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A B S T R A C T

The promotion of cooperation provided by the network, compared to the well-mixed case, strongly depends
on the type of strategy-updating mechanism. While many existing theoretical models have focused on agents
memorizing neighbors’ strategies, the specific use of memory in representing an individual’s resistance
to changing their own strategy – and its subsequent impact on the emergence of cooperation – remains
underexplored. This study investigates the memory effect on the evolution of cooperation by integrating
memory length and strength with the Fermi rule in the evolutionary prisoner’s dilemma on a lattice. The
Fermi rule incorporates both pairwise interactions and neighborhood interactions. Interestingly, we found
the enduring period (END) and the expanding period (EXP) of cooperation, driven by network reciprocity.
Notably, players with larger memory sizes exhibit a more pronounced manifestation of this phenomenon.
Furthermore, our research highlights that a strong memory strength positively impacts the level of cooperation
in the steady state. Additionally, if players prioritize the mean payoff difference among their neighbors over
the pairwise difference with a randomly selected player from the neighborhood, it fosters a cooperative
environment and enhances the overall level of cooperation. These findings underscore the vital role of memory
and local interactions as crucial factors in shaping cooperation dynamics, offering valuable insights for future
investigations in this rapidly evolving field.
1. Introduction

Since the inception of the idea introduced by Darwin as ‘‘survival
of the fittest’’ [1,2], human beings have continuously pursued the de-
velopment of advantageous traits. These acquired traits are frequently
cultivated through rigorous competition, where individuals strive to
gain a relative advantage by harnessing their inherent strengths, such
as physical prowess, intellectual superiority, or proficient skills [3,4].
However, individuals also recognize that cooperation can yield greater
benefits in the face of competition [5–7]. Through collaborative efforts,
individuals can achieve resource-efficient allocation, exchange useful
information, and share risks, thereby enhancing their competitiveness.
As a result, cooperation has always been a central topic in various
scientific disciplines, including physics [8,9], biology [10–12], sociol-
ogy [13–15], economics [16–18]. Understanding the emergence and
sustainability of cooperation is crucial for unraveling the intricate
dynamics of social interactions and the evolution of complex systems.

Serving as a fundamental concept in game theory, the Prisoner’s
Dilemma Game (PDG) illustrates the inherent tension between indi-
vidual rationality and collective cooperation [19,20]. Traditional game
theory suggests that the rational strategy in the PDG is defection,
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as it maximizes individual gains regardless of the opponent’s choice.
However, empirical studies have shown that cooperation is prevalent in
both natural systems and human societies, challenging the assumptions
of conventional game theory. While defection is the rational choice in
a one-shot PDG, cooperation can emerge and thrive through repeated
interactions. In response to this social dilemma, evolutionary game the-
ory provides a powerful framework for understanding the emergence of
cooperation [21,22].

To highlight the prevalence of cooperation, researchers have pro-
posed various mechanisms within the framework of complex net-
works [23]. One influential mechanism that has received significant
attention is network reciprocity [24–27], where individuals interact
with their neighbors in a structured population. The network structure
plays a crucial role in shaping the emergence and sustainability of
cooperation. Cooperation dynamics can vary considerably between
well-mixed populations and structured populations, resulting in the
formation of cooperative clusters or the maintenance of cooperation
in specific network structures. However, real-world observations reveal
variations in cooperation outcomes due to the inherent heterogeneity in
social and biological interactions [28]. Building upon the seminal work
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960-0779/© 2023 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.chaos.2023.114353
Received 25 August 2023; Received in revised form 30 November 2023; Accepted
 2 December 2023

https://www.elsevier.com/locate/chaos
http://www.elsevier.com/locate/chaos
mailto:xp@hznu.edu.cn
mailto:fanyuan.meng@hotmail.com
https://doi.org/10.1016/j.chaos.2023.114353
https://doi.org/10.1016/j.chaos.2023.114353
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chaos.2023.114353&domain=pdf


Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 178 (2024) 114353Z. Xu et al.

t
w
a
n
𝛼

2

w
𝑁
c

i
l

by Nowak et al. on the PDG played on a spatial structure resembling a
square lattice, subsequent researchers have conducted experiments on
diverse network architectures, including random networks [29], scale-
free networks [30], and small-world networks [31,32]. The ultimate
objective has been to gain deeper insights into the complex interplay
between network architectures and the emergence and sustainability of
cooperation.

The strategy update rule, which resembles Darwinian selection or
bounded rational learning, serves as the foundation of evolutionary
game theory. There exists a wide range of strategy learning methods
influenced by the local environment. In many cases, the better strategy
choice for a given player relies on the payoff difference between their
payoff and their neighbors’ payoffs. The strategy learning process can
vary in two key aspects: whom to learn from and the probability
of learning [32]. Players can adopt the strategy from the neighbor
with the highest payoff [28,33,34], or they can learn at random from
their neighborhood [35–37]. The learning probability depends on the
available information. When players only have access to previous round
strategies, they tend to adopt better strategies like Win-Stay-Lose-Shift
and Tit-For-Tat [38,39]. When both previous round strategies and
resulting payoffs are available, the learning probability is determined
by payoff comparison methods such as pairwise comparison [35,40].

Recent studies have started to focus on incorporating memory mech-
anisms into the strategy updating rules within evolutionary game mod-
els [41,42]. Memory can refer to players recalling their own previous
strategies or the actions of opponents. The former represents individual
learning, while the latter indicates social awareness [42]. One approach
to incorporating memory is demonstrated by [43], who assume that
each player not only remembers their own strategy but also the strategy
of their interacting neighbor. This memory balance is crucial to forming
reputation credibility. Another modification to the strategy updating
rules is proposed by [44], who introduce accumulated payoffs as a
factor in the modification of the Fermi function. Liu et al. set the
probability of selecting a neighbor to be proportional to the number
of unchanged strategies in past interactions [45]. Alonso et al. di-
minished accumulative payoffs in memory with a memory strength
parameter [46]. In [47], players record the highest payoff strategies
into their memories, leading to nonmonotonous behaviors influenced
by memory size. Zhang et al. combined memory size and capacity,
finding that in a dilemma snowdrift game, maintaining a memory of
past interactions consistently boosts the level of cooperation [48].

In addition, several empirical studies have demonstrated that both
the memory of players and the reputation of interacted players have a
significant impact on the level of cooperation in evolutionary games.
For instance, Bolton et al. suggested that in an evolutionary image-
scoring game, the ability to remember the historical strategies of in-
teracted players could positively influence cooperation [49]. Similarly,
Cuesta et al. found that in an iterated Prisoner’s Dilemma Game played
among players connected on a dynamic network, remembering the
last rounds of newly connected players can effectively promote coop-
eration [50]. However, it is worth noting that in a different context
where an evolutionary PDG is played repeatedly twice in groups of
six, cooperation tends to diminish over time [51]. These empirical
studies collectively highlight the complex interplay between memory,
reputation, and cooperation in evolutionary games.

To assess the impact of the memory effect and network reciprocity
on strategy updating, we propose a spatial evolutionary Prisoner’s
Dilemma Game (PDG) model. This model uniquely integrates memory
length and strength with the established Fermi rule, offering a fresh
perspective on strategy updating in evolutionary games. Unlike previ-
ous studies where players often use memory to evaluate opponents’ past
strategies and reputation, our model limits players to their own mem-
ory, exploring the impact of self-memory on decision-making without
the influence of others’ historical strategies. This focus on self-memory
represents a resistance to strategy change, diverging significantly from
2

conventional models. This approach offers a nuanced understanding of
how individual memory influences strategic evolution in the context of
the PDG on a lattice network.

Specifically, within a square lattice of dimensions 𝐿 × 𝐿, each
player is positioned to interact with their four adjacent neighbors. The
population is initially balanced with equal proportions of cooperators
and defectors. During each generation, players participate in a one-shot
Prisoner’s Dilemma Game (PDG) with their neighbors, accumulating
total payoffs. Strategy updates hinge on the comparison of payoffs with
a randomly chosen neighbor. The decision to adopt a new strategy is
influenced by evaluating the payoff difference with the chosen neigh-
bor, and by considering the average payoff among neighbors with the
same and opposite strategies. To incorporate memory, we keep track of
the last 𝑀 strategies played by each player. This means that the more
he current strategy has been used in the last 𝑀 rounds, the less likely
ill be a strategy change, even in case the opposite strategy produced
higher payoff in the neighborhood. Additionally, it is important to

ote that memory can also decay, and the concept of memory strength
quantifies this decline.

. Model

We investigate an evolutionary Prisoner’s Dilemma Game (PDG)
ithin a periodic boundary square lattice framework consisting of
= 𝐿 × 𝐿 players, denoted as 𝑖 ∈ {1, 2,… , 𝑁}. Thus, each player is

onnected to four neighboring players without edge limitation.
In each round of the PDG, each player 𝑖 chooses a strategy 𝑠𝑖

from the set {𝐶,𝐷}, representing cooperation (C) or defection (D),
respectively. The payoffs are determined through pairwise encounters.
If two cooperators meet, both receive a reward of 𝑅. On the other
hand, if two defectors interact, both receive a punishment 𝑃 . When a
cooperator encounters a defector, the cooperator receives the minimal
payoff 𝑆, while the defector receives the maximum payoff 𝑇 . The payoff
ranking follows the order 𝑇 > 𝑅 > 𝑃 > 𝑆, and the condition 2𝑅 > 𝑇 +𝑆
holds. In order to simplify the analysis, we establish the payoff values
as follows: 𝑅 = 1, 𝑃 = 𝑆 = 0, and 𝑇 = 𝑏 ∈ (1, 2) [52]. This choice is
made because there is only one remaining game parameter to control.
It is noted that it is now not a pure PDG but a boundary game between
PD game and chicken game [53]. Thus, the payoff matrix 𝑀 for the
game can be represented concisely as

𝑀 =
(

𝑅 𝑆
𝑇 𝑃

)

=
(

1 0
𝑏 0

)

. (1)

Initially, each player is randomly assigned a strategy 𝐶 or 𝐷 with
equal probability (i.e., 0.5 for both 𝐶 and 𝐷). In other words, the
nitial distribution of cooperators and defectors is random across the
attice. At each time step 𝑡 = 1, 2,… , each player 𝑖 plays the one-shot

PDG with all 4 neighboring players simultaneously (see an example of
𝑁 = 2×2 players in Fig. 1(a)), and receives a sum payoff. Subsequently,
each player 𝑖 with strategy 𝑠𝑖 undergoes social learning to acquire a
better strategy from a randomly chosen neighbor 𝑗 with strategy 𝑠𝑗
simultaneously as well. Specifically, if 𝑠𝑖 = 𝑠𝑗 , player 𝑖 retains its
current strategy and does not learn anything. However, if player 𝑖 and
its neighbor 𝑗 have different strategies, player 𝑖 has the option to adopt
the contradictory strategy 𝑠𝑗 (i.e., 𝑠𝑖 ≠ 𝑠𝑗), with a certain probability as

𝑃 (𝑠𝑖 → 𝑠𝑗 ) =
(

1 − 𝛼
𝑀(𝑠𝑖)
𝑀

)

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
memory effect

1
1 + 𝑒−(𝛽𝛥𝜋+(1−𝛽)𝛥𝜋)∕𝜅
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

social influence

, (2)

The strategy transition probability takes into account the following two
components:

Memory effect. Drawing inspiration from [54], we incorporate the
memory length 𝑀 and the memory strength 𝛼 ∈ [0, 1] into the strategy
updating mechanism. This is due to the fact that in a realistic scenario,
individuals rely on their own memory for strategy updatings, rather
than complete information about others’ strategies. This assumption
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Fig. 1. The illustration of the memory storage in the evolutionary PDG process with memory size 𝑀 = 4. Snapshots of 𝑁 = 2 × 2 players with cooperators and defectors.
aligns with real-world situations where individuals may not have full
knowledge of others’ past actions but are influenced by their own
experiences. Here, the number of times player 𝑖 had played strategy 𝑠𝑖
out of the last 𝑀 rounds is denoted as 𝑀(𝑠𝑖). Player 𝑖 is more likely to
retain its current strategy if the ratio 𝑀(𝑠𝑖)∕𝑀 of the number of times
it held the strategy 𝑠𝑖 is higher. Furthermore, the aspect of memory
decay can be quantitatively assessed through the parameter of memory
strengthn 𝛼. When 𝛼 = 0 or 1, it presents an extreme example, implying
that the individual will either completely forget the history or rely
solely on the memory they have.

Social influence. Prior research always assumes that the more
successful strategy will have a higher probability of being imitated by
others [36,37,40,55]. However, the reference object for comparison can
be different, e.g., it can be a randomly selected neighbor (pairwise
comparison rule) [37,40], or the averaged local environment [35].
Here, we use the parameter 𝛽 ∈ [0, 1] to couple the pairwise influence
𝛥𝜋 and neighborhood influence 𝛥𝜋, where 𝛥𝜋 = 𝜋(𝑠𝑗 ) − 𝜋(𝑠𝑖) denotes
the payoff difference between player 𝑖 and its neighbor 𝑗, and 𝛥𝜋 =
𝜋𝑗∈𝛺𝑖

(𝑠𝑗 ) − 𝜋𝑘∈𝛺𝑖∪𝑖(𝑠𝑘) denotes the mean payoff difference between the
players with contradictory strategy and players with the same strategy
with player 𝑖 in the local neighborhood of player 𝑖 (𝛺𝑖). When 𝛽 = 0
or 1, it presents an extreme example, implying that the individual will
only imitate randomly selected neighbors or rely solely on the mean
payoff difference among the whole neighborhood.

It is also noted that when 𝛼 = 0, 𝛽 = 1, the strategy transition
probability Eq. (2) reduces to the classic pairwise imitation rule. We
will compare the joint impact of memory effect and social influence
with the sole impact in Section 4.

In Eq. (2), 𝜅 represents the noise parameter that quantifies the
uncertainty by strategy adoptions. Here, it is fixed at the traditional
value of 0.1. We mainly focus on the fraction of cooperators in the
population which can be calculated as

𝑓𝐶 (𝑡) =
𝑁𝐶 (𝑡)
𝑁

, 𝑡 = {0, 1,… ,∞}, (3)

where 𝑁𝐶 signifies the number of cooperators among all players, and
𝑓𝐶 represents the level of cooperation. Consequently, the range of
𝑓𝐶 spans from 0 to 1, with 0 indicating the absence of cooperators
and 1 representing an entire population of cooperators. The average
cooperative levels in the stationary state required a sufficiently long
relaxation time up to 2 × 104 Monte Carlo Step. To improve accuracy,
the final results are averaged over 50 independent simulations.

3. Results

3.1. Memory size

At the initial time step 𝑡 = 0, the population consists of an equal
probability of cooperators (C) and defectors (D), resulting in a well-
mixed distribution of strategies (see Fig. 2(a,g,m)).

We observe that the level of cooperation 𝑓𝐶 has witnessed an initial
decline over time regardless of the memory size 𝑀 (as shown in
3

Fig. 3(a)) with a moderate 𝛽 (𝛽 = 0.5). However, as time progresses, an
interesting pattern emerges where cooperators tend to form numerous
small clusters. This phenomenon can be observed at the time step
𝑡 = 100 in Fig. 2. Once the time step exceeds a certain value, cooperators
start to erode defectors (e.g., the time step 𝑡 = 1000 in Fig. 2). This
can be also verified by Fig. 3(a). This is a well-known fact called
the enduring (END) and expanding (EXP) periods in spatial games
of cooperation [56,57]. Cooperators are initially weak and defeated
by defectors. Thus, the fraction of cooperators decreases, but some
small clusters still survive (END). If cooperators successfully survive in
clusters, they can obtain higher payoffs based on mutual benefit within
the region. Thus, cooperative clusters expand their size by absorbing
defectors (EXP).

The memory size 𝑀 plays a significant role in the spatial evolution
of the cooperation with a moderate 𝛽. Specifically, a larger memory size
𝑀 corresponds to a higher level of cooperation in the steady state. In
other words, when players have a longer memory of past interactions,
they are more likely to maintain a cooperator strategy, leading to a
greater overall level of cooperation within the population.

3.2. Memory strength

Memory strength 𝛼 has an effect on the evolution of cooperation
over time, but not that much on the final level of cooperation (see
Fig. 3(b)). Regarding the level of memory strength 𝛼, a higher value of 𝛼
indicates greater resistance to strategy change within the memory. This
means that players are less likely to switch strategies even when they
face unfavorable payoffs. Consequently, during the initial prolonged
period, where cooperation is expected to decline, a higher value of 𝛼
contributes to a higher overall level of cooperation compared to lower
values of 𝛼. As a result, for a higher value of 𝛼, it takes more time
for cooperators to overcome the initial decline and start forming small
clusters that erode defectors, which leads to an increase in cooperation
over time.

3.3. Social influence

The controlling parameter 𝛽 has a great impact on both the coopera-
tion evolution process and the final level of cooperation. Lower weight
𝛽 on pairwise interaction promotes a higher level of cooperation (as
shown in Fig. 3(c)) since it allows players to focus on the collective
behavior of their neighborhood rather than individual interactions.
Specifically, when 𝛽 is lower, players are more influenced by the
mean payoff difference among players with the same strategy and
contradictory strategies in their neighborhoods (𝛥𝜋) rather than the
individual-level payoff difference (𝛥𝜋). This means that players tend
to imitate better strategies in their neighborhoods and adopt them. On
the other hand, when the value of 𝛽 exceeds a certain value, the level
of cooperation (𝑓𝐶 ) tends to decrease to approximately zero as time
passes.
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Fig. 2. Typical spatial distributions snapshots of cooperators (red) and defectors (blue) in a lattice. Settings: 𝑁 = 100 × 100, 𝛼 = 0.9, 𝛽 = 0.5, and 𝑏 = 1.2. The top, middle, and
lower panels correspond to memory size 𝑀 = 5, 30, 100, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
Fig. 3. The mean cooperation level 𝑓𝐶 evolves over time 𝑡 in a lattice with the total time 𝑇 = 2×104. Settings: (a) 𝛼 = 0.9, 𝛽 = 0.5, 𝑏 = 1.2; (b) 𝑏 = 1.2, 𝑀 = 10, 𝛽 = 0.5; (c) 𝑏 = 1.2,
𝑀 = 10, 𝛼 = 0.5; (d) 𝛼 = 0.9, 𝛽 = 0.5, and 𝑀 = 10. Each data point is the mean of 50 independent simulations.
3.4. Parametric diagram

We comprehensively investigate the effects of all parameters on the
final level of cooperation by examining parametric diagrams. These
diagrams provide a visual representation of the parameter space and
how different parameter values influence the level of cooperation.

Firstly, the payoff for a defector encountering a cooperator, i.e., 𝑏,
has a significant impact on cooperation. Higher values of 𝑏 can hinder
cooperation (also shown in Fig. 3(d)). For instance, when 𝑏 is large
enough (e.g., 𝑏 = 1.4), the region of complete cooperation (where
𝑓𝐶 = 1) disappears from the parametric diagram (see Fig. 4(c,f,i)).
This suggests that when the payoff for defection is significantly greater
than the payoff for cooperation, defectors have a strong incentive to
4

exploit cooperators, leading to a decrease in cooperation within the
population. The absence of complete cooperation in the parametric
diagram highlights the detrimental effect of high-defection payoffs on
overall cooperation.

Secondly, the memory size parameter 𝑀 plays a significant role in
determining the final level of cooperation. Longer memory sizes tend
to increase the level of cooperation. This can be observed in the para-
metric diagrams, where the purple regions (representing higher levels
of cooperation) shrink or the red regions (representing the absence of
cooperation) expand as the memory size increases (see Fig. 4(a,d,g)).
The results suggest that a larger memory size with strong memory
strength (𝛼 > 0.5) makes cooperators resistant to change strategy
even though defection can have more benefits. Due to the ‘‘unselfish’’
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Fig. 4. The parametric diagram for memory strength 𝛼 and controlling parameter 𝛽 with settings: 𝑇 = 2 × 104. The three sets of panels represent varying memory sizes: 𝑀 = 10
(top), 𝑀 = 50 (middle), and 𝑀 = 100 (bottom). Similarly, the panels from left to right showcase different 𝑏 values: 𝑏 = 1.2 (left), 𝑏 = 1.3 (center), and 𝑏 = 1.4 (right). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
behaviors led by the memory effect, cooperation can therefore survive
and prevalent in the population.

4. Benchmark

4.1. The updating rule

Let us first discuss some special cases: (i) When the memory strength
is 𝛼 = 1, the transition probability 𝑃 (𝑠𝑖 → 𝑠𝑗 ) in Eq. (2) attains a
constant value of 0 due to 𝑀(𝑠𝑖)∕𝑀 = 1. It implies that the mean level
of cooperation remains as the initial level, i.e., 𝑓𝐶 = 0.5 in Fig. 3(b); (ii)
When the memory strength is 𝛼 = 0, the strategy updating mechanism
will reduce to the Fermi rule. Further, 𝛽 = 1 and 𝛽 = 0 correspond to
the traditional Fermi rule with pairwise comparison and the modified
Fermi rule with averaged local pairwise comparison, respectively. From
Fig. 5, we can observe that as time evolves, the traditional Fermi rule
(i.e., 𝛼 = 0 and 𝛽 = 1) cannot promote cooperation but the modified
Fermi rule (i.e., 𝛼 = 0 and 𝛽 = 0) by considering mean payoffs in the
neighborhood would. This result is in line with Ref. [35]; (iii) When the
memory strength 𝛼 ∈ (0, 1), 𝛽 = 0 and 𝛽 = 1 yields the combined effect
of averaged local influence and memory or that of pairwise influence
and memory. From Fig. 5 with setting 𝛼 = 0.5, we can observe that the
memory effect indeed promotes cooperation compared with the case of
without memory 𝛼 = 0.

4.2. An initial small cluster

The underlying reason for the sustainment and increase of the co-
operation level 𝑓 is primarily due to the formation of numerous small
5

𝐶

Fig. 5. The mean cooperation level 𝑓𝐶 evolves over time 𝑡 in a lattice with the total
time 𝑇 = 2 × 104. Settings: 𝑀 = 10 and 𝑏 = 1.2. Each data point is the mean of 50
independent simulations.

clusters of cooperators. To further investigate the role of these small
clusters in facilitating the emergence of cooperation, we also consider
a scenario where there exists an initial small cluster of cooperators.

Remarkably, regardless of the memory size 𝑀 , the presence of
an initial small cluster of cooperators with a size of 3 × 3 leads to



Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 178 (2024) 114353Z. Xu et al.
Fig. 6. Typical snapshots for spatial distributions of cooperators (red) and defectors (blue) initially from a 3 × 3 cluster of cooperators in the center of the lattice. The total number
of players 𝑁 = 100 × 100, 𝛼 = 0.9, 𝛽 = 0.5, 𝜅 = 0.1, and 𝑏 = 1.2. The top, middle, and lower panels correspond to memory size 𝑀 = 1, 30, 100, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. The mean cooperation level 𝑓𝐶 evolves over time 𝑡 in a lattice with a total time 𝑇 = 8× 104. It shows the case in which cooperators start from a 3 × 3 small cluster. Other
settings in each panel are the same as Fig. 3.
the emergence of cooperation (see Fig. 6). This suggests that even
a small group of cooperators can initiate cooperative behavior that
spreads within the networked population. Notably, a larger memory
size 𝑀 contributes to a higher level of cooperation, similar to what we
observed in the case of an equal distribution of two strategies.

What is particularly intriguing is that, under the same parameter
settings, both the equal distribution case (shown in Fig. 3) and the
small cluster case (shown in Fig. 7) result in nearly the same level of
cooperation in the steady state. As long as the cooperation sustains,
the system tends to converge toward a similar cooperative state in the
long term regardless of the initial setting. This insight contributes to
a deeper understanding of the factors influencing the emergence and
sustainability of cooperation in complex systems.
6

4.3. Well-mixed population

Since cooperation can be promoted by network reciprocity [57], to
determine whether cooperation can be promoted by the memory effect
alone, without a spatial structure, we conducted the same evolutionary
prisoner’s dilemma game in a well-mixed population using the same
settings. In each PDG round, each player randomly chose four other
players to participate in the game. From Fig. 8, we can observe that
cooperation could hardly emerge in a well-mixed population. The
only exception is when the memory strength is 𝛼 = 1, the transition
probability 𝑃 (𝑠𝑖 → 𝑠𝑗 ) in Eq. (2) is a constant value of 0 due to
𝑀(𝑠𝑖)∕𝑀 = 1. Thus, the mean level of cooperation remains at the initial
level, as shown in Fig. 8(b).
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Fig. 8. The mean cooperation level 𝑓𝐶 evolves over time 𝑡 in a well-mixed population with total time 𝑇 = 2 × 104. Other settings in each panel are the same as Fig. 3.
5. Conclusion

In this work, we propose a memory-based strategy updating mech-
anism to study the evolutionary Prisoner’s Dilemma Game (PDG) on
a square lattice. The memory length and the memory strength of
history rounds co-affect the given updating probability and further
influence the emergence and sustainability of cooperation. In addition,
we combined the pairwise comparison and mean payoff difference
among neighborhoods to study the effect of pairwise influence and
neighborhood influence.

Through simulation results, we have observed a pattern where the
initial state experiences a decrease in cooperation due to uneven updat-
ing probabilities that favor defectors to exploit cooperators to maximize
payoffs, and then increase as cooperators can sustain in small clusters
based on network reciprocity. This phenomenon becomes particularly
pronounced for players with longer memory sizes.

In addition, we have discovered that having a strong memory
can lead to increased levels of cooperation in the long run. Further-
more, when players prioritize the mean payoff difference between
neighborhoods over the difference between themselves and a random
neighborhood player, it fosters a more cooperative atmosphere and
boosts overall levels of cooperation.

The findings of this study align with previous research on evolu-
tionary game theory [58], demonstrating that cooperation is fragile and
easily disrupted by defectors [59,60]. The presence of defectors leads to
a decrease in the overall cooperation level, highlighting the challenges
faced by cooperative behavior in a competitive environment. However,
it is important to note that the specific outcomes and trends observed
in this study depend on the chosen parameter values and strategies.
Different parameter combinations or alternative strategies may yield
different results.

Further research could explore the effects of different parameter
values, such as varying the balance between pairwise interactions and
neighborhood influence or adjusting the resistance to strategic change.
Additionally, investigating alternative strategies, such as conditional
7

strategies [61] or adaptive strategies [62], could provide valuable
insights into the dynamics of cooperation. For example, the direct
reciprocity mechanism assumed in works [26,27] mentioned above
in such that, after being exploited, a cooperator stops playing for
some rounds with the defecting neighbor, which can be used to define
conditional or adaptive strategies. Furthermore, extending the analysis
to different network topologies or incorporating spatial heterogeneity
could offer a more comprehensive understanding of cooperation in
evolutionary games. Except for counting the number of cooperation or
defection strategies in the last consecutive rounds 𝑀 in the memory,
several variants are possible, such as memories at different positions in
the past could be differently weighted [46,63].

CRediT authorship contribution statement

Zhixiong Xu: Validation, Methodology. Zhehang Xu: Validation,
Software. Wei Zhang: Writing – review & editing, Writing – origi-
nal draft, Conceptualization. Xiao-Pu Han: Supervision, Methodology,
Conceptualization. Fanyuan Meng:Writing – review & editing, Writing
– original draft, Supervision, Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

Our work is supported by the National Natural Science Foundation
of China (Grant Nos. 62073112, 52374013).



Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 178 (2024) 114353Z. Xu et al.
References

[1] Darwin Charles. On the origin of species, 1859. Routledge; 2004.
[2] Zirkle Conway. Natural selection before the‘‘ Origin of species’’. Proc Amer Philos

Soc 1941;71–123.
[3] Porter Michael E. On competition. Harvard Business Press; 2008.
[4] Fehr Ernst, Schmidt Klaus M. A theory of fairness, competition, and cooperation.

Q J Econ 1999;114(3):817–68.
[5] Heath Joseph. The benefits of cooperation. Philos Public Aff 2006;34(4):313–51.
[6] Johnson David W, Johnson Roger T. Research shows the benefits of adult

cooperation. Educ Leadersh 1987;45(3):27–30.
[7] Pateşan Marioara, Balagiu Alina, Zechia Dana. The benefits of cooperative

learning. In: International conference knowledge-based organization, Vol. 22.
2016, p. 478–83.

[8] Perc Matjaž, Jordan Jillian J, Rand David G, Wang Zhen, Boccaletti Stefano, Szol-
noki Attila. Statistical physics of human cooperation. Phys Rep 2017;687:1–51,
Statistical physics of human cooperation.

[9] Sánchez Angel. Physics of human cooperation: experimental evidence and
theoretical models. J Stat Mech Theory Exp 2018;2018(2):024001.

[10] King Stephanie L, Connor Richard C, Krützen Michael, Allen Simon J.
Cooperation-based concept formation in male bottlenose dolphins. Nature
Commun 2021;12(1):2373.

[11] Kasper Claudia, Vierbuchen Maddalena, Ernst Ulrich, Fischer Stefan, Rader-
sma Reinder, Raulo Aura, Cunha-Saraiva Filipa, Wu Min, Mobley Kenyon B,
Taborsky Barbara. Genetics and developmental biology of cooperation. Mol Ecol
2017;26(17):4364–77.

[12] Salvucci Emiliano. Selfishness, warfare, and economics; or integration,
cooperation, and biology. Front Cell Infect Microbiol 2012;2:54.

[13] Huang Changwei, Luo Yijun, Han Wenchen. Cooperation and synchroniza-
tion in evolutionary opinion changing rate games. Chaos Solitons Fractals
2023;172:113563.

[14] Huang Changwei, Hou Yongzhao, Han Wenchen. Coevolution of consensus and
cooperation in evolutionary Hegselmann–Krause dilemma with the cooperation
cost. Chaos Solitons Fractals 2023;168:113215.

[15] Freire João Augusto Ferreira, Gonçalves Eduardo. Cooperation in innovative
efforts: A systematic literature review. J Knowl Econ 2022;13(4):3364–400.

[16] Pennisi Elizabeth. How did cooperative behavior evolve? Science
2005;309(5731):93.

[17] Tan Jonathan HW, Bolle Friedel. Intragroup punishment and intergroup conflict
aversion weaken intragroup cooperation in finitely repeated games. J Behav Exp
Econ 2023;105:102034.

[18] Wang Yizi. Intergroup competition, group status, and individuals’ cooper-
ation behavior: Evidence from a laboratory experiment. Finance Res Lett
2023;56:104090.

[19] Axelrod Robert. Effective choice in the prisoner’s dilemma. J Confl Resolut
1980;24(1):3–25.

[20] Peterson Martin. The prisoner’s dilemma. Cambridge University Press; 2015.
[21] Smith John Maynard. Evolution and the theory of games. Cambridge University

Press; 1982.
[22] Nowak Martin A. Evolutionary dynamics: exploring the equations of life. Harvard

University Press; 2006.
[23] Nowak Martin A. Five rules for the evolution of cooperation. Science

2006;314(5805):1560–3.
[24] Wardil Lucas, Da Silva Jafferson KL. The evolution of cooperation in

heterogeneous networks when opponents can be distinguished. J Phys A
2011;44(34):345101.

[25] Nag Chowdhury Sayantan, Kundu Srilena, Duh Maja, Perc Matjaž,
Ghosh Dibakar. Cooperation on interdependent networks by means of migration
and stochastic imitation. Entropy 2020;22(4):485.

[26] Dercole Fabio, Della Rossa Fabio, Piccardi Carlo. Direct reciprocity and model-
predictive rationality explain network reciprocity over social ties. Sci Rep
2019;9(1):5367.

[27] Della Rossa Fabio, Dercole Fabio, Di Meglio Anna. Direct reciprocity and
model-predictive strategy update explain the network reciprocity observed in
socioeconomic networks. Games 2020;11(1):16.

[28] Nowak Martin A, May Robert M. Evolutionary games and spatial chaos. Nature
1992;359(6398):826–9.

[29] Erdos Paul. On the evolution of random graphs. Bull Inst Int Stat 1961;38:343–7.
[30] Szolnoki Attila, Perc Matjaž, Danku Zsuzsa. Towards effective payoffs in the

prisoner’s dilemma game on scale-free networks. Physica A 2008;387(8–9):2075–
82.

[31] Chen Xiaojie, Wang Long. Promotion of cooperation induced by appro-
priate payoff aspirations in a small-world networked game. Phys Rev E
2008;77(1):017103.

[32] Szabó György, Fath Gabor. Evolutionary games on graphs. Phys Rep
2007;446(4–6):97–216.

[33] Grujić Jelena, Gracia-Lázaro Carlos, Milinski Manfred, Semmann Dirk,
Traulsen Arne, Cuesta José A, Moreno Yamir, Sánchez Angel. A comparative
analysis of spatial Prisoner’s Dilemma experiments: Conditional cooperation and
payoff irrelevance. Sci Rep 2014;4(1):4615.
8

[34] Han Xu, Zhao Xiaowei, Xia Haoxiang. Hybrid learning promotes cooperation in
the spatial prisoner’s dilemma game. Chaos Solitons Fractals 2022;164:112684.

[35] Nagashima Keisuke, Tanimoto Jun. A stochastic pairwise Fermi rule modified
by utilizing the average in payoff differences of neighbors leads to increased
network reciprocity in spatial prisoner’s dilemma games. Appl Math Comput
2019;361:661–9.

[36] Liu Run-Ran, Jia Chun-Xiao, Rong Zhihai. Effects of enhancement level on
evolutionary public goods game with payoff aspirations. Appl Math Comput
2019;350:242–8.

[37] Zhang Wei, Brandes Ulrik. Is cooperation sustained under increased mix-
ing in evolutionary public goods games on networks? Appl Math Comput
2023;438:127604.

[38] Nowak Martin, Sigmund Karl. A strategy of win-stay, lose-shift that outperforms
tit-for-tat in the Prisoner’s Dilemma game. Nature 1993;364(6432):56–8.

[39] Nowak Martin A, Sigmund Karl. Tit for tat in heterogeneous populations. Nature
1992;355(6357):250–3.

[40] Xia Cheng-Yi, Wang Lei, Wang Juan, Wang Jin-Song. Behavior of collective
cooperation yielded by two update rules in social dilemmas: combining fermi
and moran rules. Commun Theor Phys 2012;58(3):343.

[41] Wang Zhen, Kokubo Satoshi, Jusup Marko, Tanimoto Jun. Universal scaling for
the dilemma strength in evolutionary games. Phys Life Rev 2015;14:1–30.

[42] Stewart Alexander J, Plotkin Joshua B. Extortion and cooperation in the
Prisoner’s Dilemma. Proc Natl Acad Sci 2012;109(26):10134–5.

[43] Horvath Gergely, Kovářík Jaromír, Mengel Friederike. Limited memory can be
beneficial for the evolution of cooperation. J Theoret Biol 2012;300:193–205.

[44] Ren Guangming, Wang Xingyuan. Robustness of cooperation in memory-based
prisoner’s dilemma game on a square lattice. Physica A 2014;408:40–6.

[45] Liu Yuanming, Huang Changwei, Dai Qionglin. Preferential selection based on
strategy persistence and memory promotes cooperation in evolutionary prisoner’s
dilemma games. Physica A 2018;499:481–9.

[46] Alonso-Sanz Ramon. Memory boosts cooperation in the structurally dynamic
prisoner’s dilemma. Int J Bifurcation Chaos 2009;19(09):2899–926.

[47] Wang Wen-Xu, Ren Jie, Chen Guanrong, Wang Bing-Hong. Memory-based
snowdrift game on networks. Phys Rev E 2006;74(5):056113.

[48] Zhang Jianlei, Zhang Chunyan. Evolutionary games played by multi-agent system
with different memory capacity. Eur Phys J B 2015;88:1–6.

[49] Bolton Gary E, Katok Elena, Ockenfels Axel. Cooperation among strangers with
limited information about reputation. J Public Econ 2005;89(8):1457–68, The
Experimental Approaches to Public Economics.

[50] Cuesta Jose A, Gracia-Lázaro Carlos, Ferrer Alfredo, Moreno Yamir, Sánchez An-
gel. Reputation drives cooperative behaviour and network formation in human
groups. Sci Rep 2015;5(1):7843.

[51] Corten Rense, Rosenkranz Stephanie, Buskens Vincent, Cook Karen S. Reputation
effects in social networks do not promote cooperation: An experimental test of
the raub and weesie model. PLoS One 2016;11(7):1–17.

[52] Nowak Martin A, May Robert M. The spatial dilemmas of evolution. Int J
Bifurcation Chaos 1993;3(01):35–78.

[53] Deng Xiao-Heng, Liu Yi, Chen Zhi-Gang. Memory-based evolutionary game on
small-world network with tunable heterogeneity. Physica A 2010;389(22):5173–
81.

[54] Szolnoki Attila, Szabó György. Cooperation enhanced by inhomogeneous ac-
tivity of teaching for evolutionary Prisoner’s Dilemma games. Europhys Lett
2007;77(3):30004.

[55] Traulsen Arne, Nowak Martin A, Pacheco Jorge M. Stochastic dynamics of
invasion and fixation. Phys Rev E 2006;74(1):011909.

[56] Wang Zhen, Kokubo Satoshi, Tanimoto Jun, Fukuda Eriko, Shigaki Keizo. Insight
into the so-called spatial reciprocity. Phys Rev E 2013;88(4):042145.

[57] Shigaki Keizo, Wang Zhen, Tanimoto Jun, Fukuda Eriko. Effect of initial fraction
of cooperators on cooperative behavior in evolutionary Prisoner’s Dilemma game.
PLoS One 2013;8(11):1–7.

[58] Weibull Jörgen W. Evolutionary game theory. MIT Press; 1997.
[59] Monterosso John, Ainslie George, Mullen PA-C Pamela Toppi, Gault Barbara. The

fragility of cooperation: A false feedback study of a sequential iterated prisoner’s
dilemma. J Econ Psychol 2002;23(4):437–48.

[60] Wu Zhi-Xi, Guan Jian-Yue, Xu Xin-Jian, Wang Ying-Hai. Evolutionary pris-
oner’s dilemma game on Barabási–Albert scale-free networks. Physica A
2007;379(2):672–80.

[61] Gahagan James P, Tedeschi James T. Strategy and the credibility of promises in
the Prisoner’s Dilemma game. J Confl Resolut 1968;12(2):224–34.

[62] Yamamoto H, Okada I, Taguchi T, Muto M. Effect of voluntary participa-
tion on an alternating and a simultaneous prisoner’s dilemma. Phys Rev E
2019;100(3):032304.

[63] Danku Zsuzsa, Perc Matjaž, Szolnoki Attila. Knowing the past improves
cooperation in the future. Sci Rep 2019;9(1):262.

http://refhub.elsevier.com/S0960-0779(23)01255-9/sb1
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb2
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb2
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb2
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb3
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb4
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb4
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb4
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb5
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb6
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb6
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb6
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb7
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb7
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb7
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb7
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb7
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb8
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb8
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb8
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb8
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb8
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb9
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb9
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb9
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb10
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb10
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb10
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb10
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb10
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb11
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb11
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb11
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb11
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb11
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb11
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb11
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb12
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb12
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb12
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb13
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb13
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb13
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb13
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb13
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb14
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb14
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb14
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb14
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb14
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb15
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb15
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb15
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb16
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb16
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb16
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb17
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb17
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb17
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb17
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb17
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb18
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb18
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb18
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb18
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb18
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb19
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb19
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb19
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb20
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb21
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb21
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb21
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb22
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb22
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb22
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb23
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb23
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb23
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb24
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb24
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb24
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb24
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb24
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb25
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb25
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb25
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb25
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb25
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb26
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb26
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb26
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb26
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb26
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb27
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb27
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb27
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb27
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb27
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb28
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb28
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb28
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb29
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb30
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb30
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb30
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb30
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb30
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb31
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb31
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb31
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb31
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb31
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb32
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb32
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb32
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb33
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb33
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb33
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb33
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb33
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb33
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb33
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb34
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb34
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb34
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb35
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb35
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb35
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb35
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb35
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb35
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb35
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb36
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb36
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb36
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb36
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb36
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb37
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb37
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb37
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb37
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb37
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb38
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb38
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb38
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb39
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb39
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb39
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb40
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb40
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb40
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb40
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb40
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb41
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb41
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb41
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb42
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb42
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb42
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb43
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb43
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb43
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb44
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb44
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb44
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb45
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb45
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb45
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb45
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb45
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb46
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb46
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb46
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb47
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb47
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb47
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb48
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb48
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb48
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb49
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb49
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb49
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb49
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb49
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb50
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb50
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb50
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb50
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb50
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb51
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb51
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb51
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb51
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb51
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb52
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb52
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb52
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb53
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb53
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb53
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb53
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb53
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb54
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb54
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb54
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb54
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb54
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb55
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb55
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb55
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb56
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb56
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb56
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb57
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb57
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb57
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb57
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb57
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb58
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb59
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb59
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb59
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb59
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb59
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb60
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb60
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb60
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb60
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb60
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb61
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb61
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb61
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb62
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb62
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb62
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb62
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb62
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb63
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb63
http://refhub.elsevier.com/S0960-0779(23)01255-9/sb63

	Memory-based spatial evolutionary prisoner's dilemma
	Introduction
	Model 
	Results 
	Memory Size
	Memory Strength
	Social Influence
	Parametric Diagram

	Benchmark
	The Updating Rule
	An Initial Small Cluster 
	Well-Mixed Population

	Conclusion 
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


