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Abstract. Migration plays a critical role in the evolution of cooperation under the framework of evolution-
ary game theory. Previous studies have demonstrated that individuals might make their migration decisions
based on various information, for example, their current cooperative environments, potential advantages
of new places, and their own aspirations. In reality, people may perceive environment information and
make decisions based on these information. In this paper, we introduce an environment-driven migration
into evolutionary public goods games which are carried out on a two-dimensional plane, where individuals
decide whether to migrate according to the probabilities determined by the differences between the local
and global cooperative environments. We find that such an environment-driven migration can effectively
enhance cooperation. Furthermore, there exists an optimal migration noise that leads to a highest cooper-
ation level. In addition, we also find that appropriate moving speeds and migration tendencies, as well as
relatively low population densities in the model are more favorable to the evolution of cooperation.

1 Introduction

As a common behavior of living creatures, migration
can be observed in a variety of groups from micro organ-
ism population to human society [1,2]. In the microbial
world, microscopic organisms seek areas with higher
concentrations of nutrients. Animals generally migrate
for adequate food or suitable habitats. In human soci-
ety, people migrate for different purposes, such as bet-
ter living environments, richer resources, more work-
ing opportunities and so on. The effects of migra-
tion in social dynamics have received ample attention
in a wide range of research fields, including microbi-
ology [3], ecology [4], climate [5], and social science
[6,7]. Notably, previous studies have demonstrated that
migration plays an important role in the evolution of
cooperation [8–11].

Cooperation is a fascinating manifestation of collec-
tive behavior in the real world. Over the past decades,
the issue how to understand and explain the emergence
and maintenance of cooperation in a population con-
sisting of selfish individuals has been a hot topic [12–
14]. Evolutionary game theory provides a powerful the-
oretical framework to study the evolution of cooper-
ation [15–17]. In evolutionary games, the interactions
between or among individuals are described by funda-
mental game models. As one of the most widely used
paradigmatic games, the public goods game (PGG)
characterizes appropriately the situation of contradic-
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tion between individual and group benefits, in which
the group benefits can reach the maximum if all the
members choose cooperation whereas rational individu-
als prefer to pursue higher individual profits by escaping
cooperation cost. A large number of mechanisms have
been proposed in spatial PGGs to support the boom
of cooperators [14,18–20], such as punishment [21–25],
reward [26–30] and individual migration [31,32].

Under the framework of evolutionary games, migra-
tion of population located on different spatial structures
has been investigated in recent years. Vainsteim et al.
[8,33] in their early works investigated spatial evolu-
tionary games on square lattice with empty sites and
found that the “always-move” rule can enhance coop-
erative behavior. Since then, the effects of migration
on cooperation have been studied on a variety of spa-
tial structures, including square lattice [34,35], complex
networks [36,37], continuous plane [31,38,39], as well
as interdependent networks [40,41]. Meanwhile, migra-
tion mechanisms driven by various factors have been
proposed by taking accounts of different motivations.
Helbing and Yu [42,43] proposed the success-driven
migration based on “test interactions”. Their results
show that success-driven motion can promote cooper-
ation to a great extent. Buesser et al. [44] introduced
the opportunistic migration into spatial evolutionary
games, which is also based on the payoff calculation for
trial positions. The expectation-driven migration was
considered by Wu et al. [45]. In their model, individu-
als are assumed to make decisions whether to migrate
based on the comparisons of their expectations and
the real cooperativeness of this neighborhood. Chen
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et al. [46] proposed the risk-driven migration, which
depends on the difference between the actual contri-
butions in the common pool and the declared target.
Cardinot et al. [47] found that abstention in prisoner’s
dilemma game can promote cyclic dominance behaviour
of strategies, which provides cooperators an alternative
way to survive. Furthermore, the effects of hybrid mech-
anisms mixing different migration driving factors have
also been studied [48]. Besides the inducement of migra-
tion, moving speed is also an important factor in migra-
tion models and influences the evolution of cooperation
greatly. In [37,49], the researchers considered payoff-
related migration and found that payoff-dependent
moving speed improves cooperation effectively when
compared with the case that all the individuals migrate
with the same speed. Meanwhile, different migration
ways including random migration [38,50–52] and direc-
tional migration [31,53] have been widely studied.

The environment often plays important roles in the
evolution of social and biological systems, and environ-
ment based microscopic dynamics has been taken into
considerations in several works [54,55]. In some cases,
less information is required by individuals to make deci-
sions, including whether to migrate or where to migrate,
whereas in other cases more information is needed. For
example, for entirely random migration on square lat-
tice, individuals only need to know whether there exist
empty sites [56–58]. In contrast, with regard to direc-
tional migration, individuals need to be aware of more
information. In the migration based on “test interac-
tions” [42], individuals need to know the strategies of
the empty site’s neighbors. As another example, in [31],
individuals need to observe neighbors’ moving direc-
tions and then determine their own orientation. We
notice that, in most previous studies, it is assumed
that individuals only have information of their local
environments. In fact, the creature may perceive the
external environment information and make decisions
based on comparison. For example, during the dry sea-
son, the elephants may migrate to the range in mem-
ory where more permanent sources of water are avail-
able, which makes possible the continuation of race.
In human society, the modern communication indus-
try enables individuals to acquire more comprehensive
information in larger scales from local environments to
global ones, which contribute to migrant work, study
abroad and immigration. Besides, the progress of com-
munication technology often brings great changes to
many industries and promotes the progress of human
civilization. Considering these, we introduce a novel
migration mechanism into evolutionary PGGs which
are carried out on a two-dimensional plane. In par-
ticular, we assume that, individuals decide whether to
migrate with the probabilities determined by the com-
parison between their local and global cooperative envi-
ronments. We focus on how such an environment-driven
migration affects the evolution of cooperation in evolu-
tionary PGGs.

The rest of this paper is organized as follows. We
describe in detail the model of the evolutionary PGGs
involving the environment-driven migration in Sect. 2.

Then, we present numerical simulation results and dis-
cussion in Sect. 3. Finally, we summarize this work in
Sect. 4.

2 Model

We consider an off-lattice model in which N individu-
als can move continuously in a square region of length
L with periodic boundary conditions. The positions of
these individuals, denoted by �ri(t) = (xi(t), yi(t)) with
0 ≤ xi(t), yi(t) ≤ L, change with time according to
prescribed rules, which leads to a dynamic interaction
network among individuals once a interaction radius R
is given. We set L = 10 unless specified. Initially, indi-
viduals are randomly distributed in the square region,
and each individual is initialized as a cooperator or a
defector with equal probability. We denote the strategy
of i by si, and si = 1 means i is a cooperator whereas
si = 0 means i is a defector.

A Monte Carlo (MC) step includes the following ele-
mentary procedures:

(1) Interaction. Each individual i plays PGGs orga-
nized by himself and by all his neighbors. The position
of individual i at time step t is denoted by �ri(t). Define
the distance between individuals i and j to be Δij(t) =√

Δx2
ij + Δy2

ij with Δxij = min{| xi(t) − xj(t) |, L− |
xi(t) − xj(t) |} and Δyij = min{| yi(t) − yj(t) |, L− |
yi(t)−yj(t) |}. Then, the neighborhood set of individual
i at t, Ωi(t), is defined as

Ωi(t) =
{
j
∣∣Δij(t) < R, i �= j

}
, (1)

where R is the interaction radius and 0 ≤ R ≤ L/2.
Moreover, we define the mean group size k̄ as k̄ =
N πR2

L2 , which describes the average number of individ-
uals within the interaction radius on the plane [59].

We adopt a traditional version of PGG [60] for the
interactions among the population. Cooperators invest
a cooperation cost c in the public pool, while defectors
do nothing. The total investments will be multiplied by
a synergy factor r (r > 1), and then the group income is
distributed evenly to each member no matter whether
he invests or not. If all the members choose to invest in
the public pool, the group benefits will reach the maxi-
mum. However, the selfish members choosing defection
can get higher payoffs by escaping the cost of invest-
ment. In this way, individual i’s payoff obtained from
one single PGG l can be calculated by

Pi,l =
{ rcnC

nC+nD
− c, if si(t) = 1,

rcnC
nC+nD

, if si(t) = 0,
(2)

where si(t) represents i’s strategy at time step t, the
cooperation cost c is fixed to be c = 1, and nC and nD

denote the number of cooperators and defectors in all
the members of the PGG l, respectively. Therefore, the
accumulated payoff of individual i obtained from all the
PGGs he participates in can be given by
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Pi =
∑
l∈Mi

Pi,l, (3)

where Mi represents the set of all PGGs that individual
i participates in.

(2) Strategy imitation. After interactions and payoff
accumulations, each individual i randomly chooses one
individual j from his neighborhood Ωi, and then adopts
j’s strategy in the next time step with the probability
conforming to the Fermi function [61]:

wsi←sj
=

1
1 + e−(Pj−Pi)/α

, (4)

where α indicates the noise intensity in strategy imi-
tation, characterizing the possibility of the irrational
choices of individuals.

(3) Migration. Different from most of previous works,
we assume that each individual can not only perceive
his own local cooperative environment but also acquire
the global cooperation information. By comparing the
local and global environments, each individual decides
whether to migrate or not with a probability deter-
mined by the difference. In particular, for each individ-
ual i, we measure the local cooperative environment by
the fraction of cooperators in his neighborhood, defined
by fi,C = nC,Ωi

|Ωi| , in which nC,Ωi
is the number of coop-

erators in i’s neighborhood set and |Ωi| represents the
total number of members in the set Ωi. On the other
hand, the global cooperative environment is given by
the frequency of cooperators in the whole population,
defined by fC = NC

N , where NC is the number of coop-
erators in the population. If fi,C > fC, it means that
i’s local environment is currently better than the global
one. In the view of the realistic consideration, the indi-
vidual on this occasion would like to stay where he is
instead of migrating to somewhere else. Contrarily, if
the global environment is superior to the local environ-
ment, the individual would prefer to migrate away from
the current neighborhood to seek better environment.
Based on these, we assume that the migration proba-
bility μi is given by

μi =
μ0

1 + e−(fC−fi,C)/β
, (5)

in which μ0 represents the migration tendency for the
whole population and β represents the noise intensity
in migration. Once individual i decides to migrate, he
will update his position in next step according to the
following equation

�ri(t + 1) = �ri(t) + �vi(t) � t, (6)

where �t is equal to 1 between two successive MC
steps and �vi is the migration velocity including moving
speed and direction. For simplicity, we assume that the
moving speed v is same for all individuals and remains
constant throughout the evolution while the migration

direction is random. Here, there are two factors influ-
encing the neighborhood of an individual. The one is, he
might adjust the interacting neighbors by migration to
get a better local environment. The other is, the neigh-
bors are determined by the interaction radius R. We
further introduce a parameter γ, defined by γ = v/R,
to normalize the moving speed. In addition, if one indi-
vidual does not have any neighbors at the current time
step, he will migrate directly.

We carry out numerical simulations for the model
and mainly focus on the cooperation level fC, which
is characterized by the frequency of cooperators in the
population. The total simulation time is 105 MC steps
and the steady states are averaged over the last 5000
steps. Each data point is obtained from averaging over
200 independent realizations with different initial con-
ditions.

3 Results and discussion

We start from the impact of the migration noise β
on the evolution of cooperation. As mentioned above,
β characterizes the noise intensity in the individuals’
decisions of migration. Small β means that individuals
can decide whether to migrate or not based on environ-
ment comparison with a high rational level. Contrar-
ily, in the case of large β, migration becomes random
and environment comparison does not play much role.
Figure 1a shows the cooperation level fC against β at
several different synergy factors r. For small r, coopera-
tors could not survive no matter what the value of β is.
For intermediate r, The curves show a non-monotonous
noise dependence of cooperation level. We can find that
fC first increases and then decreases with the increase
of β. There exists an optimal β at which the cooperation
level reaches the highest value. Such a non-monotonous
characteristics is actually a general behavior and has
been reported in early works [34,62]. For a rather large
r which is conducive to cooperation, an extremely high
cooperation level could be obtained at small β, while
fC declines gradually at relatively large β. Meanwhile,
we show the critical value of r (denoted by rc), under

(a) (b)

Fig. 1 a The frequency of cooperators fC as a function of
the migration noise β at several different r. b The critical
synergy factor rc supporting the survival of cooperators as a
function of the migration noise β. The error bars display the
standard deviation of 200 independent realizations. Other
parameters: μ0 = 0.1, α = 0.1, γ = 0.5, k̄ = 5
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(a) (b) (c)

Fig. 2 The probabilities of three steady states, full-cooperator (full-C), full-defector (full-D) and coexistence of cooperators
and defectors, denoted by PC, PD, and Pcoex, respectively, as a function of the migration noise β at several different r. a
r = 4.2, b r = 4.4, c r = 4.6. The probabilities are obtained from counting the frequencies in total 200 realizations with
different initial conditions. Other parameters: μ0 = 0.1, α = 0.1, γ = 0.5, k̄ = 5

which cooperation is certain to go extinct, as a func-
tion of β in Fig. 1b. As one can see, rc drops first and
then rises with β increasing. The minimum rc appears
near β = 0.2. It means that, at the optimal β, a rela-
tively small synergy factor could support the survival
of cooperators.

It should be pointed out that, the cooperation levels
in Fig. 1 are obtained from averaging over 200 realiza-
tions with different random initial conditions. When we
investigate one specific evolution process, we find that,
different realizations may lead to different steady states.
For this model, there are three possible steady states,
full-cooperator (full-C), full-defector (full-D) and coex-
istence of cooperators and defectors. We denote the
probabilities of these three states appearing in the total
200 realizations by PC, PD, and Pcoex, respectively. Fig-
ure 2 shows these three probabilities against β at dif-
ferent r. As shown in Fig. 2, at small β, bistable states
including full-C and full-D might be reached whereas
there is no coexistence. With the increase of β, PC

increases whereas PD decreases. Then the coexistence
may occur, and the three states appear with different
possibilities. However, with the further increase of β,
PC begins to decrease. When PC goes down to 0, full-
C state disappears and only the coexistence and full-D
states remain. When β continues to increase, Pcoex first
increases and then decreases, whereas PD changes in the
opposite way. Thus, a plateau and a valley are formed
in Pcoex and PD, respectively. When β is large enough,
the population enters full-D state definitely. Moreover,
when comparing the results for different r, we can find
that, large r leads to lower PD and higher PC as a whole,
and the valley of PD and the plateau of PC both become
wider.

Here, we offer an intuitive explanation on Fig. 2. For
small β rendering individuals rational, once coopera-
tors adjoin each other, they will tend to keep still,
which impedes the expansion of cooperators in the
plane. In contrast, rational defectors will invade cooper-
ators more aggressively with smaller β. Compared with
the migration conducted on graph where defectors can
only move through the connections of the underlying

networks [33,56], here defectors might migrate to any
directions in the plane, making it easier to invade coop-
erators. Both these influences are unfavorable to the
evolution of cooperation, and thus PC is very low at
small β. When β increases, the cooperators who neigh-
bor with cooperators are also possible to move. Due to
the random direction of migration, there may be two
possible cases for the moving of cooperators located
at the boundary between cooperators and defectors.
One is moving toward cooperator-clusters (C-clusters),
which makes the C-clusters more compact and there-
fore enhances network reciprocity. The other is mov-
ing outward, resulting in the possible expansion of C-
clusters in the plane. These lead to the increase of
PC and the decrease of PD. With the further increase
of β, the migration of the cooperators becomes fre-
quent, which weakens the compactness of C-clusters

Fig. 3 a A prepared initial condition in which the individ-
uals are arranged as a lattice on the plane with a square
center filled with cooperators (blue) and the rest are defec-
tors (red). b1–b4 Snapshots of the distributions of individ-
uals as well as their strategies on the plane. Cyan is for the
cooperators who have moved, and blue for those who keep
at the initial positions. b1, b2 β = 0.2, b3, b4 β = 0.01.
c Time series of fC for two different β, corresponding to
those in (b1,b2) and (b3,b4), respectively. Other parame-
ters: N = 1024, L = 10, μ0 = 0.1, α = 0.1, γ = 0.5, k̄ = 5,
r=4.4
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(a) (b)

Fig. 4 a The frequency of cooperators fC against γ at several different r. Points refer to the mean values of 200 independent
realizations and the color strips represent the standard deviation. b The contour plot of fC in the γ − r plane. Other
parameters: μ0 = 0.1, α = β = 0.1, k̄ = 5

and therefore leaves space for the coexistence of coop-
erators and defectors. Then, Pcoex increases and PC

decreases. When β continues to increase, the random
and frequent migration will destroy C-clusters, leading
to the decrease of Pcoex and the increase of PD.

To verify the above explanation and provide a clear
picture for the evolution of cooperation at different β,
we simulate the model with a prepared initial condition
shown by Fig. 3a, where the individuals are arranged
as a lattice on the plane with a square center filled
with cooperators and the rest by defectors. Two dif-
ferent values of β are considered. One is a relatively
large β, β = 0.2, at which coexistence appears with
an extremely high probability in the steady states. The
other is a small one, β = 0.01, at which only full-C and
full-D can be reached in the steady states. We choose
one realization for each β, and show the snapshots at
representative times in Fig. 3b1–b4 and the correspond-
ing time series of fC in Fig. 3c. For β = 0.2, individuals
decide whether to migrate or not with a relatively large
noise density. As shown in Fig. 3b1, b2, cooperators
form clusters on the plane, and the survive and expan-
sion of cooperators owes to the network reciprocity.
Though defectors might invade C-clusters during the
evolution, cooperators can coexist with defectors and
even exceed defectors in number in the steady states.
When β = 0.01, individuals migrate based on environ-
ment comparison with a high rational level. The indi-
viduals in C-clusters tend to stay still because of their
cooperative local environment. As shown in Fig. 3b3,
there still exist some cooperators inside C-clusters keep-
ing unmoved at t = 300. This factor leads to firm C-
clusters which facilitate the evolution of cooperation.
However, it is worthy of noticing that, small β can
also accelerate the migration of defectors and afford
the opportunities for them to invade C-clusters. Thus,
we can also see that, in Fig. 3b3, C-clusters are divided
into two separate parts by invasive defectors. These two
competitive effects of small β result in the final full-C
or full-D state. Figure 3b3, b4 provides a realization

in which the final state is full-D. From these, we know
that small β may destroy cooperation by prompting
defectors to migrate, whereas large β makes individuals
migrate in a random way and environment comparison
does not work due to strong noise. These two factors
jointly lead to the optimization of fC at an intermedi-
ate β.

Next, we discuss the effects of moving speed γ on
the evolution of cooperation. Since γ = v/R, zero γ
suggests the interaction network between individuals is
stationary while sufficient large γ suggests a well-mixed
population due to the fast migration. Therefore, γ actu-
ally controls the time scale of the migration. Figure 4a
shows the cooperation level fC against γ at several dif-
ferent r. When the migration is not involved in the evo-
lutionary dynamics (γ = 0), the individuals stay still
on the plane and the cooperation levels are quite low.
Once γ increases and does not equal to zero, fC climbs
to a peak quickly. Then, fC decreases with the further
increase of γ. Meanwhile, we present the standard devi-
ations of the average fC for different realizations. It
can be found that, the fluctuations of fC are enhanced
around the sharp decline of fC. Furthermore, we give
the contour diagram to present the overall results in
the γ − r parameter plane. When r is small, no mat-
ter whether individuals move or not, cooperators can
not be survived. When r exceeds the critical value, an
intermediate range of γ can significantly promote coop-
eration.

Furthermore, we study the cooperation level fC as
a function of the synergy factor r at different migra-
tion tendency μ0 and show the results in Fig. 5. For
comparison, we also show the results at μ0 = 0 where
there is no migration. At relatively small r, though fC

is very low, cooperators would not disappear. It dif-
fer from the square lattice case where cooperators die
out at rc = 3.745 for imitation noise value α = 0.1
[63]. Here the model is an off-lattice one where players
can be anywhere in the square region, and a dynamic
one. As a result, there may exist some cooperators who
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Fig. 5 The cooperation level fC as a function of the syn-
ergy factor r at several different μ0. The inset shows the
critical synergy factor rrmc supporting the survival of coop-
erators against μ0, μ0 starting from 0.01 to 1. Other param-
eters: α = β = 0.1, γ = 0.5, k̄ = 5

Fig. 6 The critical synergy factor rc supporting the sur-
vival of cooperators as a function of the mean group size k̄.
Here, we adjust k̄ by changing N while keeping L = 10 and
R = 0.5. Other parameters: μ0 = 0.1, α = β = 0.1

Fig. 7 The probabilities PC, PD, and Pcoex in dependence
on the migration noise β for N = 2000. Other parameters:
r = 4.4, L = 10, μ0 = 0.1, α = 0.1, γ = 0.5, k̄ = 5

are initialized geographically to be isolated from defec-
tors. With the assistant of the migration rule Eq. (5),
these cooperators tend to form cooperator clusters to
avoid being invaded by defector. This effect can be more
pronounced in sparse populations [64,65]. Nevertheless,
they can not be survived at non-zero μ0. It means
that, the migration based on environment comparison
is unfavorable for cooperation at small r. However, once
r exceeds a critical value, fC goes up rapidly with the
increase of r, and cooperation is enhanced significantly
by the migration. In addition, from the inset of Fig. 5,
we can find that, rc increases with the increase of μ0. It
implies that, although the migration could greatly pro-
mote cooperation, a low but non-zero migration ten-
dency for the whole population is more beneficial for
the evolution of cooperation.

Since the individuals are distributed on a two-
dimensional plane, the size of the group is also a crucial
parameter which influences the evolution of coopera-
tion. We show the critical value of the synergy factor
rc against k̄ in Fig. 6. One can see that, when k̄ is in a
range of small values, rc is not sensitive to the change of
k̄. When k̄ is larger than about 2.5, rc increases with k̄
increasing. It means that, when the population becomes
dense to some extent, high synergy factor r is needed
for the maintenance of cooperation in this model.

Besides, the system size has been found to have
strong effects on the evolution of cooperation, especially
for the probabilities of asymptotically stable states [66–
68]. The simulations above are carried out for N =
1000. To examine the effects of the system size, we con-
sider N = 2000 and investigate the dependence of PC,
PD, and Pcoex on β. The results are presented Fig. 7.
Clearly, these probabilities against β are quantitatively
different from those in Fig. 2b. For example, the ranges
of parameter β leading to the valley of PD and the peak
of Pcoex become wider and the minimum (maximum)
value is further decreased (increased), and for nonzero
PC the range of β is compressed. Nevertheless, we can
find that the overall trends of PC, PD, and Pcoex with
respect to β remain the same qualitatively.

Then, we also simulate the model with average indi-
vidual payoff case. The gain of an individual i involved
in the comparison in Eq. (4) is replaced by P̄i = Pi

Mi

where Pi is the accumulative payoff defined by Eq. (3)
and Mi denotes the number of groups that i belongs
to. From Fig. 8a, we can also observe the similar non-
monotonous noise dependence of the cooperation level
described in Fig. 1a. Figure 8b shows that the nonzero
μ0 curves shift rightward in comparison with Fig. 5
while the curve of μ0 = 0 keeps unchanged, which
indicates that applying the average payoff is less effec-
tive in promoting cooperation. Nevertheless, similar to
what we have discussed in Fig. 5, once r exceeds a cer-
tain threshold, migration is preferable to the case of no
migration in the promotion of cooperation. The results
indicate that our model is robust to the payoff types in
the promotion of cooperation.
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(a) (b)

Fig. 8 Fraction of cooperators fC in dependence on β in a and r in b in the case of average payoff. We set μ0 = 0.1 in a
and β = 0.1 in b. For both, N = 1000, L = 10, α = 0.1, γ = 0.5 and k̄ = 5

4 Conclusion

To summarize, we study the effects of environment-
driven migration in evolutionary public goods games
on a two-dimensional plane, in which individuals could
perceive both their own local cooperative environment
and the global cooperative environment, and then make
decisions of migration based on environment compar-
ison. In the model, we introduce a parameter β to
describe the noise intensity in the migration decision.
By numerical simulations, we find that, the migration
based on environment comparison could promote coop-
eration significantly. Moreover, there exists an opti-
mal β which leads to a highest cooperation level. We
also find that, different steady states may be obtained
from different realizations with independent initial con-
ditions. We further simulate the model with a prepared
initial condition, and show the competitive factors that
lead to different outcomes by investigating the snap-
shots of strategy patterns during the evolution. Based
on these, we present a brief explanation for the opti-
mization of the cooperation level by the noise intensity
β. Moreover, we investigate the effects of moving speed,
the moving tendency and the mean group size on coop-
eration. At last, we verify the robustness of the model
to the system size and the average payoff case. We
find the conclusions keep unchanged qualitatively. The
extensions of this work may consider the cost of access-
ing the environment information or heterogeneous time
scales of the two behaviors. We hope this work could
deepen the understanding of the effects of migration on
the evolution of cooperation, especially in the case that
the individuals can perceive environments with certain
rationalities and make decisions based on the environ-
ment information.
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