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Individual decision-making processes are not solely driven by self-interest maximization but are also influenced by the
pressure to conform to the group. In primary games like the prisoner’s dilemma, the presence of conformity pressure may
facilitate the constructive development of cooperative behavior. In this study, we investigate how conformity influences the
growth of cooperation in complicated coordination games. Our findings reveal that, even in the presence of stringent game
rules, conformity can promote cooperation. In fact, a certain level of conformity pressure can even eliminate the “defection
basin” of deer hunting games played on regular networks. Additionally, we demonstrate that the effect of conformity
on cooperative behavior is contingent upon the degree of conformity pressure, with different levels of conformity pressure
producing opposite effects. These findings provide novel insights into the promotion of cooperative evolution. For instance,
if increasing the reward for cooperation has proven ineffective, manipulating the proportion of initial strategy choices may

be a more promising approach.
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1. Introduction

Evolution of cooperative behavior has been a subject of
interest for sociologists, who study games that involve inter-
actions among intelligent individuals.!'-3! Understanding the
evolution, stability, and cohabitation of cooperative behavior
among unrelated individuals and communities is crucial, as
it lies at the core of the success of human evolution. De-
spite the fact that interactions among numerous intelligent in-
dividuals typically result in competition, cooperative behav-
ior is also quite common.!*1 The well-known “prisoner’s
dilemma” suggests that cooperation is impossible because hu-
mans are inherently competitive.!®”] However, applied evo-
lutionary game theory has elucidated different perspectives,
demonstrating that cooperation is indeed feasible under cer-
tain circumstances. [8-1%!

Evolutionary game-theoretic investigations into the evo-
lution of cooperation typically begin with a predetermined

game rule, such as the prisoner’s dilemma, stag hunting,[!'-13]

or the public good.!!'*!]

Assumptions regarding popula-
tion structure, social interactions, and player information
should then be stated to facilitate modeling.[®!%17] By dis-
secting these assumptions, we can create a natural compet-
itive environment for cooperation and non-cooperation and
thus gain insight into why cooperative behavior is so preva-
lent in humans. A successful body of literature has re-
sulted from this framework, particularly in the field of com-
plex networks, which considers a topological abstraction of

actual complex interconnected systems in society in terms
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of structural relationships.!'8! Nowak’s concept of network

reciprocity!!%!

suggests that population structure facilitates the
evolution of cooperation by forming clusters. More sophisti-
cated networks, such as small-world networks, 20211 gcale-free

[22-25] and multi-layer networks,!?6-28! have also

networks,
been introduced to establish more reliable social interaction
models.

The facilitation of cooperative evolution by social diver-
sity depends not only on the structure and type of interaction
networks but also on the pattern of interactions between so-

[29-311 While the decisions of intelligent individu-

cial agents.
als cannot be fully explained by the “economic man”, even as
payoff maximization plays a significant role,3?! there are other
factors at work.[33331 A straightforward example is that many
individuals will choose to “maxmin” their payoffs, meaning
that they will choose the biggest payoff among the worst out-
comes produced by all possible situations, or just “max’ based
on their risk tolerance, while some other may simply follow
the crowd without considering the payoff.[323¢38] This in-
dicates that while the theory of the economic man is often
used to study social difficulties such as the prisoner’s dilemma,

[39.401 it is still unable

snowdrift game, and public goods game,
to provide a compelling explanation for the pervasive phe-
nomenon of cooperation. People’s behavior in society is of-
ten motivated not solely by pursuing their own self-interests
but by acting in accordance with social norms to align their
behaviors, attitudes, and opinions with those of the majority,

which is referred to as “conformity”. 3741441
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Conformity has emerged as a central topic in the field of
sociology and evolutionary games due to its prevalence across
a wide range of human cooperation. Researchers studying
evolutionary games frequently identify conformity as a dis-
tinguishing trait that separates conformists from payoff-driven
players. Accordingly, conformists are thought to always adopt
strategies that are more common among their peers, regard-
less of whether it is among the population as a whole or only
among their neighbors. 3741431 Researchers from different ar-
eas obtained a more sophisticated result. Social psychologists
have developed a basic paradigm that posits three core mo-
tivations for conformity: the need for more accurate infor-
mation, the desire for social approval, and the maintenance
of a positive self-concept. 43401 Researchers have applied this
paradigm to understand conformity in different contexts, such
as online crowdfunding marketplaces, where lenders are more
likely to conform when their identities are hidden, suggest-
ing that conformity is voluntary rather than innate.*8! Addi-
tionally, conformity can explain why herding is more preva-
lent in the military and among students, and why people
tend to conform in political climates with high stakes or risk

[441 We propose that herding is not an inherent

uncertainty.
trait, but rather a choice influenced by a combination of fac-
tors, including group qualities, external information, and pol-
itics. Drawing from the psychological literature,*’! we ar-
gue that the “group gaze” phenomenon in which individuals
change their behavior and conform to the group is a power-
ful force. We refer to these influential factors as “conform
pressure”. By characterizing the magnitude of these factors,
we can quantify the strength of the conform pressure, mean-
ing that people are more likely to prioritize the interests of the
group over their own as the conform pressure increases.

We focus on examining the influence of conformity on
the ultimate evolutionary outcomes under different population
structures and networks, using the currently utilized evolu-
tionary game framework to describe the interaction among so-
cial individuals and groupings. Previous research has demon-
strated that incorporating conformists can promote the devel-
opment of cooperation in the prisoner’s dilemma game, a well-
known example of a simple game rule. 33741431 However, the
prisoner’s dilemma has limitations in accurately representing
all scenarios of cooperation. Recently, there has been a grow-
ing body of literature focused on coordination games,#8->0]
which introduced a novel viewpoint by suggesting an amend-
ment to the definition of cooperation, thinking of cooperation
as a coalitional strategy choice that is always Pareto optimal
in the status quo if it exists.!'>>!1 The highest overall benefit
for the group is attained through Pareto optimality, where the
group’s overall interests are maximized within the scope of
individual interactions. This so-called “cooperative strategy”
in evolutionary game theory is typically referred to as a norm

or standard for individuals to adhere to in the interest of the

group.
This leads us to shift our focus to the evolution of co-
operation in more complex coordination games.5>33] A typi-

cal example of a coordination game is the stag hunt game, in
which hunting stag has Pareto dominance over hunting hare
for two players. However, the game has two Nash equilibrium
points, both of which can be seen as group norms, making
it impossible to predict the outcome using Nash equilibrium.
Due to the complexity of the game scenario, we are particu-
larly interested in understanding how cooperation evolves in
this coordination game.>*! In this paper, we examine the evo-
lution of cooperation in a population under the group gaze. In
this situation, group members are influenced by the confor-
mity pressure of the group gaze, and each individual may have
a different threshold for conformity pressure, leading them to
choose between conformist or payoff-driven behavior based
on the conformity pressure of their group.

In this article, we explore the impact of various confor-
mity pressure magnitudes on the emergence of cooperation in
complex game scenarios. We demonstrate that different levels
of conformity pressure can lead to intriguing spatiotemporal
patterns. Our study argues that the introduction of conformity
can result in more complex evolutionary outcomes in the co-
ordination game of stag hunting. Using a coordination game
model and Monte Carlo simulations, we investigate the fasci-
nating spatial phenomenon of population diversity that arises
after the introduction of conformity. It shows that the effect of
conformity depends not only on its intensity, but also on the
game rules and the initial proportion of cooperators. Consis-
tent with previous research in the literature, low conformity
pressure promotes the evolution of cooperation, regardless
of the initial proportion of cooperators.3+3337:331 However,
when conformity pressure is high, the results are markedly dif-
ferent. High-intensity conformity pressure amplifies the effect
of the initial proportion of strategies, hindering the evolution
of cooperation when the proportion of initial cooperators is
low. Conversely, when the proportion of initial cooperators
is high, conformity pressure can even overcome the defection
basin of the stag hunting game and facilitate the development
of cooperation. Finally, we discuss the potential sociological
implications of our findings.

2. Models

In this study, we focus on a simplified version of the evo-
lutionary stag hunting game, where each individual is classi-
fied as either a “stag” or a “hare”, and their payoff is deter-
mined by pairwise interactions. Hunting for stags indubitably
results in a Pareto-optimal payoff for the group, making coop-
eration possible. Thus, we refer to individuals who hunt stags
as “cooperators” and those who hunt hares as “defectors”.
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In game theory, it is common to represent the set of play-
ers who are playing with a particular player i in a given game
as 0;. Similarly, the strategy vector of player i in this game
can be represented as ;. If we consider a second player j who
is also playing the same game with player i, then we can rep-
resent the transpose of their strategy vector, €7, in a similar
manner. The total payoff obtained by player i in the 7-th game
is calculated as follows:

I(t) =) &Us]. (1)
j€o

The payoff matrix for this game, denoted by U, corre-
sponds to each combination of strategy choices made by the
players involved. The strategy vector for a stag (cooperator,
represented by C) is (1, 0), and the strategy vector for a hare
(defector, represented by D) is (0, 1). As such, the elements of
U represent the payoffs that each player receives based on their
chosen strategy and the strategies chosen by the other players

R S
u:(TP). ?)

The act of jointly hunting stag yields a collective reward de-

in the game:

noted as R, while mutually betraying one another by hunting
hare leads to a payoff of equal value, marked as P. In the event
of differential selection, the hare receives a payoff of 7 and the
stag receives a corresponding payoff of S. For simplicity but
without loss of generality, R>7 >P > S, S=0, T = p.l!ll
To confirm the validity of our findings, we examined various
other scenarios to demonstrate the robustness of our results.

2.1. Replication of dynamic equation construction

Initially, we examine the stag hunting game within the
context of the traditional well-mixed network. In this scenario,
the group is considered with an unstructured infinite popula-
tion, which is of sufficient size to dismiss any mutation. To
simplify the analysis, we assume that a proportion, denoted as
x, of the population adheres to cooperation, while the remain-
ing proportion of 1 —x opts for defection. The average payoffs
for cooperators and defectors are expressed as follows:

Pc :Rx+S(1 —X), 3
Pp = Tx+P(1—x), “)

and the average payoff of the population is given by

P =xPc+ (1 —x)Pp. 5)
Thus the dynamical equation becomes

x=x(1 —x)(Pc —Pp). (6)

The average payoffs, denoted as Pc and Pp, respectively, rep-
resent the expected payoffs of individuals choosing different

strategies at the corresponding evolution time, as provided
above. The noise term in the update strategy is quantified as
K = 0.1, consistent with previous investigations, which ac-
counts for unpredictable factors, such as potential errors in
evaluation or receiving information during the strategy update
process. [33:41,561

Additionally, we introduce an exogenous component,
known as conformity pressure p, to simulate the potential im-
pact of conformity. The magnitude of the conformity effect
experienced by the group ranges from O to 1. Specifically,
p = 0 represents the absence of conformity within the popu-
lation, while p = 1 indicates complete and unbridled drifting,
resembling machines lacking self-awareness. Under the in-
fluence of conformity pressure, a proportion equivalent to p
of individuals within the group is affected. As a result, the
transfer rate between different strategies is impacted when the
dominant strategy (i.e., the strategy adopted by the majority
of individuals) in the population changes. Therefore, after in-
troducing conformity, the dynamical equation is modified as
follows:

=(1=p){x(1=x)x(R=T+P-S)+(S-P)]}

+p(1—x), x>1/2, 0
i=1-p){x(1=x)x(R—T+P—-S)+(S—P)|}
—px, x<1/2. ©))

Equation (7) can be simplified to
i= (1= {x(R—T+P-S)+(S—P)(1-p)+p}, ©)
likewise, Eq. (8) to

i=x{(1-x)x(R—T+P—8)+(S—P)(1—p)—p}.
(10)

2.2. Dynamic model improvement considering advanced
levels of intelligence

In real interactions, the behavior of individuals is not
solely determined by the prospect of achieving gains. Even
if individuals are exclusively motivated by the pursuit of re-
wards, their decision-making process may be subject to errors,
leading them to adopt strategies that offer relatively lower ben-
efits. This mistake is not unique to gain-driven individuals,
but also applies to conform-driven individuals. Also, individu-
als often base their actions on information received within the
immediate interaction neighbors rather than considering the
larger group dynamics. Acknowledging the existence of such
decision-making flaws and recognizing the need to improve
the generality of our model, we propose to extend the replica-
tion dynamics equation by assuming that individuals possess
a high level of intelligence.

In this scenario, players interact within large groups but
only with a limited number of randomly selected players, and
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their income comes from n games with randomly chosen op-
Under these conditions, Egs. (3) and (4) can be
rewritten as

ponents.

Pc =nRx+nS(1 —x), (11)
Pp =nTx+nP(1 —x). (12)

Players interact at random, and each player engages in
a game with n players, thus satisfying the mean field’s ap-
proximate condition.’*-81 We use I to represent the trans-
fer probability between different strategies, which is replaced
by a simple fitness in the replication dynamics equation. As
a result, we obtain a new collaborator proportional dynamics
equation

%= (1—x)['(D— C)—xI'(C — D). (13)

In the case of the Fermi rule, the transition rates are

1

F(c—D)= 1 +exp[(Pc —Pp) /K]’ (14)
1
rb=0)= 1 +exp[(Pp —Pc)/K]" (>
Thus, Eq. (13) becomes
x:x(l—x)tanh[n(x(R—T—I—P—S)+(S—P))]_ (16)

2K

Next, we consider individuals who have been influenced
by the conformity. In the absence of any strategy preference,
conformists are likely to adopt the prevalent strategy within
their interaction range. In a large population, it is impossi-
ble to determine whether the interacting individuals belong to
the same population, nor can we infer the probability of their
encounter. However, in our model, we focus solely on the pro-
cess of strategy evolution, allowing us to simplify the model’s
solution.

We use I to denote the probability of transfer between
different strategies of a conformist after receiving the influ-
ence of conformity

1
E e
(D —C) = : (18)

1+ exp(x—pp) /K]

where p& and pfy denotes the conform thresholds used by the
conformist to judge whether to adopt the strategy or not, re-
spectively. Typically, p& and pf are set to 1/2. This is a spe-
cial value that has been widely used by scholars studying the
evolutionary game of conformity. This setting assumes that
the population itself has no preference for either cooperative
or defection strategies, allowing for a better understanding of
the learning mechanism of conform in the evolutionary impact
of cooperation.

The equation for the proportion of cooperators in the pop-
ulation becomes

i=(1-p)[(1=x)['(D— C)—xI(C— D)]
+p[(1-D(D —C)~pL(C =+ D). (19)
With Egs. (14), (15), (17), and (18), the dynamical equa-

tion becomes

i=(1 _p)x(l —x)tanh[n(x(R ;IY;JrP—S) +(S—P))]

el=1/2)/K] _ x(1 4 el=1/2)/K]y
1 +elx=1/2)/K]

Given that 0 < x < 1and 0 < 1 —x < 1, we observe that,

for a fixed value of x, an increase in p leads to a greater influ-

+p

(20)

ence on x and subsequently results in a decrease in the impact
of game revenue on the evolutionary outcome and even make
this impact may eventually become negligible.

Consequently, we can conclude Assumption 1.

Assumption 1 A minimum conformity pressure exists,
causing the dominant strategy to eventually become the evolu-
tionary outcome of the population.

Moreover, in the initial replication dynamic equation, we
can derive the relationship among game parameters, the pro-
portion of cooperators, and its rate of change x with ease.
Specifically, if the proportion of cooperators, x, is greater than
1/2, the condition x(R—T7 + P —S) + (P —S) > 0 is equiva-
lent to & > 0. Conversely, if x is less than 1/2, the condition
x(R—T+P—S8)+ (P—S) <0 is equivalent to % < 0. If we
denote the parameter (P —S)/(R—T +P—S) as A, we can
represent the attractiveness of the “hare” strategy basin!!3! that
can be used to describe the size of the defection temptation.

By utilizing the relationship between x and A, we can
accurately determine the direction of the evolutionary out-
come. Specifically, when the cooperative strategy dominates
(x > 1/2) and the game rules favor cooperation (x > A), the
evolutionary result will inevitably lead to full-C. Conversely,
when the defection strategy dominates (x < 1/2) and the game
rules do not favor cooperation (x < A), the evolutionary result
will tend towards full-D. Then we can assume that a game rule
threshold A exists, which ensures that the evolutionary out-
come always tends towards game rule favorable evolution and
ignore the impact of conform pressure. However, this thresh-
old may not be readily discernible when there is a conflict be-
tween the dominant strategy and the game rules.

At the advanced level of intelligence, as indicated by
Eq. (20), the influence of conformity is significant enough to
alter the direction of evolution. This implies that the intro-
duction of conformity can lead to a shift in strategy choice,
thereby breaking the dominance of defection even when the
game rules are unfavorable to cooperation.

Assumption 2 There exists a fundamental threshold for
the stag strategy, and altering the level of conformity pressure
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can only impact the rate of evolution towards an advantageous
strategy, rather than the final outcome.

Previous literature has also verified the impact of the
game benefit parameters on the evolution of cooperation, ]
although the results are not completely consistent on regular
networks with different degrees, and the evolutionary equilib-
rium point separating the all-C phase and the all-D phase has
also changed, it still meets the same law: When A is closer
to 0, the initial cooperator density required to achieve all-C is
smaller. When A is closer to 1, the population is more likely
to evolve into all-D.

To describe the possible evolutionary equilibrium points,
we proceed by solving the replicated dynamic equations.
When x > 1/2, the equilibrium points comes to: x = 1, and

v ={(1-p)(P-5)
=\ /[0 -p)(P-5) ~4p(1-p)(P+R-5-T)}

X [2(1—p)(P+R—S—T) . @1)

AsP—S<P+R—S—T,itbecomes
v ={(1-p)(P-5)
+\/l(1=p)(P—S)2—4p(1—p)(P+R—5-T)}

X [Z(I—p)(P—i—R—S—T) - 22)

When x < 1/2, the equilibrium points are given by x = 0, and

X" :{(1—p)(R+2P—2S—T)

+1/~(p— D2R-T)2 +4p(1 —p)(R+P-S-T)}
X [2(1—p)(P+R—S—T) o (23)
As P > S, in the same way,

X :{(1 —p)(R+2P—-25-T)

— /(P = 12R=T)2+4p(1—p)(R+P—5-T)}
X {Z(pr)(PJrR—S—T) g 24)
As demonstrated in the equation, the equilibrium points
are influenced by both the game rules and the conformity pres-
sure. Those former two assumptions suggest that the impact
of conformity pressure varies with changes in the game rules
and the proportion of the dominant strategy. Manipulating the
proportion of dominant strategies within the population leads
to varying roles for conformity pressure. The introduction of
conformity pressure results in different evolutionary outcomes
for the population, which is dependent upon the proportion of
dominant strategies.
The population dynamics after the introduction of higher
intelligence also supports the same conclusion. However, due

to the increased complexity of the equations, it is more chal-
lenging to draw analytical conclusions. When considering
the boundary condition of subordinate pressure, i.e., p = 1,

Eq. (20) can be expressed as
el 1/2)/K] _ x(1 4 el—1/2)/K]y
1 + elx=1/2)/K]

In this context, we can easily identify three equilibrium

X‘:

(25)

points of the population: x = 1, x = 0, x = 1/2. By setting the
subordination threshold p* to 1/2, which represents a neutral
drift, the coexistence equilibrium point for the population is
established.

Consequently, we can infer that the influence of confor-
mity pressure on the evolution of population cooperation is
contingent upon a range of factors and is positively correlated
with its own magnitude.

Assumption 3 The impact of conformity pressure on the
evolution of cooperation within the population is closely tied
to both the distribution of strategies and the magnitude of the
conformity pressure.

We simulate in more realistic regular networks and test
our conjectures by observing the microscopic mechanisms in
the network. In order to verify our conclusions obtained in the
well-mixed network, we investigate stag hunting game on the
square lattice, where each node in the regular network of side
length L = 100 x 100 has four neighbors, for making compar-
isons with past research easier.'>¥7*!] To elucidate the im-
pact of conformity, we posit a population composed of self-
interested individuals, all subject to conformity pressure that
is parameterized by probability p. Specifically, a proportion
p of individuals will adopt a conformity-driven strategy. Self-
interested players follow profit-maximizing principles, while
conformists are driven by a desire to fit in with the group. Dur-
ing the strategy update phase, we randomly select a revenue-
driven player i and allow them to play with all their neigh-
bors, yielding a revenue of R;. Similarly, we randomly select
a neighbor j of player i and allow them to play with all their
neighbors, yielding a revenue of R;. The probability that in-
dividual i will imitate the strategy of individual j in the next

game is then given as follows:
1
I'(gi+¢€j) = . 26
A (T

Conformity-driven players, constituting a proportion of

p in the population, do not optimize their strategies based on
the benefits they offer. Rather, they adopt the most prevalent
strategies within their interaction range. The strategy update
process for these conformists entails comparing the number of
strategies adopted by their neighbors. The policy update rules
for conformists are given by i.

ki 1
(e kiy _ . 27
(8 < z) 14 exp[(8 — &) /K]’ 0
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The number of players who have adopted strategy &;
within player #’s interaction scope is denoted by &, while k;
represents the degree of player i in the network. Conformists
are highly likely to adopt the most prevalent approach (either
C or D) in their local neighborhood. However, taking into ac-
count the potential effects of noise and the environment, there
remains a small probability that a conformist will conform to
the strategy of a small group of neighbors.

In each Monte Carlo step (MCS) of the simulation ex-
periment, N basic stages are continuously repeated, affording
each participant plenty opportunities to modify their strategy.
All simulation results were produced on the same network.
Our findings were observed after sufficient time has elapsed
for the system to reach a static state. To minimize inaccura-
cies, we conducted thousands of simulations and computed the
data, eliminating aberrant data points using standard deviation
before obtaining the average value.

3. Results

3.1. The influence of conformity at varying magnitudes on
the evolutionary dynamics of cooperation

The results are depicted in Fig. 1, where the abscissa rep-
resents the initial cooperator ratio of the population, and the
ordinate represents the attractiveness of the hare-hunting strat-
egy basin. As previously stated, game rules closer to 1 indicate
a greater favor ability towards defection, while those closer to
0 favor cooperation. Different color curves, which represent
critical states of different conform pressures, distinguish the
final outcomes of population evolution ranging from full co-
operation to full defection.

With the introduction of lower conform pressure, the blue
curve (p = 0.3) and yellow curve (p = 0.6) indicate a larger
full cooperation zone, and the area of full cooperation without
integration is significantly smaller than the area with differ-
ent levels of conform. This suggests that the introduction of
conform can promote cooperation in coordination games to a
certain extent, similar to that of P-D. However, with the in-
troduction of higher conform pressure, the red curve (p = 0.9)
displays a similar trend to the straight line of k = 1. This in-
dicates that as conform pressure increases, the evolution result
becomes biased towards the dominant strategy, indicating that
conform here only enhances the rate of evolution of the domi-
nant strategy, instead of promoting cooperation.

In addition, our results indicate that the blue curve (p =
0.3) is particularly effective in promoting cooperation when
the initial cooperation strategy is low (xo < 0.3) compared to
the black curve, which does not incorporate conformity. These
findings suggest that the blue curve can also evolve to full
cooperation instead of only following the dominant strategy.
Conversely, when p = 0.6, the impact of promoting cooper-
ation in low x( regions is not significant. Furthermore, when

p = 0.9, herding factors are no longer conducive to coopera-
tion in low x( regions and can even restrict its development,
leading to full defection.

That give us Result 1.

Result 1 The impact of conform pressure of the evolution
of population cooperation in coordination games vary depend-
ing on the initial cooperation ratio and its scale.

These results highlight the critical role of conform pres-
sure in shaping the evolution of population cooperation in co-
ordination games. Furthermore, our findings suggest that the
effectiveness of different strategies can vary, depending on the
initial cooperation ratio and the level of conform pressure. Fu-
ture research should examine the implications of these results
for understanding social behavior in real-world situations.

Another significant body of evidence supporting the ef-
fectiveness of conformity in promoting cooperation is the ab-
sence of “stubborn defection” in high-risk areas after incorpo-
rating the conformity factor. Without the herd factor, when A
exceeds 0.75, the black curve transforms into a straight line
which has a slope k = 0 after reaching this threshold, indicat-
ing that cooperation cannot develop successfully, regardless of
the initial ratio of cooperators.

1 T T T T T T T T

p=0

0.9

0.8

0.7

0.6

~< 0.5

0.4

0.3

0.2F ~ 4
/

0.1 1

0 L L L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Zo

Fig. 1. Phase diagram of the A—x( evolution of the stag hunting game.
The solid black line indicates the boundary between full cooperation
and full defection when no herding factor is introduced. To explore
the effect of introducing conformist participants, we also plot the same
boundary for p = 0.3, p = 0.6, and p = 0.9 using blue dashed, yel-
low dashed, and red dashed lines, respectively. Notably, at p = 0.9, the
boundary is structurally broken, and a high proportion of followers can
lead to the simultaneous existence of both cooperative and defection
strategies.

3.2. The evolution of cooperation in a spatially structured
population under different conformity pressures

Our discussion of the spatial dynamic evolution results
further supports this conclusion. The evolving system of the
stag hunting game exhibits a more complex game scenario
near the critical point. The structural characteristics of the
square lattice network result in a defection domain in the stag
hunting game (under this game rule, the evolving system will
eventually achieve complete defection), supported by the pres-
ence of stubborn betrayers, players who will choose defection
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regardless of their neighbor’s action. This defection domain
is particularly stable in a traditional stag hunting game, but
conformity-driven individuals can help cooperators form clus-
ters that are harder to invade, which undermines the robustness
of the defection domain and shows a more complex evolution-
ary signature. As long as the coupling structure of betrayers
exists, it is difficult for the defection strategy to be invaded
by the cooperator strategy, and the defection strategy remains
stable even in the initial state with a high proportion of coop-
erators, eventually occupying the entire population, resulting
in full defection. By comparing the evolutionary results with
different levels of conform pressures, we obtain some more
complex evolutionary conclusions.

We investigate the rate of evolution of the stag hunting
game on a K = 0.1, L = 100 x 100 square lattice network
while controlling for the values of A and x. To better under-
stand the impact of p on the evolutionary result of the game,
we consider four distinct values of the proportion of conform
pressure, namely 0, 0.3, 0.6, and 0.9. We choose these values
based on the fact that those too close to 0 or 1 are not statisti-
cally significant.

Our primary objective is to quantify the impact of p on the
evolution of the stag hunting game under different conditions
of A and x. To achieve this, we perform tens of simulations for
each parameter setting and record the evolutionary results for
different initial proportions of cooperators and conformists.
We then calculate the average evolutionary step, eliminating
outliers using the standard deviation method. As the evolu-
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tionary step size fluctuates significantly at the critical value
and often has different evolutionary results, we use the recip-
rocal of the evolutionary step to represent the rate at which the
population evolves to full cooperation and take negative val-
ues to represent the rate at which the population evolves to full
defection. We magnify these values by the same multiple and
represent them as &, which can be used to represent the evolve
velocity.

By holding the values of A and x constant, we aim to iso-
late the effect of p on the evolutionary outcome. We measure
the rate of evolution ¢ for each of the four values of p and
compare the results. Our approach provides a comprehensive
understanding of the dynamics of the stag hunting game un-
der different parameter settings, highlighting the role of p in
shaping the evolutionary trajectory.

Figure 2(a) illustrates the impact of varying A and x while
fixing p = 0. Obviously, the population exhibits a preference
for full cooperation as x increases, while it shifts towards com-
plete defection as A increases. Interestingly, when A reaches
the threshold of 0.75, a sharp transition occurs, and the yellow
domain which represent cooperation suddenly gives way to the
blue domain which represent defection. This leads to a defec-
tion domain in the population, with A exceed 0.75 inevitably
resulting in complete defection irrespective of the initial coop-
erator ratio. While the growth of initial cooperators can tem-

porarily delay the onset of full defection, it cannot ultimately

0.9
0.8
0.7
0.6

0.4

reverse the evolutionary outcome.
0.3
0.2

(b) 1.5
A 1
0.5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Zo
0.9

0.8 (d)
0.7
0.6

0.5

S
0.4 ~0.5
0.3 .
0.2 s
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Fig. 2. The rate of evolution of the stag hunting game on a K = 0.1, L = 100 x 100 square lattice network at the levels of conform
pressures p =0, 0.3, 0.6, and 0.9, controlling for the values of A as well as x, where the abscissa represents the initial cooperator ratio
of the population, and the ordinate represents the attractiveness of the hare-hunting strategy basin, o represent the evolve velocity (we
choose 0.1-0.9 as the parameter range because values too close to 0 or 1 are not statistically significant).
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Conversely, when A is small, the population tends to de-
velop complete cooperation, even with a minute proportion
of initial cooperators. This conclusion is not entirely consis-
tent with uniformly mixed populations, where the evolution-
ary outcome is solely determined by the ratio between x and
A. Instead, the structural properties of the network play a vi-
tal role, causing A to exert a more significant influence, espe-
cially when its value is close to 0 or 1, thereby exhibiting a
strong pro-evolutionary effect on the spatial structure. When
A falls within the meaningful definition domain’s center, the
initial cooperator ratio and the hare basin significantly impact
the evolutionary result, demonstrating convergence with the
uniform mixed population to some extent.

The apparent demarcation line at A = 0.75 between the
regions represented by consistent behavioral outcomes (C or
D) that the population eventually evolves becomes blurred
with the introduction of the conformity, and the population can
no longer maintain a high evolutionary rate to defection, which
means evolution drifts toward full cooperation. This is espe-
cially evident when a high conform pressure, i.e., high propor-
tion of conformity players is introduced, as the high proportion
of conformists preempts the set clusters with a high proportion
of cooperative players, preventing the betrayers from forming
a solid coupling structure on the network, allowing the cooper-
ators to successfully invade the defection domain that existed
in the traditional stag hunting game and facilitating the coop-
eration evolutionary occurrence of the population.

While Figs. 2(b) and (c) demonstrate that a low level of
conform pressure can promote cooperation, the evolutionary
results presented in Fig. 2(d) indicate that the light yellow area
representing cooperation in the left region of the population
state with a small percentage of initial cooperators is invaded
by the blue area representing defection. This finding is consis-
tent with our hypothesis and suggests that high conform pres-
sure in complex networks also leads to failure of cooperative
evolution when cooperation is non-dominant strategies.

We have examined the impact of the conformity on the
cooperation evolution of populations. By varying the scale of
conform pressure, we observed a significant decrease in the
blue region that corresponds to rapid evolution towards com-
plete defection, as well as an increase in the color region that
represents the evolution towards full cooperation. This finding
suggests that the final evolutionary outcome of the population
has been altered, i.e., from all-C to D or all-D to C, rather than
merely affecting the rate of evolution in original direction. At
the intersection of the color regions corresponding to full co-
operation and full defection, the effect of conformity is more
pronounced. As the parameter p increases, all regions become
lighter in color, indicating that the population requires more
time to reach the final evolutionary outcome. Our study shows
that incorporating conformity into the spatial structure of the

stag hunt results in a more nuanced evolution of cooperation,
characterized by more than just modest changes in the rate of
evolution at tipping points.

Drawing on the aforementioned Assumption 2, our in-
quiry has established the evolutionary influence of conformity
on cooperation through the lens of spatial dynamics. As a
corollary, we are pleased to introduce Result 2.

Result 2 Incorporating conformity into the spatial dy-
namics of the stag hunting game has the potential to surpass
the defection domain threshold in the game, consequently en-
hancing the evolution of cooperation.

To assess the effectiveness of conformity in promoting
cooperation in a particular coordination game, we conduct fur-
ther analysis using parameter settings similar to previous stud-
ies. The cooperators in the stag-hunting game on a rule net-
work will spontaneously form clusters when the game rules
are favorable, making it challenging to intuitively evaluate the
utility of conformity. To overcome this challenge, we employ
more challenging rules for the stag-hunting game, specifically,
the ratio of rabbit hunting payoffs to stag hunting payoffs is
greater than 1/2. We also fix the hare basin while varying the
conform pressure and initial cooperator ratio to evaluate the
impact of cooperative evolution in the presence of the confor-
mity.

Figure 3 presents a comparison of the evolutionary tran-
sient states of the stag-hunting game before and after the in-
troduction of the conformity, which illustrates the evolutionary
outcomes for A = 0.6, while adjusting for the scale of conform
pressure p and the starting proportion of cooperators x.

0.9
0.8
0.7 0.5
0.6
0.5
0.4
0.3
0.2

0.1

0
0.1 02 03 04 05 06 07 08 09
Zo

Fig. 3. The rate of evolution results for varying p and x stag hunting
games on a network of L = 100 x 100 squares for A = 0.6, K = 0.1,
where the abscissa represents the initial cooperator ratio of the pop-
ulation, and the ordinate represents the scale of conform pressure, o
represents the evolve velocity.

As demonstrated in Fig. 3, an increase in the initial pro-
portion of cooperators x leads to a transformative shift from
all-D to all-C. When the initial proportion x is extremely small,
this prompts a very rapid pace of evolution to all-D, which
slows down to 0 as x increases until it increases again after
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changing the sign of the rate to positive. Moreover, an in-
crease in p has little effect when the scale of the initial propor-
tion of cooperators is small, but after x > 0.3, a higher p slows
down the pace of advancement of the group towards complete
treachery until x = 0.5. At this point, a light yellow region
appears in Fig. 1, indicating that two possible results of pop-
ulation development are possible: full-C or D. After x > 0.6,
the higher p value ensures that the population should evolve
towards all-C.

Throughout Fig. 3, the color region slopes to the upper
left, indicating that conformity reduces the threshold of the
initial proportion of cooperators required for the population to
reach all-C. That’s to say, the conformity factor facilitates the
occurrence of cooperative evolution.

3.3. The complex evolutionary dynamics of introducing
conformity at the critical point in the evolution of a
population
Similarly, the exposition of the conformity presents sev-

eral distinct characteristics. To further scrutinize its impact,

MCS(x10%)
MCS=0 MCS=10 MCS=20 MCS=230

MCS =200 MCS =400 MCS=600 MCS =935

we examine the evolutionary dynamics of the phase transition
regime. Notably, the critical domain of the phase transition
at p = 0.3 exhibits a non-smooth overabundance, and the de-
velopmental trajectories of the population towards full-C or
full-D manifest striking dissimilarities. We illustrate the evo-
lutionary dynamics of the population towards full-C and full-D
under similar parameters for various MCS steps in Figs. 4 and
5.

Figure 4 depicts the scenario where cooperators failed to
form clusters with conformists in time to resist the initial inva-
sion. Consequently, the conformity participants were swayed
by the high proportion of the defection strategy, leading to
their conversion to betrayers. Subsequently, the betrayers in-
vaded and eliminated the cooperative strategy, driving the pop-
ulation to evolve to full-D. In contrast, Fig. 5 illustrates that,
with an increased number of MCS steps (30 x 10?), coopera-
tors were able to form clusters with conformity participants in
time, inducing self-interested individuals around them to co-

operate, ultimately causing the population to evolve to full-C.

MCS(x10%)

MCS=0 MCS=10 MCS=20 MCS=30

MCS =200 MCS =400

MCS =600 MCS =935

Fig. 4. Transient evolutionary dynamics of the stag hunting game on a 100 x 100 square lattice network with K = 0.1, where p = 0.3,
A =0.5, and x = 0.2. The figure illustrates the system’s evolution reaches opposite outcomes under the same initial conditions over
different Monte Carlo steps (MCS). We use a color scheme to represent the four types of players in the game: light red represents
conformity-driven cooperators, dark red represents payoff-driven cooperators, light blue represents conformity-driven betrayers, and
dark blue represents payoff-driven betrayers. The results indicate that the system’s transient dynamics are complex and can lead to
unpredictable outcomes, highlighting the need for further research in this area.

The evolutionary process described herein is not solely
contingent upon the values of p, A, and x. In some small
parameter ranges, it is also influenced by stochastic factors
such as the initial placement of strategies on the network and
noise, leading to more complex evolutionary outcomes. The
red dashed line in Fig. 1 delineates the mixed region where
cooperators and betrayers coexist in the spatial structure when
p = 0.9, and both A and x values are small (we verified the
validity of this finding using Monte Carlo simulations of 1010
rounds). In this scenario, spatial clusters are difficult to invade.
However, the prevalence of conformists currently hinders co-
operators from benefiting from the high proportion of payoft-
driven individuals to exert an influence, ultimately resulting in
the coexistence of a small number of betrayers with the ma-
jority of cooperators in space. This phenomenon reflects the
role of conformity in a different way; namely, conformity may
impede the evolution of cooperation. This conclusion is pred-
icated on the fundamental condition that the initial proportion

of cooperators is small and that the benefits derived from co-
operation far exceed those from defection.

The lower value of p, when the game rule favors cooper-
ation (A < 0.5), facilitates the formation of clusters of payoff-
driven cooperators and conformity-driven individuals. This al-
lows them to avoid being influenced by the initial high propor-
tion of defection strategies and forming defection clusters that
are difficult to change their strategies through benefit induce-
ment. When the conform pressure is high, namely conformists
represent a large proportion of the population, the situation be-
comes more complex. In the presence of more betrayers in the
population, the high proportion of conformity-driven players
quickly helps the defection strategy to spread, leading to the
formation of clusters of conformity-driven betrayers that are
difficult to change their strategies. This eventually leads to the
evolution of the population into a full-scale defection when the
game rule favors defection (A > 0.5).

In contrast, in the presence of more cooperators in the
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population, a high proportion of conformity-driven players
adopt the cooperative strategy, they can rapidly propagate
through numerical advantage and destroy the coupling struc-
ture formed by the highly attractive hare basin as the initial
proportion of cooperators rises. This facilitates the evolution
of cooperation. This brings us back to our previous conclu-
sion that a high level of conform pressure amplifies the impact
from the initial strategy and exhibits a different effect on the
evolutionary outcome rather than a one-way pro-cooperation
effect.

Effect of population size
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Fig. 5. Evolutionary outcomes examined by manipulating the popula-
tion scale in the stag hunting game on on different square lattice net-
works with K = 0.1, where p = 0.3, A = 0.5, and x = 0.2. The red
dashed line represents the duration required for populations of varying
sizes to evolve towards full cooperation, the blue dashed line repre-
sents the duration required for populations of different sizes to evolve
towards full defection, and the black solid line indicates the probabil-
ity of eventual cooperation for the corresponding population size. The
results described were obtained by cumulatively computing and aver-
aging 450 simulations for each population scale, resulting in a total of
4500 simulations.

However, just as individuals do not experience the same
pressure to conform when confronted with an invitation to a
weekend party from a friend, a corporate mandate to attend an
event, or even a social norm, it becomes necessary to examine
the role of population size in the evolution of cooperation evo-
lution. In general, without accounting for regulation, popula-
tion size tends to be positively correlated with the intensity of
conform pressure, i.e., larger population sizes exhibit greater
conform pressure. Our simulations do not incorporate this re-
lationship, as population is primarily determined by popula-
tion attributes such as firms, societies, and classes instead of
amounts, and these attributes that determine population size
and, consequently, the pressure to conform. Therefore, it may
be more meaningful to explore the relationship between dif-
ferent population attributions and the conform pressure.

Simultaneously, the same population attributes can vary
in size, such as giant firms across countries and small private
firms, prompting an examination of the impact of significant
population size changes on evolutionary outcomes when con-
sidering conformity. By manipulating the size of the matrix

network, we simulate evolutionary dynamics within popula-
tions of different sizes while keeping the other parameters con-
stant.

As anticipated, larger population sizes require a longer
time for the system to reach equilibrium, while smaller popu-
lation sizes expedite the attainment of equilibrium. On the one
hand, the increase in population size augments the complex-
ity of the evolving system, leading to a longer and outstanding
varying time for the system to evolve towards cooperative sta-
bility, while the time required to reach full defection varies
marginally. On the other hand, enlarging the population size
enhances the facilitative effect of conformity on cooperation,
even when the magnitude of conform pressure is determined
a priori, i.e., the relationship of the stronger conform pressure
associated with larger populations is removed.

Specifically, larger populations have a greater likelihood
of initial cooperation between conformists adopting the coop-
erator strategy to form clusters that resist invasions by defec-
tors. This can be attributed to the increased probability of
localized homogeneous regions emerging within larger pop-
ulations, where conformists initially adhering to cooperative
strategies coalesce into small clusters. Once this structure sta-
bilizes, it leads a gradual infiltration of cooperators to the pe-
riphery, ultimately enabling the population to evolve towards
complete cooperation. This invasion process unfolds gradu-
ally but persistently, increasing the probability that the critical
point will eventually transition to full cooperation as the popu-
lation size grows, meanwhile significantly prolonging the time
required to reach eventual stability.

This influence can be conceptualized as the mechanism
through which conformists exert a homogenizing influence.
Thus, the role of conformity is simply to homogenize popula-
tions locally, and the previous argument that conformity facil-
itates cooperation is because payoff-driven cooperators form
spatial structures that lead to spatial reciprocity. The emer-
gence of conformity can make this structure more robust and
spread more widely and rapidly. Therefrom, we can get result
3.

Result 3 Implications of conformity for cooperative evo-
lution through self-homogenization.

Therefore, the conformity factor can sometimes be a
penalty when the proportion of initial betrayers in a popula-
tion is too high. This validates the fact that governments are
often ineffective in encouraging the population to cooperate
by improving the benefits of cooperation. Instead, it is more
effective to control the choice of initial cooperation strategies
through coercion based on conformity considerations.

It is important to note that the evolutionary process is not
only dependent on the values of p, A, and x, but also subject to
stochastic factors such as the initial position of the strategies in
the network and noise, which can lead to more complex evo-
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lutionary results in some small parameter ranges. The mixed
region formed by the red dashed line in Fig. 1 indicates that
cooperators and betrayers coexist in the spatial structure when
p = 0.9 and both A and x values are small. This finding was
verified in the Monte Carlo step of 1010 rounds. In this case,
because spatial clusters are hard to invade, cooperators and be-
trayers coexist in the space, reflecting the role of conformity in
hindering the evolution of cooperation. However, this conclu-
sion is based on the basic condition that the initial proportion
of cooperators is small and the benefits from cooperation are
much higher than those from defection.

4. Discussion

We investigated how the introduction of conformity leads
to the evolution of cooperation in a stag hunting game. Indi-
viduals make the decision to subordinate their own interests
to the group interest with a probability proportional to the
level of conformity pressure. This probability is determined
by the level of conform pressure. By incorporating conformity
into the game dynamics, we were able to expand upon previ-
ous findings in the literature and demonstrate that the pres-
ence of conformity can enhance network reciprocity in coor-
dination games, leading to more favorable outcomes in social
dilemmas.”) Our results highlight how consistency can pro-
mote cooperation in challenging situations.

Based on the simulation results near the critical point,
we can conclude that even in the presence of “stubborn de-
fectors”, a high initial proportion of cooperators and confor-
mity pressure can rapidly form a cluster of cooperators and
drive the evolution of the population towards full coopera-
tion, thereby preventing the spread of defectors. The impact
of high conformity pressure requires further investigation, as
its viability depends on the magnitude of the pressure and the
specific game and payoff structures. Since there is no inher-
ent strategic preference for conformity, payoft-driven players
in the population will influence the conformists to adopt their
strategy. Our experimental results demonstrate that confor-
mity not only promotes the cooperative evolution of popula-
tions but also exhibits diverse characteristics depending on the
game rules and proportion of conformity-driven individuals in
the population. This underscores the importance of the popu-
lation’s initial state: attractive payoffs may not be the sole de-
terminant of cooperation, and governments may need to con-
sider controlling the initial strategies of the population through
conformity-based coercion to effectively address social dilem-
mas.

Our work makes a novel contribution to the literature by
not only extending previous research on the role of conformity
in the evolution of cooperation from a game-theoretic perspec-
tive, but also investigating the impact of varying levels of con-
formity on cooperative outcomes. Our findings demonstrate

that in games with multiple equilibria, the effects of confor-
mity on the population’s behavior can be more intricate com-
pared to games with a single equilibrium. Furthermore, we
reveal that stochasticity can give rise to variations in the ef-
fects of new factors on evolutionary outcomes, which leads
to substantial differences in simulation results. Nevertheless,
our results obtained by fixing the conformity pressure level
and varying other parameters still highlight that conformity
has distinct effects on the evolution of cooperation depending
on the specific game context.

The motivation for this study stems from the COVID-19
outbreak in Wuhan, China, which prompted the government
to implement city-wide closures to manage the epidemic. As a
result, hospitals in Wuhan experienced a surge in patient vol-
ume, with a large portion of these individuals seeking medical
attention for common seasonal illnesses or for psychological
reasons. This phenomenon, known as herd behavior, occurs
when individuals in a group follow the actions of others af-
ter social learning due to a lack of information about a situa-
tion. Nevertheless, this paper does not explore what behavior
causes conformity, but only studies the impact on the coopera-
tive evolution of the population when the factor of conformity
appears. The results of this paper suggest that conformity may
contrarily affect the evolution of cooperation, which could fill
in as a component of an explain of the present circumstance.
While this paper does not investigate the specific behavior that
causes conformity, it examines the impact of conformity on the
cooperative evolution of the population. Our findings suggest
that conformity may have a detrimental effect on the evolution
of cooperation, which could help explain the current situation.
We recommend future research to investigate the multi-party
and multi-round iterative public goods distribution game pro-
cess using the multi-element public goods evolution game.
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