


their opponents - it always took less than 15 periods for nonexploitive types to 
perform better than exploitive types. 

The aboye findings are robust to a sensitivity anaIysis with respect to the memory 
weight w and higher upper memory bounds m for the tolerance level T. The memory 
weight w infiuences the speed with which the subpopulations formo The lower w, 
the higher the speed. A higher m prolongs the periods of contact between some of 
the exploitive and nonexploitive types21• 

Appendix D illustrates some of the aboye findings for two of the simulation setups 
used. 

5 Evolving IPD strategies 

The aboye analysis with fixed IPD strategies suggests that if each generation of finite 
automata gets replaced by their offspring generation that inherits the more successful 
strategies with sorne noise, nonexploitive types are likeIy to win the evolutionary 
race. The following simulations show that this is indeed the case. 

Suppose that a generation of automata can only live r periods in which they use 
the choice and refusal mechanism to select their partners. When a generation dies, a 
new generation is born in which the more successful strategies of the old generation 
are more likely to be reproduced. The rank of each strategy is determined using 
MT P and averaging over all automata of the same type22• Two different setups will 
be examined: 

1. strategy adjustment is local. This means that a child cannot differ too much 
from its parent but can only change its degree of provocability and exploitive­
ness slightly. In short, it can only become a bit more or less cooperative. This 
type of local mutations can be easily defined when restricting the analysis to 
the five automata used earlier on. An AllD parent can produce as the most 
cooperative strategy a Rip offspring. Rip can create AllD or TFT. TFT can 
produce Rip or TFTT who can create TFT or AllC while AllC cannot become 
more provocable than TFTT. Of course every parent can reproduce its own 
strategy. Every parent will create that strategy out of its available set that 
has performed best in its generation. If sorne strategy does not exist in a 
generation, the one step more or less cooperative strategy is relevant in deter­
mining whether the missing strategy will be born. Should a strategy, which is 
not AllC, be ranked best, and there are only less cooperative automata in the 
generation, this strategy will either reproduce itself or the one-step more coop­
erative strategy. SimiIarly, if the best ranked automata is the most defective 
living automata but not AllD. 

Reproduction is noisy, Le. there is a constant probability p of giving birth 
to the second best child only. The same probability of mutation applies once 

21namely between Rip and TFT. 
22This differs from Stanley et al. (1994) where the x best machines enter the next tournament 

and mutations and crossovers thereof. 
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every automata in a generation is of the same t:vpe. 

If there is a tie in the ranks, the tie is broken by a random draw. With 
probability 1 - p the first best child is born. If two (or three) strategies 
out of a parent's feasibIe set have performed best, each of them is adopted 
with probability ~ (or ~). The case of the second best child is defined 
accordingly. 

2. Strategy adjustment is global. With probability A the offspring' s strategy can 
be revised. Should this happen, the offspring will inherit the best automaton 
with probability 1 - p. With probability p an error occurs. This means that 
either the second best strategy is adopted or a strategy that is not present 
among the parent automata. Possible ties are again broken by a random 
draw. 

The two mechanisms for strategy revision have in cornmon that strategies can 
only be revised slowly and subject to sorne noise. The second mechanism is more 
general. The first mechanism is of interest because it models the belief that an IPD 
strategy reflects sorne deeper characteristics of a pI ayer and can therefore not be 
changed so easily. 

Simulations were mainly made in 5 (or 10) player setups with the number of 
tournaments before strategy revision r = 10 (or r = 15) under mechanism 1 and 
r = 20 (or r = 30) under mechanism 223

• The short tournaments favour defective 
types. The same parameters as in the basic setup without strategy revision were 
chosen. A was set to 0.5. More or less noisy setups were examined with maximal 
noise p = 0.1. 5 pI ayer simuIations examine 50 iterations of strategy revision while 
10 player simulations use 100 iterations (i.e. 500 and 1000 periods). Each setup was 
examined in 100 independent realizations. As will be seen beIow if there is sorne 
noise (p > O) simulation results are independent of initiaI conditions. 

The simulations show that the two mechanism lead to the same major resulto 
Qnly the path of adjustment differs. 

Observation 1 Given the five automata, noisy strategy revision combined with pref­
erential partner selection leads to stable cooperative play. Exploitive mutants are not 
able to invade a society of nonexploitive types. 

The underlying intuition is as follows. Choice and refusal protects nonexploitive 
strategies perfectly as long as there is more than one nonexploitive strategy in a 
generation. These types will quickly Iearn to direct their offers to other nonexploitive 
pIayers and will thereby achieve the cooperative payoff. The Iatter will raise their 
tolerance level inducing them to reject exploiters. Consequently exploitive automata 
are unable to take sufficient advantage of nonexploitive pIayers in order to achieve 

23Mechanism 2 allows for more drastic strategy changes. The higher r was chosen in order to 
ensure that subpopulations can evolve before strategy revision occurs. Notice that in general the 
higher r, the better for nonexploitive strategies since they will enjoy more exploitation-free periods. 
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a higher payoff than the latter. Nonexploitive players get ranked higher and more 
offsprings will adopt a nonexploitive strategy. 

If, however, there is only one nonexploitive automaton in a generation, the choice 
and refusal mechanism cannot protect it from being exploited. Given the payoff 
structure of the simulation its payoff in every single game when being exploited is 
zero. TFTT and AllC will perform worse than exploitive strategies. But also TFT 
will achieve a lower rank than only AllD players. In the absence of mutations initial 
population constellations exist that would 1ead to exploitive offspring generations. 
But exploitive automata are not immune to mutations. To understand why, observe 
the following. 

1. Two simultaneously effective mutations are sufficient to destabilize a society 
of only AllD players. This is true for both evolutionary mechanisms described 
aboye. Under mechanism 1 two simultaneous mutations to Rip occur with 
probability p2. These two mutants have a clear advantage over AllD by co­
operating with each other. In the other mechanism not every strategy can 
be revised after the end of a tournament. If only one mutation occurs, the 
mutant might be stuck with this strategy for several tournaments. Being the 
only mutant he will be worse off. But as soon as another strategy mutates, 
AllD willlose its favourable position. Now the mutants can be of any type. 
If both of them are Rip or nonexp10itive strategies, they will gain the evolu­
tionary race by cooperating with each other. If one is Rip and the other one 
nonexploitive, Rip will gain unless the nonexploitive type is TFT. In this case 
who of the two wins will depend on random factors, especially on the number 
of interactions that occurred with AllD24. 

2. Under mechanism 1 AllD societies will be replaced by a society of Rips. Only 
one mutation to TFT is required to move from only Rip to nonexploitive 
strategies. In the first encounter Rip defects against Rip but receives the 
sucker payoff against TFT. Hence TFT will be the most attractive partner of 
every single Rip. In any period of the tournament TFT will play with each 
Rip. The 10ss of the first encounter is off-set by the second-period punishment 
and the stab1e cooperative encounter from the third encounter onwards25. 

3. Under mechanism 2 depending on the nature of mutations one might move 
directly from an AllD society to nonexploitive play. Otherwise, a society of 
only Rips will occur. By the same argument as under point 2 one TFT mutant 
will destabilize this society. So will two nonexploitive mutants which are not 
TFT by rejecting Rip who learns to play with the other Rips much 1ater than 
the nonexploitive mutants exclusively interact with each other. 

24notice that the destabilization of AllD societies under two simultaneously effective mutations 
remains valid even if we allow for a much richer diversity of automata. 

25Notice that if Stanley et al. (1994)'s criterion of average fitness were used, there would be a 
tie. Nevertheless nonexploitive play would be reached as soon as a society with two TFTs arose. 
The presence of another nonexploitive type makes Rip an unaccepable long-run partner for TFT 
due to its initial aggresitivity. 
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The destabilization of nonexploitive societies is not impossible but very unlikely. 
Under mechanism 1 it can only happen, if everybody is TFT and simultaneously 
mutates to Rip. In the case of everybody mutating to Rip mechanism 2 will also lead 
to a breakdown of cooperation. Additionally under mechanism 2 simultaneously 
effective mutations of everybody but 1 automata to AllD players will destabilize 
mutual cooperative play. If no TFT automata was present among the nonexploitive 
types, so will a simultaneously effective mutation of everybody but one player to Rip. 
The bigger the society, the more unlikely such a destabilization of only nonexploitive 
play26. 

6 Conclusion and relation to the literature 

The aboye analysis has shown that cooperation can be expected if players live in a 
small community and can choose and refuse potential game partners. The modifi­
cations made to Stanley et al. (1994)'s model, which were induced by the intuition 
that economíc agents do not make consistent errors, lead to a substantial difference 
in the results. In the present paper the evolution of cooperation is robust while in 
Stanley et al. (1994) stable behavioural patterns that are not entirely cooperative 
arise. Especially if their exogenous tolerance level is not suitably high, long-term 
parasitic relationships can form implying that agents interact with sub-optimal part­
ners forever. In the present model parasitic relationships are not sustainable since 
the tolerance level will evolve aboye the expected payoff against the parasite over 
time. Hence the parasite will be revealed as a parasite and become unacceptable. 
Stanley et al. (1994) also mention the possibility of so-called wallflower traps caused 
by high w and high T, in which no interactions take place and people live like an­
tisocial hermits. This cannot happen in the present model. Inactivity results in a 
lower mínimum tolerance level which will eventually be low enough for activity to 
take off the ground. Moreover, Stanley et al. (1994)'s model is very sensitive to 
the exact values of w, T and initial expectations 7ro and their interdependence. Our 
results are robust to changes is w but require for a sensible interpretation of the 
model reasonably high values of 7ro. If initial expectations are too low, sorne players 
might become intolerable in the short-run on the basis of initial expectations alone, 
Le. interactions míght be refused before the first interaction has taken place. Since 
in the long-mn the mechanism will correct this to a large extent by the evolving 
minimum tolerance level, the restriction to reasonably high 7r0 is imposed for a sen­
sible interpretation of the mechanism not because the mechanism would not work 
without the restriction. The major reason why our mechanism is much less sensi­
tive to the specification of the model parameters is that the endogenous T entails 
the possibility that an intolerable player can come back into favour. In contrast in 
Stanley et al.(1994) becoming intolerable is a dead end. 

This feature is carried over into a later paper by Smucker et al. (1994) in which 
the authors endogenize T by incorporating it into the genetic material of a pi ayer and 
letting evolution decide. Notice that this implies that in one generation each player 

26It is obvious that the same arguments hold if mutual offers led to two games. 
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still has got a fixed but personal 7. This endogenization of 7 preserves the main 
difficulty of an exogenous 7, namely that it will either be too low to protect players 
from exploitation or too high to allow for the formation of profitable partnerships 
that only establish after sorne periods of initial exploitation. The possibility of 
consistent errors is preserved. The present endogenization of 7 is attractive since it 
allows boundedly rational players to learn what is best for them. 

A The automata 

d 

AllD 

TFT 

d 

die 

d e 

Rip 
Figure 7 

AllC 

c 

TFTT 

The aboye representation uses Mealy machines. Each automaton makes an open­
ing move which is indicated next to the arrow entering stage 1, and then enters stage 
1. Thereafter, the next move is conditioned on the previous move of the opposing 
playero The letter before I refers to the opponent's move and is followed by the 
automaton's own reaction. 
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B The initial period 

We shall derive the probability distribution for the initial cooperator in the initial 
period 

1. offer made to cooperator 

( a) offers from cooperators 
Let Xc be the number of cooperative offers 

with 1 ::; Xc ::; nc - 2 
(~::::i)n-l-Xc is the probability that n - 1 - Xc players do not make our 
cooperator an offer 
(":;~l) (n_1

l)Xc (n~:2) is the probability that Xc players made an offer to the 
cooperator who made a cooperative offer 
+(nc -1) (n(~C~:-xc (n~~2) is the probability that Xc + 1 cooperative offers 
were made to our cooperator but one was mutual. 

(b) offers from defectors 

Xd is the number of cooperative offers with 1 ::; Xd ::; nd 

(nc - 1) (n(~)~;):-Xd C~) is the probability that there was a mutual coop­
erative offer and Xd offers from defectors 

( e) offers from both 

2. offer made to defector (first iteration) 

( a) offers from cooperators 
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nd(n(~C;):-xc (n~l) is the probability that there was a defective mutual 
offers and Xc offers from cooperators 

(b) offers from defectors 

( e) offers from both 

Let us turn to the (initial) defector. The probability of receiving no ofié or a 
mutual offer is the same as for the cooperator. The further probabilities are 

1. the defector under consideration makes an offer to a cooperator 

(a) he receives only cooperative nonmutual offers 

( 2) n-l-xc 1 ( 1) n - nc nc-
n - 1 n - 1 (n - l)xc Xc 

(n - 2)n-2-xc (nc - 1) 
+nc ( ) n -1 n Xc 

(b) he receives only defective nonrnutual offers 

( e) he receives cooperative and defective nonrnutual offers 

2. the defector under consideration makes an offer to a defector 
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(a) he receives only cooperative nonmutual offers 

( 2) n-1-XC 1 1 () 71, - nd - nc 
71, - 1 71, - 1 (71, - 1)xc Xc 

(71, - 2)n-2-xc (nc) 
+(nd - 1) ( ) 

71, - 1 n Xc 

(b) he receives only defective nonmutual offers 

( c) he receives both defective and cooperative nonmutual offers 

e Proof of proposition 3.2 

The expected per period payoff when the mechanism works at random is 

Since U is constant we need not consider it during the proof. Disregarding U the 
claim is that the expression simplifies to 2:-=-13. 

Proof in order to show this, it is sufficient to demonstrate that 

~ (n: 2) (n _ 2)n-2-"(1+ x) = (2n - 3)(n _ 1)(n-3) (5) 

This is easily seen for 71, = 3 which is the minimurn population size for the mechanism 
to be of interest. Assurning that it is true for 71, we show that it is true for n + 1. 

First we separate the surnmation into two parts by splitting (1 + x) and also 
examine separately the term for x = O and x = n - 1 of the second sumo 

Part II 
, A __________ ~, 

~ (n: 1) (n _ 1)"-H+ I:x(n: 1)(n _1)n-H + (n -1) 
x=o x=1~ 

, nn-l by VNewton J (n-l)(:=D 
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Concentrating on part 2 we redefine x = a + 1. Thus part 2 becomes 

(n -1) ~ (n: 2)(1) _1)"-2-- + (n - 1) 

= (n - 1) I: (n : 2) (n - 1 t-2
-

a 

a=O 
, # 

v 

(n_l)n-2 by Newton 

after adding and subtracting the term for a = n - 2. Thus the entire expression 
becomes 

which is what we get by plugging n+ 1 into the right hand side of equation 5. O 

D Sorne sirnulation results 

Unless otherwise stated results reported are based on m = 10 and w = 0.7. 

D.1 The most simple setup 

The simplest possible environment is a five player setup with each strategy being 
present once. Table VIII summarizes the offer structure and game structure that 
occurred on average over 100 independent realizatiollS. 

11 AllD 1 Rip TFT 1 TFTT 1 AllC 1 

AllD offers 11 1
30.6 ~:! 1 ~:! 1 ~:~ 1 

Rip ;:~: 11 ~~:~ 1 

TFT ;:~: 11 ~:! 1 ~:~ 
TFTT offers 0.6 0.7 24.3 24.4 

garnes 1.6 2.1 37.3 38.1 
AllC offers 0.5 0.4 24.3 24.8 

games 1.4 1.7 36.7 38.1 
total garnes 36.3 42.4 82.1 79.1 77.9 

Table VIII 

N otice that the total number of offers rnade by a player cannot exceed the nurnber of 
periods (which is 50) but can be lower, since there might be sorne periods in which 
no offer is made. 

Table IX illustrates how the ranking of the different strategies change on average. 
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ranking in 5 player society 
position s=l s=2 s=3 s=4 s=5 s=6 s=7 s=8-9 s=9-40 

1 AllD Rip AllD AllD TFT TFT TFT TFT TFT 
2 Rip AllD TFT TFT AllC AllC TFTT AllC AllC 
3 AllC AllC Rip AllC TFTT TFTT AllC TFTT TFTT 
4 TFT TFT AllC Rip AllD Rip AllD AllD Rip 
5 TFTT TFTT TFTT TFTT Rip AllD Rip Rip AllD 

Table IX 

AH nonexploitive strategies are already ranked better from period 5 onwards. 
The exact ranks of nonexploitive strategies in the initial period varied widely over 
the different realizations. However, the same pattern is always preserved: exploitive 
strategies perform better in the very first periods with nonexploitive strategies 
quickly overtaking their performance. 

D.!.1 Sensitivity analysis 

Table X shows sorne sensitivity results with respect to w. Only two fiarly extreme 
cases are reported. 

w =0.1 111 w=0.9 
AllD Rip TFT TFTT AllC 111 AllD Rip TFT TFTT AllC 

AllD offers 25.6 2.5 2.8 2.7 111 13.4 10.9 12.1 13.6 
games 36.6 1 1 1 111 16.7 2.1 3.3 3.6 

Rip offers 27.4 3.3 3.1 3.1 6.4 14.9 14.5 14.2 
games 36.6 1 1 1.2 16.7 7.2 5 4.9 

TFT offers 0.5 0.5 23.5 25.5 0.6 2.7 22 24.3 
games 1 1 36.9 37.8 2.1 7.2 33.5 34.2 

TFTT offers 0.2 0.3 23.1 26.4 0.7 0.6 23 25.7 
games 1 1 36.9 38.1 3.3 5 33.5 35.5 

AllC offers 0.7 0.4 24.2 24.7 0.5 0.6 23.8 25.1 
games 1 1.2 37.8 38.1 3.6 4.9 34.2 35.5 

total games 39.6 39.8 76.7 77 78.1 25.7 33.8 77 77.3 78.2 
Table X 

The lower numbers of contacts between exploitive and nonexploitive types illustrates 
the higher speed of the formation of the subpopulation with lower w. 

Table XI shows sorne sensitivity results with respect to m 
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m= 15 m=20 
AllD Rip TFT TFTT AllC AllD Rip TFT TFTT AlIC 

AIlD offers 26.2 7.6 8 8 23.7 8.6 9 
games 25.2 1.6 1.8 1.6 21.5 1.5 1.5 

Rip offers 20.4 14.7 6.6 6.8 15.8 19.7 6 
games 25.2 11 2.4 2.3 21.5 16.5 1.9 

TFT offers 0.8 5.6 22 20.5 0.6 0.8 24.3 
games' 1.6 11 33.3 32.3 1.5 1G.5 36.6 

TFTT offers 0.4 0.6 23.7 25.3 0.3 0.4 24.3 
games 1.8 2.4 33.3 36 1.5 1.9 36.6 

AllC offers 0.5 0.6 22.6 26.3 0.7 0.5 24.6 24.2 
games 1.6 2.3 32.3 36 1.4 1.9 36 35.2 

total games 30.2 40.9 78.2 73.5 72.2 25.9 41.8 90.6 75.2 

Table XI 

With higher m Rip can cooperate over more periods with TFT. Consequently TFT 
becomes the most active strategy. However, the main structure does not change: 
over time nonexploitive strategies form an exclusive subpopulation. 

D.2 A 10 player population 

Table XII illustrates the average interaction between the different types in a popu­
lation of 2 AllD, 3 Rip, 2 TFT, 2 TFTT and 1 AllC players (10 player population). 

1I AllD I Rip I TFT I TFTT 1 AllC I 

AllD 53.5 4.12 1.325 1.65 1.8 
Rip 4.12 55.1 2.75 2.25 2.37 
TFT 1.325 2.75 43.9 41.9 42.2 

TFTT 1.65 2.25 41.9 43.1 44.3 
total games 73.55 130.81 180.8 181.25 183.71 

Table XII 

As can be seen, in this setup nonexploitive types interact very little with ex­
ploitive types and their level of activity (total games played) is much higher 
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