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Abstract

In realistic world individuals with high reputation are more likely to influence the collective behaviors. Due to the cost
and error of information dissemination, however, it is unreasonable to assign each individual with a complete cognitive
power, which means that not everyone can accurately realize others’ reputation situation. Here we introduce the
mechanism of inferring reputation into the selection of potential strategy sources to explore the evolution of
cooperation. Before the game each player is assigned with a randomly distributed parameter p denoting his ability to
infer the reputation of others. The parameter p of each individual is kept constant during the game. The value of p
indicates that the neighbor possessing highest reputation is chosen with the probability p and randomly choosing an
opponent is left with the probability 1—p. We find that this novel mechanism can be seen as an universally applicable
promoter of cooperation, which works on various interaction networks and in different types of evolutionary game. Of
particular interest is the fact that, in the early stages of evolutionary process, cooperators with high reputation who are
easily regarded as the potential strategy donors can quickly lead to the formation of extremely robust clusters of
cooperators that are impervious to defector attacks. These clusters eventually help cooperators reach their undisputed
dominance, which transcends what can be warranted by the spatial reciprocity alone. Moreover, we provide complete
phase diagrams to depict the impact of uncertainty in strategy adoptions and conclude that the effective interaction
topology structure may be altered under such a mechanism. When the estimation of reputation is extended, we also
show that the moderate value of evaluation factor enables cooperation to thrive best. We thus present a viable
method of understanding the ubiquitous cooperative behaviors in nature and hope that it will inspire further studies to
resolve social dilemmas.

Citation: Wang Z, Wang L, Yin Z-Y, Xia C-Y (2012) Inferring Reputation Promotes the Evolution of Cooperation in Spatial Social Dilemma Games. PLoS ONE 7(7):
€40218. doi:10.1371/journal.pone.0040218

Editor: Angel Sanchez, Universidad Carlos Ill de Madrid, Spain
Received February 19, 2012; Accepted June 2, 2012; Published July 9, 2012

Copyright: © 2012 Wang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: CYX acknowledges the support from the National Natural Science Foundation of China (Grant No. 60904063) and the Tianjin Municipal Natural Science
Foundation of China (Grant No. 11JCYBJC06600). ZW acknowledges the support from the Center for Asia Studies of Nankai University (Grant No. 2010-5). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: xialooking@163.com (CYX); fdlwang@gmail.com (LW)

interactions, and various extensions of this model have also been
proposed to further understand the origin of cooperation [19,26—
36]. In the original model, two players must simultaneously decide
to either cooperate (C) or defect (D) without knowing the co-
player’s decision, and the corresponding payoff matrix can be
described as follows,

Introduction

The emergence and maintenance of cooperation through
natural selection is an enduring conundrum in evolutionary
biology and other related disciplines [1]. According to the
Darwinian evolutionary theory [2], any behavior that contributes
benefits to others but not directly to oneself will soon disappear.
However, this is not fully consistent with the ubiquitous existence
of cooperative behaviors in uncountable biological or social
settings, especially in animal and human societies [3-6]. In order c <R S ) (1)
to solve this puzzle, a variety of game theoretical models inspired D T P ’
by different biological situations, such as the prisoner’s dilemma
game, the snowdrift game and public goods games, have been

extensively studied [7-18]. Most notably, the prisoner’s dilemma Here, both players will receive the reward R if they cooperate

game has received particular renown and becomes the leading and the punishment P if they select non-cooperation. But when a

paradigm to explore the evolution of cooperation among selfish
individuals [19-25].

As a metaphor, the prisoner’s dilemma game is often employed
to investigate how the cooperation evolves between pairwise
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defector meets a cooperator, he exploits the cooperator and
receives the temptation 7, and the cooperator is left with the
sucker’s payoff’ S. Importantly, these terminological terms are
required to satisty the following ranking:
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T>R>P>S, (2)

and

2R>T+S, (3)

from where it is clear that players need to defect if they wish to
maximize their own payoffs, irrespective of the opponent’s
decision. Resulting is a social dilemma, which typically leads to
widespread defection.

During the past decades, various specific mechanisms have been
proposed and experimentally verified to avert this unfavorable
outcome of social dilemmas and to promote the evolution of
cooperation among unrelated individuals. Typical examples
include kin selection [37], direct and indirect reciprocity [25,38—
40], differences in evolutionary time scales [41], the potential
influence of noise [42,43], group selection [44], altruistic
punishment [45,46], effective strategies [47-50] such as the tit-
for-tat or win-stay-lose-shift, and spatially structured populations
[26,51,52]. Particularly, the spatial reciprocity has been identified
as one of the most fruitful means to largely enhance the
cooperation levels. For instance, when players are arranged on a
lattice and interact only with their nearest neighbors, cooperators
can easily survive through forming compact clusters, which rescue
the cooperators from the exploitation of defectors [26]. Following
this pioneering work, a great deal of modified versions and various
underlying promoting mechanisms have been studied. To name
but only a few, many works attest to the fact that complex
networks with the connectivity structure similar to that of real-
world networking systems can greatly facilitate the emergence of
cooperation [19,35,41,53-58]. The mobility of agents, if appro-
priately tuned, also results in the prevalence of cooperation even
under the noisy conditions that do not necessarily support the
diffusion of cooperators [59-60]. It is promising, furthermore, that
the individual heterogeneity or social diversity can have a positive
impact on the cooperative behaviors even if the defection
temptation is large [22,44,64,65] (for comparison and better
review, we refer to some comprehensive works [47,66-68]).

Besides the above scenarios, a new and potent approach,
namely, reputation mechanism, is gaining more momentum
recently [38,69-73]. Turning to experimental study, Nowak and
Sigmund not only unraveled that reputation by itself exerted a
strong influence on cooperation dynamics, but also helped explain
the high cooperation levels in human society, especially under the
framework of indirect reciprocity [38]. Inspired by this delightful
achievement, Fu et al. investigated the effect of reputation on the
individual partner-switching process. They found that, if players
were able to alter their behavioral strategies and their social
interaction partnerships according to the reputation situation,
cooperation would prevail [74]. However, reputation is not a real
entity. People do not have tags on their back, which can directly
illuminate their true reputation. In previous works, it is usual
assumed that each person can correctly realize others’ reputation.
Due to the cost and error of information dissemination, this
assumption is only the ideal case. More realistic scenario will
acknowledge that each individual has limited and different ability
to infer others’ reputation.

Here we propose an approach that takes into account the
influence of individual inferring ability during the process of
reputation judgement (for simplicity, it is named referring
reputation mechanism). Considering difference of the inferring
ability among agents, we utilize a randomly distributed parameter
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p in the interval between zero and one for each player to denote
his inferring ability. The value of p means that the neighbor
possessing highest reputation is chosen with the probability p and
the case of randomly choosing opponent is left with the probability
1 —p. (Although the situation that each person possesses the same
p value is not studied, two extreme cases are worth being
mentioned. Setting p equal to zero for all the individuals returns to
the traditional version, which is usually employed to measure
whether cooperation is promoted under the proposed mechanism.
While p being one within the whole population is not realistic,
which is incompatible with the fundamental assumption that each
person has limited and different estimation ability, and spontane-
ously losses the meaning and necessity of comparing with our
results.) Through scientific computer simulations we demonstrate,
compared with the traditionally spatial version, that this simple
mechanism promotes the evolution of cooperation significantly.
We provide a reasonable explanation for the observed phenom-
enon and explore the impact of different uncertainty levels in
strategy adoptions. In addition, we introduce an evaluation factor
into the calculation of reputation and show the existence of
optimal cooperation levels. Finally, we conclude that referring
reputation outlines a viable route to resolve social dilemmas, which
will inspire further studies.

Results

0.1 Impact on the Evolution of Cooperation

As is well known, in the traditional prisoner’s dilemma game
cooperators will be decimated fast even if the temptation to defect
is not very high [24,54,75]. It thus becomes challenging to identify
whether referring reputation mechanism supports the evolution of
cooperation for high temptation. In order to address this puzzle,
we present in Fig. 1 the fraction of cooperators p. in dependence
on the temptation to defect b for different scenarios. It is evident,
compared with the traditional version of the game, that the
consideration of such a mechanism can significantly sustain the
emergence and evolution of cooperation, which is consistent with
our expectation [see Fig. 1(a)]. In the traditional spatial version,
cooperators can exist at substantial levels if b is relatively small,
and then becomes less and less resilient to the invasion of defectors
with the fast enhancement of b value. However, with the novel
mechanism, cooperators are not only able to reach an exclusive
dominance, but even prevail over a larger interval of b. Another
important but more subtle alteration is the critical threshold value
bc, marking the extinction of cooperators. One can find that the
value of b¢ is enhanced from 1.066 to 1.14, when the judgement
of reputation is introduced. These results suggest that the
mechanism of inferring reputation can substantially improve the
cooperation.

Strikingly, qualitatively identical results can be obtained on
complex interaction networks other than the square lattice. Results
presented in Fig. 1(b) depict how cooperators fare on the small-
world network and the random regular graph. Similarly as in
Fig. 1(a), it can be observed, compared with the results of
traditional version, that cooperators perform significantly better
under the novel mechanism and survive at larger values of b. This
is in agreement with the observations made on the square lattice,
indicating that referring reputation mechanism is universally
effective in promoting the evolution of cooperation irrespective of
the underlying interaction networks. In addition, since complex
networks are usually identified as the potent promoters of
cooperation on their own right [35,76,77], the promotion effect
is more conspicuous.
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Figure 1. Promotion of cooperation due to inferring reputation on different networks. (a) depicts the fraction of cooperators p. in
dependence on the temptation to defect b for the traditionally spatial version (TRS) and inferring reputation mechanism (IRM) where a random
distribution of p in the interval between zero and one is implemented on the square lattice. It can be observed, compared with the results of
traditional version, that the novel mechanism not only enables cooperators to reach their exclusive dominance, but also allows for cooperative
behaviors to prevail at high temptation to defect. (b) depicts the fraction of cooperators p. in dependence on the parameter 5 on the random
regular graph (RRG) and Watts-Strogatz small-world (SW) network with the fraction of rewired links equalling 0.1. These results are in qualitatively
agreement with the observations on the square lattice, supporting the conclusion that inferring reputation remarkably promotes the evolution of

cooperation, irrespective of the underlying interaction networks.
doi:10.1371/journal.pone.0040218.g001

In order to provide an intuitive assessment about the impact
of the inferring reputation mechanism on the cooperative
behaviors, we show in Fig. 2 the characteristic spatial
distributions of cooperators and defectors for the above scenes.
The result presented in Fig. 2(a) depicts the situation for the
traditionally spatial version, where a small fraction of cooper-
ators can survive on the lattice by means of forming clusters,
thereby protecting themselves against the exploitation by
defectors [24,51]. Moreover, it is worth mentioning that these
clusters are usually small, discrete and the distance among them
is much larger than the size of clusters, which to some extent
helps to explain why it is impossible to yield the absolute
dominance of cooperators. Next we examine the spatial
distributions of players for the novel proposed mechanism. As
evidenced in Fig. 2(b), cooperators prevail even reach their
undisputed dominance, whereby clustering remains their mech-
anism of spreading and survivability. One can find, if compared
to the left snapshot, that the clusters of cooperators become
larger and more compact, which further results in less space left
for defectors. Importantly, this phenomenon can also be
interpreted from some sociological viewpoints. For example, in
economic society, the companies who always finish the
production tasks or contracts with other firms on time will
have higher and higher prestige. Then, more enterprises are not
only willing to trade with them, but also incline to learn and
imitate their way of management or technologies. As such, these
illustrative snapshots attest to the fact: if players’ reputation is
correlated with their cooperation behavior, it is reasonable to
predict that the collective cooperation can be improved under
our inferring reputation mechanism.

Now that the inferring reputation mechanism enables the
formation of extremely robust clusters of cooperators [see
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Fig. 2(b)], it is significant to explore why it can lead to larger
clusters. To answer this question better, cooperators are separated
into two types: cooperators with high reputation and cooperators
with low reputation (we assume that, if the reputation of a
cooperator is larger than that of all its neighbors, it will possess
high reputation, otherwise its reputation being low). We present in
Fig. 3 the evolution process of cooperator clusters, whereat
defectors are colored green, cooperators with high and low
reputation are colored blue and red, respectively. In the beginning
[see Fig. 3(a)], the distributions of cooperators are random. As the
evolution proceeds we observe that cooperators quickly shape
effective clusters to resist the invasion of defectors, which is
consistent with the results of traditionally spatial populations
[24,51]. However, the subsequent situation is interesting: the
clusters of cooperators become larger and more compact.
Strikingly, cooperators with high reputation are basically located
at the centers of clusters, while cooperators with low reputation lie
along the boundaries of clusters [see the enlarged snapshot in
Fig. 3(d)]. We argue that cooperators with high reputation play a
crucial role in sustaining the stable clusters of cooperators.
Namely, during the evolution process, cooperators with high
reputation will be chosen more likely as potential strategy donors,
which induces more cooperators approaching and surrounding
them. Consequently, the initial clusters warranted by the spatial
reciprocity alone start mushrooming to depress the invasion of
defectors. It is also natural that their followers, i.e., cooperators
with low reputation, usually lie along the boundaries. In a sea of
cooperators this is practically always these followers rather than
defectors trying to penetrate into the clusters. This kind of
expansion ultimately results in highly robust clusters of cooperators
that goes beyond the observation supported by spatial reciprocity
alone [66,78].
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Figure 2. Characteristic snapshots of strategy distributions on the square lattice. (a) depicts the distributions of cooperators (blue) and
defectors (gray) for the traditionally spatial version, where only a small fraction of cooperators can survive through forming the clusters to resist the
defectors’ attacks. (b) depicts the distributions of players when inferring reputation is taken into account. It is obvious that the evolution of
cooperation is facilitated to the point of nearly complete cooperator dominance, which is supported by the formation of extremely robust clusters of
cooperators. Note that these visual observations are qualitatively consistent with results presented in Fig. 1. Depicted results were obtained for

b=1.055.
doi:10.1371/journal.pone.0040218.g002

Next, it 1s interesting to quantitatively elucidate why cooperative
behaviors are supported under inferring reputation mechanism.
To provide answers, we examine in Fig. 4 the time courses of pc
for different scenarios. What first attracts our attention is the
evolution status for the traditional version, namely, in the very
early stages of evolutionary process (note that values of p- were
recorded also in between full Monte Carlo steps) the performance
of defectors is better than that of cooperators. This is consistent
with what one would expect, given that defectors are, as
individuals, more successful than cooperators and will thus be
chosen more likely as potential strategy donors. This in turn

(a) (b)

amplifies their chances of spreading and ultimately result in the
decimation of cooperators (only between 10—20% survive).
However, for the proposed model with the judgement of
reputation, the new situation appears: it quickly restrains from
the exploitation of defectors and is in favor of the prosperity of
cooperators. That is, the spatial reciprocity alone is not enough to
maintain high cooperation levels after the transformation, and the
inferring reputation mechanism is responsible for the emergence
and maintenance of cooperation on the square lattice. In the very
early stages, since cooperators with high reputation can be
frequently chosen as the potential strategy donors, the advantage

(e) (d)

Figure 3. Time evolution of the clusters of cooperators on the square lattice. (a), (b) and (c) depict the distributions of individual strategies
as recorded at 0, 20, 2000 steps, while (d) is an enlarged portion of (c) to show the final distributions of cooperators more distinctly. Cooperators with
high (low) reputation are colored blue (red), defectors are colored green. The distributions of cooperators are initially random, but soon cooperators
with high reputation help more individuals form clusters to resist defector attacks, since they are chosen more likely as the potential strategy donors.
With these clusters mushrooming, less space is left to defectors. Note that cooperators with high reputation are usually located at the centers of
clusters, which is beneficial for inducing the transformation from defectors to cooperators along the boundaries of clusters. Depicted results were
obtained for =1.055.

doi:10.1371/journal.pone.0040218.g003
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of defectors is weakened largely. Simultaneously, these cooperators
attract more individuals to form effective clusters through leading
the transformation from defectors to cooperators. Crucial thereby
is the fact that the clusters built by cooperators are impervious to
the lure of becoming defectors and able to recover the space of
defectors, which ultimately results in widespread cooperation
going beyond what can be warranted by the spatial reciprocity
alone [66,78]. After cooperators reach their utter dominance, the
size of clusters will keep nearly constant, namely, the frequency
that cooperators with high reputation are chosen as the potential
strategy donors becomes steady. Particularly, in order to validate
the above comment we also investigate the time courses of two
new statistical parameters defined as follows,

’ ’
N N
P = /C Pr= 7 € > (4)
N N+ N,

total

/ - . .
where N, denotes the imitated number of neighbors with

. . . /
highest reputation during one step, N, represents the number of
!/
cooperators among IV, ,;, and N, corresponds to the number of

randomly chosen cooperators. Obviously, P; and P, are related
to the chosen frequency of cooperators with high reputation. In
the early stages of evolutionary process, their values are high,
which to a large extent protects more cooperators against the
exploitation by defectors [see the inset of Fig. 4]. As the game
proceeding the clusters formed by cooperators expand quickly,
and due to the fact that cooperators located along the
boundaries of clusters increase the values of Py, P, have a
decline, which corresponds to the enhancement of p.. Thus, we
argue that inferring reputation induces a recovery effect halting
and eventually reverting the decrease of cooperation toward
their absolute dominance.

Till now, the promotive impact of inferring reputation
mechanism is merely restricted to the prisoner’s dilemma game.
In order to widen its generality, it is significative to explore its
effect in other evolutionary games. Due to the well-known claim
that spatial structure inhibits the evolution of cooperation in the
snowdrift game [34], the snowdrift game naturally becomes an
appropriate candidate for this task. We present in Fig. 5 the
fraction of cooperators p- in dependence on the cost-to-benefit
ratio r for different scenarios. Similarly as in Fig. 1, it can be
observed that under the proposed mechanism the evolution of
cooperation is promoted, which is qualitatively consistent with
the results obtained for the prisoner’s dilemma game. It is worth
noting that the promotive effect is less pronounced, which may
be attributed to the fact that the spatiality is indeed less crucial
for the evolution of cooperation in the snowdrift game.
Nevertheless, this observation supports the fact that the newly
identified mechanism facilitating the evolution of cooperation is
generally valid.

0.2 Phase Diagram-Influence of Uncertainty K

An important remaining question is to examine the evolution of
cooperation in dependence on the uncertainty by strategy
adoptions. While the levels of uncertainty can be tuned by K
[see Eq.(7)], which acts as a temperature parameter in the
employed Fermi strategy adoption function [51]. When K— oo all
information is lost and the strategies are adopted by means of a
toss coin. We show in Fig. 6 the full 5~K phase diagrams for
different scenarios. The phase diagram in Fig. 6(a), in addition to
the monotonous increasing border between the pure C and mixed
C+ D phases, features a bell shaped phase boundary separating
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the pure D and mixed C+ D phases, implying the existence of an
optimal level of uncertainty (K~0.3) for the evolution of
cooperation. This phenomenon can be interpreted as an
evolutionary resonance [79], and only be observed on the
interaction topologies lacking overlapping triangles [80,81].
Interestingly, the consideration of new identified mechanism
drastically changes this situation, as can be observed from the
phase diagram presented in Fig. 6(b). Instead of the optimal outlay,
the D«<>C+ D transition line is monotonically increasing towards
the large K limit, which means promotive impact prevails across
the whole span of K. On the other hand, the lower phase
boundary separating the pure C and mixed C+ D phases becomes
an inverted bell-shaped line, indicating the existence of an optimal
uncertainty K (K~0.1) for defection. Therefore, the phase
diagrams of Fig. 6 seem to indicate that for the inferring
reputation mechanism, there may be a change in the effective
interaction topology. The square lattice obviously lacks overlap-
ping triangles and thus enables the observation of an optimal K for
the evolution of cooperation, while introducing the judgement of
reputation into the selection of potential strategy donors makes it
possible to enhance the linkage among essentially disconnected
triplets, which in turn alters the evolution of cooperation. A similar
phenomenon has been observed in public goods games as well
[81]. It would be interesting to further investigate the structure of
such effective topology.

0.3 Extended Version

From the definition of reputation (which is calculated in an
accumulated way, referring Methods for more details), one can see
that historical memory and present strategy selection jointly play
an important role in the evaluation of reputation. Only if players
make enormous efforts previously and at present, can they get high
reputation. However, another fact also attracts great attention,
namely, historical memory and current selection should have
different percentage in the evaluation of individual state. A similar
viewpoint has been studied in the measure of individual fitness
[82]. It is, therefore, instructive to introduce an evaluation factor w
into the calculation of reputation and examine its effect on the
evolution of cooperation. Then the individual reputation can be
evaluated according to the following expression,

Zi(t)=1—-w)x Zi(t—1)+wx AZ, (5)

where the evaluation factor w (0<w<1) is a tunable parameter.
Evidently, for w=0 individual reputation mathematically equals
the historical memory, which is not related with current situation.
For w=1 the reputation fully depends on its present strategy
selection.

To explore its impact, we present in Fig. 7 the fraction of
cooperators p¢ in dependence on w for different values of b. It can
be observed that cooperative behaviors go through a non-
monotonous change. For w=0 the outlook of cooperators is
gloomy and they do not avoid the destiny of vanishing. However,
with the increment of w an inspiring result appears: the promotion
of cooperation is really remarkable and can reach an optimal level
at the moderate value of w. After that value, the spreading of
cooperation is halted and turns to gradual decline. Hence, there
exists the moderate value of w leading to the optimal evolution of
cooperation.

Discussion

In sum, we have shown that inferring reputation, i.e. the
ability of identifying the highest reputation neighbors as
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Figure 4. Time courses of the fraction of cooperators on the square lattice. Results are presented for the traditional version (dotted line)
and inferring reputation mechanism (solid line). Evidently, when the inferring reputation is considered, the initial temporary downfall of cooperators
is effectively halted and turns to their fast prevalence. During this process cooperators with high reputation play a crucial role, since they are more
likely regarded as the potential strategy sources, especially in the early stages. In order to provide quantitative evidence, the inset depicts the
evolutionary process of two parameters, which are closely related to the chosen frequency of cooperators with high reputation. It is obvious that the
decline of P; and P, corresponds to the enhancement of cooperation. Note that the horizontal axis is logarithmic and that values of p. were
recorded also in between full Monte Carlo steps (MCS) to ensure a proper resolution. Depicted results were obtained for h=1.055.

doi:10.1371/journal.pone.0040218.g004

potential strategy donors, may be seen as an universally
applicable promoter of cooperation irrespective of the underly-
ing interaction networks and evolutionary games. By means of
extensive simulations, we have found that cooperators with high
reputation play a crucial role in the evolution. They not only
induce a collective resistance against the invasion of defectors,
but importantly accelerate the formation of extremely robust
clusters of cooperators, whereat they are more likely to be
regarded as the potential strategy donors and surrounded by
more followers. Another interesting finding is that the consid-
eration of such a simple yet meaningful mechanism effectively
alters the interaction networks. In its absence there exists an
intermediate uncertainty K where cooperators can survive at
the largest temptation of defect, while in its presence this feature
vanishes and becomes more promotive for the cooperators
(especially noting the boosted boundary line between pure D
and mixed C+ D phases). However, since the actual topology
structure always remains unaffected, we have attributed the
differences in the evolution of cooperation to the possible
alternation of the effective interaction topology, which is
brought about by the fact that cooperators with high reputation
are more likely to act as the sources of adopted strategies.
Therefore, the connections between previously unrelated indi-
viduals seem to become stronger than average. Lastly, by
studying an extended version where the calculation of individual
reputation involves the evaluation factor, we have shown that a
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moderate value of evaluation factor enables the observation of
an optimal cooperation level.

Evidently, the inferring reputation seems widely applicable as
well justifiable with realistic examples. For example, some
distinguished talents in general have high reputation and they
are more likely to affect the collective behaviors than others.
However, under certain situations, it is also possible that
individuals can not correctly identify their circumstances due to
the cost and error of information dissemination. In this sense, the
random selection of a partner becomes a most frequently adopted
alternative. Since this work appears very reasonable, we hope that
it will inspire further studies, especially in terms of the solution of
some social puzzles via a coevolutionary process [67]. Moreover,
we can also evaluate individual reputation from other sociological
viewpoints. For example, unlike the independent treatment in the
present work, reputation can be regraded as a concept
consequence of the opinion from the rest of population.

Methods

We consider an evolutionary prisoner’s dilemma game that is
characterized with the temptation to defect T'=» (the highest
payoff received by a defector if playing against a cooperator),
reward for mutual cooperation R=1, the punishment for mutual
defection P=0, and the sucker’s payoff §=0 (the lowest payoff
received by a cooperator if playing against a defector), whereby
1 <b <2 ensures a proper payoff ranking. Although being in effect
the so-called weak prisoner’s dilemma in that P=.S rather than
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of effective interaction networks.

doi:10.1371/journal.pone.0040218.9g006
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Figure 7. Effect of evaluation factor w on the evolution of
cooperation. This depicts the fraction of cooperators p - in dependence
on the evaluation factor w for different values of parameter b. It can be
observed that for the moderate value of w cooperators thrive best.
doi:10.1371/journal.pone.0040218.g007

P>S, this version captures all the relevant aspects of the game
[26]. In order to test the validity of our conclusions, we also
employ the snowdrift game with the payoffs T=1+4r, R=1,
S=1—r and P=0, thus satisfying the ranking 7>R>S> P,
where r represents the so-called cost-to-benefit ratio. Indeed,the
snowdrift game is frequently studied as an alternative to the
perhaps better-known prisoner’s dilemma [34,83].

Definition of Reputation

Throughout the work, we assume that Z;(?) is the reputation of
player 7 at time step ¢. Each player possesses an identical reputation 1
before the game (i.e. #=0). When the game proceeds, individual
reputation at time step ¢ (¢>1) depends on the historical memory
(namely, previous reputationssituation) and present strategy selection,
similar to the seminal idea of Fu et al. [74]. That is,

Z[(I)ZZ[(Z—1)+AZ, (6)

where 4Z denotes the increment of reputation at time step ¢ If player ¢
selects cooperation, 4Z is 1, otherwise equalling to 0. Itis obvious that
individual reputation is evaluated in an accumulated way, which can
get the illumination from some realistic situations. For example, a
crucial index to estimate the success of a scientist is the total citation of
hisstudies, in biological society individual study ability isusually based
on the previousbasic. Moreover, this definition of reputation islargely
related to cooperating act, it becomes rather expectant that the
established rule supports cooperation. In order to better carry out our
research route, we will introduce individual reputation into strategy
updating process.
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Strategy Updating

As for the interaction network, we use either a regular L x L
square lattice, a random regular graph (RRG) constructed as
described in [76], or the small-world (SW) topology with an
average degree of four generated via the Watts-Strogatz algorithm
[84]. Each vertex ¢ is initially designated as a cooperator (s;=C) or
defector (D) with equal probability. The game is iterated forward
in accordance with the Monte Carlo simulation procedure
comprising the following elementary steps. First, player 7 acquires
its payoft P; by playing the game with all its neighbors. Next, we
evaluate in the same way the payoffs of all the neighbors of player
i. Lastly, it is also most important that player i selects one neighbor
J to update its strategy, which is closely related to the judgement of
reputation.

Before the game each player is assigned with a parameter value
p in the interval between zero and one to denote his inferring
ability. This setting is performed uniformly irrespective of his
mitial strategy and remains unchanged during the simulations.
Under such a case, we assume that players possess limited and
different inferring ability to evaluate their opponents due to the
cost and error of information dissemination. Therefore, neighbor
having the highest reputation is selected with probability p, while
randomly choosing one neighbor is left with the probability 1 —p.
After the neighbor j is chosen, player i adopts the strategy s; of the
selected player j with the probability

1
1+ exp((P;—P))/K]’

W(Sj—’Si) = (7

where K denotes the amplitude of noise or its inverse (1/K) the so-
called intensity of selection [51]. Besides the mnvestigation of phase
diagram we set K=0.5, implying that better performing players
are readily imitated, but it is not impossible to adopt the strategy of
a player performing worse. During a full Monte Carlo step (MCS)
all players have a chance to update their strategies once on
average.

The results of Monte Carlo simulations presented bellow were
obtained on populations comprising 300 x 300 to 500 x 500
individuals, whereby the fraction of cooperators p- was deter-
mined within the last 10* full steps of overall 2x 10> MCS.
Moreover, since the random distributions of referring ability may
introduce additional disturbances, the final results were averaged
over up to 40 independent runs for each set of parameter values in
order to assure suitable accuracy.

Acknowledgments

We thank Prof. Zhou ChangSong and Zhang Yan for help in preparing the
manuscript.

Author Contributions

Conceived and designed the experiments: ZW LW ZYY CYX. Performed
the experiments: ZW LW ZYY CYX. Analyzed the data: ZW LW ZYY
CYX. Contributed reagents/materials/analysis tools: ZW LW ZYY CYX.
Wrote the paper: ZW LW ZYY CYX.

4. Binmore KG (1994) Game Theory and the Social Contract: Playing Fair.
Cambridge, MA: MIT Press.

5. Colman A (1995) Game Theory and its Application. Oxford, UK: Butterworth—
Heinemann.

6. Doebeli M, Hauert C (2005) Models of cooperation based on prisoner’s dilemma
and snowdrift game. Ecol Lett 8: 748-766.

July 2012 | Volume 7 | Issue 7 | e40218



23.

24.
25.

26.

27.

28.

30.

31.

32.

33.

34.

35.

36.

40.

41.

42.

43.

44.

. Hofbauer J, Sigmund K (1998) Evolutionary Games and Population Dynamics.

Cambridge, UK: Cambridge University Press.

. Wang Z, Szolnoki A, Perc M (2012) Percolation threshold determines the

optimal population density for public cooperation. Phys Rev E 85: 037101.

. Tanimoto J (2007) Does a tag system effectively support emerging cooperation?

J Theor Biol 247: 756-764.

. Helbing D, Szolnoki A, Perc M, Szabo G (2010) Evolutionary establishment of

moral and double moral standards through spatial interactions. PLoS Comput
Biol 6: €1000758.

. Perc M, Szolnoki A (2011) Group-size effects on the evolution of cooperation in

the spatial public goods game. Phys Rev E 84: 047102.

. Maynard Smith J (1982) Evolution and the Theory of Games. Cambridge, UK:

Cambridge University Press.

. Poncela J, Gomez-Gardenies J, Traulsen A, Moreno Y (2009) Evolutionary game

dynamics in a growing structured population. New J Phys 11: 083031.
Perc M, Szolnoki A (2011) Conditional strategies and the evolution of
cooperation in spatial public goods games. Phys Rev E 85: 026104.

. Xu Z, Wang Z, Zhang L (2010) Bounded rationality in volunteering public

goods games. ] Theor Biol 264: 19-23.

. Cao XB, Du WB, Rong ZH (2010) Evolutionary public goods game on scale-

free networks with heterogeneous investment. Physica A 389: 1273-1280.

. Perc M, Szolnoki A (2010) Reward and cooperation in the spatial public goods

game. EPL 92: 38003.

. Xu Z, Wang Z, Zhang L (2009) Bounded rationality leads to equilibrium of

public goods games. Phys Rev E 80: 061104.

. Poncela J, Gémez-Gardeiies J, Floria LM, Moreno Y (2007) Robustness of

cooperation in the evolutionary prisoner’s dilemma on complex systems.

New J Phys 9: 184.

. Wang Z, Szolnoki A, Perc M (2012) If players are sparse social dilemmas are too:

Importance of percolation for evolution of cooperation. Sci Rep 2: 369.

. Vainstein MH, Arenzon JJ (2001) Disordered environments in spatial games.

Phys Rev E 64: 051905.

Szolnoki A, Szabé G (2007) Cooperation enhanced by inhomogeneous activity
of teaching for evolutionary prisoner’s dilemma games. EPL 77: 30004.

Du WB, Zheng HR, Hu MB (2008) Evolutionary prisoner’s dilemma game om
weighted networks. Physica A 387: 3796-3800.

Hauert C, Szab6 G (2005) Game theory and physics. Am J Phys 73: 405-414.
Tanimoto J (2007) A study of indirect reciprocity involving a reputation system
or a simple tag system in a one-shot, multi-player game. Biosystems 90: 856-869.

826-829.

Van Segbroeck S, Santos FC, Lenaerts T, Pacheco JM (2009) Reacting
differently to adverse ties promotes cooperation in social networks. Phys Rev
Lett 102: 058105.

Jin Q, Wang Z, Wang Z, Wang Y (2012) Strategy changing penalty promotes
cooperation in spatial prisoner’s dilemma game. Chaos, Solitons and Fractals 45:
395-401.

. Traulsen A, Semmann D, Sommerfeld RD, Krambeck HJ, Milinski M (2010)

Human strategy updating in evolutionary games. Proc Natl Acad Sci USA 107:
2962-2966.

Wang Z, Wang Z, Zhu X, Arenzon JJ (2012) Cooperation and age structure in
spatial games. Phys Rev E 85: 011149.

Jiménez R, Lugo H, Cuesta JA, Sanchez A (2008) Emergence and resilience of
cooperation in the spatial prisoner’s dilemma via a reward mechanism. J Theor
Biol 250: 475-480.

Wu B, Zhou D, Fu F, Luo Q, Wang L, et al. (2010) Evolution of cooperation on
stochastic dynamical networks. PloS ONE 5: 1-7.

Sysi-Aho M, Saramiiki J, Kertész J, Kaski K (2005) Spatial snowdrift game with
myopic agents. Eur Phys J B 44: 129-135.

Hauert C, Doebeli M (2004) Spatial structure often inhibits the evolution of
cooperation in the snowdrift game. Nature 428: 643-646.

Santos FC, Pacheco JM (2005) Scale-free networks provide a unifying
framework for the emergence of cooperation. Phys Rev Lett 95: 098104.
Yamauchi A, Tanimoto J, Hagishima A (2011) An analysis of network
reciprocity in prisoner’s dilemma games using full factorial designs of
experiment. BioSystems 103: 85-92.

. Hamilton WD (1964) Genetical evolution of social behavior I. ] Theor Biol 7: 1-

16.

. Nowak MA, Sigmund K (1998) Evolution of indirect reciprocity by image

scoring. Nature 393: 573-577.

. Panchanathan K, Boyd R (2004) Indirect reciprocity can stabilize cooperation

without the second-order free rider problem. Nature 432: 499-502.

Ohtsuki H, Iwasa Y (2006) The leading eight: Social norms that can maintain
cooperation by indirect reciprocity. J Theor Biol 239: 435-444.

Poncela ], Gémez-Gardefies J, Floria LM, Sanchez A, Moreno Y (2008)
Complex cooperative networks from evolutionary preferential attachment. PLoS
ONE 3: e2449.

Szolnoki A, Perc M (2009) Promoting cooperation in social dilemmas via simple
coevolutionary rules. Eur Phys J B 67: 337-344.

Perc M (2006) Double resonance in cooperation induced by noise and network
variation for an evolutionary prisoner’s dilemma. New J Phys 8: 183.

Perc M, Szolnoki A (2008) Social diversity and promotion of cooperation in the
spatial prisoner’s dilemma game. Phys Rev E 77: 011904.

@ PLoS ONE | www.plosone.org

45.

46.
. Kollock P (1998) Social dilemmas: The anatomy of cooperation. Annu Rev

48.
49.
50.
51.
52.

53.

54.

56.
57.
58.
59.
60.

61.

62.
63.

64.

66.
67.

68.

76.
77.

78.

79.
80.
81.

82.

83.

84.

Effect of Inferring Reputation on the Cooperation

Fehr E, Gachter S (2002) Altruistic punishment in humans. Nature 415: 137
140.
Trivers RL (1971) The evolution of reciprocal altruism. Q Rev Biol 46: 35-57.

Sociol 24: 183-214.

Imhof LA, Fudenberg D, Nowak MA (2007) Tit-for-tat or win-stay, lose-shift?
J Theor Biol 247: 574-580.

Back SK, Kim BJ (2008) Intelligent tit-for-tat in the iterated prisoner’s dilemma
game. Phys Rev E 78: 011125.

Nowak MA, Sigmund K (1993) A strategy of win-stay, lose-shift that
outperforms tit-for-tat in the prisoner’s dilemma game. Nature 364: 56-58.
Szab6 G, Téke C (1998) Evolutionary prisoner’s dilemma game on a square
lattice. Phys Rev E 58: 69-73.

Tanimoto J (2007) Promotion of cooperation by payoff noise in a 2x2 game.
Phys Rev E 76: 041130.

Floria LM, Gracia-Lazaro C, Gémez-Gardefies J, Moreno Y (2009) Social
network reciprocity as a phase transition in evolutionary cooperation. Phys Rev E
79: 026106.

Perc M, Szolnoki A (2007) Noise-guided evolution within cyclical interactions.

New J Phys 9: 267.

. Rong Z, Li X, Wang X (2007) Roles of mixing patterns in cooperation on a

scale-free networked game. Phys Rev E 76: 027101.

Gomez-Gardefies J, Campillo M, Moreno Y, Floria LM (2007) Dynamical
organization of cooperation in complex networks. Phys Rev Lett 98: 108103.
Du WB, Cao XB, Zheng HR, Zhou H, Hu MB (2009) Evolutionary games in
multi-agent systems of weighted social networks. Int ] Mod Phys C 20: 701-710.
Lozano S, Arenas A, Sanchez A (2008) Mesoscopic structure conditions the
emergence of cooperation on social networks. PLoS ONE 3: ¢1892.

Helbing D, Yu W (2009) The outbreak of cooperation among success-driven
individuals under noisy conditions. Proc Natl Acad Sci USA 106: 3680-3685.
Vainstein MH, Silva ATC, Arenzon JJ (2007) Does mobility decrease
cooperation? ] Theor Biol 244: 722-728.

Meloni S, Buscarino A, Fortuna L, Frasca M, Gomez-Gardeiies J, et al. (2009)
Effects of mobility in a population of prisoner’s dilemma players. Phys Rev E 79:
067101.

Zhang J, Wang WY, Du WB, Cao XB (2011) Evolution of cooperation among
mobile agents with heterogenous view radius. Physica A 390: 2251-2257.
Sicardi EA, Fort H, Vainstein MH, Arenzon JJ (2009) Random mobility and
spatial structure often enhance cooperation. J Theor Biol 256: 240-246.

Perc M (2011) Does strong heterogeneity promotes cooperation by group
interaction? New J Phys 13: 123027.

. Perc M (2011) Success-driven distribution of public goods promotes cooperation

but preserves defection. Phys Rev E 84: 037102.

Szabé G, Fath G (2007) Evolutionary games on graphs. Phys Rep 446: 97-216.
Perc M, Szolnoki A (2010) Coevolutionary games — a mini review. BioSystems
99: 109-125.

Roca CP, Cuesta JA, Sanchez A (2009) Evolutionary game theory: Temporal
and spatial effects beyond replicator dynamics. Phys Life Rev 6: 208-249.

69. Milinski M, Semmann D, Krambeck HJ (2002) Reputation helps to solve the

‘tragedy of the commons’. Nature 415: 424-426.

. Fehr E (2004) Don’t lose your reputation. Nature 432: 449-450.
. King-Casas B, Tomlin D, Anen C, Camerer CF, Quartz SR, et al. (2005)

Getting to know you: Reputation and trust in two-person economic exchange.
Science 308: 78-83.

Ohtsuki H, Iwasa Y (2004) How should we define goodness? - reputation
dynamics in indirect reciprocity. J Theor Biol 231: 107-120.

Semmann D, Krambeck HJ, Milinski M (2004) Strategic investment in
reputation. Behav Ecol Sociobiol 56: 248-252.

. Fu F, Hauert C, Nowak MA, Wang L (2008) Reputation-based partner choice

promotes cooperation in social networks. Phys Rev E 78: 026117.

. Perc M, Szolnoki A, Szabo G (2007) Cyclical interactions with alliance specific

heterogeneous invasion rates. Phys Rev E 75: 052102.

Vukov J, Szab6 G, Szolnoki A (2006) Cooperation in the noisy case: Prisoner’s
dilemma game on two types of regular random graphs. Phys Rev E 73: 067103.
Roca CP, Cuesta JA, Sanchez A (2009) Effect of spatial structure on the
evolution of cooperation. Phys Rev E 80: 046106.

Wang S, Szalay MS, Zhang C, Csermely P (2008) Learning and innovative
elements of strategy adoption rules expand cooperative network topologies.
PLoS ONE 3: ¢1917.

Perc M (2006) Coherence resonance in spatial prisoner’s dilemma game.
New J Phys 8: 22.

Szabé G, Vukov J, Szolnoki A (2005) Phase diagrams for an evolutionary
prisoner’s dilemma game on two-dimensional lattices. Phys Rev E 72: 047107.
Szolnoki A, Perc M, Szabo G (2009) Topology-independent impact of noise on
cooperation in spatial public goods games. Phys Rev E 80: 056109.

Wu ZX, Rong ZH, Holme P (2009) Diversity of reproduction time scale
promotes cooperation in spatial prisoner’s dilemma games. Phys Rev E 80:
036103.

Wang WX, Ren J, Chen G, Wang BH (2006) Memory-based snowdrift game on
networks. Phys Rev E 74: 056113.

Watts DJ, Strogatz SH (1998) Collective dynamics of ‘small world’ networks.
Nature 393: 440-442.

July 2012 | Volume 7 | Issue 7 | e40218



