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 A B S T R A C T

How cooperation evolves in culturally diverse populations remains a fundamental question. Individual 
differences in concern for others’ welfare can shape social interactions, yet their role in driving large-
scale social patterns is not fully understood. Here, we propose a spatial evolutionary game model where 
individuals possess an evolvable "cultural weight" that dictates how they value their own versus their 
neighbors’ payoffs. We demonstrate that this utility-evaluation mechanism spontaneously drives significant 
spatial segregation, where like-minded individuals cluster together. This self-organized structure, in turn, 
powerfully influences cooperation through a "boundary effect": individuals at the interfaces of different cultural 
clusters exhibit significantly lower cooperation rates than those in homogeneous group interiors. Our findings 
reveal that subjective utility evaluation based on cultural differences is a key driver of social pattern formation, 
highlighting a complex feedback loop between individual culture, spatial structure, and the evolution of 
cooperation.
1. Introduction

The emergence and maintenance of cooperative behavior is a cen-
tral issue in the evolution of both nature and human societies, attract-
ing attention from numerous disciplines including biology, economics, 
and sociology. This interdisciplinary approach, often termed ‘social 
physics’, utilizes quantitative methods to understand complex social 
phenomena [1]. Evolutionary game theory provides a powerful theo-
retical framework for understanding how cooperation can arise and be 
sustained among populations of boundedly rational individuals under 
repeated interactions and selective pressures. The seminal work by 
Nowak and May revealed the importance of spatial structure: in spa-
tial games, individuals only interact with their immediate neighbors, 
allowing cooperators to form clusters that resist invasion by defectors, a 
mechanism known as spatial reciprocity [2–9]. Other spatial game vari-
ants, such as spatial public goods games, explore different interaction 
structures and mechanisms like reputation [10].

While spatial structure is widely recognized as a key factor pro-
moting cooperation, early models often assumed homogeneous popu-
lations. However, real-world social and biological groups often exhibit 
diverse forms of individual heterogeneity, for example, in behavioral 
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tendencies, learning abilities, and resource endowments. Such het-
erogeneity has been shown to profoundly influence the dynamics of 
cooperation evolution [11–15]. In human societies, a significant source 
of heterogeneity is cultural heterogeneity. Culture, by shaping indi-
viduals’ values, social norms, and interaction patterns, deeply affects 
decision-making behavior, especially the choice to cooperate in social 
dilemma situations [16–21].

One important aspect of how culture influences cooperative behav-
ior is the way individuals evaluate the outcomes of social interactions, 
i.e., their subjective value judgments. Traditional game theory models 
typically assume individuals only care about their own material pay-
offs. However, ample research indicates that individuals’ utility func-
tions often incorporate consideration of others’ payoffs, and the extent 
of this consideration can be modulated by cultural background [22–
29]. For instance, some cultures may emphasize collective well-being 
more, while others prioritize individual achievement. This culturally-
shaped variation in attending to others’ payoffs is conceptualized in this 
study as a continuous ‘‘cultural weight’’, which regulates the trade-off 
an individual makes between their own interests and those of others.
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When individuals with different cultural weights coexist and inter-
act in space, complex dynamics can emerge. On one hand, differences 
in individuals’ subjective evaluation of interaction outcomes based on 
their cultural weights can influence their strategy learning and be-
havioral imitation, thereby affecting the overall cooperation level. On 
the other hand, this process of interaction choice and imitation based 
on subjective utility evaluation can also drive the self-organization 
of spatial patterns, such as the clustering of individuals with similar 
cultural weights, a phenomenon known as spatial segregation, similar 
to the mechanism revealed by Schelling’s model of social segrega-
tion [22,30–32], but driven by differences in utility evaluation during 
game interactions. This endogenously formed spatial pattern, in turn, 
reshapes the evolutionary path of cooperation, potentially creating 
unique ‘‘boundary effects’’ at the interfaces of groups with different 
cultural weights [8,33].

Based on this background, the core question of this paper is: In 
a spatial evolutionary game model, when an individual’s attention to 
others’ payoffs (i.e., cultural weight) is an evolvable trait that influ-
ences their evaluation of game interaction outcomes through a cultural 
weight-dependent effective utility, guiding their strategy and cultural 
weight learning updates, how does this cultural heterogeneity affect 
the evolution of cooperation in a spatial prisoner’s dilemma game and 
co-emerge with spatial segregation? How do cultural weight-driven 
spatial patterns (such as clusters and boundaries) in turn influence the 
cooperative behavior of groups with different cultural weights?

To explore these questions, we construct an agent-based 2D lattice 
prisoner’s dilemma game model. The key innovation of the model is 
that each agent is endowed with an evolvable cultural weight pa-
rameter, based on which a cultural weight-dependent effective utility 
function is defined. When updating their game strategies (cooperate or 
defect) and cultural weights, individuals do not solely rely on direct 
material payoffs but compare their accumulated effective utility with 
that of their neighbors. Through extensive computer simulations, we 
systematically analyze the behavior of a heterogeneous population with 
continuously variable cultural weights under different temptation to 
defect values. The simulation results reveal that this model mechanism 
can spontaneously drive significant spatial cultural segregation, that 
cultural heterogeneity has complex and nonlinear effects on the overall 
cooperation level, and that spatial segregation structures significantly 
influence the cooperative behavior of individuals in different locations 
through boundary effects. This study aims to reveal the co-evolutionary 
dynamics among cultural tendencies, spatial patterns, and cooperative 
behavior, and emphasizes that utility evaluation based on individual 
cultural weight differences is an important mechanism driving spatial 
pattern self-organization and influencing the evolution of cooperation.

The main contributions of this paper are:

• We propose a novel spatial evolutionary game model based on 
cultural weight-dependent utility evaluation, providing a new 
mechanism for studying how cultural values, by influencing sub-
jective utility assessment, affect cooperative behavior.

• We reveal that interaction utility evaluation based on cultural 
weight differences is an important dynamic mechanism driving 
the emergence of spatial segregation patterns.

• We analyze and explain the complex nonlinear relationship and 
potential boundary effects existing among cultural heterogeneity, 
spatial segregation patterns, and cooperation levels.

The structure of this paper is as follows: Section 2 describes the model 
setup in detail; Section 3 introduces the simulation settings and the 
measurement metrics used; Section 4 presents and analyzes the main 
simulation results; Section 5 provides a discussion, summarizes the 
findings, and points out directions for future research; finally, the 
conclusion is presented.
2 
2. Model

To investigate the co-evolutionary mechanism between individuals’ 
attention to others’ payoffs (quantified here as cultural weight) and 
cooperative behavior, we construct an agent-based spatial evolutionary 
game model. This model extends the classic prisoner’s dilemma game 
framework by introducing heterogeneous, endogenously evolvable in-
dividual cultural weights, and defines cultural weight utility as the 
measure of individual fitness. The model’s dynamic evolution follows 
a strictly defined sequence of time steps, achieved by simulating local 
interactions between individuals, utility evaluation, and strategy and 
cultural weight imitation updates based on utility comparison.

The model is set on an 𝐿 × 𝐿 two-dimensional square lattice with 
periodic boundary conditions (a torus). 𝑁 = 𝐿2 agents are distributed 
on the grid points. Each agent 𝑘 at any time 𝑡 has the following core 
attributes: its current strategy 𝑆𝑘(𝑡) ∈ {𝐶,𝐷}, where 𝐶 stands for 
Cooperate and 𝐷 for Defect. Its intrinsic cultural weight 𝐶𝑘(𝑡) ∈ [0, 1]. 
This is a continuous variable that quantifies the degree to which agent 𝑘
values the payoff of its interaction partner when evaluating interaction 
outcomes. 𝐶𝑘 = 0 corresponds to pure self-interested (can be seen 
as a manifestation of an extreme individualistic tendency), 𝐶𝑘 = 1
corresponds to pure other-regarding (can be seen as a manifestation of 
an extreme altruistic or collectivistic tendency), and 𝐶𝑘 = 0.5 represents 
equal concern for both parties’ payoffs.

Agents only interact with their immediate spatial neighbors. This 
model employs the Moore neighborhood, meaning each agent inter-
acts with its 8 surrounding neighbors (neighbors at boundaries are 
determined by periodic boundary conditions). This choice allows for 
more interaction channels compared to the simpler Von Neumann 
neighborhood, providing a richer local environment that can accelerate 
the diffusion of strategies and cultural traits.

In each time step, agents play pairwise prisoner’s dilemma games 
with all their neighbors. The payoff matrix 𝝅 is defined as follows: Both 
cooperate (C, C), both receive payoff 𝑅 = 1. Self cooperates, opponent 
defects (C, D), self receives 𝑆 = 0, opponent receives 𝑇 = 𝑏. Self defects, 
opponent cooperates (D, C), self receives 𝑇 = 𝑏, opponent receives 
𝑆 = 0. Both defect (D, D), both receive payoff 𝑃 = 0. where 𝑏 > 1 is 
the temptation to defect payoff. Let 𝜋(𝑆𝑘, 𝑆𝑙) denote the basic material 
payoff agent 𝑘 receives in a single interaction with neighbor 𝑙 adopting 
strategy 𝑆𝑙.

The core innovation of the model is that agents’ behavioral decisions 
are not directly based on material payoffs 𝜋, but on their culturally-
weighted utility. For a single interaction between agent 𝑘 (with cultural 
weight 𝐶𝑘) and its neighbor 𝑙 (with strategy 𝑆𝑙), the single-interaction 
culturally-weighted utility 𝑈𝑘(𝑆𝑘, 𝑆𝑙 , 𝐶𝑘) obtained by agent 𝑘 from this 
interaction is defined as: 
𝑈𝑘(𝑆𝑘, 𝑆𝑙 , 𝐶𝑘) = (1 − 𝐶𝑘)𝜋(𝑆𝑘, 𝑆𝑙) + 𝐶𝑘𝜋(𝑆𝑙 , 𝑆𝑘) (1)

This formula explicitly shows how the cultural weight 𝐶𝑘 modulates the 
relative importance an individual places on their own payoff 𝜋(𝑆𝑘, 𝑆𝑙)
and the opponent’s payoff 𝜋(𝑆𝑙 , 𝑆𝑘).

The total fitness of agent 𝑘 in a complete time step 𝑡 is measured by 
the accumulated culturally-weighted utility (Accumulated Culturally-
Weighted Utility) 𝑘(𝑡) obtained from interacting with all its neighbors. 
This value is calculated as the sum of single-interaction culturally-
weighted utilities from agent 𝑘’s interactions with all neighbors 𝑙 ∈ 𝑘
(where 𝑘 is the set of agent 𝑘’s neighbors) in that time step: 
𝑘(𝑡) =

∑

𝑙∈𝑘

𝑈𝑘(𝑆𝑘(𝑡), 𝑆𝑙(𝑡), 𝐶𝑘(𝑡)) (2)

This accumulated utility 𝑘(𝑡) is the basis for subsequent strategy and 
cultural weight update decisions.

The model evolves in discrete time steps 𝑡 = 1, 2,… . Each time step 
𝑡 strictly follows the following 4 phases, and all agents complete the 
corresponding operations within each phase before proceeding to the 
next:



J. Wang et al. Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 199 (2025) 116796 
Phase 1: Calculate Utility: Each agent 𝑘 according to its current 
strategy 𝑆𝑘(𝑡) and cultural weight 𝐶𝑘(𝑡), engages in virtual interactions 
with all its neighbors 𝑙 ∈ 𝑘 (whose strategies are 𝑆𝑙(𝑡)), and according 
to Eq.  (1) calculates the single-interaction utility for each interac-
tion, finally according to Eq.  (2) calculates and stores its accumulated 
culturally-weighted utility for this time step 𝑘(𝑡).

Phase 2: Decide Strategy Update: Each agent 𝑘 randomly chooses a 
neighbor 𝑙 ∈ 𝑘 as a reference object. It compares their accumulated 
utilities 𝑘(𝑡) and 𝑙(𝑡). The probability 𝑃𝑆 (𝑘 → 𝑙) that agent 𝑘 adopts 
neighbor 𝑙’s strategy 𝑆𝑙(𝑡) is given by the Fermi rule: 

𝑃𝑆 (𝑘 → 𝑙) = 1

1 + exp
(

−𝑙 (𝑡)−𝑘(𝑡)
𝐾

) (3)

where 𝐾 ≥ 0 is the Strategy Selection Intensity parameter, controlling 
the influence of utility differences on the imitation probability (𝐾
smaller, selection more deterministically favors imitating the better 
performer; 𝐾 larger, randomness is stronger).

Phase 3: Decide Culture Update: First, agent 𝑘 with a preset Culture 
Update Attempt Probability 𝑝𝐶 ∈ [0, 1] decides whether to attempt to 
update its cultural weight. If an attempt is triggered (i.e., a random 
number is less than 𝑝𝐶 ), agent 𝑘 again randomly chooses a neighbor 
𝑚 ∈ 𝑘 as a reference object for cultural imitation. It compares their 
accumulated utilities 𝑘(𝑡) and 𝑚(𝑡). The probability 𝑃𝐶 (𝑘 → 𝑚) that 
agent 𝑘 adopts neighbor 𝑚’s cultural weight 𝐶𝑚(𝑡) is also given by 
the Fermi rule, but using an independent Culture Selection Intensity 
parameter 𝐾𝐶 ≥ 0: 

𝑃𝐶 (𝑘 → 𝑚) = 1

1 + exp
(

−𝑚(𝑡)−𝑘(𝑡)
𝐾𝐶

) (4)

If no update attempt is triggered (probability 1−𝑝𝐶 ), the agent directly 
keeps its cultural weight 𝐶𝑘(𝑡) unchanged.

Phase 4: Strategy and Cultural Weight Mutation: Each agent 𝑘
separately with a small strategy mutation probability 𝑝𝑠,𝑚 ∈ [0, 1] and 
cultural mutation probability 𝑝𝑐,𝑚 ∈ [0, 1] decides whether to mutate 
its strategy and cultural weight. If mutation is triggered, its strategy 
for the next time step is randomly set to Cooperate 𝐶 or Defect 𝐷, and 
its cultural weight is reset to a new value uniformly random within the 
interval [0, 1]. At this point, a complete time step 𝑡 ends, and the system 
enters time step 𝑡 + 1.

This model, through the precisely defined individual cultural weight 
𝐶𝑘 and the culturally-weighted utility 𝑘 based on it, couples the 
individual’s cultural tendency (reflected in the attention to others’ pay-
offs) with the behavioral strategy. Both strategies and cultural weights 
evolve through a process of social imitation based on local neighbor 
comparison and the Fermi rule, simultaneously the cultural weights are 
also subject to small-probability random mutation. This co-evolutionary 
process of strategy and cultural traits on a spatial structure aims to 
reveal how cultural factors shape macroscopic cooperation patterns at 
the microscopic interaction level.

3. Simulation setup and measurement metrics

In this study, we primarily focus on the steady-state behavior of the 
system after a long period of evolution. Each simulation runs for a total 
of 10,000 Monte Carlo steps (MCS). We observed that this duration 
is sufficient for the system to reach a dynamic equilibrium, as key 
macroscopic observables like the average cooperation rate stabilize well 
before the end of the run. Although a continuous cultural weight space 
theoretically allows for infinite strategic combinations, we observed 
that key macroscopic observables reliably converge within the specified 
simulation time, suggesting our setup robustly captures the system’s 
steady-state dynamics. All presented results are obtained by averaging 
over the final 1,000 MCS of 1,000 independent runs for each parameter 
set. Simulations are conducted on square lattices of different system 
sizes 𝐿 ∈ {10, 50, 100, 200}, with a total number of agents 𝑁 = 𝐿2. We 
3 
set the strategy selection intensity parameter 𝐾 = 0.1, cultural selection 
intensity parameter 𝐾𝐶 = 0.1, cultural update attempt probability 𝑝𝐶 =
0.1, strategy mutation probability 𝑝𝑠,𝑚 = 0.001, and cultural mutation 
probability 𝑝𝑐,𝑚 = 0.001. Initially, each agent’s strategy (cooperate 
or defect) and cultural weight 𝐶𝑘 ∈ [0, 1] are initialized uniformly 
randomly within the interval [0, 1].

To analyze the system behavior, we measure the following metrics:

• Average Cooperation Rate ⟨𝑓𝐶 ⟩: The proportion of individuals in 
the system who adopt the cooperation strategy.

• Average Cultural Segregation Index ⟨𝑆⟩: Used to quantify the 
degree of segregation formed by the clustering of individuals with 
similar cultural weights. For an agent 𝑘, its segregation index 𝑆𝑘
is defined as the proportion of its neighbors belonging to the same 
cultural weight group as itself (e.g., classified based on 𝐶𝑘 < 0.5
or 𝐶𝑘 ≥ 0.5). The average cultural segregation index ⟨𝑆⟩ is the 
average of the segregation indices of all individuals.

• Susceptibility 𝜒𝑂: Used to detect potential phase transition points 
in the system. For an order parameter 𝑂 (such as average co-
operation rate or average segregation index), its susceptibility is 
defined as: 
𝜒𝑂 = 𝑁(⟨𝑂2

⟩ − ⟨𝑂⟩

2) (5)

where 𝑁 = 𝐿2 is the total number of individuals in the system, 
and ⟨⋅⟩ denotes the ensemble average in the steady state.

• Fraction of Boundary Agents ⟨𝑓𝑏𝑜𝑢𝑛𝑑⟩: Defined as the proportion 
of individuals who are adjacent to at least one neighbor from 
a different cultural weight group, reflecting the total length or 
mixing degree of the cultural weight cluster boundaries in the 
system. A higher value indicates a higher degree of mixing and 
more numerous, complex boundaries of cultural weight clusters. 
Conversely, a lower value indicates a lower degree of mixing and 
fewer, smoother boundaries of cultural weight clusters, possibly 
forming large homogeneous areas.

• Cooperation Rate of Boundary and Bulk Agents: The average 
cooperation rates are calculated separately for boundary agents 
and bulk agents (individuals whose neighbors are all from the 
same cultural weight group), used to analyze the impact of spatial 
structure on cooperative behavior.

4. Results

4.1. Effect of temptation to defect on overall cooperation and segregation

To investigate the impact of the temptation to defect value 𝑏 on the 
overall cooperative behavior and spatial patterns of the system, we first 
measured how the average cooperation rate ⟨𝑓𝐶 ⟩ and average cultural 
segregation index ⟨𝑆⟩ change with 𝑏 in the steady state. Fig.  1 shows 
the results for different system sizes 𝐿.

Fig.  1(a) shows the relationship between the average cooperation 
rate ⟨𝑓𝐶 ⟩ and 𝑏. At low values of 𝑏 (𝑏 ≲ 1.6), the system maintains a 
very high level of cooperation, with ⟨𝑓𝐶 ⟩ close to 1. As the value of 𝑏
increases, cooperation becomes increasingly difficult, and a relatively 
sharp drop in the cooperation level is observed around 𝑏 ≈ 1.8. Even 
at very high values of 𝑏 (e.g., 𝑏 > 8.0), the cooperation rate does not 
completely collapse to zero but stabilizes at a significant plateau level 
of approximately ⟨𝑓𝐶 ⟩ ≈ 0.58. Within the studied range of system sizes 
(𝐿 = 10 to 200), the dependence of the cooperation rate on system size 
𝐿 appears relatively weak. Notably, the curves for 𝐿 = 10, 50, 100, and 
200 are nearly indistinguishable in both panels. This strong consistency 
indicates that our main conclusions are robust and largely free of finite-
size effects within this range, a finding that will be reinforced by 
subsequent results.

Fig.  1(b) shows the change in average cultural segregation index 
⟨𝑆⟩ with 𝑏. Across the entire range of 𝑏 values examined, the system 
exhibits strong segregation formed by the clustering of individuals with 
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Fig. 1. Dependence of order parameters on the temptation to defect 𝑏. (a) Change in average cooperation rate ⟨𝑓𝐶 ⟩; (b) Change in cultural segregation index (S). Error bars show 
standard error. These results reveal a complex relationship: while cooperation steadily declines with increasing temptation, the degree of cultural segregation non-monotonically 
peaks at an intermediate value of 𝑏.
similar cultural weights (⟨𝑆⟩ is consistently greater than 0.57). The 
segregation index ⟨𝑆⟩ shows non-monotonic behavior with respect to 
𝑏. At low 𝑏 values, ⟨𝑆⟩ is at a relatively high level (around 0.6). As 
𝑏 increases, ⟨𝑆⟩ initially rises, reaching a peak (close to 0.73) around 
𝑏 ≈ 1.8. When 𝑏 values increase further into the low cooperation region, 
the segregation index ⟨𝑆⟩ slightly decreases from the peak but remains 
at a considerably high level (around 0.57).

4.2. Susceptibility analysis

To more precisely determine the potential phase transition points 
in the model, we calculated the susceptibility associated with the 
order parameters (average cooperation rate ⟨𝑓𝐶 ⟩ and average cultural 
segregation index ⟨𝑆⟩), defined as in Eq.  (5). Fig.  2 shows the rela-
tionship between the cooperation rate susceptibility 𝜒𝑓𝐶  (Fig.  2(a)) and 
the segregation index susceptibility 𝜒𝑆 (Fig.  2(b)) as functions of the 
temptation to defect 𝑏, including results for different system sizes 𝐿
(𝐿 = 10, 50, 100, 200).

From Fig.  2(a), it can be seen that for all examined system sizes 
𝐿, the cooperation rate susceptibility 𝜒𝑓𝐶  exhibits a significant peak 
around 𝑏 ≈ 2.2. The curves for different system sizes show high overlap 
near the peak, and the peak height shows no significant dependence 
on system size 𝐿. Similar to the observations in Fig.  1, the curves for 
different system sizes show high overlap, further confirming that our 
results are not dependent on the system scale.

In contrast, as shown in Fig.  2(b), the average cultural segregation 
index susceptibility 𝜒𝑆 also shows a clear peak with respect to 𝑏, but its 
peak location is slightly shifted towards lower 𝑏 values, around 𝑏 ≈ 1.5. 
Similar to the cooperation rate susceptibility, the peak height of the 
segregation index susceptibility shows no significant dependence on 
system size 𝐿.

Comparing the two subfigures, it can be observed that the peak of 
the cooperation rate susceptibility (𝑏 ≈ 2.2) does not exactly coincide 
with the peak of the segregation index susceptibility (𝑏 ≈ 1.5), but there 
is a certain offset. The peak heights of both susceptibilities show no 
significant dependence on system size.

4.3. Behavioral analysis of different cultural weight groups

To gain a deeper understanding of how cultural heterogeneity, 
as reflected by differences in cultural weights, affects the system’s 
behavior, we further analyzed the average cooperation rate and average 
cultural segregation index in the steady state for groups with different 
cultural weight tendencies. According to the definition of individual 
4 
Fig. 2. Cooperation rate susceptibility 𝜒𝑓𝐶  (a) and segregation index susceptibility 𝜒𝑆
(b) as functions of the temptation to defect 𝑏, for different system sizes L. The peak of 
𝜒𝑓𝐶  appears around 𝑏 ≈ 2.2, while the peak of 𝜒𝑆 appears around 𝑏 ≈ 1.5. The presence 
of these peaks indicates critical-like behavior, and their offset suggests that the system’s 
spatial structure and cooperative behavior have distinct points of maximum sensitivity 
to the temptation to defect.

cultural weight 𝐶𝑘, we classify individuals with 𝐶𝑘 < 0.5 as the self-
interested group, and individuals with 𝐶𝑘 ≥ 0.5 as the other-regarding 
group. Fig.  3 shows the changes in the average cooperation rate ⟨𝑓𝐶 ⟩
and average cultural segregation index ⟨𝑆⟩ for these two groups as the 
temptation to defect 𝑏 varies.

Fig.  3(a) reveals significant differences in cooperative behavior 
between the two cultural weight groups. The other-regarding group 
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Fig. 3. Behavioral Differences between Different Cultural Weight Groups. (a) Compares the average cooperation rate ⟨𝑓𝐶 ⟩ of the self-interested group (𝐶𝑘 < 0.5) and the other-
regarding group (𝐶𝑘 ≥ 0.5). (b) Compares their average cultural segregation index (S). The key takeaway is the profound behavioral divergence: the other-regarding group sustains 
high levels of cooperation and segregation, while the self-interested group is far more susceptible to defection and spatial mixing as temptation increases.
Fig. 4. Steady-state spatial structure phase diagrams on the (𝑏,𝐾𝐶 ) parameter plane for 𝐿 = 50. (a) Phase diagram of the average cultural segregation index (S); (b) Phase 
diagram of the average fraction of boundary agents ⟨𝑓𝑏𝑜𝑢𝑛𝑑 ⟩. These diagrams illustrate that the strongest spatial segregation (high 𝑆 and low 𝑓𝑏𝑜𝑢𝑛𝑑 ) occurs in a well-defined region, 
specifically at intermediate temptation 𝑏 and high cultural selection intensity (low 𝐾𝐶 ).
(represented by red squares in the figure) consistently maintains a 
high average cooperation rate across the entire range of 𝑏 values, 
decreasing slowly from nearly perfect cooperation (≈ 1.0) at low 𝑏, 
and still maintaining a level of about 0.78 even at high 𝑏 values 
(e.g., 𝑏 = 9). In contrast, the average cooperation rate of the self-
interested group (represented by green circles in the figure) is more 
sensitive to changes in 𝑏. At low 𝑏 values, its cooperation rate is close 
to that of the other-regarding group, but as 𝑏 increases, the cooperation 
rate of the self-interested group drops sharply, and stabilizes after 𝑏 ≳
9.0, but the steady value (around 0.28) is much lower than that of the 
other-regarding group.

Fig.  3(b) shows the different performance of the two cultural weight 
groups in terms of spatial segregation. The average segregation in-
dex of the other-regarding group (represented by red squares in the 
figure) rises rapidly at low 𝑏 values, peaks around 𝑏 ≈ 1.8 (about 
0.77), and then declines slowly. The average segregation index of 
the self-interested group (represented by green circles in the figure) 
first decreases at low 𝑏 values, reaches a minimum around 𝑏 ≈ 1.8
(about 0.33), and then rises slowly. While its segregation index remains 
lower than the other-regarding group’s across most of the parameter 
space, it continues to rise at very high temptation values (𝑏 > 8), 
eventually matching it. This late-stage rise is attributed to the formation 
of large, homogeneous ‘seas of defectors,’ a different mechanism from 
the defensive clustering observed in the other-regarding group (see 
Appendix for details).
5 
4.4. Spatial structure phase diagrams in parameter space

To systematically examine the impact of model parameters on the 
system’s spatial structure, we calculated the steady-state average cul-
tural segregation index ⟨𝑆⟩ and the average fraction of boundary 
agents ⟨𝑓bound⟩ for different combinations of temptation to defect 𝑏
and cultural selection intensity parameter 𝐾𝐶 . The cultural selection 
intensity parameter 𝐾𝐶 can be regarded here as a form of noise strength 
affecting the cultural evolutionary process; a larger value of 𝐾𝐶 means 
lower determinism in cultural selection, i.e., weaker cultural selection 
intensity. Fig.  4 shows the spatial structure phase diagrams on the 
(𝐾𝐶 , 𝑏) parameter plane for a system size 𝐿 = 50. Fig.  4(a) presents 
the distribution of the average cultural segregation index ⟨𝑆⟩, where 
the color bar indicates the magnitude of ⟨𝑆⟩ ranging from deep purple 
(low segregation) to bright yellow (high segregation). Fig.  4(b) shows 
the distribution of the average fraction of boundary agents ⟨𝑓bound⟩, 
where the color bar indicates the magnitude of ⟨𝑓bound⟩ ranging from 
deep purple (low boundary fraction) to bright yellow (high boundary 
fraction).

From Fig.  4, the complex influence of the temptation to defect 𝑏
and cultural selection intensity parameter 𝐾𝐶 on the system’s spatial 
structure (measured by segregation index and boundary fraction) can 
be clearly observed. In the region of lower 𝑏 values (e.g., 𝑏 < 2.5), the 
segregation index ⟨𝑆⟩ is relatively high, indicating noticeable spatial 
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Fig. 5. Spatial snapshots of the 𝐿 = 50 system at steady state for different temptation values 𝑏. The legend details the four agent types based on strategy and cultural weight. 
These snapshots visually demonstrate the system’s transition across different regimes: from a cooperator-dominated state with large, homogeneous cooperator clusters at very low 
temptation, to a mixed state with interpenetrating clusters at intermediate temptation, and finally to a defector-dominated state with large, homogeneous defector clusters at high 
temptation.
segregation between cultural groups. As the value of 𝑏 increases, the 
segregation index reaches a peak around 𝑏 ≈ 1.8, and then decreases 
significantly in the high 𝑏 value region (e.g., 𝑏 > 3.5). This may be 
related to the sharp decline in the number of cooperators under high 
temptation to defect, leading to reduced cultural heterogeneity. The 
average fraction of boundary agents ⟨𝑓bound⟩ is also relatively high 
in the lower 𝑏 value region, indicating more numerous boundaries 
between different groups at this point. As the value of 𝑏 increases, 
the boundary fraction decreases slightly in the intermediate 𝑏 value 
region (approximately 2.5 < 𝑏 < 4), and increases significantly in 
the high 𝑏 value region (e.g., 𝑏 > 4). This is consistent with a spatial 
structure where cultural weight groups are highly mixed or form many 
small, dispersed clusters, resulting in a large total boundary length 
relative to the area. The influence of the cultural selection intensity 
parameter 𝐾𝐶 on the spatial structure is also very important, especially 
in the low 𝑏 value region. In the low 𝑏 value region, as 𝐾𝐶 increases 
(upwards along the vertical axis, cultural selection intensity weakens), 
the segregation index gradually decreases, indicating that moderate 
cultural selection intensity (i.e., lower 𝐾𝐶 values) is conducive to the 
formation of spatial segregation of cultural groups. Simultaneously, in 
the low 𝑏 value region, as 𝐾𝐶 increases (upwards along the vertical axis, 
cultural selection intensity weakens), the fraction of boundary agents 
gradually increases, which may mean that under moderate cultural 
selection intensity, the groups are more compact internally, and the 
number of boundary agents is relatively reduced. In the high 𝑏 value 
region, the influence of 𝐾𝐶 is relatively weak, and the spatial structure 
is mainly dominated by high temptation to defect.

4.5. Spatial structure evolution at different temptation values

To visually demonstrate the effect of the temptation to defect 𝑏 on 
the system’s spatial structure, we took spatial snapshots of the 𝐿 = 50
system at steady state for different values of 𝑏. Fig.  5 presents repre-
sentative spatial distributions at 𝑏 = 1.2, 𝑏 = 1.8, and 𝑏 = 7.0. The three 
subfigures in the figure correspond to these three temptation values 
from left to right. The legend explains the agent states represented by 
different colors: dark red indicates self-interested defectors, light pink 
indicates other-regarding defectors; light green indicates self-interested 
cooperators, and dark green indicates other-regarding cooperators. It 
should be noted that these snapshots are representative results from 
multiple simulation runs, and the actual spatial structure exhibits some 
randomness.

As shown in Fig.  5, at different temptation values 𝑏, the system 
exhibits a certain degree of spatial clustering, with individuals having 
similar cultural weights and strategies tending to form clusters in 
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space. However, the scale and dominant types of these clusters vary 
significantly with the value of 𝑏. At a very low temptation value 
𝑏 = 1.2 (left subfigure of Fig.  5), the system is at an extremely high 
cooperation level, primarily occupied by cooperators, forming large, 
continuous cooperator regions, among which cooperators with different 
cultural weights (light green and dark green) are distributed. The 
number of defectors is very sparse, scattered sporadically, and they do 
not form distinct clusters. When the temptation value increases to an 
intermediate level 𝑏 = 1.8 (middle subfigure of Fig.  5), the system’s 
cooperation level decreases somewhat, and the spatial structure shows 
a more mixed distribution of cooperators and defectors. Individuals 
with similar cultural weights form mixed clusters, and self-interested 
defectors (dark red) significantly increase in number and begin to 
form some small-scale clusters. The entire space presents a dispersed, 
interpenetrating cluster structure. At a high temptation value 𝑏 =
7.0 (right subfigure of Fig.  5), the system’s cooperation level drops 
significantly, and the space is mainly occupied by defectors, forming 
large-scale defector clusters, with self-interested defectors (dark red) 
being dominant. The number of cooperators sharply decreases, making 
it difficult to form stable cooperator strongholds.

4.6. Spatial structure and boundary effect analysis

To quantify the degree of spatial segregation driven by cultural 
weight heterogeneity and to investigate how this spatial structure 
affects the cooperative behavior of individuals in different locations, we 
analyzed the proportion of boundary agents and the average coopera-
tion rate of boundary and bulk agents. A boundary agent is defined as 
an individual adjacent to at least one neighbor from a different cultural 
weight group. Its proportion ⟨𝑓𝑏𝑜𝑢𝑛𝑑⟩ reflects the total length or mixing 
degree of the cultural weight cluster boundaries in the system. A bulk 
agent is defined as an individual whose neighbors are all from the same 
cultural weight group, representing an individual in a homogeneous 
cultural weight environment. Fig.  6 shows the change in the proportion 
of boundary agents with the parameter 𝑏 (Fig.  6(a)) and a comparison 
of the cooperation rate of boundary and bulk agents in an 𝐿 = 50 system 
(Fig.  6(b)).

Fig.  6(a) depicts the trend of the average fraction of boundary 
agents ⟨𝑓𝑏𝑜𝑢𝑛𝑑⟩ with respect to the temptation to defect 𝑏. As seen from 
the figure, ⟨𝑓𝑏𝑜𝑢𝑛𝑑⟩ exhibits non-monotonic behavior. In the region of 
lower 𝑏 values (e.g., 𝑏 ≲ 1.5), ⟨𝑓𝑏𝑜𝑢𝑛𝑑⟩ is at a relatively high level, 
indicating some degree of mixing or fragmented boundaries between 
cultural weight groups at this point. As the value of 𝑏 increases, 
⟨𝑓𝑏𝑜𝑢𝑛𝑑⟩ undergoes a decrease, reaching a local minimum around 𝑏 ≈
1.8. This may correspond to the formation of relatively clear clusters 
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Fig. 6. Spatial Segregation and the Boundary Effect (𝐿 = 50). (a) The average fraction of boundary agents ⟨𝑓𝑏𝑜𝑢𝑛𝑑 ⟩ versus temptation 𝑏. (b) A comparison of the average 
cooperation rate ⟨𝑓𝐶 ⟩ for boundary and bulk agents. This figure provides direct evidence for the ‘‘boundary effect’’: individuals at the interface of cultural groups (boundary agents) 
are significantly less cooperative than those within homogeneous clusters (bulk agents), especially as the temptation to defect grows.
with fewer boundaries between cultural weight groups. When 𝑏 values 
further increase, ⟨𝑓𝑏𝑜𝑢𝑛𝑑⟩ rapidly rebounds and saturates after 𝑏 ≳ 4.0, 
approaching 1.0. A boundary agent fraction close to 1.0 means that 
almost all individuals are adjacent to at least one neighbor with a 
different cultural weight, indicating that at high temptation values, the 
system forms a highly mixed or intermingled spatial structure, making 
it difficult for cultural weight groups to form large homogeneous areas. 
Data for different system sizes 𝐿 show good consistency for this metric, 
once again indicating that this trend is robust across different system 
scales.

Fig.  6(b) further reveals the impact of this spatial structure on coop-
erative behavior, comparing the average cooperation rate of boundary 
and bulk agents in an 𝐿 = 50 system. In the region of lower 𝑏 values 
(e.g., 𝑏 ≲ 1.5), the average cooperation rate of both boundary and 
bulk agents is close to 1.0, indicating that the system is in a high 
cooperation state overall at this point, and the influence of spatial 
location on cooperative behavior is not significant. However, when 𝑏
values exceed approximately 1.5, a noticeable divergence begins to 
appear in the cooperation rates of boundary and bulk agents. The av-
erage cooperation rate of boundary agents (green curve) drops sharply 
as 𝑏 increases and maintains a low level in the high 𝑏 value region. 
In contrast, the average cooperation rate of bulk agents (red curve), 
although also decreasing, decreases much less than that of boundary 
agents and remains significantly higher than the cooperation rate of 
boundary agents. This difference indicates that individuals located at 
the boundaries of cultural weight groups are more susceptible to the 
influence of neighbors with different cultural weights, making their 
cooperative behavior more easily eroded, while bulk individuals in a 
homogeneous cultural weight environment can maintain a higher level 
of cooperation more effectively. Especially in the high 𝑏 value region, 
although the fraction of boundary agents is close to 1.0, which is con-
sistent with a structure where cultural weight groups are highly mixed 
or form small, dispersed clusters, bulk agents (although their number 
may be reduced) can still maintain a relatively high cooperation rate. 
This suggests that even in an environment unfavorable to cooperation, 
a homogeneous cultural weight environment still provides some degree 
of protection for cooperation.

5. Discussion

This study systematically investigates the impact of cultural weight 
heterogeneity, as reflected by individual differences in attention to 
7 
others’ payoffs, on the evolution of cooperation and spatial struc-
ture by constructing a spatial evolutionary game model with cultural 
weight-dependent effective utility evaluation. Our results reveal com-
plex interactions among cultural heterogeneity, spatial structure, and 
cooperative behavior.

First, our study clearly demonstrates that the cultural weight-
dependent utility evaluation mechanism introduced in the model effec-
tively drives individuals with similar cultural weights to spontaneously 
cluster in space, forming significant cultural segregation (Fig.  1(b), 
Fig.  4). This spatial segregation phenomenon is very robust across 
the parameter range examined and aligns with recent findings on the 
tendency of individuals with similar opinions or traits to cluster in 
social networks [22,31,32,34]. This is consistent with Schelling’s classic 
social segregation model [30], which revealed how microscopic prefer-
ences can lead to macroscopic segregation. However, our model further 
shows how subjective utility evaluation based on game interaction pay-
offs (modulated by cultural weights) can serve as a dynamic mechanism 
driving this segregation, offering a new perspective for understanding 
the formation of communities based on values or cultural identity 
in real societies. Susceptibility analysis (Fig.  2) further supports the 
existence of critical or quasi-critical behavior related to cooperative 
behavior and spatial structure near specific 𝑏 values. The peak of the 
segregation index susceptibility in Fig.  2(b) (𝑏 ≈ 1.5) slightly precedes 
the peak of the cooperation rate susceptibility in Fig.  2(a) (𝑏 ≈ 2.2). 
This suggests that the system’s sensitivity to changes in parameter 𝑏
may appear in the spatial structure dimension before the dimension of 
cooperative behavior. This peak offset might imply that adjustments or 
transitions in spatial structure to some extent precede drastic changes 
in the overall cooperation level, but a more definitive conclusion 
requires further dynamic analysis. The parameter space phase diagrams 
(Fig.  4) detail how the temptation to defect 𝑏 and cultural selection 
intensity parameter 𝐾𝑐 jointly shape this spatial segregation pattern, 
particularly showing that intermediate 𝑏 values and moderate 𝐾𝑐 favor 
the formation of the strongest spatial segregation and clear cultural 
weight clusters. Spatial snapshots (Fig.  5) visually demonstrate how 
the system transitions from cooperator-dominated clusters (low 𝑏) to a 
mixed state with segregated cultural weight groups (intermediate 𝑏), 
and finally evolves into large areas dominated by low cultural weight 
defectors (high 𝑏) at different 𝑏 values.

Secondly, our study highlights the complex and nonlinear effect 
of cultural heterogeneity, as reflected by cultural weight differences, 
on the overall cooperation level (Fig.  1(a)). By analyzing the be-
havior of groups with different cultural weight tendencies (Fig.  3), 
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we found significant differences in cooperative behavior between the 
self-interested group (low 𝐶𝑘 values) and the other-regarding group 
(high 𝐶𝑘 values). While this binary classification effectively captures 
the primary behavioral divide, a more granular analysis presented in 
Appendix, which partitions agents into four distinct cultural weight 
groups, further confirms this finding and reveals a clear gradient in 
cooperative resilience. The other-regarding group, due to its intrin-
sically higher cultural weight, can maintain a high cooperation rate 
even when the game payoffs are unfavorable to cooperation (Fig. 
3(a)). This aligns with observations in real life where individuals with 
stronger prosocial tendencies or from collectivist cultural backgrounds 
are more inclined to cooperate [23,24,28,35]. In contrast, the self-
interested group is more sensitive to the temptation to defect 𝑏, with 
its cooperation rate dropping sharply at high 𝑏 values. This group-
level behavioral differentiation explains the trend of decreasing overall 
cooperation rate with increasing 𝑏. This study reveals that in systems 
containing cultural weight heterogeneity, groups with different cultural 
tendencies exhibit significantly different levels of cooperation. While 
this study does not directly quantify and compare with different types 
of homogeneous systems, the phenomenon of the other-regarding group 
maintaining a high cooperation rate at high b values (Fig.  3(a)), com-
bined with existing research on how other forms of heterogeneity (such 
as adaptive heterogeneity or network structure heterogeneity) can pro-
mote cooperation [11–13,36,37], suggests that the impact of cultural 
weight heterogeneity on the overall cooperation level is complex and 
nonlinear. Its specific effect depends on the interaction mechanism and 
environmental parameters, and under certain conditions, it may differ 
from homogeneous systems.

More importantly, our study reveals the significant feedback effect 
of cultural weight heterogeneity-driven spatial structure on coopera-
tive behavior. The spontaneously formed cultural weight segregation 
structure leads to a significant ‘‘boundary effect’’ (Fig.  6). Individuals 
located at the boundaries of different cultural weight clusters, being 
exposed to potential conflict or competition with neighbors having 
different cultural weights (and thus potentially different utility eval-
uations and behavioral patterns), face significantly increased difficulty 
in maintaining cooperation, leading to a substantial reduction in their 
cooperation rate (Fig.  6(b)). This boundary effect has been extensively 
studied in sociology and geography [33]. In the context of evolu-
tionary game models, we clearly demonstrate how cultural weight 
heterogeneity can endogenously generate such boundaries and quantify 
their negative impact on cooperation [8,34]. Conversely, individuals 
within homogeneous cultural weight clusters can maintain a higher 
level of cooperation more effectively through repeated interactions 
with neighbors who share similar cultural weights (spatial reciprocity). 
This boundary effect emphasizes that in spatial systems with cultural 
weight heterogeneity, the maintenance of cooperation depends not 
only on individual strategies but is also profoundly influenced by the 
macroscopic spatial patterns shaped by cultural weight dynamics. The 
higher cooperation rate and segregation level maintained by the other-
regarding group at high b values (Fig.  3(a)) may explain why the 
system can maintain a certain level of cooperation even when the 
overall cooperation rate is low. This portion of cooperation may be 
primarily concentrated within the homogeneous clusters formed by 
other-regarding individuals.

Of course, this study has some limitations. Future research could 
further explore the evolutionary dynamics of cultural weights them-
selves in more complex environments, for example, by introducing 
more detailed cultural transmission or learning mechanisms, or con-
sidering the adaptive expression of cultural weights in different social 
contexts [9,38–40]. Additionally, one could consider more complex 
cultural interaction rules (e.g., nonlinear utility integration methods), 
different network structures (such as heterogeneous networks [13,14,
41]), and introducing other forms of heterogeneity (such as learning 
rate heterogeneity, resource heterogeneity, etc.) and their interactive 
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effects with cultural weight heterogeneity. Mechanisms like time limi-
tations [42] or reputation systems, as explored in spatial public goods 
games [10], could also be integrated into this framework to study their 
interplay with cultural preferences.

Furthermore, while this study focuses on cooperation in the pris-
oner’s dilemma, the core mechanism of utility evaluation based on 
evolvable cultural weights holds potential for studying other prosocial 
behaviors. For instance, in ultimatum games, the cultural weight could 
modulate an individual’s aversion to inequitable outcomes, impacting 
the evolution of fairness [43]. In trust games, it could represent an 
intrinsic level of trustworthiness [44]. Similarly, our framework could 
be adapted to explore coordination on technology adoption [45], co-
operation in AI safety dilemmas [46], or open data management [47], 
where heterogeneous preferences and values play a crucial role. Future 
work could adapt our model to these diverse contexts to test the 
generality of our findings.

In summary, this study emphasizes the importance of considering 
cultural heterogeneity, as reflected by individual differences in atten-
tion to others’ payoffs, and the spatial self-organization process it drives 
when studying the evolution of cooperation. Individual cultural weights 
not only influence their behavior, but can also shape the macroscopic 
spatial patterns, and this pattern, in turn, profoundly affects the main-
tenance and evolution of cooperation. Future research should further 
explore the complex feedback loops among culture, spatial structure, 
and cooperation.

6. Conclusion

This study based on evolutionary game theory and agent-based 
modeling, deeply explores the impact of cultural heterogeneity, as 
reflected by differences in individuals’ attention to others’ payoffs 
(quantified as cultural weight), on the evolution of cooperation and 
spatial structure in a two-dimensional spatial prisoner’s dilemma game. 
By introducing a cultural weight-dependent effective utility evaluation 
mechanism, we simulated a heterogeneous system containing indi-
viduals with different cultural weights, and systematically analyzed 
the influence of the temptation to defect 𝑏 on the system’s steady-
state behavior and spatial patterns. Our main research findings can be 
summarized as follows:

(1) Cultural Weight Heterogeneity Drives Significant Spatial Segre-
gation: Our model mechanism can spontaneously drive individ-
uals with similar cultural weights to cluster in space, forming 
homogeneous cultural weight clusters and clear cultural bound-
aries. This spatial segregation phenomenon is very robust across 
the parameter range examined, and its strength exhibits a non-
monotonic dependence on the temptation to defect 𝑏, peaking 
around intermediate values of 𝑏.

(2) Cultural Weight Heterogeneity Has Complex Effects on Over-
all Cooperation Level: This study finds that in heterogeneous 
systems containing individuals with different cultural weights, 
groups with different cultural tendencies exhibit significantly 
different levels of cooperation, and this group-level differen-
tiation leads to complex changes in the overall cooperation 
level as parameters vary due to this group-level differentiation. 
While this study does not directly quantify and compare with 
homogeneous systems, the results suggest that the impact of 
cultural weight heterogeneity on the overall cooperation level is 
complex and nonlinear, potentially differing from homogeneous 
systems, and that simply averaging the effects of cultural weights 
is insufficient to capture the complex dynamics brought about by 
heterogeneity.

(3) Significant Behavioral Differentiation Exists Between Different 
Cultural Weight Groups: The self-interested group (low 𝐶𝑘 val-
ues) and the other-regarding group (high 𝐶  values) exhibit 
𝑘
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significant differences in cooperative behavior and spatial dis-
tribution. other-regarding groups tend to maintain higher co-
operation rates and form stronger spatial segregation, while 
self-interested groups are more prone to defection, and are rela-
tively less segregated spatially. This group-level differentiation is 
the basis for shaping macroscopic phenomena. The robustness of 
this core finding is further supported by a supplementary analy-
sis in Appendix, which shows that while more nuanced dynamics 
exist, the most critical behavioral shift occurs at the threshold 
separating self-regarding and other-regarding tendencies.

(4) Spatial Structure Has Important Feedback Effects on Coopera-
tion: The spontaneously formed spatial segregation structures 
significantly influence individual cooperative behavior through 
a ‘‘boundary effect’’. Individuals located at the boundaries of 
cultural weight clusters, due to facing a heterogeneous envi-
ronment, exhibit significantly lower cooperation rates than in-
dividuals within homogeneous cultural weight clusters. This 
highlights the crucial role of spatial patterns in maintaining 
cooperation.

The main contributions of this study are: First, we propose a novel 
spatial evolutionary game model based on cultural weight-dependent 
utility evaluation, providing a new theoretical framework for under-
standing how cultural values (specifically embodied in the attention to 
others’ payoffs) shape cooperative behavior by influencing individuals’ 
subjective evaluation of interaction outcomes. Second, we reveal how 
cultural weight heterogeneity acts as an endogenous driving force, 
leading to significant spatial cultural segregation, and we analyze in 
detail how this spatial structure in turn affects the cooperative behavior 
of different cultural weight groups, especially highlighting the existence 
of the boundary effect. These findings provide important theoretical 
insights for understanding interactions between groups, social seg-
regation, and cooperation and conflict in boundary regions in real 
societies.

In conclusion, this study emphasizes the importance of considering 
cultural heterogeneity, as reflected by individual differences in atten-
tion to others’ payoffs, and the spatial self-organization process it drives 
when studying the evolution of cooperation. Individual cultural weights 
not only influence their behavior, but can also shape the macroscopic 
spatial patterns, and this pattern, in turn, profoundly affects the main-
tenance and evolution of cooperation. Future research should further 
explore the complex feedback loops among culture, spatial structure, 
and cooperation.
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Appendix. Supplementary information

A.1. Analysis of finer-grained cultural weight groups

In the main text, we analyzed the system by dividing agents into 
two broad categories: self-interested (𝐶𝑘 < 0.5) and other-regarding 
(𝐶𝑘 ≥ 0.5). To further assess the robustness of this simplification, we 
conducted a more granular analysis by partitioning the agents into four 
distinct cultural weight groups:

• Strongly Self-Interested (SSI): 0 ≤ 𝐶𝑘 < 0.25
• Weakly Self-Interested (WSI): 0.25 ≤ 𝐶𝑘 < 0.5
• Weakly Other-Regarding (WOR): 0.5 ≤ 𝐶𝑘 < 0.75
• Strongly Other-Regarding (SOR): 0.75 ≤ 𝐶𝑘 ≤ 1

We then re-evaluated the average cooperation rate (⟨𝑓𝐶 ⟩) and the 
average segregation index (⟨𝑆⟩) for each of these four groups as a 
function of the temptation to defect (𝑏). The results are presented in 
Fig.  A.7 .

Interpretation of results
Cooperation rate (Fig.  A.7(a)): The analysis reveals a clear monotonic 
relationship between an agent’s cultural weight and its group’s coop-
erative behavior. As the cultural weight 𝐶 increases, the cooperation 
rate becomes progressively higher and more resilient to the temptation 
to defect. While there are notable differences within the broader self-
interested (SSI vs. WSI) and other-regarding (WOR vs. SOR) camps, 
the most significant behavioral divide remains at the 𝐶𝑘 = 0.5 thresh-
old. This confirms that the primary distinction between self-regarding 
and other-regarding tendencies is the key determinant of cooperative 
outcomes.

Segregation index (Fig.  A.7(b)): The segregation dynamics are substan-
tially more complex and non-linear. The four-group analysis reveals 
distinct clustering strategies: 

• The Strongly Other-Regarding (SOR) group exhibits a sharp peak 
in segregation at intermediate 𝑏 ≈ 1.8, suggesting a strategy of 
forming defensive cooperative clusters when facing threats.

• In contrast, the Strongly Self-Interested (SSI) group becomes 
highly segregated only at very high values of 𝑏. This is likely 
due to a different mechanism: as high temptation turns nearly 
all members into defectors, they form large, homogeneous ‘‘seas 
of defectors’’, which also results in a high segregation index.

• The Weakly Other-Regarding (WOR) group’s behavior contrasts 
with the others. Its segregation index steadily decreases as temp-
tation 𝑏 rises, indicating that this group tends to mix with other 
groups rather than forming distinct clusters when faced with 
increasing conflict.

• The Weakly Self-Interested (WSI)group consistently shows the 
lowest segregation, acting as a more mixed, opportunistic pop-
ulation.

Conclusion of supplementary analysis:
This finer-grained analysis provides deeper insights, revealing a 

clear gradient in cooperative resilience and multiple, distinct mecha-
nisms driving spatial segregation. However, it also strongly validates 
the approach used in the main text. The most critical behavioral shift 
consistently occurs around 𝐶𝑘 = 0.5. Therefore, the binary classification 
into ‘‘self-interested’’ and ‘‘other-regarding’’ groups, as used in the main 
text, serves as a clear and effective simplification to illustrate the core 
findings of our model without loss of essential explanatory power.

https://github.com/chenyuyou/culture_flame2
https://github.com/chenyuyou/culture_flame2
https://github.com/chenyuyou/culture_flame2
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Fig. A.7. Behavioral Differences between Four Cultural Weight Groups. (a) The average cooperation rate and (b) the average cultural segregation index as a function of temptation 
𝑏 for the four refined groups. These results reveal more nuanced dynamics compared to the two-group analysis in the main text. This reveals a clear gradient in cooperative 
resilience across the groups and highlights the non-linear segregation strategies employed.
Fig. A.8. Spatial snapshots for the 𝐿 = 50 system with four cultural groups. The panels show the steady-state spatial distribution of agents for 𝑏 = 1.2, 𝑏 = 1.8, and 𝑏 = 7.0. The 
legend defines the eight agent types based on their cultural weight group and current strategy. These snapshots provide a visual representation of the complex spatial dynamics and 
segregation mechanisms at play. These snapshots visually confirm the distinct spatial dynamics, from diverse cooperator clusters at low temptation to the dominance of segregated 
defector ‘seas’ at high temptation.
A.2. Spatial snapshots with finer-grained groups

To visually complement the quantitative analysis in Appendix  A.1, 
we present spatial snapshots of the system with agents colored ac-
cording to the four refined cultural weight groups and their respective 
strategies (Cooperator or Defector). This results in eight unique agent 
types, as detailed in the legend of Fig.  A.8. The snapshots are taken 
for three representative values of the temptation to defect, 𝑏, illustrat-
ing the evolution of spatial patterns under increasing environmental 
pressure.

Interpretation of spatial patterns
The detailed snapshots in Fig.  A.8 reveal the distinct spatial strate-

gies employed by different cultural subgroups:

• At low temptation (𝑏 = 1.2): The system exhibits a high level 
of cooperation, with the space predominantly occupied by vari-
ous cooperator types. Strongly Other-Regarding Cooperator (dark 
blue) and Weakly Other-Regarding Cooperator (medium blue) 
form large, interconnected clusters, indicating robust coopera-
tive networks. Weakly Self-Interested Cooperator (light blue) and 
Strongly Self-Interested Cooperator (lightest blue/white) are also 
present, often interspersed within these larger cooperative re-
gions, suggesting their ability to cooperate under very low de-
fection pressure. Defectors (red and orange hues) are extremely 
10 
rare and scattered, appearing as isolated individuals or very small, 
transient groups.

• At intermediate temptation (𝑏 = 1.8): The spatial structure be-
comes significantly more fragmented and mixed. While coop-
erators, particularly Strongly Other-Regarding Cooperator (dark 
blue), still form the largest continuous regions, their dominance 
is challenged. Strongly Self-Interested Defector (dark red) and 
Weakly Self-Interested Defector (orange) have expanded consider-
ably, forming numerous small to medium-sized clusters that inter-
penetrate the cooperative areas. Weakly Other-Regarding Defec-
tor (light orange/yellow) and Strongly Other-Regarding Defector 
(yellow) also appear more frequently, contributing to the over-
all mixed landscape. The boundaries between cooperative and 
defecting clusters are more pronounced and irregular, reflecting 
ongoing conflicts and adaptations.

• At high temptation (𝑏 = 7.0): The system is overwhelmingly 
dominated by defectors, forming a vast ‘‘sea’’ of non-cooperative 
agents. Strongly Self-Interested Defector (dark red) constitutes 
the most prevalent type, forming large, homogeneous blocks 
across the space. Weakly Self-Interested Defector (orange) is 
also widespread, often mixed with SSI defectors. Cooperation is 
severely diminished, with only isolated, small pockets of Strongly 
Other-Regarding Cooperator (dark blue) managing to persist, 
often surrounded by defectors. Other cooperator types (light 
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blue, lightest blue/white, medium blue) are almost entirely ab-
sent, indicating their inability to survive under such extreme 
temptation.

These visualizations provide powerful qualitative support for our 
findings, illustrating how micro-level cultural attributes translate into 
macro-level spatial organization and distinct evolutionary outcomes for 
different social groups.

Data availability

Data will be made available on request.
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