
combination of ‘DC and DD. Hence , the average payoff of
4 genotype would be a linear combination of DC,CC,DD and

€h. It can be seen that if f(A) is greater than

f(B)for any value of frequency p , it will remains so if



aconstant term is added ‘to each of the elements of the
payoff matrix and/or if each is multiplied by a positive
constant. Therefore, without losé of generality, we can
take DC =41, CC =c, DD =3s and CD = @. Hence , the
effects.  of variétion in the values of the elements of
the. payoff wmatrii can be explored using only two
parameters, viZ. ¢ and §. o -

2.5+ The Strategies.

S We  would like to explore the success of various
co-operative strategies against the pure defector
strategy. ' As mentioned ‘earlier, ‘in a two person game,
the tit for tat strategy of A. Rapoport proved to -be
extremely successful in the ‘tournaments’ studied by
Axelrod. - Hence, - we consider - here possible
generalizations of the TFT strategy to N-person games ,
The TFT strategy uéea information about the choices made
by . the DpﬁﬁﬂFnt in the previous move (one step memory) .
For amatheméiical convenience , we exﬁlude strategies
which:ican exploit other kind of information ( the number
of - moves remaining to be played , for example ).

In an N~ person game, each individual has N-1
opponents. We define a TFT strategy of the type n
(@ <n< N~1 ) as follows : Co-operate on the first move.
From the next move onwards, continue to co-operate if at
least n of the opponents have co-operated ; else,

defect for the next move. Thus, n=0 corresponds to the

pure cooperative strategy. In the two person game , n

Db

EE0e



CENTRE FOR
SR ' " ECOLOGICAL SCIEMCES

can be either @ or 1, with n=i Corresponding to the TFT

stratééy of Rapoport , Ip 9eneral , for anp N-person
game, there would be N-l TFT strategies. The strategy
wzth n=N—1 is the hardest and n=1 the softest TFT. For

other varlants of TFT strategles v See Taylor (1974),

b J CDNPETITIDN~BETWEEN Two INTERACTING STRATEGIES

We con;ider first the CCompetition betweern pure I
and pure strategigts fal 1 owed by competition betwesn
pure D and various TFT strategies. It will pe seen that
whether one considers the total humber of moves in a
game as fixed ( at M ) 4y or whether they follow the
distrjbutinn described by eqn.(2) of section 2.2, the
outéoﬁe i% unchangeg for a twb*strategy interaction,
However; these two lead to different autcnmes when more
than two strategies interact. This resulit, as well ag

Ty i3

%0me implicationg of assuming a fixed number of moves
would'be discussed in section 4.
3.1. Competition between purs b and pure (.

Let the Frequenty of pure C in the population be
P: : The Probability of a pure f1nd1ng itself in g4
eroup containing exactly n ‘(o strategigt amongst itsg
opponents is FIN-1,n), according (o €qn.{3) . With such
a COmposition, Payoff to O

= Ame + (N‘l“ﬂ).@)/(““l)

b

aREc /s {N—1)

If the .gameg Played by such an N- tuple consistg of K

moves 4...the Payeff is

12



Yc(K,ﬂ) &= Knn-cl(N_l) -.-.(7)

Hence, the average payoff of [ in the population is

o ~1 [V
f(C) = %Z_ F(N-1,n) ;Z: PR YC(K,n)-
n=g K=&

N-1 o W-l o Y g
= 2 AR TR AT T P
Con=d N : = ' T N—]
I.I.(B)
from eqns.4,2,3 & 7. Regrouping the terms
c N-1 N-1 .
F(C) = —mmmme 7 nt yp (1 -pyN"1-D
N-1 n=a n ‘
o .
t> KW ig-wa
K=1
c
St (N 1) oM
N--1
= p.c.M suaalQ)

The term in the square bracket is the average
humber of moves in the games played by an N tup]é. The
payoff is thus seen to depend only on the mean valuae,
and not on the distribution of the number of moves
ini;héwgames played.

A very similar calculation shows that for O ,

YD(K,n) = K{(l.n + (N-1-n).8)/(N-1)

Ka(l-s)
LI —

and O N1

11



F(0) = pM{i=s) + Mg neea (18)

Hence {“{

‘
- Sk -

'F(D) - 'F(C) = p-m.(]"c’ + (]—p).M-S .I.l(ll)

This will be ; 8 for all values of p ; indicating
that D wnuld cont:&ue to increase in the population for
any value of p. Hence pure D goes tq fixation when in
competition with pure .

3.2. Competition between pure 0 and hardest TFT

The  hardest TFT strategist requires all  the
opponents ‘tn cownperate.for it to contiﬁue co~operation
in the subsequent moves . Hence |, in all the N-tuples
where at least Qne_D is presént, the TFTs switch over to
defectian atter Co-operating in the first move. Only in
the N—tupla thh all TFTs , ‘C- ;. chosen in every move.

If the frequency of TFT is Pyit is readily seen that

'..": EOA ,N-l
fD= 27 FN~1,n)  ((1-w). (. 1+ (N~1-n) .5)
i =@ N—-1
+ 2 K.FIK).s
K=2
= pll-s) + M.s ce(12)

Interesting]y, this is independent of N. For the TFT ’

N-2
FOFT) = 3 FiN-1,m) Lldzw.n.c + 3 kK. .s 3
N ] N—-1 .
oo K=
HIFINCLN-1 2 Kep)
K=1

12
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(M1 (c=8) + p.c + (M-1) .5 ceea{13)

= pN-1

Comparisaon of eqns. (12) and (13) shows that at p=p,
FAD) 2 (TFTY i.e., D jg uninvadable by TFT. On the
- other: hand vy at p=1
£4D) -~ F(TFT) = ] ; M-1) .5 ~ M,c
1f Mys and ¢ have values such that FAW<F(C) then TFT is
also  uninvadabile by D. 1In fact, trhe §ig.

8 = (Mec-1)/(M~1) Ce e WLk

s2parates the Fedlon i oy el whiere (R je

Uninvadable <(below the Tine) from the pne where it jg
invadableg (Fig.1)., With increasing M » @ larger regiaon
in the (c,d) sSpace becomes favourable tg TFT. As
e@xpected, the minimum value of M heeded for pure TFT tg
be uninvadable increases with & ang decreases with
increasing c,

w;hanr the range of Parameters  wie, o i+ i
unirivadable, there is a critical value of p given by

N-1

R

wherse the fitness pf the competing strategies jig equal

ML) (emm)op_(1-c-s) - g = g e (15)

Since f(D) increases linearly with Py F(C) increases
monntonici;*r With p, f(D)>F(C) at P=0 and f(D)<f () at
P=1l, there isg only one solution to this equation in the
range. 9-1., Moreover, this equi]librium between the two
sthategiés is unstable. In other words, once TFT
Crosses the threshold frequency P (by various
mechanisms, such as invasion by Clusters, discussed by

RN AT 4
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Axelrod and HMamilton (1981)), it will go to +ixation.

It is seen from eqn.({S) that p_ increasc. wilh o aﬁd
decreases with increasing M.aﬁd/ar C as expectei. Qtﬂer
 parameters remalning  constant, Pe increases with
increasing N, sugqesting that evolution of cn—opératipn
by this mechanism fs more difficult in larger groups.
3.3, -Competition between pure D and soft TFT
3.3.1. ,General formulation

Consider a soft TFT strategy S which  continues
to co—operate for the next move provided at least m of
its opponents co-operate during the current move. The
payoff of s&uch a strategy in an N tuple with n TFT

strategist wauld be

Yg(K,n) = Kun.c/(N-1) no>m

B A n.c .
T ——— *_ (K~-1) .8 n <m snesntld)

Y N-1

The ipayaff of D in a similar situation is

YEtKyn) = Ko n+ (N=1-n) .5 )/ (N=1) n>m
P e n+(N-1-n) .
T e e e i st e + (K—l)nﬁ n<m -u--(l?)
N-1

Using these equations , the expressions for the
average. payoffs of D and 8 can be written down
explicitly . Both f(8) and +(D) are polynomials in p
(the - frequency of S in the population), with positive
coefficients. The curves f(S) and f(D) increase moncto-—
nically with p and are concave upwards ( e.g. Fig.2).

When P=@, both D and 3 find themseives with all the

SRR S ‘ 14



N-1 opponents as D. The average payoff of D in such a
case is M.s, while that of § is (M-1).s (eince it co-
operates in the first move) ; D is thus uninvadable by
8. “Near p = i, each of them have (N-1) opponents of
the S type who co-operate for all the Qames . Hence
f{b) = M > f(Si = M.cC and § is invadable by D
(Fig.2(a)). Under these Circumstances, I is expected to
90 to fixation.

Interestingly , thaough (D) > f(5) at both p=@ and
P=1, for some combination of the parameters M , s and ¢,
it is possible for the fitness of § to be higher than
that of D for some intermediate values of P (Fig. 2(b)).
Under““such circumstances vy the curves () and  F(8)
intersect at two points 3 at these value of p, the two
strategies exist in equithibrium. It is  seen from
fig.2(b) that the paint carraspnnding to py is an
unstable equillibrium, whereas the one chrrespondinq to
p*-is a stabie one. In other words, once the strategy S
is-able to safsS‘the threshold by' it would be abie to
cdaxist'stably with D, at a frequency P, *

d.3.2. ' Soft TFT for N=3

~+ For a three person game, only one suri (FT is
possible viz. to continue Cooperation even if only one
of . the other two opponents co-operates in the previous
move. - Using equations (16) and (17), and the procedure
given. ‘'in section 3.3.1, the average payoffs ag a

function of frequency p of the TFT can be written as

iS5
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FAD) = pZ(M-1) (=5) + p(l-g) + Ms-

L)

£(S) = p2(M-1)s + pMC~2(M-1)s) + (M=D)s
T | eesa(18)
The  fitness of D is greater than that of TFT at both
P=@ and p=1. For a given value of M, one can determine
the combinations of ¢ and s such that the two curves
f{TFT). and f(D) touch at one point ; the fitnesses of
TFT and D are equal at that point whereas at any other
peint ., f(B) is greater than f(TFT). Any higher value of
c or lower value of s then yields two values of p (p
and p_) where the fitnesses of the competing strategies
become equal , and For py < p < P, we have f(TFT)
greater: than (D). Hence , it is possible for the two
— strategies to coexist. Regions in (c—-s) space where
- such a coexistence between 8 and D is possible are shown
in Fig.3 for a few values of M.

As expected, the region where co-existence is
possible increases with in:rmésinq M. Low values of &
and high values of ¢ favour coexistence. A comparison of
Fig.l and Fig.3 is of interest. It is seen from Fig.l
that as M~-~> OO , in the entire region c>s , the hard
TFT: is uninvadable by D. On the other hand, as seen
from?E}g.B, even as M-—> & 4 the region favourable for
a soft TFT is much smalier.

i «l% there, then, any advantage at all which a soft
TFT enjoys over a hard TFT? Table I gives the values of

threshold frequencies for various values of M for

146
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typical values of c and s. It is seen from the table
that under some circumstances the threshold which a Soft
TFT needs to cross to establish itself in a stable co-
existance with D is lower than the one needed for the
Hard TFT. Hence, the former is more likely to establish
itself in a population by mechanisms like invasion in a
cluster’, albeit it would never go to fixation.
3.3.3.  Soft TFT for N>4

| Using the equations described in 3.3.1. and the
procedure outlined in 3.3.2, one can obtain the regions
of co-existence (allowed regions) in the (c-s) space for
various soft TFTs for any value of N. Qualitatively, the
results are as expected. As seen from Fig.4, the
-

allowed regi /& for the softest strategy for N=5 is very

small ;- for the less soft it is slightly larger, and so
on.:: ~The allowed regions for al}l these‘ strategies
increase with increasing M.

AN interesting result seen from f19.4 iz that a
softer strategy may be able to co-exint with i,  wWhiie
the harder one may be unablie to Gu wo. For erampie, far
N=4, at c= 0.350, 50.83 and M=10 s S(3,1) can co-exist
with D, while for $(3,2), no co-existence is possible,

v+ The advantage of the harder strategy lies in it
being: - less prone to exploitation by D, while the
disadvantage is in it denying co-operation to some
members of its own kind during the process; whereas for
the softer of the two strategies y  The  Sotamizon 1%

3
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exactly opposite. Over a limited range of paraneter
values,. the balance seems to tilt in favour of the
softer:. strategy. The regions where this happens ara
very samall, and are characterized by ltow values of ®.
It is possible to define a soft TFT not Just in terms
of the minimum number of cooperating wpponents Hut  in
terms of the proportion of the cooperating opponents
reéquired by it for continuing cooperation. For example
one can define a soft TFT which continues cooperation if
at least half of its opponents cooperate , and defects
otherwise. It is seen , however y that the regions for
such a strategy in (c-s8) space where it can coexist with
D are not independent of N , but decrease with
increasing N. Thus , the TFT strategy §(10,5) which
caontinuad cooperation when at Jleast 5 of its 10 .
oppanents co-operated had a larger allowed ragion
compared to, say, 5(20,10).
- To understand this result , we compare the payoff
to -a soft TFT S(N,m) facing N opponents ( n soft TFTs
and :(N~-n) Ds ) with that to a D in a similar situation.

If < m , we get

A LY n.{1-g)
Yg(Kyn)= —;~ HK-1)8 < Y UK n)= —mmmem + K.g

and. if.in > m, stil)

iwvy, K K.n.c Kin.(1l-5)
' 1) = = < Yo lb 4i1) = e ——e 4 K, g5
FCRR L ,S‘ N D N

Howaever , when n = @

HEIEERYE
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Yg (Kym) = - while Yp(Kym) = e + K.s

If the value of K and c are high enough, and that of s
low enough,it is possible for'YS(K,n) to be greater than
t(S) to be greater than f(D), this advantage gained from
the N-tuples with n=m has to more than outweigh the
disadvantage attained in the other N-tuples. For this to
happen, p, the frequency of 5, should be such that the
frequency of N-tuples with n = m is high , i.e., F(N,m)
should be maximized (@qn.(3)) with respect to p. It can

be seen thatﬂfhe required value of p is equal to m/N.

o -
3

increasing N. For F(N,N/2) for example, the maximum
value . of F(6,3) is 0.312%, of F(8,4) is ©.2734 and
F{10,5) is 0.2461. Hence, thw® allowed regions for soft
TFTs shrink rapidly as N increases, indicating once
again . that for large group sizes it is more difficult

for co-operation to evolve.

| 4. COMPETITION INVOLYING MURﬁ-THAN TWU SR iEb1ies

| 'The next logical atep is to vontider interactions
where more than two strategies are involved. It is of
1nterest to see whether the equillibrium between a soft
TFT and D is invadable by a harder TFT. The motivation
fqr such an analysis is provided from the +following

results seen for N=4 for certain combinations of ¢ s B

19



and M : all the SOt Strebeglcs o torenint with D
The softest of them, S(3,1) has the lowest threshold.
However, its equilibrium frequency is higher than the
threshold  of the next harder strategy, §5(3,2). Its
equil ibfium frequency, in turn, is higher than the
threshold frequnncJ of the hardest TFT strategy, which
has the potential for taking over the popul ation
completely. It is tempting to APlOre whicting o wcwscade
process  { S(3,1) invading D, 5(3,2) invading S5(3,1)-D
and §(3,3) invading 6(3,2)-D )} can result in the
complete e)imination of D.

To start with, the simplest case (N=3) ijg
considered. The frequencies of the the Soft TFT(8) and
Hard TFT(H) are denoted by Pg and Py respectively, and
we investigate whether H can invade the 5D equilibrium.

“Far it to be able to do %0, 1ts payoff at thiwm
equilibrium should he higher than that of S(or D). When
invading an SD equilibrium, H would face, in a triplet
as oppanents either 8S, DD or SD. Now the payoff of H
and 8§ are identical against S and DD opponents.

However, payoff of H against Sh is

le 8

= C/2 + PU2) L UI48)/2 + 5. 5 PK) . (K=2)
K=3

= /2 4 (1+s) . (M=1) + (M-1)2 g

while 'that of 8 against SD is Simply M.c/2

o Thus 4 for H to successfuly invade S-p @quilibrium,

20
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¢ should be small and s should be large. These
cnnditions,‘ however, are exactly those which would
render a stable equilibrium between D and S difficult.

The condition for equal fitness for H and S when H
invades an 8-D equilibrium is described by (using the
above values of payéffs and simplifying)

B.(2M~1) - M.c + 1 = P eeas (1)

‘As  seen in Fig.3 , this line cuts the s=0@ line at
1/, and c=1 line at (M-1)/(2M-1); and in the region
above the line invasion is possible. However, as seen
from fig.3 (and can be derived from eqn.18) , these are
exatly the points where the concave curve delineating
the allowed region for S cuts the two lines s=@ and c=13
and 8 can coexist with D below this curve. Therefore, H
wil) ‘haver be able to invade the 5-D equillibrium.

GConsider now & situation where the total number of
movag in the game is fixed at M. As Axelrod and
Hamilton(1981) have shown , pure O is an ESS under such
& Situatioh. To arrive at this result they have invoked
strategies which involve a ‘knowledge’ of M e.9. - bpo a
TFT upto M-1 moves and U at the |ast iwove 5 TFT upto M-2
moves and D for the last two moves etc. We however .
agssume that the players have no ‘knowledge’ of M s and a
strategy is;gffined only in terms of the choices made
by thg:playar”énd its opponents upto that move.
Thus: when the games played by each triplet consists

of exactly M moves , the payoff of H asgainst SD becomes



B ﬁ . .- --
c+ 1+ -+ tﬁ~2).s y whilte that of S against 8D remains
ﬁc/2. 2 Hence, thé condition for- H to he able to
invade .. 8= D becomes

. B (2M=3) = (M~1).c + 1 > O i e (20)
As seen: from Fig.5 , there are two small regions yone
near s=0 and the o&her near c=1 , where a coexistence
betwaen 8 and D is possible , and this equillibrium is
invadable by H. ‘

When such a situation occurs, under certain values of
€y 5 and M , one can observe the following effect. The
threshold needed for H to be able to invade D is higher
than that needed by §. Therefore, S has a better chance
of crossing the thfeshold, and reaching a stable
equil ibrium with D, Now, H can invade this combimation
and J.aventually eliminate D. The final composition of
the population would be & mixture of S and Hy depending
on the.size of the initial perturbation by H. In such
a population, C, S and H are indistinguishable. One has
thus s@en avolution of co-operation taking place
sucessfully against a selfish (D) strategy.

Analysis of N=4 case also reveals similar
behaviour.When the numbher of games is distributed
according to eqn.(2) , no harder strategy can invade an
‘equillibrium between D and the softer strategy .However ,
when . the number of games is fixed y for some range of

paraseter values (a typical example being M= 2 | c=0.85

and 8=0.05) , one can see the equilltibrium between D and
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thg Boftest (Sfa,l)) being invadable by the next harder
Bt;ategy 85(3,2) , and in turn , the S(3,2)-D
equillibrium being invadable by the Hardest strategy ,
resﬁf€ihg in the complete elimination of D.

Sﬁégla takeover of a selfish populationiby successive
invaﬁidné by eradually hardening TFT strategies may be
of conéiderable interest. It must be emphasized,
however, that the region in the parameter space where

such a behaviour is observed is extremely small.

2. DISCUSSION AND CONCLUSIONS

Evolution of cooperation by reciprocation has been
investigated in spatially structured populacions.,  The
choice of cooperation (or otherwise) by & sndividaal 18
assu;;ﬂﬂ_to be Influenced by thoe croices made by the
uthe; i;ndividuais in the group. Though ‘strategy
depend;;£ selection ‘' may be a better description for
avni;tioﬁ occuring under this scenariog , the framework
of ﬁ;éerﬁon game theory is particularly suitable for
anatysing such situations. ( Charnov (1982) y Maynard
Smith (1982. , Riechert and Hammerstein (1983) ).
Gregaricusly living organisms expioiting . C Qi
resource -— primate troops , breeding colonies of birds
etc.-— seem to be suitable systems for the applications

of this model ( lLombardo 11985 ).
We assume that the population is subdivided into
groups containing N individuals each. The average

fitness of an individual in groups with a higher
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proportion of TFTs tends to be higher. Hence , following
Wilson (1975 , 1988) the evolution of cooperation in the
present model can be described as an example of group
selection. The differences in the average fitnesses of
dif+erent groups are caused , however ., by the
reciprocal interactions between individual strategies.
Brown et.al.(1982) have presented a detailed
analysis of evolution of cooperation by reciprocation ,
using  the TFT strategy. They have shown that as the
ratio of / }8 ( where o is the total number of
interactions which an individual experiences in a
genaration and }9 is the number of interactions which
are with individuals perceived as strangers ) increases
y the threshold required by the TFT strategy for
invading D becomes smal ler . They have veary ingeniuslty
obtained values of ciL and  }9 under a variety of
conditipns such as single partner/multiple partner.
models finite/infinite memory , haploid/diploid
organiams etc. and have also cast their model in a form
such that their predictions can be compared to those
made by Kin Selection theory. Another interesting
recent study of the evolution of cooperation (more
specifically , helping behaviour) is by Peck and Feldman
(1986) . Using biologically plausible assumptions , they
have shown that the threshold required by TFT for
invading D can be made arbitrarily small. They have also

investigated simultaneous competition involving € , D ,
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and. TFT , and have reported an interesting situation
where invasion by D of a neutral equillibrium between C
and TFT ig initially successful , but leads eventually
to fixation of TFT. Both these studies , however , have
specifically considered situations when population
structure is abhsent. The present nodel |, o e ot her
hand , explores the evolution of cooperation i a
structured population .-

For two competing strategies A and B, if A is able
to invade B, and is, in turn, uninvadable by B, it is
eenerally *,éken to mean that A goes to fixation. We
however show that where fitness has a nonl inear
dependence on frequencies + it is stil) possible for the
two strategies to coexist in stable equilibrium even if
both the above conditions hold.

The present stucy has also shown that for a co-
eperative strategy to succeed against a selfish (
defector ) strategy , under certain conditions it is
better to extend Co-operation even though there is a
risk of being exploited by a defector. On the other
hand, under other conditions it is better to be more
discriminating. We have also seen that a selfish
Popul ation may be taken over by successive invasions by
more . and more discriminating strategies, though very
di&criminating strategy is unable to make any impact to
start with against the selfish strategy.

It is of interest to examing the efftects of relaxing
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some of the assumptions of the wmodel. 1§ diploid
organisms are considered , then for a one-locus-two-
allel system , the two homozygots TT and DD may be
identified with TFT and D strategists. If T is recesive
and i¥ p isg thg<$requency of T , then under Hardy-
Wienberg equillibrium , the frequency of TFT strategists
will be p2. An examination of eqn.(1S) indicates that
the threshold frequency which a hard TFT has to cross to
g0 to fixation is higher irE;) for diploids compared to
hapleoids (pc) for a recessive gene. A similar result
holds for a so;t TFT (egn. 18) ; however , the
equillibriuw‘ﬂfrequancy (cozxistence with D) is also
higher. If f is dominant , the thresholds are lower (1~
JT:E;) sy and the equillibrium frequency for a soft TFT
is alwo lower. A further modification may be to consider
the strategies as continuously varying traits coded for
by a large number of genes. Aoki (1984 ,1984) has
analysed the evolution of TFT (and other ) strategies in
considerable detail , and has shown that biallelic
models Jead to predictions that are qualitatively and
quantitatively different from those of polygenic
models. A similar result is expected for the present

model as well.

. The assumption of random assossiation  in the
formation of trait  grooaps o el \ RN B
unfea]istic. Wilson  (1980)  |as Jhdlﬁ;ffﬁ Tho G
variance betwen Sroups o oo o rraen ROPUWIACIoNns 1%
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more than that expected under 2 binomial  distribution.
SBeveral mechanisms can lead to such an increase in the
variance - assortative mating , kin recognition , high
population viscosity etc. The net effect , however , is
that the TFT’s are more likely to be assbciated with
TFT‘’s and D’s with D’s. This would lower the threshold
frequency for TFT‘s , indicating that the conditions for
evolution of cooperation by recipooootion may he
somewhat less stringent than predicted by the model.
Finally , the assumption of infinite popultation size
suppresses the effects of stochastic variations in the
composition of groups. Studies with finite populations ’
which explore the effects of stochastic variations in
group compMitions, group sizes as well as in the
®lements of fha payotf¥ matrix are in progress.

The model considered here ,albeit simple ’ has
been able to give some insights into the different types
of phenomena which may occur during evolution of co-
operation. The Axelrod-Hamilton approach is being
successfully used for analysing conflict situations in
animals. Lombardo (1985) has described the mutual
restraint in tree swallows as an example of the TIT for
TAT strategy in an iterated Prisoners’ di!emmé game.
With  more such st;dies forthcoming , it would be
possible to verify the predictions of the present model.
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TABLE I. Some values of s, c and M where a Soft TFT

hag a lower threshold frequency compared to the Hardest

TFT.
I N § € i s i M iSoft TFT1iThreshold i Threshold !
: : : : : {Soft TFT t{Hardest TFT!

3 9.85 0.25 5  8(2,1) 0.250 0.302

3 9.75 0.15 16 §(2,1) 0.040 @.174

4 2.95 Q.15 S5 S(3,1) 0.089 9.331

4  9.85 ©.15 10 S(3,1) 0.048 @.287

4  0.85 0.25 5  5(3,2) ©.297 0.441

4  8.65 ©0.05 10 5(3,2) 0.092 0.294

S  0.65 0.0S 5 S(4,1) 0.048 2.546

5 0.50 @.05 10 S8(4,1) ©.032 @.513

S  0.95 @.15 5 S(4,2) 0.158 ®.427

b Q.99 Q.35 10 B8(4,2) B.272 2.433

S - 0.75 ©.25 S5 84,3 0.500 .594

S  0.85 ©.45 18 S5(4,3) ©.472 ?.532
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LEGENDS TO FIGURES

Fig. 1 1 Regions in-{c-s) space where the Hardest TFT
is wuninvadable by D. For a given value of M , the mean
humber of mg‘§s in the game, the region favourable to TFT
lies below tﬁe corresponding line.
Fig. 2 : Payoffs to TFT(---) and L(-———) ag
functions of p , the frequency of Soft TFT for N=3
c=0.6 and s=0.2.

SAY For M=10, D always goesto fivation.

B) For M=40, a stable co-existence between TFT and

D is possible. The values of frequency p and Py

Y
correspond to unstable and stable equilibriwn

respectively.

Fig. 3 : Regions in (c-s) space where a Soft TFT(N=3)

Can co-exiet with D. For a given value of M , the region
favourable to TFT lies below the v coononding curve.

Fig.. 4 Regions in {(c—s) space where Soft TFTs can
co—exist with D, for N=4, M=2 and also M=1@. The region
favourable to the Softest TFT lies below the dashed
curves, while that for the harder strategy, lies below

the salid curve.

Fig. ] : Invasion of the Soft TFT-D equilibrium by

the Hardest TFT for N=3, M=3. A stable
equilibrium between Soft TFT-D is possible
only Coin the region below the curve.

Invasion by the hardest TFT is possible only in the

region above the dashed line (—w-) if the number of
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moves in the game is geometrically distributed with mean
M , and above the dotted line (....) if the number of
moves in the game is fixed at M. Accordingly , such an

invasion is impossible for the former, while is possible

in the hatched regions for the latter.
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