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a b s t r a c t 

In this work, we study the spatial evolutionary public goods game by introducing payoff

aspirations for players, and players update their strategies with a stochastic probability de- 

pending on the difference between their collecting payoffs from neighbors and own payoff

aspirations. A striking finding is that the cooperation level is a nonmonotonic function of 

the enhancement factor for a fixed aspiration level, which means a proper enhancement 

factor leads to the optimal cooperation level, whereas too high or too low enhancement 

factors will impede the evolution of cooperation for a particular aspiration level. This phe- 

nomenon is contradictory to the previous finding that a larger enhancement factor always 

leads a higher cooperation level. We explain this anomaly with a comprehensive analysis 

of the probabilities transitions of C players to D players as well as the reverse. The pre- 

sented results may be not only helpful in understanding the cooperative behavior induced 

by the aspiration level in economic or animal society, but also have important implications 

for the cooperation regulation in system by enhancement factors and payoff aspirations. 

© 2019 Elsevier Inc. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Cooperation plays an important role in the real world biological, economic and social systems. Understanding the persis-

tence of cooperative behavior among selfish individuals is an interesting and challenge problem as it contradicts Darwinian

selection [1,2] . Two simple games, the prisoner’s dilemma game ( PDG ) and the public goods game ( PGG ), are widely used as

typical paradigms in this field [3–5] . The PDG seizes the characteristics of conflict between selfish individuals and the col-

lective interests of two players, which has become the leading paradigm to explain cooperative behavior [6–9] . The PGG is

proposed as a multi-person involved game, which can be regarded as a PDG with more than two participants and have also

received a broad of interests to solve the social dilemma [10–17] . In the typical PGG , N players independently and simulta-

neously decide whether to invest into a public pool (cooperate) or not (defect). The collected investment is multiplied by

an enhancement factor r , and then equally redistributed among all players regardless of their contributions. Obviously, the

whole system can reach the best state when all participants invest with the maximum amount to the public pool. However,

participants are faced with the temptation of free riding because all players do better when contributing zero than when

they contribute something, regardless of what anyone else does, which can also be called the “tragedy of the commons”. 
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In order to explain the emergence of cooperation in the real world, some works have introduced various mecha-

nisms that facilitate cooperation. One interesting direction is to study the evolutionary game dynamics on spatial structure

[12,18–28] or networks [29–38] , where nodes represent the individuals and links characterize their interactions among them.

A series of studies have shown that spatial structure can promote the evolution of cooperation through the mechanism that

is now widely referred to as network reciprocity [18,39–41] , which paved the way further towards a flourishing develop-

ment of this field of research. In the past decade, a plenty of mechanisms in promoting cooperation have been found with

the help of network reciprocity, such as degree mixing [42,43] , social diversity [44–47] , coevolutionary rules [48] , reducing

anonymity [49] , exploiting cognitive bias [50] , interaction between indirect reciprocity and punishment [51] and interaction

between network reciprocity and punishment [52] . One particular research concern is how important the structure of the in-

teraction network can be for multi-person involved PGG under various mechanisms, such as voluntary participation [53,54] ,

critical mass [55] , strategy learning ability [56] or teaching activity [57,58] , success-driven mechanism [59] , tolerance toward

defectors [60] , and individual diversity associated with network or evolutionary properties [42,61–65] . 

Either in human societies or economic cycles, people or agents always have their payoff aspirations or expectations

[28,66–69] in their productive activities, and the aspiration level may be correlated with the production efficiency and

the living cost of a society. For instance, in some underdeveloped societies, people’s aspiration may always be getting rid

of hunger and cold; however in some developed societies, people do not feel content with the ample food and clothing.

Rather, they tried every means to seek extra thrill or pleasure. When the real payoffs can not reach their aspirations, some

people may change or adjust their ways of working or strategies. In view of the above situation, the production efficiency

as well as the aspiration level of players may play important roles in the behaviors of players. Until now, the coaction

of aspiration level and production efficiency has not been investigated. Therefore, there exists one interesting question:

What is the best relationship between the aspiration level and the production efficiency that can improve the evolutionary

cooperation effectively? In this paper, we pay our attention on this issue and study the evolutionary PGG on the regular

lattice. We adopted a stochastic Win-Stay-Lose-Shift strategy updating rule in PGG where the players change their current

strategies into the opposites when their payoffs cannot reach their aspirations [66,70] . By simulations, we find that the

cooperation level is a nonmonotonic function of the enhancement factor for a fixed aspiration level, which is contradictory

to the previous finding that the larger enhancement factor, the higher cooperation level. Further more, we also find that the

aspiration levels of players play both positive and negative roles for the promotion of cooperation. 

2. Model 

To account for the feature that individuals usually interact with those who share close geographic proximity, we consider

an evolutionary two-strategy public goods game with players located on a two-dimensional four-neighbor square lattice with

periodic boundary conditions. Each player and its nearest neighbors form a group with size G = 5 [54] . At each round of the

game, each cooperator ( C ) contributes an amount c = 1 to the public goods, and selfish individuals ( D ) contribute nothing.

The payoff of a certain player i depends on its strategy s i and the number of cooperators n C in the neighborhood. Thus, the

player i ’s payoff is 

p i = 

r(n C + s i ) 

5 

− s i , (1)

where r represents the enhancement factor and denotes the production efficiency or synergy effects of cooperation. If the

player i is a cooperator, s i equals 1, otherwise s i is 0. 

Following Chen and Wang [66] , we introduce a parameter A that indicates the aspiration level of the players and each

player calculates its own aspiration payoff based on the parameter A . The aspiration payoff of player i is P A = k i A with

k i = 4 denoting the number of neighbors of a player i . After each round of the game, all of players update their strategies

synchronously. When the node i is updated, it will compare P i and P A and reverse strategy with a probability based on the

difference between real payoff and aspiration payoff: 

H i = 

1 

1 + exp[(P i − P A ) /κ] 
, (2)

where κ characterizes the noise introduced to permit irrational choices [19,71] . In this paper, we set the noise factor κ = 0 . 1 .

The aspiration payoff P A is used to evaluate whether a player is satisfied with its current strategy. This updating rule is

indeed a stochastic alteration of the Win-Stay-Lose-Shift strategy. 

Simulations were carried out for a population of 200 × 200 players located on a two-dimensional four-neighbor square

lattice. It is should be noted that, larger system sizes can be also implemented in our simulation, and it doesn’t affect the

qualitative results. We study the key quantity of cooperator density ρC in the steady state. Initially, the two strategies of

C and D are randomly distributed among the players with equal probability 1/2. Eventually, the system reaches a dynamic

equilibrium state. The simulation results were obtained by averaging over the last 2 × 10 3 Monte Carlo (MC) time steps of

the total 2 × 10 4 . Each data point results from 10 different network realizations with 10 runs for each realization. 
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a b

Fig. 1. Stationary fraction of cooperators ρC in dependence on the enhancement factor r and aspiration level A . (a) Stationary fraction of cooperators 

ρC in dependence on the enhancement factor r for A = 0 . 2 (blue squares), A = 0 . 3 (green cycles), A = 0 . 4 (red pentagons) and A = 0 . 5 (cyan triangles), 

respectively. (b) Stationary fraction of cooperators ρC in dependence on the aspiration level A for r = 4 . 5 (blue squares), r = 5 . 0 (green cycles), r = 5 . 5 (red 

pentagons) and r = 6 . 0 (cyan triangles), respectively (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.). 

a b

Fig. 2. Transition probabilities and the cooperation level as functions of the enhancement factor r on regular lattice for A = 0 . 4 (panel (a)) and A = 0 . 6 (panel 

(b)). The blue squares denote the cooperation level ρC , the green circles denote the transition probability of D players changing into C players P D → C , and 

the red pentagons denote the transition probability of C players changing into D players P C → D . The blue solid lines denote the mean-field approximations 

of ρC , and the dashed lines are guides for the eye (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.). 

 

 

 

 

 

 

 

 

3. Simulation and analysis 

We start by investigating how the enhancement factor r affects the evolution of cooperation. Fig. 1 (a) shows how ρC 

varies in dependence on the enhancement factor r for four different values of A . Surprisingly, we observe that there exists

an intermediate enhancement factor that maximizes cooperation. This means that, if the enhancement factor is too high, it

does not only cannot promote the emergence of cooperation, but hamper the emergence of cooperation for a given aspira-

tion level. In order to depict this anomaly more clearly, we have studied the effects of the parameter A on the cooperative

behavior of players, as shown in Fig 1 (b). We can find that the cooperator density ρC has a non-monotonous dependance on

A and there exists an appropriate payoff aspiration A 

opt leading to the highest cooperator density ρopt 
C 

for a fixed enhance-

ment factor r . This phenomenon reveals that there exists somewhat resonant behavior reflected by the optimal cooperation

level at the intermediate aspirations. The similar behavior can be found in other recent works, induced by other mechanisms

[40,66,70,72] . 
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a b c

Fig. 3. Characteristic snapshots of C and D players on a 200 × 200 square lattice at the finial stable state with white (black) indicating C (D). Panels a − c

show the snapshots of C and D players with the settings A = 0 . 4 for r = 3 , r = 4 and r = 5 , respectively. 

a

b

Fig. 4. Time evolution of cooperator density ρC and the average payoff of players for different values of r as shown in panels (a) and (b) respectively. The 

value of parameter of A is set as 0.4 for both panels, and the blue solid, red dotted and green dashed lines denote the results for r = 3 , r = 4 and r = 5 , 

respectively (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to give an explanation for the counter-intuitive behaviors ρC depending on r as well as the non-monotonic

results of ρC versus A , we would like to investigate the transition probabilities of C players changing into D players P C → D ,

and D players changing into C players P D → C as functions of the parameter r . When the system has reached the steady state,

we can have the number of the cooperators that change to defectors equals the number of the defectors that change to

cooperators. Hence we can have N(1 − ρC ) P D → C = NρC P C→ D approximatively by the mean-field techniques [66] . Therefore,

the cooperation level can be written as ρC = 

1 
1+ P C→ D /P D → C 

. By using this equation, we can analyze the ρC with respect to A

or r by using the probabilities P C → D and P D → C . 

Fig. 2 shows that the transition probabilities P C → D and P D → C vary with the increasing of r . For low enhancement factors,

both defectors and cooperators are dissatisfied with their strategies and update their strategies frequently, which is depicted

by the high transition probabilities of P C → D and P D → C . With the enhancement factor r increasing, the payoffs of no mater

defectors or cooperators are improved at the same time and they update their strategies with a lower frequency, which make

some connected cooperators can have more chances to acquire their ideal payoffs stably by mutual cooperation. Hence, the

cooperators become more stable than defectors by the formation of cooperative clusters, as shown in Fig. 3 . At this time, the

transition probability P C → D begins to become smaller than that of P D → C , and the difference of them becomes significant.

As the value of P C → D approaches zero, the ratio of P C → D and P D → C reaches its minimum and the peak of cooperation level

occurs. As the enhancement factor r further increasing, both cooperators and defector can be satisfied easily, and hence

both C players and D players update their strategies with lower probabilities, therefore the cooperation level stabilizes to

an equilibrium level with the increasing of evolutionary generations. Combining these different cases of r , we can find that
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a b

Fig. 5. Transition probabilities and the cooperation level as functions of the aspiration levels A on regular lattice for r = 5 (panel (a)) and r = 6 (panel (b)). 

The blue squares denote the cooperation level ρC , the green circles denote the transition probability of D players changing into C players P D → C , and the 

red pentagons denote the transition probability of C players changing into D players P C → D . The blue solid lines denote the mean-field approximations of 

ρC , and the dashed lines are guides for the eye (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.). 

a b

Fig. 6. Cooperation density ρC in dependence on various aspiration level A and enhancement factor r . (a) Stationary fraction of cooperators ρC on the plane 

of ( A , r ). (b) The blue cycles denote the highest cooperation level ρopt 
C 

as a function of the enhancement factor r , and green squares denote the optimal 

A opt that leading the highest cooperation level ρopt 
C 

as a function of the enhancement factor r . (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

there exists an appropriate intermediate r which facilitates the formation of cooperator clusters and induces the maximum

value of ρC . The comparison between the mean-field approximations and the simulations of ρC is presented in Fig. 2 , and

the good agreement indicates the feasibility of the mean-field approximation in the prediction of cooperation level ρC by

P C → D and P D → C . 

Fig. 4 displays the cooperator density ρC and the average payoffs of players in the evolution for different enhancement

factors r and a fixed aspiration level A = 0 . 4 . For r = 3 , we can find the cooperator density ρC hovers around 0.5 because

both cooperators and defectors are dissatisfied with their payoffs and change their strategies blindly. For a moderate en-

hancement factor r = 4 , we can find the cooperator density ρC increases to a steady state gradually and the average payoffs

of players also increases simultaneously in the evolution, which indicates the average payoffs of players can be improved

by the mutual cooperation and thus makes the cooperators more stable than defectors. While for a large enhancement

factor r = 5 , both cooperators and defectors can be easily satisfied and they are not willing to change their strategies, which

hinder the formation of cooperative clusters in the evolutions. These results are very in coincidence with those illustrated

in Fig. 2 and thus validate our explanation in the previous section. 
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Fig. 5 shows the transition probabilities of C players changing into D players P C → D , and D players changing into C players

P D → C as functions of the parameter A for different enhancement factors r . When A = 0 , both defectors and cooperators are

easily satisfied and the strategy-varying probabilities P D → C and P C → D equal zero and the cooperation level maintains at

0.5. Since cooperators can earn a higher payoff than defectors by the formation of cooperative clusters, the strategy-varying

probability P D → C will exceed the probability P C → D as the increase of A , which leads a higher cooperation level. However,

when the aspiration level is too large, defectors and cooperators are very hard to be satisfied and the strategy-varying prob-

abilities P D → C and P C → D become larger and larger and thus they are closer to each other. Therefore, the cooperation level

approaches 0.5 with the increase of aspiration level A . In Fig. 5 , we can also find that the mean-field approximations of ρC

agree with the simulations very well, which thus give the explanations for the non-monotonous dependance of cooperator

density ρC on the aspiration level A . 

To quantify the coaction of the enhancement factor and the aspiration level more precisely, we calculate ρC in depen-

dence on various aspiration level A and enhancement factor r in Fig. 6 (a), which clearly evidence that there indeed exists

an optimal level of aspiration as well as an enhancement factor for which ρC is maximal. Further more, we also observed

that the highest cooperation level ρopt 
C 

induced by a proper aspiration level A 

opt is closely related to the enhancement level

r . The larger the enhancement level r is, the larger is the optimal cooperation level ρopt 
C 

, as shown in Fig. 6 (b). This result

indicates that although a large value of enhancement level r does not always lead to a higher cooperation level ρC , it can

lead a higher optimal cooperative level ρopt 
C 

at a proper level of A 

opt . 

4. Conclusion 

In summary, we have studied the effects of the enhancement factor and the aspiration level on spacial PGG . By introduc-

ing a stochastic Win-Stay-Lose-Shift strategy updating rule, we found that both the enhancement factor and the aspiration

level have nontrivial effects on the evolution of cooperation taking place on regular lattice. In particularly, the cooperation

level is a nonmonotonic function of the enhancement factor for a fixed aspiration level, which is a very new finding that

does not exist in the previous works [28,66,69] . This is contradictory to the previous findings that the larger enhancement

factor, the higher cooperation level. This counter-intuitive result indicates that a larger enhancement factor may not be as

universally beneficial for cooperation for aspiration-based evolutionary PGG . For a comprehensive understanding, we have

also given a further explanation of the above results existing in our simulation by mean-field analysis of transition probabili-

ties of C players changing into D players and the reverse. We have also used small-world, scale-free and random networks to

perform our simulation with our model, and we found similar nonmonotonic behavior of cooperation level versus enhance-

ment factor. Since aspiration level and production efficiency are the key factors for the emergence of cooperation, the results

of this paper have broad implications for the cooperation regulation in real economy and animal systems. For instance, as-

suming the production efficiency is improved, the aspiration level should be adjusted accordingly for a better cooperation

level in an economic cycles. Finally we hope this work can inspire more studies for resolving the social dilemma, especially

from the viewpoint of enhancement level and the individuals’ aspiration level. 
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