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Abstract

This paper focuses on the iterated prisoner’s
dilemma(IPD). We outline results obtained in sim-
ulations of the IPD in both clean and noisy envi-
ronments. We discuss attributes we believe to be
of importance with respect to the fitness of strate-
gies in both environments. Specifically we discuss
notions of forgiveness (where strategies attempt to
forgive strategies that defect in the game) and mem-
ory (whereby strategies are less reactive to immediate
events but maintain a longer memory of past inter-
actions).

1 Introduction

Multi-agent systems have been adopted and re-
searched as a means to develop robust, distributed
reactive and intelligent systems. Within the field,
much research has been informed by previous and
ongoing research in the fields of Computer Science,
namely those of distributed artificial intelligence
(DAI) and distributed problem solving (DPS), and
also by research within the social sciences and
economics.

We typically view a Multi-Agent System as
comprising a set of intelligent agents[26][12] each
capable of behaving in an autonomous manner to
satisfy their own goals (which may be individual or

joint goals involving other agents).

Much research has focused on the development
of theories and languages to aid the development of
agent-based systems. Work has also progressed in
the development of tools and ideas to analyse the
behaviour of agents and multi-agent systems.

An important strand of this research has been
the field of game-theoretic and decision-theoretic
analysis of agent-based systems[28][3][14].  The
game-theoretic approach is typified by the abstrac-
tion of agent behaviour to a series of games, in
which one attempts to capture the salient notions
and features of agent behaviour. Analysis and
exploration of ideas regarding agent behaviour can
be effected by studying these games (through formal
analysis of these games and through the simulation
of strategies playing these games).

This paper concentrates on one such game, namely
the well-known iterated prisoner’s dilemma. The
paper focuses on two aspects of strategies for playing
the game—the willingness of strategies to forgive
and the use of a memory of past interactions to
guide future behaviour. We explore these features
for strategies within both noise-free environments
and noisy environments.

The motivation for further research in the iter-
ated prisoner’s dilemma, given that it has been well-



studied in a variety of domains[2] are two-fold:

e the assumption of cooperative behaviour in
multi-agent systems is not necessarily valid in
domains where agents are truly autonomous—
agents may be selfish and/or competitive. More
research is necessary to allow the creation and
deployment of multi-agents systems which per-
mit agents to act in a non-cooperative manner
and yet have means to reason or possibly con-
strain the emergent global system behaviour.

e the assumption of a noise-free environment is
also not valid in certain domains. An intended
cooperative gesture by one agent may be inter-
preted as a non-cooperative gesture by the re-
ceiving agent due to a number of potential rea-
sons (for example, ambiguity in the message;
conflicting goals of agents; differences in ontolo-
gies maintained and used by the agents; and
‘cultural differences’ of agents). A transmitted
gesture may be lost or damaged in transmission
which may result in the receiver mis-interpreting
the message. These potential problems may re-
sult in a cooperative gesture being recognised by
the receiver as a defective gesture and vice versa.

These issues have not been widely studied, par-
ticularly the latter problem with only a handful of
researchers considering noise and errors in games
such as the iterated prisoner’s dilemma [6][17][23][24].

In this paper, a review of research in the iterated
prisoner’s dilemma is given together with a review of
work in the IPD in noisy environments. Subsequent
sections outline some recent results obtained in
experiments dealing with the iterated prisoner’s
dilemma in both noise-free and noisy environments.
The approach taken in this research has been to
design strategies based on heuristics, to validate
these strategies in fixed environments and to search
the range of the features of these strategies using
evolutionary computational search strategies. The
paper concludes with some observations regarding
the evolved strategies and their features which may
be of use in the development and deployment of

multi-agent systems.

2 Prisoner’s Dilemma

In the prisoner’s dilemma game, two players are
both faced with a decision—to either cooperate(C)
or defect(D). The decision is made by a player
with no knowledge of the other player’s choice. If
both cooperate, they receive a specific punishment.
If both defect they receive a larger punishment.
However, if one defects, and one cooperates, the
defecting strategy receives no punishment and the
cooperator a punishment (the sucker’s payoff). The
game is often expressed in the canonical form in
terms of pay-offs:

Player 1
C D
Player 2 C ()\1, )\1) (/\2, /\3)
D (A3, 2) (A, M)

where the pairs of values represent the pay-offs
(rewards) for players Player 1 and Player 2
respectively. The prisoner’s dilemma is a much
studied problem due to it’s far-reaching applicability
in many domains. In game theory, the prisoner’s
dilemma can be viewed as a two-person, non-zero-
sum, non-cooperative and simultaneous game. In
order to have a dilemma the following must hold:
A3 < A1 < Mg < Ag, where Xy is the sucker’s payoff,
A4 is the punishment for mutual defection, Ay is
the reward for mutual cooperation and Az is the
temptation to defect. The constraint 2)\; > Ay + A3
also holds.

The prisoner’s dilemma and applications has
been described in many domains including
biology[10][11][20], economics[29] and politics[7].



3 Iterated Prisoner’s Dilemma

In the iterated version 2 players play numerous
games (the exact number unknown to either player).
Each player adopts a strategy to determine whether
to cooperate or defect at each of the moves in the
iterated game.

3.1 Strategies

Strategies for the IPD may be:

periodic: strategies play C or D in a periodic
manner. Common strategies: ALL-C, ALL-D,
(CD)* (DC)* (CCD)* etc.

random: strategies that have some random be-
haviour. Totally random, or one of the other
types (e.g. periodic) with a degree of random-
ness.

based on some history of moves: tit-for-tat (C
initially, then D if opponent defects, C if op-
ponent cooperates), spiteful (C initially, C as
long as opponent cooperates, then D forever),
probers (play some fixed string, example (DDC)
and then decides to play tit-for-tat or ALL-D (to
exploit non-retaliatory)), soft-magjo (C initially,
then cooperate if opponent is not defecting more
than cooperating).

There are many variations on each of the above
type of strategies.

3.2 Results

A computer tournament[l] was organised to pit
strategies against each other in a round-robin man-
ner in an attempt to identify successful strategies
and their properties. The winning strategy was
tit-for-tat (TFT); this strategy involved cooperating
on first move and then mirroring opponents move on
all subsequent moves.

The initial results and analysis showed that the
following properties seemed necessary for success—
niceness (cooperate first), retaliation, forgiveness
and clarity.

In a second tournament[l], 15 of the top 16
strategies, were found to be nice. These results seem
to indicate that cooperative strategies are useful if
there is a high chance that the strategies will meet
again.

Further analysis involved the development of a
genetic algorithm to evolve successful strategies.
The more successful strategies tended to be more
complex than the traditional TFT and violated
the fourth heuristic (that of clarity) proposed by
Axelrod :“Don’t be too clever”; these strategies are
quite complex.

Beaufils et al[4] question the fourth property
and develop a strategy gradual' which is far more
complex than tit-for-tat and outperforms tit-for-tat
in experiments. The forgiving[27] strategy also
challenges the final property; forgiving is not clear
or simple and has proven strong in environments
similar to those used by Beaufils[4].

No best strategy exists; the success of a strat-
egy depends on the other strategies present. For
example, in a collection of strategies that defect
continually (ALL-D) the best strategy to adopt
is ALL-D. In a collection of strategies adopting a
tit-for-tat strategy, an ALL-D strategy would not
perform well.

Some ideas to promote cooperation in envi-
ronments have been posited by Axelrod; these
include genetic kinship, clustering of like strategies,
recognition, maintaining closeness when recognition
capabilities are limited or absent (e.g limpets in
nature), increasing the chance of future interactions

lgradual performs like tit-for-tat, in that it cooperates on
the first move. It retaliates upon defection. On the first de-
fection it responds with a defection(D), followed by 2 cooper-
ations(CC). Following the second defection, it responds with
2Ds, followed by 2Cs and so forth.



(certain social organisations, hierarchies in compa-
nies etc.), changing the pay-offs, and creating social
norms where one is encouraged to cooperate.

4 Noisy environments

The majority of work in the iterated prisoner’s
dilemma has focused on the games in a noise-free
environment, i.e. there is no danger of a signal being
misinterpreted by the opponent or the signal being
damaged in transit.

However, this assumption of a noise-free environ-
ment is not necessarily valid if one is trying to model
real-world scenarios.

There are different means that can be used to in-
troduce noise to the simulation:

e mis-implementation (when the player makes a
mistake implementing its choice)

e mis-perception (when one player perceives incor-
rectly the other player’s signal or choice)

Bendor[6] effects noise by introducing payoffs that
are subject to error. Upon cooperation in the face
of defection by an opponent, a person receives the
payoff Ay + e, where e is random with expected value
0.

In [13], it is argued that “if mistakes are possible
evolution may tend to weed out strategies that
impose drastic penalties for deviations”.

Kahn and Murnighan [17] find that in experiments
dealing with the iterated prisoner’s dilemma in
noisy environments, cooperation is more likely when
players are sure of each other’s payoffs. Miller’s
experiments in genetic algorithms applied to the
prisoner’s dilemma result in the conclusion that
cooperation is at its greatest when there is no noise
in the system and that this cooperation decreases as
the noise increases[23].

Hoffman[16] reports that results are sensitive to
the extent to which players make mistakes (mis-
implementation of mis-perception). In particular,
cooperation is vulnerable to noise as it is supported
by conditional strategies. For example, in a game
between two TFTs, a single error would trigger a
series of alternating defection. Axelrod [1] repeated
his initial round-robin tournament with added 1%
chance of players misunderstanding their opponent’s
move in any round. He found that TFT still came
first despite some echoes of retaliation between
cooperative strategies.

It can be shown that higher degrees of noise can
be detrimental to TFTs performance. Given noise of
p percent, we can show that TF'T strategies playing
against each other will spend 25% of their time in
mutual cooperation, 25% in mutual defection and
the remainder of time with one strategy cooperating
and the other defecting.

A number of of authors confirm the negative effect
of noise on TFT and find that more forgiveness
promotes cooperation in noisy environments[6][24].

Other interesting results are also reported. These
include ‘pavlovian’ strategies which are more likely
to avoid spirals of defection that tit-for-tat[1§]
(also shown to perform well in[22]), the lowering
of levels of cooperation in a society without the
introduction of defecting strategies[23][21], the effect
of highlighting differences between strategies that
would coexist in noise-free environments|[8].

5 Motivations for designing
strategies for the IPD

The primary shortcomings of strategies like TFT
in the noisy IPD is that their memory of past
interactions is too short—TFT quickly reacts to
any defection whether it is a genuine defection or
one caused by a degree of noise. It seems plausible
that a longer memory would permit strategies to



score more points by not reacting to an opponents
defection, but rather to the opponent’s behaviour
over a period time.

Secondly, in the IPD, strategies like TFT have a
tendency to lock into a spiral of mutual defections
which can prove to be detrimental to the overall
fitness of the strategies.

Another less important factor is TFT’s potential
to be exploited by non-nice naive strategies.

By running some simulations and investigating the
properties of the successful strategies we were able
to add further weight to the hypotheses forwarded
in the preceding paragraphs.

We argue that in both clean and noisy environ-
ments, the willingness to break spirals of mutual
defection by incorporating a degree of forgiveness is a
useful trait. Furthermore, we argue that as environ-
ments become noisy a longer memory is beneficial;
i.e. one should base the reaction not just on the pre-
vious few moves but on a longer memory of the game.

In subsequent sections, we discuss some results in
both clean and noisy environments.

6 IPD in a clean environment

6.1 Introduction

Our strategy, forgiving® attempts to take the follow-
ing factors into account:

e Don’t be exploited by periodic strategies

¢ Try to re-establish cooperation by forgiving

21t is important to note, to avoid confusion, that Axelrod’s
notion of contrition is fundamentally different to the notion of
forgiveness [27] discussed in later sections. Axelrod’s notion
of contrition effectively amounts to modifying TFT such that
it “avoids responding to the other player’s defection after its
own unintended defection”

Note that the above modifications do not vi-
olate the first three recommendations (generally
accepted) forwarded by Axelrod—mnever defect first,
be retaliatory, be forgiving. There are cases when
the exploitation of periodic strategies can damage
performance: where a pattern is recognised as a
periodic strategy and we adopt an ALL-D approach
to avoid exploitation. This can quickly result in a
spiral of mutual defections if the opponent is not
really periodic (but appears to be).

The degree of forgiveness in our strategy is of
length 2, i.e we play two consecutive Cs. The
length of the spiral of mutual defections is set to 5
(i.e. once 5 pairs of defections are encountered an
effort is made to re-establish cooperation). These
figures were initially chosen rather arbitrarily; we
merely wished the spiral to be of some reasonable
length and the cooperative gesture to be sufficient
to re-establish mutual cooperation.

In summary, our strategy is like tit-for-tat, with
the following amendments—exploit periodic strate-
gies and forgive when interactions are spiraling into
an ongoing defection.

6.2 Results

The initial experiments carried out on the strategy
were in a round-robin tournament with 37 other
well-known strategies. The strategies chosen were
those included as default in the simulation package
created by Beaufils and Delahaye®. This very useful
package allows experiments in both a round-robin
and an evolutionary setting. A set of well-known
strategies are included in the package and the
addition of new strategies is facilitated. We added
our strategies to the pool of strategies provided.

In the evolutionary simulation, each successive
generation contains strategies with frequency pro-
portional to their score in the current generation.
The performance of the strategies over a number of
generations was plotted (Figure 1).

3 Available at http://www.lifl.fr/TPD/ipd.frame.html
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Figure 1: Evolutionary Setting

Following these initial results we wished to in-
vestigate which of the two aspects of the forgiving
strategy accounted for its good performance (its
exploitation of periodic strategies or its ability to
re-establish cooperation). The performance of the
strategy in the environmental setting indicates that
its exploitation of periodic strategies, while useful,
is not necessary for its success as the strategies
(periodic) upon which it preys die off at a relatively
early stage (e.g. per-cd, per-ddc).

To provide empirical evidence, we also include
two variations—forgiving-1 which does not exploit
periodic strategies but attempts to re-establish
cooperation and forgiving-2 which attempts to
exploit periodic strategies only. The graph in Figure
2 shows their performance. As can be seen, the two
strategies that attempt to forgive and re-establish
cooperation do well in the evolutionary setting.

6.2.1 Evolutionary Search for forgiving strate-
gies

The previous sections provide some results to justify
the incorporation of forgiveness into strategies. To
explore more fully the effect of degrees of forgiveness,
an evolutionary computation method was adopted.

500

T

forgiving —
‘seft-spiteful --—-
450 oft SpI

g
gradual

- - -
o
doubler -----

400

350

300

250

200

i

150

100

50

0

0 10 20 30 40 50 60 70 80 920 100

Figure 2: Evolution of different versions of forgiving

We use a genetic algorithm to breed successful
strategies to play against a well-known collection of
strategies (the same used in the previous strategies).

Evolutionary computation approaches have been
previously used by other researchers to explore
the range of strategies. These include Nowak and
Sigmund[25], Linster[19], Beaufils[5], Harrald and
Fogel[15], Cohen et al.[9].

In our initial experiments, we encode, in each chro-
mosome, several aspects of a strategy’s behaviour.
These include:

e behaviour on the first move.
e behaviour following a defection by opponent.
e behaviour following a cooperation by opponent.

e number of mutual defections allowed before
changing to forgiving behaviour.

e number of successive cooperative gestures to
make in order to forgive.

e whether a strategy will use calculations based on
a longer memory to choose the next move.

e a threshold (number of previous cooperations
less the number of previous defections) under
which strategies will not cooperate.



On all trials the first three genes converge ex-
tremely quickly and confirm findings by many
others—cooperate on first move, cooperate following
a cooperation and defect following a defection.

The fifth gene does not converge to zero in any of
the experiments, indicating that forgiving behaviour
is a useful feature for any strategy to maintain.
The degree of forgiveness and the length of the
spiral have varied in the trials but have consistently
been much larger than those in our designed strategy.

The above experiments allowed us to explore a
range of attributes of forgiving strategies.

6.3 Co-evolution of strategies

The experiments involved evolving a set of strategies
where the initial set of strategies created randomly
and then evolved in the environment of creatures
playing the iterated prisoner’s dilemma. This was to
remove any bias that may exist in our experiments
by the choice of strategies with whom our evolved
strategies were playing.

In these experiments, the noise level was set to
zero, so we were dealing with a noise free envi-
ronment. In both of these experiments, the same
settings were used apart from the mutation rate
which was changed to a higher value in the second
experiment.

In both experiments we see interesting behaviour.
In the first (Figure 3), we see that rather surprisingly,
at first glance, the strategies converge such that
strategies initially defect on their first move. This
seems unusual given that the selection of cooperation
on the first move in evolutionary settings is much
reported in experiments similar to our own. We also
see that the evolved strategies retaliate and do not
immediately forgive following a defection by their
opponent.

However, we see that forgiveness quickly becomes
the norm; strategies choose to forgive strategies with
whom they are locked in a mutual spiral of defection.
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Figure 3: Population Size = 50. No of generations =
500. No noise. Mutation: 0.001%, Crossover 0.80%

We believe the presence of this behaviour in the
population reduces the evolutionary advantage con-
ferred on those that initially cooperate; the danger of
mutual defection is not as costly as the strategies are
likely to forgive. The notion of maintaining a long
memory has not been selected for in the evolutionary
setting.

In another run, with a higher mutation rate
in the genetic algorithm, we see another scenario
evolving. In this case (Figure 5), cooperation in
the first move becomes a dominant feature in the
population. Immediate retaliation and forgiveness
are also selected. We also see a favouring of long-
term forgiveness as an evolved trait. This seems
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Figure 4: Forgiving, Spirals, and memory; no noise;
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to indicate that irrespective of whether or not the
population is initially nice or not, the willingness to
forgive upon encountering mutual spirals of defection
is a desirable trait.

Figures 4 and 6 show graphically, plotted against
time, the average spiral length, the average length
of forgiveness and the threshold used by agents
adopting a longer memory.

The lengths are quite small given the maximum
possible but yet are longer than in the original
designed strategies. In the second of these graphs,
the levels for spirals and forgiveness are quite small,
which is reasonable given that there will be less
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Figure 5: Population 50; Length : 1000; Noise: 0%;
Mutation: 0.01%, Crossover 0.80%

spirals given the large proportion of strategies
partaking in cooperative behaviour.

6.4 IPD in a noisy environment

Given the results and evidence obtained from exper-
iments in the noise-free environment, we wished to
investigate the effects that introducing noise would
have on strategies and their features.

By ranking the strategies according to their
proportion following 100 generations of evolution in
a noisy environment, we see different strategies (e.g.
doubler, soft-joss) attaining higher degrees of fitness,
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with strategies such as tft and forgiving attaining
lower degrees of fitness than witnessed in earlier
experiments in a clean, noise-free environment.

1 percent noise

Generation score in 101

1 doubler = 1447
2 soft_joss = 1129
3 soft_spiteful = 596
4 soft_tf2t = 504
5 hard_prober = 158
6 forgiving-1 = 96
7 forgiving = 44
8 tit_for_tat = 15
9 hard_tf2t = 6
10 slow_tft = 0 stopped in 76

10 percent noise

Generation score in 101

1 doubler = 1189
2 soft_joss = 865
3 soft_spiteful = 776
4 soft_tf2t = 407
5 soft_majo = 311
6 forgiving-1 = 234
7 prob_c_4_on_5 = 111
8 forgiving = 58
9 tit_for_tat = 21
10 hard_tf2t = 18

On first analysis of the results we see that the
strategies that do well are those that base their
responses on calculations over the entire history of
the games, i.e., a longer memory seems advantageous.

We repeated the co-evolutionary experiments
again but introduced a small degree of noise to
the simulations. A genetic algorithm is again used
with the same chromosome layout as in the earlier
experiments.

In the first experiment with a noise at a rate
of 1% we see the population fluctuates a lot with
respect to the different features. We plot only
willingness to forgive, memory and niceness in the
graph to avoid clutter in the graph. As can be seen
from the graph, the society lacks stability and fails
to converge on any fixed value for any of the features.

7 Conclusion

The iterated prisoner’s dilemma is an oft-studied
game in many domains. This paper examined some
features of strategies playing the game. Initially we
explored the concept of forgiveness (the ability of a
strategy to cooperate following a spiral of defections).
We found that in a fixed environment a designed
forgiving strategy flourished, in an evolutionary
setting forgiveness was also selected for and finally in
a co-evolutionary setting we showed that a selective
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advantage was conferred upon forgiving strategies.

We also wished to investigate the importance of
‘memory’, i.e. the ability of a strategy to maintain
statistics of the entire game and not just the imme-
diate past. We saw that in our evolutionary and
co-evolutionary settings, ‘forgiveness’ was selected
over ‘memory’.

We also investigated the effect of introducing
noise into the system. The introduction of a low
level of noise into the system has an immediate
effect on well-known strategies and we saw that their
willingness to react to defections causes a decrease
in their fitness. In the evolutionary experiments
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Figure 8: Forgiving, Spirals, and memory

we see that forgiveness, although useful, does not
result in a stable society. The use of a longer
memory tends to be more useful in these experi-
ments but similarly does not produce a stable society.
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