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e Introduces fairness-driven mobility in spatial public goods games (SPGG).

e Moderate movement rates enhance cooperation by forming stable co-
operative clusters.

e Excessive movement disrupts clusters, increasing defector dominance
and reducing cooperation.

o Empty sites play a crucial role in forming and stabilizing cooperative
dynamics.
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Abstract

The evolution of cooperation is a pivotal area of study, essential for
understanding the survival and success of complex biological and social sys-
tems. This paper investigates the dynamics of cooperation in spatial public
goods games (SPGG) through a model that incorporates a fairness-driven
migration mechanism. In this model, agents move towards environments
perceived as fairer, influencing the spatial distribution and overall level of
cooperation within the population. We examine the interplay between the
time scale ratio, noise in movement, and population density. Our analysis
reveals that moderate levels of movement and noise are critical for forming
and maintaining cooperative clusters, while excessive movement and noise
disrupt these structures, leading to reduced cooperation. Higher enhance-
ment factors increase the resilience of cooperative behavior, extending the
range of movement intensity over which high cooperation levels are main-
tained. Population density significantly impacts cooperative dynamics, with
high-density environments promoting the coexistence of cooperators and
defectors but lowering the highest achievable cooperation levels due to in-
creased exploitation. Our findings underscore the importance of balancing
movement, noise, and density to sustain cooperation and stable social struc-
tures. This research provides valuable insights for designing interventions
and policies to promote cooperative behavior and social cohesion in complex
populations. Future studies should further explore the adaptive mechanisms
that dynamically adjust movement and strategy adaptation based on local
environmental conditions.
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1. Introduction

The evolution of cooperation is a cornerstone of scientific inquiry because
it underpins the survival and success of complex biological and social sys-
tems. Understanding how cooperation evolves is crucial for explaining the
emergence of complex behaviors and societal structures in both human and
non-human species [I, 2, 3]. In biological contexts, cooperative behaviors can
enhance survival rates, facilitate resource sharing, and improve reproductive
success. For instance, cooperative hunting strategies in animals or symbi-
otic relationships between species demonstrate how cooperation can provide
mutual benefits that outweigh individual efforts [4]. In human societies,
cooperation is the bedrock of social cohesion, enabling the development of
communities, economies, and cultures [5] [6, [7, [8, @, 10, IT]. Furthermore, in-
sights into cooperative dynamics have profound implications for fields such
as evolutionary biology, psychology, economics, and artificial intelligence,
offering solutions to contemporary challenges such as climate change, re-
source distribution, and conflict resolution. By exploring the mechanisms
and conditions that foster cooperation, scientists can better understand the
evolutionary processes that shape behavior and contribute to the advance-
ment of societal well-being [12] [13], 14 (15 [16].

To explain the evolution of cooperation, researchers have identified five
main mechanisms that support cooperative behavior [I7]: kin selection
[18, 9], direct reciprocity [20, 21, 22], indirect reciprocity [23, 24, 25],
network reciprocity [26, 27, 28, 29], and group selection [30) B1, 32] [33].
Kin selection operates on the principle that individuals are more likely to
cooperate with relatives to increase the survival of shared genes, a con-
cept formalized by Hamilton’s rule. Direct reciprocity involves repeated
interactions between the same individuals, where cooperation is maintained
through the expectation of future mutual benefit, famously encapsulated in
the "tit-for-tat” strategy. Indirect reciprocity extends this concept to larger
social networks, where individuals gain reputational benefits from being seen
as cooperative, thus encouraging others to cooperate with them. Network
reciprocity suggests that cooperation can emerge in structured populations
where individuals interact more frequently with their neighbors, forming
clusters of cooperators that can resist invasion by defectors. Lastly, group
selection posits that groups of cooperators can outcompete groups of defec-



tors, leading to the proliferation of cooperative traits across populations.

These mechanisms collectively provide a robust framework for under-
standing the diverse ways in which cooperation can evolve and be main-
tained in various contexts. A crucial factor in these mechanisms is assor-
tative interaction [34], where cooperators preferentially interact with each
other. This selective interaction increases the likelihood of mutual benefits,
reduces exploitation by defectors, reinforces cooperative behavior, promotes
trust, and helps sustain cooperation within populations. Assortative inter-
action creates a supportive environment where cooperation can thrive and
be maintained over time.

In addition to the five main mechanisms, mobility has emerged as a sig-
nificant factor influencing the evolution of cooperation [35, [36, 37, 38, [39,
401, (4T, [42), [43), 44, [45, 146, [47]. Mobility refers to the ability of individuals
to move within a population, which affects their interactions and the for-
mation of cooperative clusters. When individuals can move freely, they can
escape from defectors and seek out other cooperators, thereby enhancing
the overall level of cooperation in the population. This dynamic process
allows cooperators to aggregate and form stable clusters, which can resist
invasion by defectors and promote cooperative behavior over time. Research
has shown that mobility can facilitate the formation of cooperative groups
by allowing individuals to preferentially interact with others who are also
cooperative. For example, research has shown that in mobile populations,
individuals tend to form clusters of cooperators, resulting in higher levels of
cooperation compared to static populations [35]. Additionally, studies have
highlighted that mobility can enhance the robustness of cooperation against
random fluctuations and invasions by defectors, thus stabilizing cooperative
behavior over the long term [36]. These findings suggest that mobility is a
crucial mechanism that enhances the evolution of cooperation by enabling
cooperators to self-organize and form resilient cooperative networks.

The relationship between fairness and the evolution of cooperation has
been extensively explored in evolutionary biology and social sciences, high-
lighting its critical role in fostering and maintaining cooperation within and
across species. Fairness plays a pivotal role in promoting cooperative behav-
ior by penalizing unfair tactics, as demonstrated by unbending strategies in
the Iterated Prisoner’s Dilemma [48]. The necessity to be chosen as a cooper-
ative partner has driven the evolutionary origins of equity, creating selection
pressure for behaviors that maximize individual fitness through fairness [49].
Experimental findings suggest that fairness varies with ethnic homogeneity
and market integration, indicating that it evolved as a strategy to support
cooperation in diverse social environments [50]. Additionally, evolutionary



game models reveal that heterogeneous networks, facilitated by oxytocin,
enhance fairness and cooperation on a global scale, underscoring the impor-
tance of network structures and neurobiological factors [5I]. Research on
primates further supports these findings, showing that only chimpanzees,
not orangutans, exhibit aversive reactions to unfairness, implying that fair-
ness sentiments may have evolved convergently in species with complex so-
cial systems [52]. Collectively, these studies underscore the importance of
fairness in the evolution of cooperation, highlighting its significance in pro-
moting stable and cooperative interactions across various contexts.

Traditional mobility mechanisms in the evolution of cooperation typi-
cally focus on migration driven by self-interest, where individuals relocate
to maximize personal gains, often using heuristic strategies. However, this
paper introduces a novel concept: mobility based on fairness rather than
self-interest. In this framework, individuals are motivated to move towards
environments perceived as fairer, thereby fostering equitable interactions.
Fairness-driven mobility has the potential to create cooperative clusters,
as like-minded individuals congregate in communities that prioritize jus-
tice and fairness. Our simulation results reveal a dual nature of fairness-
seeking behavior in cooperative dynamics. On one hand, fairness-seeking
can enhance cooperation by establishing stable, supportive clusters that re-
sist exploitation. On the other hand, it can inhibit cooperation by causing
frequent relocations and disrupting existing cooperative networks. This du-
ality underscores the complexity of integrating fairness into mobility models
and suggests that the impact of fairness on cooperation is highly context-
dependent. By exploring this approach, we aim to provide deeper insights
into how fairness can shape the evolution of cooperation, complementing
traditional models and offering new perspectives on fostering cooperative
behavior in structured populations.

2. The model

This study investigates a spatial public goods game (SPGG) [53], 54, [55,
50, 57, 58, 59, 60, [61] on a lattice, incorporating a fairness-driven migration
mechanism. The primary objective is to explore how fairness considerations
influence the spatial distribution of agents and the overall level of coopera-
tion within the population.

In a standard SPGG, individuals are arranged on the nodes of a square
lattice and can choose to either contribute to a common pool (cooperators)
or not (defectors). The contributions of cooperators are multiplied by an



enhancement factor r and the resulting total is evenly distributed among all
members of the group, regardless of their contribution.

Consider a population arranged on a square lattice of size L x L, where
each individual interacts with its k nearest neighbors, creating overlapping
groups. Specifically, each player belongs to k + 1 groups, with each group
comprising the player and their k£ neighboring individuals.

If a player i is a cooperator, he or she contributes ¢ units to the public
good. The total contribution of cooperators in a group g is given by:

Cg: E Cj
Jj€yg

where ¢; = c if player j is a cooperator, and ¢; = 0 if player j is a
defector. The payoff for each player 7 in group g is:

Each player’s total payoff P; is the sum of the payoffs from all groups
they belong to:

P=) P’
g

In our model, the population is arranged on a square lattice of size L x L
(L is fixed at 50 in our simulations) with periodic boundary conditions, with
a population density p = N/L?, where N represents the number of agents,
including some empty sites to allow for mobility. Agents interact with their
nearest neighbors based on the Von Neumann neighborhood, which includes
up to four adjacent neighbors (North, South, East, West). The number of
available neighbors k£ can range from 1 to 4. Isolated agents, without any
neighbors, do not participate in the PGG.

At each time step, agents update their states asynchronously in random
sequential order. When selected, an agent decides either to move or to
update its strategy based on the payoffs from current PGG interactions.
The decision-making process is governed by a time scale ratio W; with
probability W, the agent chooses to move, and with probability 1 — W, it
updates its strategy.

If the agent decides to move, it evaluates the environmental fairness of its
current site and adjacent empty sites by calculating the variance in payoffs
among the agents within the neighborhood of the sites. In this context, a



lower variance indicates higher fairness, as it reflects a more even distribution
of payoffs among the agents.

For each potential site (including the current site and any adjacent empty
sites), the agent performs the following steps:

1. Identify Neighboring Agents: Determine the agents within the
Von Neumann neighborhood (North, South, East, West) of each po-
tential site.

2. Calculate Payoffs: Compute the payoffs for all neighboring agents
(excluding the focal agent) based on the standard rules of the SPGG.
For each agent j (excluding the focal agent) within the neighborhood
of a potential site s:

r-Cy
=2, <k+1_cj>
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Here, G; represents the groups to which agent j belongs, C, is the
total contribution in group g, k is the number of neighbors, r is the
enhancement factor, and ¢; is the contribution of agent j (which is 1
for cooperators and 0 for defectors).

3. Evaluate Fairness: Calculate the variance in payoffs among the
neighboring agents for each potential site:

, 1 5 \92
Variances = o Z (Pj — Ps)
je/\/s

where N is the set of neighboring agents at site s, ns is the number
of neighboring agents, and Ps is the average payoff of the neighboring

agents at site s: .
= g\:@ P,

4. Determine the Best Site: Identify the site with the lowest variance
in payoffs, which indicates the highest perceived fairness. If the current
site has the lowest variance, the agent remains at its current position.
If a neighboring site has a lower variance, the agent moves to that site.

By following this process, agents are more likely to migrate towards
environments where the distribution of payoffs is more equitable, thereby
promoting movement towards fairer settings. Notably, by excluding the
focal agent from the fairness calculation, we ensure that the agent’s deci-
sion is based purely on the fairness observed among its neighbors. This



approach effectively excludes social preferences such as inequality aversion
or envy from influencing the agent’s movement decision. Consequently, the
migration mechanism focuses on achieving an objective measure of fairness,
allowing for a more accurate assessment of the environmental equity.

Additionally, a probabilistic element is introduced to the agent’s move-
ment. With probability u, the agent will move to a randomly chosen empty
site without considering fairness. This mechanism introduces randomness
into the system, reflecting real-world scenarios where agents might move due
to various unpredictable factors. This random movement can disrupt exist-
ing patterns and prevent the system from becoming overly deterministic,
ensuring a diverse range of interactions and potentially promoting a richer
set of dynamic behaviors.

When updating its strategy, the agent adheres to the standard SPGG
rules. It first calculates the payoffs for itself and its neighboring agents based
on their participation in the PGG. The agent then observes the strategies of
its neighbors and compares their success. If one of the neighbors has achieved
a higher payoff, the agent adopts that neighbor’s strategy. However, if the
agent’s own payoff is the highest among its neighbors, no strategy change is
made.

The detailed update process for each agent is outlined in

Several key parameters influence the dynamics of cooperation and the
overall population structure in this model. These include the enhancement
factor (r), which determines the benefit multiplier for contributions to the
public good; the time scale ratio (W), which governs the balance between
movement and strategy updates; the population density (p), indicating the
proportion of occupied sites on the grid; and the migration noise level (u),
which introduces a probability of random movement irrespective of fairness
considerations. By systematically exploring the parameter space, we aim
to gain a deeper understanding of how these factors interact to shape the
emergence and stability of cooperative behavior. Specifically, we seek to
identify conditions under which fairness-driven mobility fosters cooperation,
how random movement influences fairness-driven mechanism, and the role
of strategic adaptation in maintaining cooperative clusters. This compre-
hensive analysis will provide insights into the mechanisms underlying social
cohesion and the resilience of cooperative networks in structured popula-
tions.



Algorithm 1: Update Process of Each Agent
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Procedure UpdateAgent (agent;):

else

Generate a random number p uniformly distributed in [0, 1);
if p < W then

Identify all adjacent empty sites using Von Neumann neighborhood;
if {empty adjacent sites} # () then

else

Generate a random number ¢ uniformly d
if ¢ < p then

istributed in [0, 1);

‘ Move to a randomly selected site from {empty adjacent sites};

else

Variancemin < 00;
BestSites < 0;
for each site s in S do

if [Ns| > 1 then

else

zZero

if Variances < Variance,,;n th
Variance,in < Variances;
BestSites < {s};

else

BestSites < BestSites U {

S < {current site} U {empty adjacent sites} ; // define potential
Sites include current site and empty adjacent sites

Identify neighboring agents N at site s excluding agent;;

Calculate payoffs P; for each agent j € N;

1

Compute average payoff Ps = N Yien. Pis
B s
Calculate variance Variances = ﬁ Zje/\fs (P; — P)?;

Variances < 0; // If only one neighbor, variance is

en

if Variances == Variance,,;, then

sk

Move to a randomly selected site from BestSites;

No Movement Possible; // Maintain current site and strategy

End Update Process;

Identify neighboring agents N;
if Ns # () then

else

/* Calculate Payoffs for Neighbors */
for each neighbor j € N; do

L Calculate total payoff P; Using SPGG rules

Calculate total own payoff P;;
Let j* = argmax;en; Pj;

if Pj« > P; then Adopt the strategy of agent j* ;

No Neighbors to Compare;
End Update Process;

// Maintain current strategy




3. Results

In our analysis, we focus on two key measures to evaluate the dynamics
of cooperation and the structure of the population: the fraction of cooper-
ators (f.) and the average group size (G) in all public goods game (PGG)
interactions. In our simulations, the final results are obtained from 30-50
independent realizations, after at least 5000 time steps. For each simula-
tion realization, cooperators and defectors are initially distributed in equal
proportions. Cooperators, defectors, and empty sites are randomly assigned
across the lattice, ensuring a heterogeneous initial configuration.

The fraction of cooperators denotes the proportion of individuals adopt-
ing cooperative strategies within the population. This measure is crucial for
understanding the overall prevalence of cooperative behavior in the system.
A higher fraction indicates that cooperative strategies are more successful
and widespread, while a lower fraction suggests that defection is more dom-
inant. When we observe a high fraction of cooperators, it implies that coop-
erative strategies are being successfully maintained and propagated within
the population. This success is likely due to effective fairness-driven migra-
tion, which allows cooperators to form stable clusters, thereby enhancing
mutual benefits and resilience against defectors. Conversely, a low frac-
tion of cooperators indicates that defectors are more prevalent, potentially
undermining cooperative efforts. This scenario could occur if the migra-
tion mechanism fails to sufficiently isolate cooperators from defectors or if
random movements (u) introduce too much noise, disrupting cooperative
clusters.

The average group size in all PGG interactions represents the typical
number of individuals participating in each game, providing insights into the
population’s connectivity and the effectiveness of cooperative interactions.
This measure is crucial for assessing how effectively the migration mecha-
nism fosters a cohesive and cooperative structure within the population. A
larger average group size indicates better formation of cooperative clusters,
while a smaller size may signal fragmentation and reduced effectiveness of
cooperative efforts.

First, it is essential to consider the impact of population density. Popu-
lation density (p) plays a critical role in SPGG with migration and empty
sites, as it determines the frequency and intensity of agent interactions. This
density significantly influences the formation of cooperative clusters and the
overall dynamics of cooperation. High population densities facilitate fre-
quent interactions, which can foster cooperation by enabling cooperators to
form robust clusters. Conversely, low densities may result in isolated agents,
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Figure 1: Fraction of cooperators (f.) as a function of population density (p) for various
time scale ratios (W) and enhancement factors r = 3.0 and » = 3.2 in the absence of
random movement (1 = 0). For r = 3.0, the fraction of cooperators (f.) steadily decreases
with increasing density when there is no movement (W = 0.0). Introducing minimal
movement (W = 0.01) enhances f., peaking at around p = 0.85, while small movements
(W = 0.1) further boost cooperation, peaking around p = 0.87. Moderate movements
(W = 0.2 and W = 0.3) continue to support cooperation but with lower peaks. However,
with excessive movement (W > 0.4), cooperative clusters become disrupted, causing f.
to drop significantly across all densities. For r = 3.2, f. initially declines as density
increases without movement but rises at very high densities, suggesting stable clusters
form even without mobility. Small movements (W = 0.01 and W = 0.1) lead to near-
perfect cooperation around p = 0.7, maintaining high f. until p ~ 0.9. With higher
movements (W > 0.2), cooperation remains high but slightly declines as density increases
further. At low population densities, movement reduces cooperation levels compared to the
no-movement scenario, implying that frequent interactions between sparse agents inhibit
the formation of stable cooperative clusters.

which can hinder the spread of cooperation but also reduce exploitation by
defectors. This complex interplay between interaction frequency and cooper-
ative stability suggests the existence of an optimal density where cooperation
is maximized, a phenomenon observed in previous studies [62, [63].

illustrates the fraction of cooperators (f.) as a function of pop-
ulation density (p) for varying time scale ratios (W), with two enhancement
factors: » = 3.0 and r = 3.2. Note that in this scenario, 4 = 0, meaning
there is no random movement.

In the r = 3.0 case, without movement (/W = 0.0), the fraction of cooper-
ators (f.) steadily decreases as population density increases. This indicates
that cooperators are increasingly exploited by defectors in higher density
settings. Introducing a very small degree of movement (/W = 0.01) causes
fe to rise sharply as population density increases, peaking at p =~ 0.85 with
fe = 0.81, before declining at higher densities. This suggests that even a
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minimal amount of movement enhances the formation of cooperative clus-
ters, although cooperators are still vulnerable at very high densities. For
a slightly larger movement probability (W = 0.1), the fraction of coopera~
tors follows a similar but slightly more pronounced trend, peaking around
fe = 0.88 at p = 0.87 and declining more steeply at higher densities. This
indicates that limited movement further facilitates the formation of robust
cooperative clusters, but overcrowding at high densities disrupts these clus-
ters. As the movement probability increases to W = 0.2 and W = 0.3, a
similar pattern emerges with peaks at slightly lower fractions of cooperators,
near f. = 0.75 and f. = 0.65 respectively, at p ~ 0.95. This indicates that
moderate movement supports the formation of cooperative clusters, but fur-
ther increases begin to disrupt these clusters before they can fully stabilize.
For higher values of W (0.4 and 0.5), the fraction of cooperators remains
very low across all densities, as excessive movement prevents the formation
of stable cooperative clusters, allowing defectors to overtake cooperators.
In the r = 3.2 case, without movement (W = 0.0), f. initially decreases
with increasing density but then rises as p continues to increase. This sug-
gests that at very high densities, even without movement, cooperators can
form stable clusters due to the sheer number of interactions overwhelming
defectors’ ability to exploit them. Introducing a very small degree of move-
ment (W = 0.01) results in a dramatic improvement in cooperation, with
fe quickly rising and reaching nearly 1.0 for p ~ 0.7. This level of coop-
eration is sustained up to p ~ 0.9, after which it sharply declines. The
introduction of such minimal movement proves highly effective in stabiliz-
ing cooperative clusters across a wide density range, though overcrowding
at very high densities disrupts this stability. With a slightly larger move-
ment probability (W = 0.1), f. again rises quickly, reaching close to 1.0 at
p =~ 0.6, and remains high until p = 0.9, after which cooperation declines
rapidly. This indicates that limited movement allows cooperators to form
highly stable and cohesive clusters, maximizing cooperation across a wide
range of densities, but very high densities still disrupt these clusters. As
the movement probability increases to W = 0.2, f. rises sharply around
p = 0.7, peaking at f. ~ 1 and maintaining high levels of cooperation up to
p~ 0.9. With W = 0.3, the pattern remains similar, with f. rising steeply
at p =~ 0.8 and peaking around f. = 0.85. The decline at higher densities is
more pronounced, suggesting that increased movement disrupts cooperative
clusters more noticeably at higher densities. For W = 0.4 and W = 0.5,
there is a sharp rise in f. at higher densities. This indicates that even with
higher movement probabilities, cooperative clusters can still form at very
high densities, though they are less stable and effective compared to lower
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W values.

The comparison between the two cases highlights the critical role of the
enhancement factor (r) in determining the success of cooperative strategies.
At r = 3.0, moderate movement is essential for forming and maintaining
cooperative clusters, but excessive movement leads to their disruption. At
r = 3.2, the system exhibits greater resilience, with high levels of cooperation
achieved even at higher densities and with more movement.

Another important finding from is that in both cases (r = 3.0
and r = 3.2), at low population densities, the cooperation level (f.) with
movement can be even lower than in the no movement case (W = 0.0), par-
ticularly when the enhancement factor r is small. In the no movement case
(W = 0.0), low density means agents are relatively isolated, and interactions
are limited. While this setting reduces the opportunities for cooperators to
form large cooperative clusters, it also limits the opportunities for defectors
to exploit cooperators. Therefore, the level of cooperation is relatively sta-
ble, albeit low. When movement is introduced at low densities, the dynamics
change. Low density combined with movement means that agents move fre-
quently but still interact infrequently. This increased isolation can prevent
the formation of stable clusters of cooperators. Cooperators might move to
find better conditions, but with few neighbors, they fail to form supportive
groups. As the agents move around seeking better environments, their ef-
forts are diluted. They are less likely to encounter and cluster with other
cooperators, leading to sporadic and weak cooperative interactions. This
contrasts with the no movement scenario, where even though cooperators
are isolated, their limited interactions are more consistent. In a sparse envi-
ronment with movement, defectors can easily exploit the transient nature of
cooperators. Cooperators moving in search of better conditions often end up
encountering defectors, who take advantage of their contributions without
reciprocating, thereby lowering the overall cooperation level.

The role of the time scale ratio (W) in the dynamics of cooperation
is critical for understanding how different rates of movement and strategy
updating impact the formation and stability of cooperative clusters. By
examining the time scale ratio, we can gain insights into the optimal bal-
ance between movement and strategy adaptation that fosters cooperation
in SPGG. illustrates the fraction of cooperators (f.) as a function
of the time scale ratio (W) for various enhancement factors (r) and popu-
lation densities (p) in the absence of random movement (¢ = 0). Different
lines represent various enhancement factors (r), ranging from 2.8 to 4.0. For
r = 2.8, the fraction of cooperators remains very low across all W values,
indicating that this enhancement factor is insufficient to sustain coopera-
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Figure 2: Impact of time scale ratio (W) on the fraction of cooperators (f.) for different
enhancement factors (r) and population densities (p) in the absence of random movement
(v = 0). The time scale ratio (W) critically influences the dynamics of cooperation,
affecting how movement and strategy updates shape cooperative clusters. At p = 0.85, f.
remains low for r = 2.8 across all W values. For r = 3.0, f. peaks at low W but declines
with higher W. For r = 3.2 and higher, f. stays near 1.0 across most W values, with
only slight declines at very high W. At p = 0.90, the trends are similar. For r = 3.0, f.
peaks at moderate W before declining. For r = 3.2 and higher, f. remains high across all
W values, showing strong resilience to movement. At p = 0.95, f. is consistently low for
r = 2.8. For r = 3.0, moderate W values support cooperation, but higher W disrupts it.
For r = 3.2 and higher, f. remains robust. Higher population density provides a wider
range of W for supporting cooperation but can lower the highest achievable f.. High
density limits fairness-seeking movement due to fewer empty sites, rebalancing movement
intensity to moderate levels. This also increases opportunities for defectors to exploit
cooperators, lowering the highest possible cooperation level for various r values.

tion. For r = 3.0, f. increases sharply at low W values and remains high
up to W = 0.1, after which it declines, suggesting that moderate movement
promotes cooperation, but excessive movement disrupts it. For » = 3.2 and
r = 3.4, f. quickly reaches near 1.0 and stays high across most W values, in-
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dicating robust cooperation, with slight declines only at very high W values.
For r = 3.6, r = 3.8, and r = 4.0, the fraction of cooperators remains consis-
tently high across all W values, demonstrating that very high enhancement
factors provide a strong buffer against the disruptive effects of movement.
Notably, the decline in f. for » = 3.2 starts around W = 0.25, while for
r = 3.4 it begins around W = 0.4, indicating that higher enhancement fac-
tors not only support higher initial cooperation but also extend the range
of W over which high cooperation levels are maintained.

For a population density of p = 0.90 , the trends align closely
with those observed at p = 0.85. For r = 2.8, the fraction of cooperators
(fc) remains low across all W values, underscoring the insufficiency of this
enhancement factor to support cooperation. For r = 3.0, f. peaks at mod-
erate W values before declining, indicating that while moderate movement
can foster cooperation, excessive movement undermines it. When r = 3.2,
fe rises sharply to near 1.0 at low W values and starts to decline at W ~ 0.4,
highlighting the threshold at which movement becomes detrimental to co-
operation. For higher values of r (3.4 and above), f. maintains high levels
across all W values, showing that strong enhancement factors sustain coop-
eration even with increasing movement.

For a population density of p = 0.95 , the pattern for r = 2.8
remains consistent with previous observations, with f. staying low across all
W values, indicating that this enhancement factor is insufficient to sustain
cooperation. For r = 3.0, f. peaks at moderate W values and declines at
higher W, suggesting that while moderate movement can foster cooperation,
excessive movement disrupts it. For » = 3.2 and higher, f. remains robust
across all W values, demonstrating a high level of cooperation.

These findings are consistent with our previous research on the effect of
population density (p) on cooperation. Both studies highlight that moder-
ate movement generally promotes cooperation by facilitating the formation
of cooperative clusters, while excessive movement can disrupt these clusters.
Higher enhancement factors () not only support higher initial cooperation
but also extend the range of W over which high cooperation levels are main-
tained, providing a buffer against the disruptive effects of movement. This
reinforces the importance of balancing movement and strategy adaptation
to sustain cooperation in structured populations.

Additionally, by comparison, we observe that higher population density
(p) provides a wider range of W for supporting cooperation but may lower
the highest achievable level of cooperation for different r values. With high
density, there are fewer empty sites, making fairness-seeking movement less
feasible because agents have fewer opportunities to find new sites to move
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to. Therefore, not only the time scale parameter W, but also the population
density controls how often movement occurs. In systems with high density,
the realized movement intensity is naturally rebalanced to be more moderate
under high W. However, high density also leads to higher connectivity,
which can provide opportunities for defectors to exploit cooperators, thereby
lowering the highest possible cooperation level for different r values.

W

(a) r=3.0,p=0.80 (b)) r=3.0,p=0.80 (¢)r=3.0,p=08 (d)r=3.0,p=0.85
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Figure 3: Impact of time scale ratio (W) and movement noise (¢) on cooperation and group
dynamics. For r = 3.0 and r = 3.2 across population densities p = 0.80 and p = 0.85,
cooperation (f.) is highest with low to moderate W and p. Higher noise levels broaden the
range of W values that support cooperators but lead to a mix of cooperators and defectors.
Average group size (G) is lowest at moderate W and p, with very high noise reducing the
impact of fairness-seeking movement, thus increasing GG in moderate W ranges. Higher
density (p = 0.85) shows larger coexistence ranges for cooperators and defectors, and
lower G due to fewer empty sites, which limits fairness-seeking movement. Increased
density enhances interactions but also benefits defectors, reducing overall cooperation
levels. Overall, moderate noise supports cooperator survival but lowers high cooperation
levels, necessitating a balance of movement and noise to sustain cooperation and stable
group structures.

Figure 3| provides a comprehensive examination of how the time scale
ratio (W) and noise in movement (x) influence cooperation and group dy-
namics within a population. For » = 3.0 and r = 3.2, across two population
densities (p = 0.80 and p = 0.85), the fraction of cooperators (f.) and the
average group size (G) reveal intricate patterns.

|[Figure 3aland [Figure 3c|illustrate the fraction of cooperators for » = 3.0.
The highest levels of cooperation are achieved when both W and p are low
to moderate, suggesting that minimal movement and noise facilitate the for-
mation of cooperative clusters. As p increases, the range of W values that
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support the survival of cooperators broadens. However, higher noise levels
result in a mix of cooperators and defectors, with diminished fairness-seeking
mechanisms giving way to dynamics driven by random movement.
and depicting r = 3.2, show an enlarged range of high cooper-
ation compared to lower r values. High cooperation levels are maintained
across a broader range of W and u values, indicating greater resilience of
cooperative behavior under varied movement and noise levels. There is an
optimal p that maximizes the range of W values supporting high coopera-
tion, facilitating a balance between movement and strategy adaptation and
enabling cooperators to form stable clusters more effectively. and
highlight the average group size for r = 3.0. The lowest group
sizes are observed when both W and p are moderate, explained by the co-
existence of cooperators and defectors, resulting in lower fairness and more
fairness-seeking movement. As p increases, group size initially decreases,
suggesting that moderate noise disrupts group stability. However, very high
1 increases average group size in the moderate W range, indicating that
excessive noise reduces the impact of fairness-seeking movement.
and for r = 3.2, reveal that the largest group sizes occur at
¢ = 0 and low W values, indicating that minimal noise and movement fa-
cilitate the formation of large, stable groups. As p increases, group size
initially decreases, suggesting that even moderate noise disrupts group sta-
bility. However, very high noise levels increases average group size, leading
to larger average group sizes overall.

The patterns observed underscore the importance of noise in movement.
Moderate noise (u) broadens the conditions under which cooperators can
survive but does not necessarily support high cooperation levels. Instead, it
facilitates a dynamic balance where both cooperators and defectors can per-
sist. The stability and size of cooperative groups are disrupted when both
movement and noise are moderate, leading to environments where mixed
strategies result in smaller groups. Excessive noise undermines fairness-
seeking behaviors, leading to fragmented group structures but can also sta-
bilize group sizes in moderate W ranges by reducing fairness-seeking move-
ment.

In higher population density scenarios (p = 0.85), the range of coexis-
tence of cooperators and defectors is larger than in the lower density case
(p = 0.80). Additionally, the range of low average group sizes (G) is more ex-
tensive in higher density environments. This phenomenon can be attributed
to the reduced availability of empty sites in denser populations, limiting the
effectiveness of fairness-seeking movement. Agents have fewer opportuni-
ties to relocate to new sites, which moderates the intensity of movement
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driven by fairness considerations. Consequently, the migration mechanism
is inherently rebalanced in high-density settings.

This rebalancing has dual effects: it promotes coexistence by provid-
ing survival chances for cooperators amidst defectors, but it also lowers the
highest possible cooperation levels. The increased interaction opportunities
in denser populations enhance connectivity among agents, which can ben-
efit defectors and reduce overall cooperation levels. Thus, both the time
scale parameter W and population density p play crucial roles in controlling
movement frequency and the resultant cooperative dynamics.

The effect of population density on cooperation also varies with different
noise levels (u). When g is low, higher population density can enlarge
the range of W values that support high cooperation, consistent with our
previous analyses . However, when p is high, the range of highest
cooperation is limited by the broader mixed range of coexistence between
cooperators and defectors. This indicates that the interplay between density
and noise significantly influences the cooperative landscape, with density
moderating the frequency and impact of fairness-seeking movement.

The figures illustrate the complex dynamics between W and p in SPGG,
emphasizing the delicate balance required to sustain cooperation. Moderate
noise enhances the survival of cooperators but lowers the potential for high
cooperation levels, leading to a dynamic balance between cooperators and
defectors. In higher population densities, the range of coexistence broadens,
and the low group size range extends due to the reduced impact of fairness-
seeking movement. Understanding the interplay between movement, noise,
and density is crucial for fostering cooperative behavior and maintaining
stable social structures in complex populations.

Next, we will explore the spatial structure of the system to gain deeper
insights into the fairness-seeking mechanism and its impact on cooperation.
Examining the spatial distribution of cooperators, defectors, and empty sites
over time allows us to understand how different time scale ratios (W) and
population densities (p) influence the formation and stability of cooperative
clusters. This analysis is crucial as it reveals the underlying dynamics that
drive the evolution of cooperation and defection, providing a clearer picture
of how movement and density interact to shape social behavior in structured
populations.

offer a detailed view of the system’s evolution under varying pa-
rameters of W and p. These snapshots depict cooperators (red), defectors
(blue), and empty sites (white) as they change over time across four distinct
scenarios: W = 0.1, p = 0.85; W = 0.2, p = 0.85; W = 0.1, p = 0.9; and
W =0.2, p = 0.9. By analyzing these spatial patterns, we can better under-
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Figure 4: Evolution of spatial structures under different time scale ratios (W) and popu-
lation densities (p). The snapshots depict cooperators (red), defectors (blue), and empty
sites (white) over time for four scenarios: W = 0.1, p = 0.85 ((a)-(f)); W = 0.2, p = 0.85
((2)-(1)); W = 0.1, p = 0.9 ((m)-(u)); and W = 0.2, p = 0.9 ((s)-(x)). At W = 0.1 and
p = 0.85, cooperative clusters form and stabilize over time, as cooperators are allowed to
expand. At W = 0.2 and p = 0.85, higher movement rates cause empty sites to quickly
encircle cooperators, inhibiting their expansion and allowing defectors to infiltrate. With
p=10.9 and W = 0.1, cooperative clusters expand significantly, leading to robust cooper-
ation. At W = 0.2 and p = 0.9, cooperative clusters face more infiltration by defectors,
resulting in less stable yet significant cooperation. The distribution of empty sites plays
a crucial role in these dynamics, influencing the expansion and stability of cooperative
clusters.

stand how the fairness-seeking mechanism, combined with different rates of
movement and population densities, affects the emergence and maintenance
of cooperative behavior.

At W = 0.1 and a population density of p = 0.85 to, small
cooperative clusters start to form by ¢ = 5, interspersed with defectors and
empty sites. By t = 50, these clusters become more pronounced, though
defectors still occupy significant portions of the lattice. By ¢t = 100, larger
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cooperative clusters form, pushing defectors. At ¢t = 500, these clusters
become more distinct, with cooperators forming stable regions while defec-
tors are increasingly marginalized. By ¢ = 1000 and ¢ = 2000, cooperative
clusters dominate, demonstrating the effectiveness of low movement rates in
fostering stable cooperative behavior in moderately dense populations. In
the scenario with W = 0.2 and p = 0.85 to, small cooperative
clusters also begin to form by ¢t = 5. By ¢t = 50, cooperative clusters are
less distinct due to the higher movement rate, allowing defectors to infiltrate
these clusters more easily. At ¢ = 100, clusters struggle to stabilize, with
defectors interspersed among cooperators. By ¢t = 500, cooperative clusters
start to diminish. By ¢t = 1000 and ¢ = 2000, defectors dominate, leading to
the disappearance of cooperators. When the population density is increased
to p = 0.9 with W = 0.1 to , small cooperative clusters
form by t = 5, interspersed with defectors and empty sites. By t = 50,
these clusters expand significantly. By ¢ = 100, cooperative regions begin
to dominate, pushing defectors into smaller pockets. At ¢ = 500, coopera-
tive regions dominate even more. By ¢t = 1000 and ¢t = 2000, cooperation
remains robust, with large, stable cooperative clusters clearly visible. At
W = 0.2 and p = 0.9 to , small cooperative clusters also
start forming by ¢ = 5. By t = 50, the clusters grow but face more infiltra-
tion by defectors. By t = 100, cooperative clusters expand, but defectors are
more evenly spread among them. By ¢t = 500, cooperative clusters remain
robust despite some defector presence. By t = 1000 and ¢ = 2000, large
cooperative regions are maintained, but the clusters show more instability
compared to the lower W scenario.

Examining these four cases reveals key differences influenced by the time
scale ratio (W) and population density (p). At W = 0.1 and p = 0.85,
small cooperative clusters form early and become more pronounced, with
stable cooperative regions emerging over time as defectors are marginalized.
Conversely, at W = 0.2 and p = 0.85, higher movement rates disrupt these
clusters, resulting in a struggle to stabilize and eventual domination by
defectors. Increasing the population density to p = 0.9 with W = 0.1 sees
early cooperative clusters expanding significantly, leading to robust, stable
cooperation over time. However, at W = 0.2 and p = 0.9, cooperative
clusters still form early but face more infiltration by defectors, leading to
less stable yet still significant cooperative regions.

We can explain the differences in the four cases by focusing on the role
of empty sites. The spatial distribution of empty sites is crucial for under-
standing the dynamics of cooperation and defection. These empty sites can
serve as defensive barriers, preventing defectors from exploiting cooperators,
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but they can also inhibit the expansion of cooperators if they fully encircle
them. An optimal structure would have empty sites forming walls that sep-
arate cooperators and defectors, while still allowing cooperators to expand
into defector areas. By examining how empty sites form walls and gaps, we
can gain insights into how different time scale ratios (W) and population
densities (p) influence the formation and stability of cooperative clusters.
This analysis reveals the underlying mechanisms that drive the evolution of
cooperation and defection, providing a clearer picture of how spatial struc-
tures shape social behavior in structured populations.

At W = 0.1, the empty sites do not move quickly enough to fully encircle
cooperators, leaving space for their expansion. This allows cooperative clus-
ters to grow and stabilize over time, as seen in to[dcl Conversely,
at W = 0.2, empty sites quickly surround cooperators, preventing their ex-
pansion and leaving them vulnerable to defector infiltration, as shown in
to The higher movement rate results in cooperators being
almost fully encircled by empty sites, inhibiting the growth of cooperative
clusters and allowing defectors to disrupt them. Therefore, too frequent
movement driven by the fairness-seeking mechanism can inhibit the evolu-
tion of cooperation in the early stages.

In the later stages, the time scale ratio (W) continues to play a criti-
cal role in the spatial dynamics of cooperation and defection. At a lower
W (as shown in to [4f), defectors are progressively marginalized
and encircled in smaller areas by cooperative clusters. This spatial struc-
ture becomes favorable for cooperators because the encircled defectors have
limited opportunities to exploit them. The containment of defectors within
small, isolated pockets prevents them from disrupting the larger coopera-
tive regions. This encirclement mechanism results in a positive feedback
loop where the stability of cooperative clusters is maintained and reinforced
over time. The low W setting creates an environment where cooperators
can dominate and sustain their presence, fostering both the evolution and
maintenance of cooperation. The reduced mobility ensures that cooperative
regions remain robust, and defectors are unable to penetrate these clusters
effectively. Thus, a low (W) is beneficial in establishing a spatial structure
that not only promotes the growth of cooperative clusters but also ensures
their long-term stability by isolating defectors and minimizing their impact.

The perspective of empty sites also helps understand how population
density (p) affects the evolution of cooperation. In the early stage for both
W =0.1 and W = 0.2 with p = 0.9, the number of empty sites is two-thirds
of the case with p = 0.85. This reduction in empty sites significantly influ-
ences the spatial structure and dynamics. For both W values
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to [4oland to[du)), the decreased number of empty sites means that

cooperative clusters have fewer barriers and more opportunities to expand
into defector-dominated regions. This optimal structure allows cooperators
to avoid immediate exploitation while maintaining opportunities to expand
into defector areas. Consequently, larger cooperative clusters can form more
effectively in higher-density scenarios. Thus, even with the higher movement
rate (W = 0.2), cooperators benefit from the increased density as the lim-
ited empty sites create favorable conditions for the establishment and main-
tenance of large cooperative clusters. This interplay between density and
empty sites highlights the critical role of spatial structure in the dynamics
of cooperation and defection.

In the later stages, where high cooperation levels are established, the
structure in high-density scenarios (p = 0.9) differs from the low-density
cases. Because there are fewer empty sites, the remaining defectors cannot
be fully encircled by empty sites but instead survive in narrow strip struc-
tures. As defectors attempt to expand, their expansion is quickly limited by
walls of empty sites, as illustrated in to[dx] This dynamic creates
a different mechanism for maintaining cooperation compared to low-density
scenarios. Despite the difference, this mechanism remains effective in sup-
porting the persistence of cooperative behavior, demonstrating how spatial
structure and density interplay to sustain cooperation.

offers a comparative analysis of the system’s evolution with the
inclusion of random movement (1 = 0.2), highlighting its impact on the
spatial distribution of cooperators, defectors, and empty sites under differ-
ent time scale ratios (W) with a population density of p = 0.85. When
random movement is included, the structure of empty sites becomes less
wall-like and more irregular. This change means that the encirclement of
cooperators by empty sites is less likely to happen. This shift in the spatial
structure can have favorable effects, as it provides cooperative clusters with
the opportunity to avoid exploitation by defectors and to expand more effi-
ciently. In scenarios with a higher time scale ratio (W = 0.2), this effect is
particularly pronounced. Without random noise, cooperators are easily en-
circled by empty sites, which prevents them from expanding and leaves them
vulnerable to defector infiltration (as shown in to [4I). However,
when random noise in movement (= 0.2) is introduced (Figures 5g| to |51,
the surrounding empty sites become more dispersed and irregular. This dis-
ruption creates a more open and optimal environment for cooperators to
expand, mitigating the restrictive effects of higher movement rates. Thus,
a combination of a small fairness-seeking time scale with a small amount
of random noise might represent an optimal scenario for fostering coopera-
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Figure 5: Evolution of spatial structures with the inclusion of random movement (u = 0.2)
under different time scale ratios (W) with a population density of p = 0.85. The snapshots
depict cooperators (red), defectors (blue), and empty sites (white) over time for two
scenarios: W = 0.1, ((a)-(f)); W = 0.2, ((g)-(1)). Random movement disrupts the wall-
like structure of empty sites, reducing the likelihood of cooperators being encircled and
enhancing their ability to expand. Cooperators benefit significantly from random noise,
as it prevents them from being trapped by empty sites, allowing more efficient cluster
growth. A small fairness-seeking time scale combined with random noise fosters optimal
conditions for cooperation.

tion. This balance allows cooperators to leverage the protective benefits of
empty sites without becoming trapped, promoting both the formation and
expansion of cooperative clusters.

4. Discussion and Conclusion

The interplay between mobility, fairness, and cooperation has profound
implications for understanding the dynamics of cooperative behavior in
structured populations. Our study integrates a fairness-driven migration
mechanism into a SPGG, revealing how different rates of movement, pop-
ulation densities, and the inclusion of random movement influence the for-
mation and stability of cooperative clusters.

Previous studies have examined how migration influences cooperation in
various social dilemmas. For example, risk-driven migration was explored in
the context of the collective-risk dilemma, where individuals migrating away
from unfavorable conditions significantly improved cooperation levels [3§].
Mobility in the voluntary Prisoner’s Dilemma restores cooperation by allow-
ing agents to move and form cooperative clusters, reducing exploitation by
defectors [39]. Additionally, orientation-driven migration was investigated,
revealing that individuals escaping from defectors formed stable cooperative
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clusters that better supported cooperation compared to movement toward
cooperators [40].

While these studies underscore the importance of migration in promot-
ing cooperation, our research introduces a novel dimension by focusing on
fairness-driven migration. Unlike the risk-averse or utility-based migration
mechanisms highlighted in prior work, fairness-driven migration incentivizes
individuals to relocate toward environments characterized by equitable pay-
off distributions, rather than simply avoiding unfavorable conditions or de-
fectors. This shift in focus emphasizes the pursuit of fairness as a driver of
mobility, which leads to more balanced and stable cooperative interactions.
Our findings reveal that fairness-driven migration plays a pivotal role in cul-
tivating cooperation, especially in structured populations where individual
movement and strategy updates are simultaneously in effect.

One of the key findings of our research is the critical role of movement
in shaping cooperative dynamics. Moderate movement rates promote the
formation of cooperative clusters by enabling cooperators to aggregate and
form resilient groups. These clusters are essential for maintaining high levels
of cooperation, as they provide mutual benefits and protect cooperators
from being exploited by defectors. However, excessive movement disrupts
these clusters, leading to the dominance of defectors and a decline in overall
cooperation. This disruption occurs because high movement rates prevent
the stabilization of cooperative groups, causing cooperators to be frequently
encircled by empty sites and infiltrated by defectors.

Population density also plays a crucial role in determining the dynam-
ics of cooperation. Higher densities facilitate frequent interactions among
agents, promoting the formation of cooperative clusters. However, too high
densities can lead to overcrowding, which disrupts these clusters and allows
defectors to exploit cooperators more effectively. Our results suggest an opti-
mal density range where cooperation is maximized, balancing the frequency
of interactions with the stability of cooperative groups. When density does
not exceed the optimal range, the higher density reduces the number of
empty sites, altering their spatial distribution around cooperators. This re-
duction in empty sites creates more opportunities for cooperative clusters to
expand and stabilize, as empty sites serve as barriers preventing defectors
from infiltrating these clusters. However, beyond this optimal density, over-
crowding occurs, and the cooperative clusters are disrupted, diminishing the
overall levels of cooperation.

The inclusion of random movement introduces an additional layer of
complexity to the dynamics of cooperation. Moderate levels of random
movement broaden the conditions under which cooperators can survive, cre-
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ating a dynamic balance between cooperators and defectors. This balance is
achieved by preventing the encirclement of cooperators by empty sites, al-
lowing for more efficient expansion and maintenance of cooperative clusters.
Random movement disrupts the formation of wall-like structures of empty
sites, enhancing the ability of cooperators to avoid exploitation and form
robust groups.

Our spatial analysis reveals the critical impact of empty sites on coop-
erative dynamics. In scenarios with low movement rates, empty sites serve
as defensive barriers, preventing defectors from exploiting cooperators and
allowing cooperative clusters to stabilize and expand. Conversely, higher
movement rates lead to the encirclement of cooperators by empty sites,
inhibiting their expansion and allowing defectors to infiltrate. The distri-
bution and movement of empty sites are therefore crucial for understanding
the spatial dynamics of cooperation and defection.

The findings have broad implications for various fields, including evo-
lutionary biology, sociology, and artificial intelligence. By elucidating the
mechanisms underlying the evolution of cooperation, our research provides
insights into the factors that promote social cohesion and collective action.
The integration of fairness-driven mobility into models of cooperation can
inform strategies for enhancing cooperative behavior in human societies,
addressing contemporary challenges such as resource distribution, conflict
resolution, and climate change mitigation.

In conclusion, our study demonstrates that the evolution of coopera-
tion is intricately linked to the dynamics of movement, fairness, and spatial
structure. Moderate movement rates, higher enhancement factors, and the
inclusion of random movement create favorable conditions for the forma-
tion and maintenance of cooperative clusters. These findings highlight the
importance of balancing movement and strategy adaptation to sustain co-
operation in structured populations. Understanding the interplay between
these factors is crucial for fostering cooperative behavior and maintaining
stable social structures in complex populations.

Future research should further explore the nuances of these interactions.
One potential avenue is investigating the impact of heterogeneous popula-
tions where agents have varying levels of mobility and different sensitivity
to fairness. This could provide insights into how diversity in movement and
fairness perception influences overall cooperation dynamics. Additionally,
studying the effects of dynamic environments, where the population density
and resource availability change over time, can shed light on how flexible
cooperative strategies adapt to fluctuating conditions. Another interesting
direction is to examine the role of communication and information shar-
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ing among agents. Introducing mechanisms for agents to share information
about the fairness of their local environment and the presence of cooperators
and defectors could lead to more sophisticated models of cooperative behav-
ior. This could also involve the integration of learning algorithms, where
agents adapt their strategies based on past experiences and shared informa-
tion. Exploring the implications of our findings for human societies, partic-
ularly in digital and online environments, can provide practical applications
for enhancing cooperation in virtual communities. Investigating how digi-
tal platforms can be designed to promote fairness and cooperation through
mobility and interaction mechanisms could offer valuable insights for build-
ing more cohesive and collaborative online spaces. Finally, expanding our
model to incorporate multi-layered networks, where agents interact across
different social and environmental layers, can provide a more comprehensive
understanding of cooperation in complex systems. This approach can reveal
how interactions in one layer influence behaviors in another, leading to a
deeper understanding of the interconnectedness of social and environmental
factors in shaping cooperative dynamics.

By pursuing these research directions, we can continue to advance our
understanding of the evolution of cooperation and develop strategies to fos-
ter cooperative behavior in diverse and complex populations.
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