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This paper studies the evolutionary process of cooperative behavior in a public goods game model with heterogeneous
investment strategies in square lattices. In the proposed model, players are divided into defectors, cooperators and discreet
investors. Among these, defectors do not participate in investing, discreet investors make heterogeneous investments based
on the investment behavior and cooperation value of their neighbors, and cooperators invest equally in each neighbor. In
real life, heterogeneous investment is often accompanied by time or economic costs. The discreet investors in this paper
pay a certain price to obtain their neighbors’ investment behavior and cooperation value, which quantifies the time and
economic costs of the heterogeneous investment process. The results of Monte Carlo simulation experiments in this study
show that discreet investors can effectively resist the invasion of the defectors, form a stable cooperative group and expand
the cooperative advantage in evolution. However, when discreet investors pay too high a price, they lose their strategic
advantage. The results in this paper help us understand the role of heterogeneous investment in promoting and maintaining

human social cooperation.

Keywords: public goods game, heterogeneous investment, discreet investors, cooperation
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1. Introduction

Various studies have examined how to reduce free-riding
behaviors.!!3! In the traditional public goods game,*! play-

The co-
5,6]

ers are divided into cooperators and defectors.
operators contribute investments to the common pool,!

whereas the defectors will do nothing. The total invest-

ments are multiplied by a synergy factor and then dis-

tributed equally to all players. Therefore, the coopera-

tors improve the group payoffs, the defectors obtain larger
payoffs by free-riding!>”] and the payoffs are greater than
those of cooperators. Rational players often choose to be-

tray others. Therefore, the conflict between personal in-

terests and collective interests leads to the tragedy of the

commons.®% Both in the biological world and in human so-

ciety, cooperative behavior is a common phenomenon.[10-13]

The evolution of cooperative behavior in social dilemmas

[14-16

has been constantly explored. | Based on previous work,

Nowak!!”-18] summarized five mechanisms to promote co-
operation: kin selection,!!%29 direct reciprocity,*'=23! in-

[26.27] and network

e, [34,35]

direct reciprocity,**21 group selection

[28 n, [29-33

! n past studies, reputatio I allianc

[36-42] [43-45

reciprocity.

punishments, rewards I'and other mechanisms have
been proposed to solve this problem.

Heterogeneous investment/“8] strategies are adopted
widely by individuals and firms in economic markets. In this

way, the investment risk is reduced, cooperative behavior can

fCorresponding author. E-mail: devas9@ynu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd
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survive effectively and it is easier for individuals to cooperate.

1.191 proposed a spatial public goods game model

Zhang et a
with dynamic allocation of investment. Partners tend to invest
more in groups more favorable to them in early rounds. Meloni
et al.PY allowed participants to redistribute their investments
according to historical returns and found that the Pareto dis-
tribution of returns naturally occurred. The Pareto distribution
describes the phenomenon that 80% of the wealth in society is
held by the top 20% of the population.

In our work, we propose a discreet investor model whose
heterogeneous investment strategies!>!?! affect the direction
of evolution of the system. Researchers can introduce this in-
formation asymmetry in specific cases to explore its impact
on the outcome of the game. In real life, individuals usually
have some information about other players. Our discreet in-
vestors are similar to investors in an investment company. >3]
In modern society, information resources are relatively easy
to obtain. Investors in real life can pay a certain price to ob-
tain credit information®¥ and the criminal record®>! of the
investee. The discreet investors in our model can obtain the
investment behavior of their neighbors in the games. If one
neighbor is a defector, the discreet investor does not invest
in this neighbor. When one neighbor shows cooperative be-
havior, a discreet investor should also check the cooperation
value of this neighbor. Based on the investment behavior and
cooperation value of the neighbor, final investments are cal-
culated for each individual. The greater the cooperation value

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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of neighbors, the greater the final investments of the discreet
investor in the common pool. Concerning the timing of the
discreet investor’s information acquisition, players evolve ran-
domly in the initial time step to simulate the initial state of
the population. Subsequently, the discreet investor obtains the
cooperation value information for other players starting from
the second time step. This information is obtained based on
the results of the player’s last round of the game. Section 2 of
this paper describes the discreet investor model and method in
detail. In Section 3, the results of the experimental numerical
simulation and a discussion are presented. Finally, Section 4
provides our conclusions.

2. Model and method
2.1. Public goods game

In this paper, we consider evolutionary game experiments
on two-dimensional regular square lattice networks.>®! The
system scale is set to M = 10. Each player plays in a group
with N individuals. On a square lattice, nearest neighbors of
each player are four individuals, so N = 5. At the end of each
game, the participants in the group center imitate the strategy
of the neighbor with greater payoffs with a certain probability.
With the change in the strategy, the behavior of the players in
the next round changes accordingly.

In the traditional public goods game, the cooperator in
each group will contribute a cost I, to the common pool
whereas the defector will do nothing. Then, the total contri-
butions in the common pool are multiplied by a synergy factor
r and distributed equally to each individual in the group irre-
spective of their strategy. The payoff formula of the traditional
public goods game model is as follows:

Ncrl,
e = ;;C_Im
(1)
Ncrl;
g = )
N

where 7. is the payoffs of the cooperator, g represents the
payoffs of the defector, N, is the number of cooperators, r is
the synergy factor and /.= 1.

The traditional game model of public goods has only co-
operators and defectors. In this paper, we add discreet in-
vestors based on the traditional model and observe the changes
to the direction of evolution of the traditional model. Cooper-
ators, defectors and discreet investors are evenly distributed in
the network. A discreet investor positioned at the center can
access more information, whereas a discreet investor located at
the edge can only acquire limited information. The positional
information indirectly influences the neighbor behaviors that
the discreet investor can observe. Furthermore, a discreet in-
vestor positioned at the center wields more influence within
the network, and its investment decisions might have a larger

impact on other nodes within the network. Within the same
group, a discreet investor at the center might emphasize the
overall cooperative dynamics of the network more when mak-
ing investment decisions, while a discreet investor at the edge
might be less influenced by its neighbors. Therefore, within
a group, as shown in Fig. 1(a), when the discreet investor is
a central node, the discreet investor needs to consider four
neighbors when investing in the common pool. In Fig. 1(b),
when the discreet investor is the neighbor node, it needs to
consider the central node when investing in the common pool.

Fig. 1. (a) The discreet investor (DI) is the central node of the group.
(b) The DI is the neighbor of the group.

First, we calculate two kinds of expected investments
based on the different positions of the discreet investors in the
group. This is because a discreet investor investing in the com-
mon pool needs to consider the cooperative value of its neigh-
bors. In Fig. 1(a), the discreet investor is the central node in
the group and it has to consider the cooperative value of four
neighbors. In Fig. 1(b), the discreet investor is at the edge of
the group, and it only needs to consider the cooperative value
of its direct neighbor. The expected investment of the discreet
investor takes into account the number of neighbors, and there
are two possible numbers of neighbors of the discreet investor
within a group, so the discreet investor has different ways to
invest.

The expected investment here is not the discreet investor’s
direct investment to its neighbors. The discreet investor’s in-
vestment in the common pool needs to consider the coopera-
tive value of its neighbors: the sum of the product of the dis-
creet investor’s expected investment and the cooperative value
of each neighbor is the discreet investor’s investment in the
common pool. When the discreet investor is the central node
in the group it has N — 1 neighbors, the total fund Spy divided
by N — 1 is the discreet investor’s expected investment to its
neighbors. When the discreet investor is an edge node in the
group, it has only one neighbor, and the total fund Spy is the
expected investment of the discreet investor to the neighbor.

e Spr
(DL N—1' )
I(ehDI) = SDI?

where I(eDI j) tepresents the expected investments to each

neighbor j when DI is the central node of the group, as shown
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in Fig. 1(a). I?j’DI) represents the expected investments to the
unique neighbor j when DI is the group edge node, as shown
in Fig. 1(b). (Spr = 1 = I¢), Spr is not determined based on
the level of cooperation. This is to ensure that, ideally, the
maximum input of the discreet investor to the common pool is
1 (less than or equal to the cooperator’s input to the common
pool), ensuring that the only factor that increases the level of
cooperation in the system is the strategic advantage of the dis-
creet investor, not the fact that the discreet investor’s input to
the common pool is greater than that of the cooperator.

A discreet investor judges the cooperative value of a near
neighbor j depending on the number of cooperators and dis-
creet investors among j’s neighbors. Although the cooperative
behavior of j’s neighbors does not affect the discreet investor,
the behavior of defectors among j’s neighbors affects j. When
Jj imitates the strategy of defectors it indirectly affects the dis-
creet investor. When discreet investor’s right neighbor j is a
cooperator (Fig. 2(a)), j has three neighbors that are defectors.
In Fig. 2(b) j has three neighbors that are cooperators. j is in
the process of continuous evolution due to the free-riding be-
havior of the defector and Fermi’s rule; in Fig. 2(b), the more
cooperators among j’s neighbors, the greater the possibility of
their continued cooperation. In Fig. 2(a), the fewer coopera-
tors among j’s near neighbors, the greater the possibility of
their choosing the betrayal strategy, and when j chooses the
betrayal strategy, j will influence the discreet investor.

Fig. 2. (a) The right nearest neighbor j of discreet investor DI is a co-
operator (C) and all three neighbors of j are defectors. (b) The right
nearest neighbor j of discreet investor DI is a cooperator and all three
neighbors of j are cooperators.

Next, discreet investors need to examine the cooperation
value V; of each neighbor, so how do we calculate V; of neigh-
bors? As shown in Fig. 1, the neighbor of the discreet investor
DI is j. The more cooperators and discreet investors among
J’s neighbors, the higher the payoffs of j the after the game,
so the greater the value of j’s cooperation. When the discreet
investor’s neighbor j is a defector, j is no cooperation value.
The formula for the cooperation value of j can be expressed as

Nij.c)+ Ny
(if j is not a defector), 3)

Viorjy = V(jpy =0, (if j isadefector),

where V(py ;) represents the cooperation value of the discreet
investor’s jth neighbor when a discreet investor is the central
node of the group, as shown in Fig. 1(a). V(;pr) represents
the cooperative value of the discreet investor’s only neighbor j
when discreet investor is the edge node of the group, as shown
in Fig. 1(b). N(;c) and N pr) represent the number of coop-
erators and discreet investors among j’s neighbors in a group
where the center node is j.

Therefore, the final investments invested by discreet in-
vestors in the common pool can be formulated as

4

Iotn =1 Y Vipp o,
(DLj) (DI,/)]_E'I (DLj) @

Ijon) = I pry Vo1,

where [py ) represents the final investments invested in the
common pool when the discreet investor is the central node of
the group, as shown in Fig. 1(a). /(; py) represents the final in-
vestments invested by discreet investors into the common pool
when discreet investors act as neighbors in the group, as shown
in Fig. 1(b).

The investments of the cooperators and the defectors are

Ic=1

1l ®
In the real world, investors often need to pay costs in time and
money to investigate the investment object and market envi-
ronment. The cost of discreet investors assessing the coopera-
tion value is quantified by Cp;. When calculating the payoffs,
we multiply the contributions of all players in a group by a
synergy factor r and distribute it equally to each player in the
group. We calculate the payoffs of discreet investors by sub-
tracting Cpy and the final investment, then calculate the payoffs
of cooperators minus the investments /.. Defectors get payoffs
at no cost. Therefore, after each group game, the players’ pay-

offs are
- "N + 100N oy +INe)
C — N Cy
r (Ip1,j)Neor,j) + 1oy N(ipn +LeNe)
g = N )
~ (I;pyNorj) +1,onNj pn) +LeNe) 6
(DL, j) = N (©)
—Iipj) — Cor,
_ (I;pryNor ) + 100N pr) +1Ne)
7(j,p) = N
—1(;pr) — Cor.

The meaning of each parameter is shown in Table 1.

Each player participates in both a self-centered group
game and a neighbor-centered group game. Therefore, the to-
tal payoffs of an individual are the sum of the income obtained
by the group centered on them and the payoffs obtained by the
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group centered around their neighbors. The formula can be
expressed as

u=y uj, ()

JEL;

where €2; represents the set of groups with individual i and its
neighbors as the central nodes, and u; represents the payoffs
of i in the corresponding group.

Table 1. Parameter table of formula (6).

e Payoffs of cooperators in the group

4 Payoffs of defectors in the group

Tpr;) Payoffs when the discreet investor in the group is the central
node

mjpry Payoffs when discreet investors in the group are neighbors

r Synergy factor

I Cooperator’s investments

Iprj)  The final investment when the discreet investor in the group
is the central node

I;jpry  The final investments when the discreet investors in the
group are neighbors

N Number of cooperators in the group

Nprj) The number of discreet investors when the discreet investors
in the group are the central node

N(jpry The number of discreet investors when the discreet investors
in the group are neighbors

Cpp The price for discreet investors

N The number of all players in the group, where N =5

2.2. Replicator dynamics

Players’ different investment methods lead to inconsistent
payoffs. After accumulating payoffs, all players update their
strategies through the Fermi rule. The probability that player

x randomly learns the strategies of neighbor y is

1

U.—-U,’
el

W (S, Sy) = ®)

where U, and Uj, represent the total payoffs of players x and y,
respectively. k represents the random noise (k = 0.1)1°7! gen-
erated by the adoption of strategies. This parameter quanti-
fies the uncertainty of strategy adoption, which means that the
strategies of players with better performance are more likely
to be adopted, although the strategies of players with poor per-
formance may also be adopted.

We simulated 10* evolutionary time steps, and the exper-
iment adopted synchronization updating. To avoid the uncer-
tainty of the experiment, our experimental data are the average
of the data from 10 experiments.

3. Experimental simulation results and analysis

We first compared three different strategy combinations
for r = 2, namely, the evolutionary results of cooperators and
defectors (C+D), discreet investors and defectors (DI4-D),
and discreet investors, cooperators and defectors (DI4-C+D).
The results in Fig. 3(a) show that in the early stage of evolu-
tion, the cooperators cannot resist the invasion of the defectors,
and the proportion of cooperators decreases rapidly and finally
reaches zero. In Figs. 3(b) and 3(c), discreet investors domi-
nate the evolutionary process in the system. The experimen-
tal result indicates that the heterogeneous investors effectively
resist the invasion of defectors and significantly improve the
cooperation level of the system.

1.04(@) == --mm oo - - 1 (b)
0.89 ,

0.61 —C
0.4
0.2

0

e e 2 o =
o v ok O ® O
N

Fraction of strategies
I
1
w)

Fraction of strategies

e e e 9 =
o b o » O
N

Fraction of strategies

100 10'  10* 10° 104 100 10!
T (MCS steps)

T (MCS steps)

102 10° 104 100 100 102 10°  10°
T (MCS steps)

Fig. 3. For r = 2, the blue line represents discreet investors, the green line represents cooperators, the red line represents defectors, the horizontal
coordinate represents the time step and the ordinate represents the proportion of strategies used by the players.

To further explain why heterogeneous investment strate-
gies affect the evolution of the system, we provide snap-
shots of three different sets of strategies C+D, DI4+D and
DI+4-C+D for r = 2; snapshots are provided to highlight the
evolution of different strategies. In Figs. 4(al)—4(a6), the co-
operators briefly form cooperative clusters at the beginning
but ultimately lack an effective mechanism to protect them-
selves from the defector’s invasion and gradually die out. In
Figs. 4(b1)-4(b6), where discreet investors and defectors are
randomly and uniformly distributed, defectors are invaded by

discreet investors, and the heterogeneous investment strategy
has an overwhelming advantage. The difference between our
discreet investors and our cooperators is that in the face of dif-
ferent investment environments, the heterogeneous investment
mechanism of discreet investors can effectively prevent them
from being over-exploited by defectors. The clusters formed
by discreet investors are difficult for defectors to invade, and
at the same time they are constantly exploring and expanding
to the edges of the square grid network. We also discovered an
interesting phenomenon where discreet investors cannot com-
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pletely drive out defectors. Although a discreet investor does
not invest in the defectors, when the four neighbors around the
defector are all discreet investors its free-rider attribute makes
its payoffs greater than its four discreet investor neighbors, and
there are discreet investors imitating the defector’s strategy.
After the newly generated defectors form tiny clusters, the av-
erage gain of defectors decreases, and the defectors at the edge
of the cluster are invaded by discreet investors after the pay-
off decreases. In the end, defectors can only continue to form
small clusters within a limited range, then they are invaded by
discreet investors and form small clusters when they are go-
ing to die. This also explains why in Fig. 3(b) the fraction of
discreet investor strategies never reaches 1.

For the snapshots of DI+C+D, as shown in Figs. 4(c1)—

o+ Q

g+ a+ 9

=10
DI
J’_
D

4(c6). In the initial state, our players are homogeneously dis-
tributed in the lattice network. This distribution state is partic-
ularly conducive to the early use of cooperative strategies by
defectors. Observing the snapshots, we can see that the num-
ber of defectors increases rapidly, while the numbers of coop-
erators and discreet investors are decreasing. Defectors invade
most areas in the square grid network, but discreet investors
and cooperators benefit from each other in the network, and
they survive in clusters where cooperative behavior is effec-
tive. However, after the cluster of the cooperators and discreet
investors has formed, the cooperators at the edge of the clus-
ter are constantly over-exploited by the defectors and unable
to resist the invasion of the defectors, so the discreet investors
ultimately dominate the evolution of the system.

T=100 = 1000

(c6)

Fig. 4. Snapshots of players at different time steps under the three strategy combinations (C+D, DI+D and DI4+-C+D) for r = 2, where the
blue dots represent discreet investors, the green dots represent the cooperators, the red dots represent the defectors and 7 refers to the time step.

The results in Figs. 3 and 4 show that the heterogeneous
investment mechanism of discreet investors can promote coop-
erative behavior in evolutionary games. To better explain the
evolutionary process, we further studied the details of the rel-
evant payoffs of the above mentioned three different strategy
combinations in the evolutionary process.

Observing Fig. 5(a), we can see that in strategy combina-
tions with discreet investors, the average payoffs of all players
are significantly improved, indicating that heterogeneous in-
vestment strategies can affect the direction of evolution of the
traditional public goods game. In Fig. 5(b), the payoff levels
of defectors decrease and finally reach zero. The cooperators
have been losing money, and finally the payoffs are not shown.
Corresponding to the snapshot map of our C+D strategy com-
bination in Figs. 4(al)—4(a6), the cooperators are invaded un-
til the defectors occupy our lattice network. The decreasing
number of cooperators leads to the decreasing payoffs of co-

operators from cooperation. The continuous reduction of the
number of cooperators leads to the continuous reduction of
the average payoffs obtained by the defectors from exploiting
the cooperators. In the end, the cooperators are completely
expelled, and no one contributes to the common pool. Ob-
serving Fig. 5(c), we can see that average payoffs of discreet
investors at the beginning are higher than those of the defec-
tors because the advantage of the heterogeneous investment
strategy of discreet investors makes them much less exploited
than the cooperators; instead, they can extend their evolution-
ary advantage. After the system evolves, the average payoff
of discreet investors increases. When discreet investors form
a cluster, discreet investors at the center of the cluster make a
high investment in marginal discreet investors, so the payoffs
of discreet investors at the edge of the cluster are greater than
the payoffs of being exploited by defectors, the advantages
of clusters continue to expand and discreet investors gradu-
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ally dominate the evolution. Interestingly, the average payoffs
of defectors decrease first and then increase. This is because
when the living space of the defectors is continuously com-

(a)

Average payoff of combinations

—C+D
- - DI+D
-« - DI+C+D
100 10! 102 108 104
T (MCS steps)
4.01 (¢)
n - N o st
£ 3.5 .
> s
-—d 3.0 1 / D
o /
5 2.5 ) - -DI
& 2.0 /
% /
E 1.5
% 1.0
g
o 0.5
< O -
100 10! 10? 103 104

T (MCS steps)

pressed, the money for exploitation is limited and the number
of defectors drops sharply, so the average income of the defec-
tors increases instead.

Average payoff of players
I

w o= A
o ©o o o o o o o

10! 102 103

100 104
T (MCS steps)
5.0

2
¢ 4.0
E At e UV Y
a
% 301 —cC
k= --D
%z 2.0+ - DI
2
) proee
% 1.0 K T—
8
> -7
<  0-

10 10! 102 103 104

T (MCS steps)

Fig. 5. For r = 2. (a) The overall average payoffs of the players at different time steps under the three different strategy combinations. (b) The
average payoff curves of the cooperators and defectors at different time steps under the C+D strategy combination. (c) The average payoff
curves of discreet investors and defectors at different time steps under the DI4-D strategy combination. (d) The average payott curves of discreet
investors, cooperators and defectors at different time steps under the DI+-C+D strategy combination.

In Fig. 5(d), under the DI4+-C+D strategy combination,
we find that the average return of the cooperators before and
after 10 time steps is greater than that of the discreet investors
and the defectors. Then, it decreases and disappears. Com-
bined with snapshots of DI4+-C+D in Figs. 4(c1)-4(c6), it is
found that in the early stage of evolution, cooperators and dis-
creet investors help each other, which slows down the speed of
the invasion by defectors, and the cooperators and discreet in-
vestors form a cluster of mutual benefits. After there is no ex-
ploitative behavior within the cluster, the cooperators continue
to develop great advantages and the cooperation strategy at the
center of the cluster begins to spread. The average income of
the cooperators becomes larger during this period, and such
clusters gradually form with the cooperators as the main body.
As the number of discreet investors continues to decrease, such
clusters are soon invaded by defectors. In the end, the propor-
tion of cooperators gradually becomes zero. After the coop-
erators disappear, their average payoff also disappears. Only
the discreet investors who have formed clusters at the begin-
ning continue to exert their strategic advantages; finally, the
discreet investors dominate the evolution, the payoffs of co-
operators and defectors decline and the returns of discreet in-
vestors continue to increase. This result also corresponds to
the evolutionary process of the system under the snapshots of

DI+C+D strategies in Figs. 4(c1)—4(c6).

The above mentioned experiments were based on the sim-
ulation experiments where discreet investors did not pay Cpy
for heterogeneous investment. When the three strategy combi-
nations (C+D, DI+D and DI4+-C+D) are compared regarding
simulation evolution and all the parameter conditions are con-
sistent, it is proved that a discreet investor promotes the coop-
eration of the system because of the discreet investor’s strategy
advantage. When Cpy is taken into account, the DI4+-D and
DI4-C+D combinations have an additional parameter condi-
tion of Cpy; compared with the C+D combination. Next, we
describe the impact of Cpy on our experiments.

From Fig. 6(a) it can be found that when r is small
(2 < r < 3) the cooperation level of the system is extremely
high. When r is fixed, as the cost Cpj increases, the coopera-
tion level of the system decreases, indicating that the high cost
reduces the cooperation level of the system. Figures 6(b) and
6(c) explain this phenomenon: as the Cpy increases, the aver-
age payoffs of the discreet investor keep decreasing, the ability
to resist the invasion of defectors keeps decreasing, the num-
ber of discreet investors keeps decreasing and the cooperation
level of the final system keeps decreasing. At the same time,
comparing Figs. 6(c) and 6(d), we can observe an interesting
phenomenon. As r continues to increase, the proportion of
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discreet investors decreases and the proportion of cooperators
increases. This is because when the return on investment of the
environment is high, that is when r is at a relatively high level,
the cooperators under the traditional model can survive; at this
time, discreet investors pay the price to understand the rational
exercise of investment behavior and cooperation value of other
players, so the payoffs obtained by them begin to be smaller
than those of the cooperators. At the same time, in Fig. 6(a),
we can see that when the cooperation factor r is constant, as
the cost Cpy increases, the cooperation level of the system is
not linear. To explore the reason for this, we selected snap-
shots at different costs for r = 3.5.

Looking at snapshots in Figs. 7(al)-7(a6) and 4(cl)-
4(c6), we can see that as r increases, the cooperators begin
to have room to live. For r = 2, the discreet investors have
strategic advantages and continue to expand their living space.
However, when the living space of the defector is extremely
small, for example when the four neighbors of a defector are
all discreet investors, its free-rider property makes its payoffs
greater than that of its neighbors, so the defector always sur-
vives under this condition. The cooperators are slowly in-
vaded by the defectors and are ultimately unable to survive.
For r = 3.5, although the defectors are free-riding, the pay-
offs of the discreet investors are always greater than those of
the defectors, so the defectors can be completely expelled. In
this case, the cooperators can begin to survive. In Figs. 7(b1)—
7(b6) and 7(c1)-7(c6), although the parameter conditions of
the two sets of snapshot graphs are the same, for r = 3.5 and
Cpr = 0.3, we can observe two interesting results. The system
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Cost of discreet investor Cpp

evolved into two states, one where all are discreet investors
and the other where all are defectors. For this phenomenon,
we repeated the experiment 100 times: the probability of the
system reaching a steady state with all of them being defec-
tors was 6% and the probability of all of them being discreet
investors was 94%. In Figs. 7(b1)-7(b6), the cooperators and
discreet investors form clusters at the beginning, the cooper-
ators at the edge of the cluster are always invaded by the de-
fectors and the discreet investors at the edge of the cluster can
resist the invasion of the defectors. However, the payoffs of
cluster-centered cooperators are greater than for others. Such
cluster-centered cooperators keep invading discreet investors;
they first evolve into cooperators as the main body and are
then invaded by defectors. Only the clusters formed by dis-
creet investors that gradually become the main body at the be-
ginning can survive and dominate the evolutionary process. In
Figs. 7(c1)-7(c6), when discreet investors dominate the lattice
network and keep spreading their strategies, if a small number
of cooperators and defectors survive in the center of the sys-
tem the discreet investors keep invading the defectors to the
edge of the system, and the cooperators at the center keep in-
vading the discreet investors. At the same time, the defectors
keep invading the cooperators in the center of the system and
the cooperators, as the middle layer, isolate the defectors and
discreet investors. Ultimately, defectors dominate the evolu-
tionary process. This also explains why in Fig. 6(a), when the
synergy factor 7 is fixed, the cooperation level of the system is
not linear with the increase in cost Cpy.
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Fig. 6. (a) The cooperation level of the system. (b) The average payoffs of the discreet investors. (c) The proportion of discreet investors.
(d) The proportion of cooperators in the system. The horizontal axis represents the cost to discreet investors to obtain the investment behavior
and cooperation value of their neighbors, and the vertical axis is the synergetic factor r.

030203-7



Chin. Phys. B 33, 030203 (2024)

T=3 T=5
=)
Il
@)
[
3]
b
o)
®)
(al) (a2) (a3)
o)
=)
I
@)
[
o
%
o}
O
(b1) (b2) (b3)
o)
=)
Il
@)
Ly
o
7
o
©)

(c1)

(c2) (c3)

T=200 T=1000

T=400

(ad) (ab)

(b4) (b5) (b6)

(c4)

(c5) (c6)

Fig. 7. For r = 3.5, the costs Cpy are 0 and 0.3. Snapshots of the system at time steps 1, 3, 5, 200, 400 and 1000 are given under the combination

of DI4-C+D strategies.

4. Conclusion

How to promote collaborative behavior is a popular re-
search topic. The sustainability of cooperation is often based
on the input of participants being proportional to the return.
Effective investment is also one of the ways to promote coop-
eration. This paper studied the evolutionary dynamics under
a system where cooperators, defectors and discreet investors
coexist. The difference between discreet investors and cooper-
ators in this article is that the investment strategy of a discreet
investor is heterogeneous investments while that of a cooper-
ator is homogeneous investments. Discreet investors are more
rational when contributing to the common pool. By analyzing
the two parameters of synergy factor (r) and cost (Cpy), we can
conclude that when r is small the heterogeneous investment
strategy of discreet investors is effective and spreads contin-
uously. When r is large, cooperators dominate the direction
of evolution of the system. As Cpy increases, the strategic ad-
vantage of discreet investors gradually disappears. The exper-
imental results explain certain social phenomena. In an envi-
ronment of low return on investments, individuals with hetero-
geneous investments can turn losses into profits compared with
individuals who have been losing money on fixed investments.
When the overall return on investment in the environment is
high, altruistic behavior is encouraged and widely spread. Al-
though the edges of a system have a strong ability to resist
external intrusion and expansion, internal collapse is not dealt
with in time and the system is eventually fully invaded.
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