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Many previous studies have shown that the environment plays an important role for social individuals. In this

paper, we integrate the environmental factor, which is defined as the average payoff of all a player’s neighbours, with the

standard Fermi updating rule by introducing a tunable parameter, ω. It is found that the level of cooperation increases

remarkably, and that the cooperators can better resist the invasion of defection with an increase in ω. This interesting

phenomenon is then explained from a microscopic view. In addition, the universality of this mechanism is also proved

with the help of the small-world network and the random regular graph. This work may be helpful in understanding

cooperation behaviour in species from unicellular organisms up to human beings.
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1. Introduction

Understanding ubiquitous cooperation among
selfish individuals is still a major challenge in both
natural and social sciences. According to Darwinian
selection theory, any behaviour that brings benefits
to others, but not directly to oneself, will soon dis-
appear, which is inconsistent with observations in the
real world. In order to resolve this puzzle, researchers
have resorted to evolutionary game theory as a com-
mon framework, and the game models as metaphors
for studying cooperative behaviour.[1−5] In the well
known prisoner’s dilemma game (PDG), two players
can choose to cooperate or to defect simultaneously.
They can receive a payoff R (P ) for mutual coopera-
tion (defection), while a defector can get the payoff T

by exploiting the cooperator, and the other in turn will
get the payoff S. Here, two conditions must be strictly
satisfied: T > R > P > S and 2R > T + S. If the
selfish players only want to maximize their own ben-
efits, the better choice will always be defection, and
the “tragedy of the commons” dilemma is inevitably
induced.[6]

Over the past few decades, there have been many
efforts to solve the cooperation dilemma. Nowak and

May first studied the spatial PDG, in which players
were assigned on a regular lattice and could only in-
teract with their direct neighbours. Surprisingly, it
was found that the simple spatial structure could in-
duce steady cooperation clusters and amazing spatial
chaos.[7] Along this line, a great number of fundamen-
tal works have subsequently been extended in theo-
retical and experimental studies.[8−13] In particular,
with the small-world network model[14] and the scale-
free network model[15] being put forward, researchers
began to realize that most real systems are not regu-
lar lattices or random networks, but networks associ-
ated with scale-free and small-world properties,[16−19]

which are called complex networks. Then the evo-
lutionary spatial game is naturally extended to dif-
ferent variations of complex networks. Santos et al.
found that scale-free topology has the capability of
the mutual protection of hub cooperators to main-
tain cooperation.[20] Rong et al. further demonstrated
that disassortative networks can better promote the
cooperation level.[21] Ren et al. investigated the effect
of topological randomness in a homogeneous small-
world network, and the interesting resonance-type
phenomenon was observed.[22] Recently, competitive
behaviours among mobile agents has drawn more at-
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tention, and several works have revealed that mobility
is a critical issue in evolutionary games.[23−25] For re-
views of structured games, one can refer to Refs. [26]–
[28].

Many experimental works have shown that so-
cial individuals often exhibit more complex be-
haviours during cooperation, such as altruism[29−31]

and inequality aversion.[32−34] Thus many researchers
tend to explore a meaningful problem: the co-
evolution of cooperation and other behaviours, includ-
ing preferential selection,[35−38] asymmetric cost,[39,40]

time scale,[41−44] the expectation effect,[45−47] teach-
ing activity,[48−50] the history effect[51−53] and self-
adjusting[54], to name but a few. In particular, many
experimental studies show that the environment plays
an important role in real life, for example animals will
find it easier to live in a forest with plenty of food
and water than in a poorly resourced desert. Very re-
cently, the environmental factor has been introduced
into evolutionary spatial games by rescaling the pay-
off or the fitness of the players.[55,56] Inspired by their
works and considering the crucial role of the strat-
egy updating rule in spatial games,[3] we propose an
environment-based strategy updating rule in the spa-
tial PDG based on the commonly used Fermi func-
tion stochastic rule.[8] In the standard Fermi function
stochastic rule, strategy transition probability is only
determined by the payoff difference between the focal
player and a neighbouring player if the noise denot-
ing the irrational behaviours is fixed. In our updating
rule, strategy transition probability is also affected by
the environmental factor, which is defined as the aver-
age payoff of a player’s neighbours. It is found that the
cooperation level is remarkably enhanced. We then
give a microscopic explanation of the observed phe-
nomena.

This paper is organized as follows. In Section 2
we describe the spatial PDG model and the strategy
updating rule. In Section 3 the simulation results and
discussion are presented, and the paper is summarized
in the last section.

2. Model

Let us simplify the standard PDG model by fol-
lowing the common practice as:[7] T = b, R = 1 and
P = S = 0, where b (1 ≤ b ≤ 2) is the temptation
to defect. Initially, cooperators and defectors are ran-
domly distributed on a 100 × 100 square lattice.

At each time step, all pairs of directly linked
nodes engage in a single round PDG and get payoffs

accordingly. When player i is updated, it will learn
the strategy of a randomly selected neighbour j with
a probability

Wi→j =
A

1 + e(Pi−Pj)/κ
, (1)

with
A =

1

1 +
(

P̄ + ε

Pi + ε

)ω , (2)

where A is the environmental coefficient, P̄ is the en-
vironment payoff and is equal to the average payoff
of i’s neighbours, ε is a tiny positive real number to
avoid a possible zero denominator (we set ε = 0.0001
in all the simulations below), and κ (0 < κ < ∞) is
the environmental noise characterizing the irrational-
ity of the players (the effect of noise κ has been well
studied in Refs. [8] and [9]). In addition, ω is the
newly introduced parameter to guide the environmen-
tal coefficient and the strategy transition intensity. In
what follows, we will focus on the effect of ω on the
behaviour of the system.

3. Simulation results and discus-

sion

The most important quantity for characterizing
cooperative behaviour is the cooperator frequency fc,
which is defined as the fraction of cooperators within
the whole system when the steady state is reached,
fc = NC/(NC + ND), where NC (ND) is the num-
ber of cooperators (defectors). This key quantity is
obtained by averaging the last 2000 generations after
a transient time of 20000 generations. To guarantee
sufficient exactness, the data is obtained by averaging
over 50 separate runs.

First we inspect the spatial patterns of the co-
operators and the defectors for different values of ω.
Figure 1 shows the results obtained with b = 1.3 and
κ = 0.8. For ω = 0 (Fig. 1(a)), the system falls into
the pure-defector state. However, for ω = 1, 2, 3
(Fig. 1(b)–1(d)), a small fraction of cooperators can
survive to resist the invasion of the defectors. When
ω = 4 is considered (Fig. 1(e)), the cooperators begin
to outperform the defectors. For ω = 5 (Fig. 1(f)), the
cooperators will dominate the system. These results
reveal that considering the environmental factor, i.e.
integrating the neighbourhoods’ payoff in the strat-
egy updating process, can promote the evolution of
cooperation remarkably.
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Fig. 1. Panels (a)–(f) show the snapshots for ω = 0, 1, 2, 3, 4and5, respectively. Grey nodes denote defectors and dark

nodes represent cooperators. The results are obtained on a regular lattice with the degree k = 4. Here b = 1.3 and

κ = 0.8.

To quantify the effect of ω more accurately, we
investigate the relationship between fc and ω for dif-
ferent values of the temptation to defect and different
degrees of the regular lattices in Fig. 2. As can be
observed in Fig. 2(a), it is evident that the cooperator
frequency fc monotonously increases with the incre-
ment of ω, irrespective of the value of b. In particu-
lar, when ω is large enough (ω = 4), cooperation will
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Fig. 2. (a) Cooperator frequency versus ω for different

values of b on a regular lattice with degree k = 4. (b) Co-

operator frequency versus ω for b = 1.1 on regular lattices

with different values of degree k. Here κ = 0.8.

become the dominant strategy, even when the advan-
tage of defection is great, whereas in such a case the
cooperators are extinct in the standard spatial PDG.
We therefore argue that this environment-based strat-
egy updating rule can conspicuously facilitate coop-
eration. Moreover, from Fig. 2(b) we find that the
promotion of cooperation induced by ω is robust to
different values of degree k, and a smaller k is more
beneficial for the emergence and persistence of the co-
operation, which is consistent with the prediction of
the mean-field approach. Since our main purpose is to
study the effect of this new mechanism, we set k = 4
in the following simulations.

Next we will analyse the underlying reason for
this kind of cooperation facilitation from a microscopic
viewpoint. Figure 3 shows three typical local patterns
on square lattices. Pattern (i) is a defector in a sea
of cooperators; pattern (ii) is a cooperator in a sea
of defectors; and pattern (iii) has mixed cooperators
and defectors. We then calculate the payoff of the cir-
cled defector PD, the payoff of the circled cooperator
PC and the environment payoff P̄ ; PD > P̄ > PC is
available for all three patterns. According to Eq. (1),
a player with high payoff (Pi > P̄ ) is more active in
imitating the strategy of other players as ω increases,
whereas a player with low payoff (e.g. Pi < P̄ ) is
more likely to keep his own strategy. Figure 4 clearly
demonstrates the transition possibilities of the circled
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cooperator and the circled defector when changing ω

for the three local patterns. We find that WC→D (the
transition possibility of the cooperator to become a de-
fector) monotonously decreases with the increment in

ω, while WD→C (the transition possibility of the defec-
tor to become a cooperator) monotonously increases,
indicating that a defector is more likely to become a
cooperator, yet the opposite situation seldom occurs.

pattern (i) pattern (ii) pattern (iii)

Fig. 3. Three typical local patterns in the evolution.
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Fig. 4. The transition possibility between the circled cooperator and the circled defector in Fig. 3. Panels (a) and

(d) correspond to pattern (i) of Fig. 3; panels (b) and (e) correspond to pattern (ii) of Fig. 3; and panels (c) and (f)

correspond to pattern (iii) of Fig. 3. The results are obtained for κ = 0.8.

Previous research revealed that the survival ap-
proach of the cooperators is to form clusters to resist
the invasion of the defectors. In standard spatial
PDG, many low-payoff cooperators will soon be in-
fected by the high-payoff defectors, and the lucky
surviving cooperators will form compact cooperator
clusters to expand cooperation and compete with the
defectors. Thus the cooperators and the defectors
usually co-exist competitively in the form of clusters.

Chen et al. further found that this pattern formation
can affect the payoff collection of the players: the
average payoff of the cooperators is larger than that
of the defectors, not only with respect to the whole
system, but also for players along the boundaries.[57]

Under our mechanism, the results are quite differ-
ent. As Fig. 5 shows, P̄D-all (the average payoff of
all defectors) is apparently larger than P̄C-all (the av-
erage payoff of all cooperators), and P̄D-bound (the
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average payoff of the defectors along the boundaries)
is larger than P̄C-bound (the average payoff of the
cooperators along the boundaries). Compared with
the traditional model, we find that the low-payoff
cooperators themselves can probably resist the in-
vasion of the defectors without the support of other
cooperators, and thus the cooperation will be robust
even without the formation of cooperator clusters
(see Fig. 1(b)–(e)). Since the cooperators and the
defectors are always well blended, the defectors can
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Fig. 5. (a) The average payoffs of cooperators and defec-

tors in the whole population, and (b) the average payoffs

of cooperators and defectors along the boundary. Here

b = 1.30 and κ = 0.8.
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Fig. 6. The frequency of the cooperators versus ω for

different values of b on (a) a random regular graph (RRG)

and (b) a small world network (SWN). Here κ = 0.8.

still obtain high payoff through the neighbouring coop-
erators, and the cooperators can maintain cooperation
with a lower payoff.

Finally, it remains interesting to explore the uni-
versality of cooperation promotion for such a new
mechanism. We investigate the cooperative be-
haviours on different networks in Fig. 6. Similar to
Fig. 2, it can be observed that the cooperation level
can be remarkably advanced with an increase in ω

on the random regular graph and the small-world net-
work, which implies that the effect of the environment-
based strategy updating rule is quite robust.

4. Conclusion

In summary, we investigated the effect of the envi-
ronment on cooperation behaviour in the framework of
evolutionary networked games. In our model, the en-
vironmental factor (the average payoff of all a player’s
neighbours) is integrated into the strategy updating
rule. It is found that the cooperation level is remark-
ably promoted by this mechanism, especially when
the high-payoff players are more active in imitating
the strategy of others. By studying three typical pat-
terns, we demonstrate that the cooperators can resist
the invasion of the defectors, even without the for-
mation of clusters. We also examine the cooperation
behaviour for different average degrees and different
network models, and find that the promotion of co-
operation is robust. Our work reveals that the envi-
ronment may play a crucial role in the emergence and
persistence of cooperation in nature and society.
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Gardenẽs J, Latora V and Moreno Y 2009 Phys. Rev. E

79 067101

[24] Zhang J, Wang W Y, Du W B and Cao X B 2011 Physica

A 390 2251

[25] Guan J Y, Wu Z X and Wang Y H 2007 Chin. Phys. 16

3566
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