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Abstract: In network systems characterized by complex interactions of various types, core-periphery
structures can be found. In this paper, we deal with such questions as what processes can lead
to the emergence of core-periphery formation, whether this structure is symmetric, and to what
extent. Namely, the question of symmetry in a complex network is still the subject of intense research
interest. Symmetry can relate to network topology, network relationships, and other processes on
networks. To answer these questions, we modified the model of the classic social dilemma called the
repeated prisoner’s dilemma (or repeated PD game) by adding the cost of maintaining relationships
between the pairs of players (partners) and especially by adding the possibility of ending some
relationships. We present the results of simulations that suggest that the players’ network strategy
(i.e., partner selection or termination of relationships with some partners) is the driving force behind
the emergence of a core-periphery structure in networks rather than the player’s strategy in PD. Our
results also suggest that the formed core is symmetric, and this symmetry is a result of the symmetric
interactions of core players. Our outcomes can help understand various economic or social questions
related to creating centers or peripheries, including their symmetry in different network systems.

Keywords: complex network; symmetry; core-periphery; game theory; prisoner’s dilemma

1. Introduction

Systems consisting of different objects with many interconnections and interactions
can be modeled using various network models. They provide insight into the struc-
ture, topology, interrelationships, and functions, including insight into relevant dynamic
processes [1–3] and symmetry. Symmetry substantially affects functions and some charac-
teristics of complex networks, e.g., robustness or vulnerability [4–7], and others. In real
networks, the behavior of agents on networks (represented by nodes) and the dynamics of
mutual interactions affect not only the results of processes taking place in these networks,
but also their topology.

1.1. Related Works

In terms of topology, network models can be described using a combination of local,
global, and intermediate (mesoscale) views. Most publications deal with local topological
properties, such as node degrees, node centrality, clustering coefficient, and more. However,
attention is also paid to mesoscale structures in networks. It is mainly research and the
identification of community structures in networks. The community structure can be
described as closely interconnected nodes in the same group, while different communities
(groups) in a network are only loosely interlinked [8–17]. The analysis of communities
in complex networks has found its place, for example, in the study of mobile telephone
networks [18], biological networks [19], political sciences [20], and others [21,22], the end
often in economics [23–27]. Another examined mesoscale structure is denoted as the core-
periphery structure. This structure has a central and densely interconnected set of nodes
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forming the core. The periphery consists of nodes that are sparsely interconnected between
themselves but have some links to the core [28]. It is possible to find more definitions
of the core-periphery structure. However, all reports state that all core nodes tend to
be “central” (e.g., in terms of the shortest paths), unlike peripheral nodes. Among the
research papers dealing with the core-periphery structure, mention is made, for example,
Holme [29] or Rombach et al. [30]. In their reports, these authors deal with the analysis
and identification of the core-periphery structures. They present suggested methods on
several real networks. Csermely et al. [28], in their extensive paper, describe in detail the
concepts and definitions of basic core-periphery structures and their functions in different
types of networks. The article of Tang et al. [31] focuses on the description of methods for
the detection of core-periphery structures in networks. Alternative detection methods also
can be found [32,33].

One of the fundamental questions of network science is what mechanisms lead to the
emergence of some specific network structure—in our case, to the evolution of community
structures or core-periphery structures. For example, Yang and Leskovec, in their paper [34],
prove that the core-periphery form is a consequence of the development of overlapping
communities. Gample et al. [35] describe the emergence of core-periphery structures as due
to the dominance of some nodes in the network. Verma et al. [36] describe the development
of a core-periphery system in airline networks. The model of the core-periphery structure
in the presence of an intermediary is examined in [37]. Experiments with the participation
of students are performed within the research of Sohn et al. [38] or Zhang et al. [39]. Their
experiments suggest that the possibility of ending relationships influences the evolution of
the core-periphery structure in social networks.

The basic topologic concept of symmetry in networks is based on automorphism. It is
characterized by the invariance of the adjacency with the transformation operation on a set
of nodes. Automorphism can be considered a permutation of graph nodes that preserve
nodes’ adjacency [40]. This concept of symmetry in networks is discussed, for example,
in [41–51]. The authors in [52] deal with social networks. They state that influential
members (the elite) form the core, and other members create the periphery. The structure
of the resulting social network is core-periphery. The authors state that there is a particular
form of symmetry in a given social network. It means that the power of the periphery
corresponds to the power of the elite. In other words, as society evolves, the “natural”
division of the core-periphery maintains a balance between the two groups. Holding a
central position (position in the core) allows the timely acquisition of various information
and the possibility of influencing other entities in network systems [53,54]. Thus, in social
networks, the core-periphery structure may characterize the unequal position of social
network participants [55,56].

The authors in [54] point out that various complex networks have a rich degree of
symmetry. For real networks, the origin of symmetry may have, for example, a similar bond
pattern [56], which means that nodes with similar properties, such as a node degree, tend to
form edges to nodes that have a similar degree. Additionally, for example, in evolutionary
games on a network, experiments and calculations suggest the existence of symmetric
relationships between nodes (players). Similarly, in a friendship network, it is generally
believed that people with similar characteristics are likely to be friends with each other. In
real networks, these symmetric interactions are also reflected in their topology [41].

Symmetry (or asymmetry) can therefore be observed in network systems from different
perspectives. It may be a chosen local characteristic, such as an uneven distribution of
the local degree [57]. For example, the author in [57] states that some agents benefit from
many neighbors in core-peripheral networks, while other agents are associated with a
small number of neighbors. More authors analyze the symmetry of the social network
from the point of view of social relationships; see, for example, [52]. However, no authors
addressed the issue of symmetry of the core-periphery structure.
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1.2. Contribution

This paper focuses on understanding the emergence of the core-periphery structure
and its properties with particular stress on symmetry. We suggest a simulation model
for this purpose. We assume a dynamic network, where relationships among (nodes or
players) can be characterized as cooperation or, conversely, as a defection. In our model,
we use a schema of a repeated PD game. However, unlike the classic repeated PD game,
in our model, each player can unilaterally terminate interaction with a partner according
to their own will (this strategy is called “Out-For-Tat,” or OFT [58,59]). We also introduce
another mechanism into our model, which is the price for maintaining relationships among
players. These mechanisms correspond better to our social world, where most personal
and formal relationships usually have some room for mobility [60–65], and maintaining
relationships between partners always comes with certain costs. The results obtained by
the simulation experiments show that the possibilities to select partners or terminate a
relationship with partners (i.e., the network strategies in our model) are the driving force
behind the emergence of core-peripheral structures in networks rather than choosing some
strategy in the PD game. We also show that a core is formed over several rounds of repeated
PD game. This core acquires a symmetric structure. It is due to the symmetric strategy of
the pairs of core players in the repeated PD game. This core is relatively stable over time,
both in its size and in the many structural properties resulting from the core-periphery
dichotomy.

1.3. Paper Structure

The rest of the paper is arranged as follows. In Section 2, we describe the principles of
our model in detail, which simulates the emergence of the core-periphery structure in the
network when applying the spatial game with the addition of a network strategy. Then,
the results and analyses are provided in Section 3. First, we deal with the emergence of the
core-periphery structure and then with the question of possible symmetry in this structure.
Finally, we will conclude the paper with a few observations in Section 4.

2. Materials and Methods

We consider a population of players, each of whom repeatedly participates in a game of
prisoners’ dilemmas with a group of several players (partners) selected in each round from
the entire population of players. A graph describes the structure of this population, and
each player occupies a node in this graph. Edges between the nodes represent interactions
(relationships) between the players in a particular round. In each round, each player
decides their strategy in the PD game: cooperation or defection. In doing so, they can
decide whether to play (interact) with some partners cooperatively but oppositely against
others. In addition, each player knows the history of their games with other players from
the last round. Based on this knowledge, players also decide whom the game relationship
will continue with, who will be terminated, or with whom a new game relationship will be
established in the next round. We assume the standard PD game with simultaneous actions.
We do not consider the asynchronous actions of players (when not everyone updates their
actions simultaneously as described, e.g., Huberman and Glance [66]).

2.1. PD Game

The player interacts in each time round with k other players chosen from all N players
(nodes) in a network. They can choose either cooperation C or defection D. The player’s
total payoff in a certain round is the sum of all their interactions that correspond to the
different game situations. These situations can be expressed by the payoff matrix [67,68],
see Table 1 (the values of R, S, T, and P are given in Table A1 in Appendix A):
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Table 1. The payoff matrix of a 2-player, 2-strategy game.

i/j C D

C R, R S, T

D T, S P, P

We denote the i player’s payoff using strategy ai, if the strategy of the partner j is aj, as
πi(ai, aj). Thus, for example, π(C, D) = S. A player can apply different game strategies, C or
D, in games with various partners. Our model also assumes that players have an inevitable
cost of maintaining relationships γ(k), corresponding to real social networks. The total net
payoff (from now on also mentioned only as payoff) for the player i obtained in round t is
then the following:

Πi(t) = ∑j∈Ωi ,t
π
(
ai(t), aj(t)

)
− γ(ki(t)), (1)

where Ωi represents the set of partners with which the player i interacts in the round t,
(t = 1, 2, 3 . . . ), ki(t) is the number of partners of the player i in the round t. The cost of
maintaining the relationship between the player i and ki(t) partners in a particular round t
can be expressed by the following Equation (2) [69,70]:

γ(ki(t)) =
{

α(ki(t)− 1)β ki(t) ≥ 1
0 ki(t) = 0

. (2)

Based on the function of the cost on maintaining relationships and the results of the
PD games in individual rounds, the optimal number of connections (i.e., edges in network
structure) with other players can be determined. Achieving such an optimal number of rela-
tionships is the goal of all players for maximizing their earnings. Parameters α (0 ≤ α ≤ P)
and β (β ≥ 1) in Equation (2) affect the level of costs of maintaining relationships in each
round, thereby limiting the number of partners (number of relationships, network density)
that players can maintain if their earnings are to be positive. We choose the values of
α and β (see Table A1 in Appendix A) so that the number of players has the number of
relationships up to about 18 relationships, as is common in social networks [70–73].

If all players interact with each other (all for all), then the strategy defect will always
generate a higher payoff. In this case, players will inevitably “learn to defect.” Thus, for
cooperative behavior to exist in our model, the interaction must be local. It means that
players only need to interact with a small subset of the population. Interactions should
also promote assortative agreement between cooperators [74]. This assortative agreement
allows cooperators to benefit from each other, while limiting the ability of defectors to
misuse them.

2.2. The Evaluation of Relationships from the Last Round

Based on the result of the previous round, player i decides whether to play the game
with a partner j also in the new round t + 1, or whether to terminate the game with this
player (we denote these network strategies as S (Stay) or L (Leave)). This decision is based
on comparing the (expected) payoffs and the costs of making the change. Player i decides
to terminate the relationship with partner j if the benefit of termination of this relationship
in the new round is greater than the loss [70]:

γ(ki)− γ(ki − 1) > π
(
ai(t), aj(t)

)
, (3)

where the term γ(ki)− γ(ki − 1) is a benefit due to reducing the cost of the relationship
(interaction) when the player i will have one partner less. Term π

(
ai(t), aj(t)

)
is the

expected loss from the termination of the interaction with player j. A player follows a
simple rule: if a partner cooperates, the player will want to keep them in the next round.
However, if the partner is a defector, the player will not want to play with them in the
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next game. When a player decides to terminate interaction with some partners, this is
reflected in the network. Thus, the edge between them disappears. However, in subsequent
rounds, player i may start an interaction (to start playing) with partner j, a defector in some
previous rounds (see Equation (7)).

2.3. Creating a New Relationship

In each subsequent round, player i must also consider how many partners they
will address. Each player i optimizes their payout (see Equation (1)), which also affects
the number of newly approached partners, because if the new partner j defects, then
the marginal price of a new relationship becomes a net cost, namely, the payout from
the PD game is zero (π

(
ai(t + 1), aj(t + 1)

)
, where ai(t + 1) = C, and aj(t + 1) = D)).

Suppose that player i expects mixed results of the new game. In that case, the optimal
number of newly addressed partners depends on what distribution of cooperating and
non-cooperating partners player i expects.

If player i knows who the defectors and cooperators are, they would connect with
those players who would guarantee them higher payoffs. They would add more partners
if the marginal net profit remained above zero. Therefore, the strategy that maximizes the
payout depends on how others play the game. The player can only predict the probability,
based on their own gaming experience, of the newly approached partner using a particular
game strategy, and then estimate the expected net benefits [69]:

E(Πi(t)) = [τi(t)·π(ai(t), C) + (1− τi(t))·π(ai(t), D)]− [γi(k + 1)− γi(k)], (4)

where term τi(t) is the probability that player i assumes that potential partner j will employ
a cooperative strategy in the t round of the game. This assumption of player i is based on
their experience from previous rounds [70]:

τi(t) = ω·τi(t− 1) + (1−ω)·Ri(t− 1), (5)

whereω is the weighting factor (we choose 0.5), and Ri(t) is the fraction of cooperators from
all partners (interactions) that player i has in the (t − 1) round. We choose the parameter
Ri(t) in Equation (5) to be small at the beginning so that the probability that cooperators
will approach a defective partner will be lower in the first few rounds. However, in
the beginning, the cost from connections, when cooperative player i is looking for other
cooperating partners, may be small, compared to the cost when player i starts a game
with strategy D. The total expected earnings of player i after the m-th round can then be
expressed as follows:

E(Πi(m)) = ∑m
l=1 ∑n

t=1[τl(t)·π(al(t), C) + (1− τl(t))·π(al(t), D)]− [γl(k + 1)− γl(k)], (6)

where when calculating the expected payoff E
(
π
(
ai,t, aj,t

))
, players must predict the future

action of their potential partner (see Equation (5)). They aim to optimize their total income
(Equation (1)). This goal affects the number of partners that they newly address in each
round.

2.4. The Change of the Strategy

It also follows from Equation (6) that the probability of maintaining a connection with
the defector for several consecutive rounds will decrease. However, we also assume that
players sometimes can change their strategy. For example, they can address a defector in a
specific round. We can imagine this strategy as “irrational” behavior when players “hope”
to build a new CC relationship by transferring this defector to a cooperating partner. Thus,
with a sure probability pc, player i will create a relationship with partner j, who played
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with strategy D in the last round, in the new round t + 1. We express this “irrationality”
using the Fermi equation [71]:

pc =
1

1 + exp
(

π(ai(t), D)−γi(k)−yi(k−1)
µ

) , (7)

where µ is a factor that characterizes a certain irrationality of the player.
All parameters in our model and their associated ranges are summarized in Table 1.

3. Results and Discussion on Simulation Experiment

The main goal of our research was to examine the influence of evolutionary dynamics
that also includes the possibility of the selection and termination of cooperation with other
players on the structure of the resulting network, including analysis of possible symmetry.
The game was iterated forward following the Monte Carlo simulation procedure [64]. The
evolutionary process was controlled by repeating the rounds described by the equations in
the previous chapter.

The results in the following paragraphs are demonstrated for the following values:
The initial graph is a discrete graph with N = 100 nodes. The number of rounds performed
for this network is 80. Player i constantly interacts with several other players. This player’s
strategy in the game can be C with some players and D with others. We assume that the
distribution of strategies is random for each player at the beginning. Overall, we consider
the following division at the beginning: the ratio of players with strategy C to the total
number of players RC = 0.5. The percentage of players with strategy D is RD = 0.5. We also
perform, using our model, another series of experiments with different numbers of nodes
and with different values of parameters to monitor the evolution of the network structure
of the network. The results of these additional experiments are similar to those reported
herein. The ranges of values of parameters are listed in Appendix A in Table A1.

The subject of our study is the structure of the network. Therefore, we first analyzed
the results of simulation experiments in the form of a matrix representation of the network.
Figure 1a–c (display of an adjacency matrix in rounds 10, 40, and 70) show the difference in
the structure if we allow within the simulation model to terminate the relationship with
the player who defects (OFT strategy) and to optimize the number of newly addressed
players. Figure 1d–f represents the situation when we do not allow the simulation model
to terminate the relationship with the player who defects (players adopt TFT strategy
here). It can be seen from the graphical representation that in the first case (Figure 1a–c), a
core-peripheral stricture is evolving. Figure 1d–f then instead indicates the development of
the community in the respective network.

Thus, we can see the development of a core-periphery structure in Figure 1a–c. At
the same time, we examined the development of nodes distribution in the corresponding
parts of the network. Figure 2 shows this development in the rounds corresponding to
Figure 1a–c.

Because defection is the dominant strategy (T > R and P > S), defection is better than
collaboration in the initial phase. This strategy defection also initially passes on to players
with the original cooperation strategy. However, suppose that the game is repeated and
the costs of maintaining relationships are added into traditional gaming. In that case, those
factors begin to act as motivation to cooperate because cooperation leads to a higher payoff
when a game is repeated. The downward trend of the fraction of cooperation in the initial
phase is stopped (Figure 3), and the cluster of cooperators begins to expand (later, this
cluster forms a core), leading to a relatively high level of cooperation in the end. We also
establish a threshold value, the point (round) at which cooperation starts to dominate the
defection (both in expected payoff and related probability of the choice). We find out the
size of this threshold, namely 38.
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Figure 3. Fraction of players with a specific strategy in the entire population in individual rounds.

To confirm the hypothesis that the core-periphery structure is a consequence of the
players’ network strategy (i.e., leaving and selecting partners) rather than their choice of
strategy in a PD game, we perform further calculations. We also use the approach presented
by Newman and colleagues [9,11,13,75] to characterize the core-periphery structure in
various rounds. They proposed a quantitative measure called modularity, which quantifies
the degree of discretion of these modules in a network. The modularity index, Q, measures
the fraction of edges in communities, compared to the expected ratio when all edges are
placed randomly [13]. We use the modularity Q as defined in [75–79] for the comparison.
We also compare calculated modularity values with the degree of positive assortment
in our interaction network in the individual rounds of the simulation model. A higher
positive assortment and a low degree of modularity is an appropriate indication of the
core-periphery structure, where nodes in the core are densely connected [80]. On the other
hand, a network with the construction of core and periphery, where strongly interconnected
nodes form the core and peripheral nodes are interconnected sparsely, is in a certain way
asymmetric. Consequently, the modularity values of such networks are significantly lower
than the values of the corresponding randomly generated networks.

The modularity in the case of the simulation modeling without the OFT strategy
gains, conversely, gradually more significant values in the later rounds as indicated in
Figure 4a. Together with the higher positive assortment which we also calculate, it suggests
the evolution of the community structures in our network.

Figure 4. (a) Comparison of the development of the modularity index for simulations that include the OFT strategy and do
not include the OFT strategy. (b) Correlation between player coreness (ks) and RC (the ratio of players with strategy C) in
the case that the simulation model includes the OFT strategy and in the case that the simulation model does not include the
OFT strategy.
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In simulation experiments with the possibility of the OFT strategy, the modularity
values are low. We compare the calculated modularity values with the degree of positive
assortment in our interaction network in the individual rounds of the simulation model.
We conclude that the result of our simulation experiments with the possibility of the OFT
strategy is a network with the structure of core and periphery, where the core is formed by
collaborators connected densely, with those of peripheral nodes to a slight extent.

We also use the k-shell decomposition method to evaluate the evolution of the network
structure in separate rounds. The k-shell decomposition method is used to capture the
differentiation of structural roles of nodes. The resulting metric, coreness (ks), is used,
for example, to reveal the positions of nodes on the internet or in other networks [81–83].
This metric allows a complete specification of nodes in the global network topology. It
also means that even a node with a high clustering factor can be marked as peripheral if
it has the most connections with the nodes that belong to the periphery. In each round,
we find out the value of coreness for individual nodes. By successive pruning, we obtain
the coreness values for nodes in the periphery that were sparsely interconnected and the
coreness values for nodes in the core that were densely interconnected [81–83].

Figure 3b shows the correlation between the coreness of players and the fraction of
cooperative players among all players RC. The figure shows, in the case that the simulation
model includes the OFT strategy, an increase in the value of the Pearson correlation
coefficient between RC and ks nodes in later rounds. Players with a dominant collaboration
strategy gradually create the core of the network. It means a higher correlation coefficient
between ks and RC. For a game variant without the ability to end a relationship, the value of
correlation between the coreness of players and the degree of cooperation between players
RC does not change much. Here, the core, consisting mainly of cooperating players, is not
being created. The nodes remain interconnected due to the TFT strategy. The network here
acquires an instead community structure (Figure 1f).

The dependence of the probability of the continuation of the relationship between the
pair of players to the following round for players with values of ks achieved in the past
rounds is presented in Figure 5a,b. In our simulations, the value of ks that players achieved
ranged from about 1 to 16 (as shown in Figure 5a). Figure 5a shows that the probability of
maintaining relationships between players with low values of ks has a decreasing value.
Relationships of players with a low value of coreness ks do not remain stable, unlike with
high values ks. The situation is shown in Figure 5b. A core of cooperating players is evolved
in the network. Players with lower values of ks create unstable relationships. These players
on the periphery with a predominant strategy D—defect—have the problem of making a
relationship with other players. Figure 6 shows the correlation between a relative number
of players (nodes) with a specific coreness (ks) and their income (see Equation (1)). Strategy
D (defect) thrives at the beginning. Players rather expect a defective strategy from others.
However, in the following rounds, players must consider what and how many partners
to contact to optimize their income. The marginal payoff from other CC relationships is
lower, but if a new partner defects, the payment from this relationship becomes the net
cost because the payout from the PD game is zero. Gradually, a core of cooperating players
who maximize their income is evolved.
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Figure 5. The probability of continuation of the relationship to the next round for players with specific values of ks achieved
in the past rounds (a). (b) The probability of the continuation of the relationship between two players as a function of the
players’ strategy in the current round (players with the OFT strategy).

Figure 6. Correlation between the relative number of nodes with a given coreness (ks) and their
income. The relative number of nodes with a given coreness (ks) is provided by the ratio of nodes
with a given coreness (ks) to the total number of nodes.

As already mentioned, the development of the core-periphery structure in networks
is associated with changes in structural properties. Symmetry is one of these essential
properties. The presence of symmetry provides an opportunity to use various effective
tools to understand further the network’s structure and function. Therefore, a better
understanding of the evolution of symmetry and possibly other structural properties is
vital for understanding the functional role of the core and the impact on the overall behavior
of the network [52]. We observe the development of symmetry in the network in individual
rounds of repeated PD game. We use the approximative local vertex symmetry measure to
characterize network symmetry, defined in [84]:

sapp
l (i) =

s̃l(i)− Sl(i)
Λ− Sl(i)

− 1
〈k〉2 ∑k k2 p3

k (8)

Figure 7a shows that a cluster of nodes is formed in the network, structurally and
functionally equivalent. This cluster corresponds to a gradually developed core that
exhibits a symmetry property. This fact is also presented in Figure 1a–c. It corresponds
to the development of the distribution of stages shown in Figure 2 in selected rounds of
repeated PD games. Nodes in the formed core (Figure 2 on the right) are densely connected
and have similarly high degrees. The evolution of the core is a consequence of both the
network strategy (OFT strategy) and the strategy in the PD game. Nodes with strategy C
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prefer to cooperate with nodes with the same strategy and terminate relationships with
nodes with strategy D. Nodes in the core prefer a symmetric cooperation relationship (CC)
that remains the only stable type of relationship.

Figure 7. (a) The approximative symmetry coefficient for our network in different rounds. (b) The Pearson correlation
coefficient between paired players with various strategies.

On the contrary, the asymmetric relationships CD are unstable. It can also be seen in
Figure 7b. Nodes with a higher degree of cooperation are more likely to interact with each
other (CC strategy). Pairs of players with CD game strategies have a low probability of
stable interactions.

Primarily, Figures 2, 6a and 7b provide specific evidence of the relationship between
the strategy of the nodes in the network and the resulting network structure. The core of
the network is created from the nodes preferring cooperation (symmetric strategy CC).
These cooperative nodes ended relationships with nodes with strategy D (using the Quit-
for-Tat network strategy [85–87]). Conversely, the defectors used a roving approach [88].
They often left the current player and looked for new partners, even though the original
partners were collaborators. However, this strategy, though successful at the beginning of
the repeated PD game, eventually meant that they remained on the periphery.

4. Conclusions

In a repeated PD game, one of the fundamental assumptions is that the interaction
between a pair of individuals will be repeated for several rounds. No players in the game
will stop interacting with their opponents [5,11–13]. Based on the payout from the PD
game, both cooperators and defectors prefer an opponent who cooperates. If players cannot
terminate a relationship with a defective partner, they will use the TFT strategy. However,
the edge in relevant interaction networks remains. In terms of topology, the result of such a
game is instead a community structure (see Figure 1).

Based on our simulations, it turns out that the network strategies of players (S or L) are
the driving force of the emergence of the core-periphery network structure. This means the
possibility of termination of the relationship with a defective player. This option acts as a
kind of penalty for such a defective player. If players can unilaterally terminate interactions
with their opponents, they follow a simple rule: I want to keep my partner if they cooperate.
However, if my partner defects, I will stop interacting with them. In the next round, I
will look for a new partner instead. Gradually, this approach can create a core-peripheral
network structure, where the core comprises cooperating players and periphery players
with the predominant strategy D—defect. For cooperating players located in the network’s
core, their position also ensures maximum earnings in a repeated PD game with the OFT
strategy.
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The result of symmetric players’ strategies is the evolution of symmetric core on
the network. Conversely, players using roving (asymmetric) strategy [88] became part
of the periphery. The frequency of players’ interactions gradually increased in the core,
whereas it remained the same or even decreased in the periphery. Our experiments clearly
show that symmetrical behavior can lead to developing a specific symmetrical structure
within the network. Our results show that to understand the origin of a particular form,
including symmetry, it is necessary to consider the existing interactions in a network
and the individual strategies of the agents. The proposed model shows how complex
social topologies can result from simple social dynamic processes based solely on local
assumptions. It would be necessary to consider other aspects further that the core-periphery
structure causes in the entire network in real social networks. Namely, the asymmetry
between the core and the periphery can deepen, bringing fairness problems between both
groups of nodes (see Figure 7).

Our results of simulation experiments depend on specific parameters of the model,
for example, on the cost of maintaining relationships, the payoff values of the PD game,
the parameters µ and ω, and others. Our future work will focus on further research of
core-periphery structures and the structural stratification of player communities based on
cooperative game theory.
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Appendix A

Table A1. Summary of the main parameters of the model together with the range of values in our
experiments.

Parameter Description Range of Values

R Reward 3
P Punishment 1
T Temptation to defect 4
S Sucker’s payoff 0
α Level of costs 0.15
β Edge density parameter 2

τ
The initial probability of player’s assumption about

partners’ strategy 0.1

ω Weighting factor 0.5

Ri
The initial portion of cooperators among partners of a

player i 0.25

µ Irrationality factor 0.05
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