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ABSTRACT

Understanding the evolution of cooperation in structured populations remains one of the fundamental
challenges of the 21st century, with far-reaching implications for the wellbeing of modern human so-
cieties. Studies over the past two decades showed that the structure of the network of contacts plays
a crucial role in determining whether cooperation prevails or not. An important step to more realistic
networks was made with the shift from regular grids and lattices to complex social networks at the
turn of the century. Real networks exhibit a high mean local clustering coefficient, short average path
lengths, and community structure. Recent studies have revealed that random geometric graphs in hyper-
bolic spaces exhibit properties that are frequently found in real networks. We here study the public goods
game on random geometric graphs in hyperbolic spaces, and we consider assortative and disassortative
mixing with different frequencies. We show that in hyperbolic spaces heterogeneous networks promote
the evolution of public cooperation in comparison to the more homogeneous networks. We also confirm
that assortative and disassortative mixing on random hyperbolic networks both impair the evolutionary
success of cooperators, regardless of the network architecture. The differences between the two mixing
protocols are most expressed at low mixing frequencies, whilst at high mixing frequencies the two almost

converge.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding the emergence and survival of cooperative be-
haviour among selfish individuals in diverse environments is one
of the major challenges that continues to attract researchers from
diverse fields including sociology, economics, and biology [1]. Evo-
lutionary game theory provides a powerful theoretical framework
for studying the evolution of cooperation, using models based on
social dilemmas, where individual best interests are at odds with
what is best for what societies as a whole [1-4].

It is well known that each individual in a population does
not interact with everybody else, but with a small group in their
neighborhood. Therefore, populations are structured and individu-
als interact repeatedly mostly with the same individuals. Almost
three decades ago, Nowak and May introduced this idea in their
seminal paper [5] and showed that spatial structures generally pro-
mote the evolution of cooperation [6-8]. The so-called network
reciprocity relies on pattern formation in a structured population,
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which provides that cooperators can survive [9,10]. Inspired by this
work, the impact of different spatial structures on the evolution
of cooperation has been intensively studied during recent years
[11,12]. In the simplest case, structured interactions among parti-
cles are described by a square lattice [5,11,13]. Another important
step towards more realistic representation of evolutionary games
was the shift to evolutionary games on complex networks [14-17],
examples of which include scale-free [18-30], small-world [31-37],
hierarchical [38,39], real empirical social networks [40-42], dy-
namical coevolving [43-46] as well as multilayer and interdepen-
dent networks [47-54].

In the past couple of years, much effort has been invested into
the development of new theoretical models that are able to de-
scribe the most important structural properties of real-world net-
works. Namely, several real-world networks share some common
structural properties like scale-free degree distributions, commu-
nity structure and strong clustering. Recent studies have shown
that a high clustering coefficient implies the existence of an un-
derlying geometry [55,56]. Krioukov et al. [57] called these spaces
hidden metric spaces. Specifically, real heterogeneous networks can
be modelled as random geometric graphs in hyperbolic rather than
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Euclidean spaces, where node coordinates abstract the popularity
and similarity of nodes [58-63]|. Zuev et al. [64] showed, that hy-
perbolic network geometry coupled with preferential attachment
of nodes to this geometry induces scale-free, strongly clustered
growing networks with emergent soft community structure. These
inherent similarities with real-world networks provide a promising
groundwork for collective social behaviour research.

Only few studies, however, investigated the evolution of co-
operation in terms of different evolutionary games on hyperbolic
networks [56,65-68]. For example, Kleineberg [56] studied the
influence of metric clusters on the underlying hyperbolic met-
ric spaces based on the two-player prisoner’s dilemma game and
showed, that these metric clusters can be more efficient than
the most connected nodes (hubs) at sustaining cooperation and
that heterogeneity does not always favor cooperation in the pris-
oner’s dilemma. These studies focused on games on static net-
works where individuals can update their strategies, nonetheless,
without the possibility to change their location. In most real-world
situations, however, individuals can move. Inspired by the work of
Vainstein et al. [69], where the effect of dilution and mobility were
studied in the weak form of the prisoners dilemma game, several
studies have paid attention to the impact of mobility on the evolu-
tion of cooperation. Perc et al. [7] distinguished two possible sce-
narios how mobility can be implemented in social dilemmas. In
the first scenario the movement of players is independent of the
evolutionary dynamics and the movements correspond to a ran-
dom walk [70-74], while in the second scenario the mobility is
driven by the evolutionary dynamics [75-81]. In previous works,
different mobility scenarios have been explored, in which the mo-
bility can be strategy-dependent [76,82,83] or driven by payoff
[77,78], success [75], or reputation [80].

Motivated by the above mentioned observations, in this work
we implement random geometric graphs in hyperbolic spaces to
study the evolution of cooperation in terms of multi-players pub-
lic goods game in which players exchange places in an assortative
or a disassortative manner. First, following the geometric prefer-
ential attachment model [64], we will generate different network
architectures embedded into hyperbolic space. By this means, net-
works of various levels of heterogeneity, efficiency and clustering
can be generated with this procedure. The resulting networks will
be than used for studying the evolution of cooperation of the pub-
lic goods game. As already shown in the seminal study by Santos
et al. [27], we now likewise confirm that heterogeneous networks
promote the evolution of public cooperation in comparison to the
more homogeneous networks also in hyperbolic spaces. We will
also investigate the effect of assortative and disassortative mixing,
by introducing a mixing process performed after each m-th Monte
Carlo step, and quantify precisely the differences between the two
mixing protocols on different network architectures.

The rest of the paper is organized as follows. In the next sec-
tion we present the procedure for the construction of different
network architectures embedded into hyperbolic space, the pub-
lic goods game and the mixing protocols. We then proceed with
the presentation of the main results and finally present our con-
clusions.

2. Public goods game on random hyperbolic graphs with
mixing

We use random hyperbolic graphs to model interactions be-
tween individual players. These types of networks have been well
analyzed theoretically and have been shown to exhibit features of
realistic networks, such as a heavy tailed degree distribution, small
diameter, and strong clustering [56,59,84,85]. Specifically, we uti-
lize the geometric preferential attachment model, where each node
i is mapped into the hyperbolic disc and is represented by the
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polar coordinates r; and 6;, which attribute to the popularity and
similarity of nodes [64]. We start with n = 2 interconnected nodes
and at each further time step, a new node is generated. To each
new node, polar coordinates are randomly assigned:

91‘ = 27TU1 y (])
= gcos‘1 [1 4 cosh(aRyg — 1us], (2)

where Rp, is the radius of the hyperbolic disc, oo is the internal
growth parameter, and u; and u, are independent random vari-
ables sampled from the uniform distribution on a unit interval. The
new i-th node connects then to n existing nodes with a probabil-
ity proportional to the hyperbolic distance d;; between the i-th and
the existing j-th node:

djj = coshfl[cosh(r,-) cosh(r;)
— sinh(ry) sinh(r;) cos(A6;;)], (3)

where A0; =7 — | — [6; — 6;|| is the angular distance. Note that
the hyperbolic the space curvature parameter is set to 1. Network
structures for three selected values of « (0.1, 0.17 and 0.95) are
visualized in Fig. 1(a) and in (b) the corresponding degree dis-
tributions are presented. It can be observed that small values of
o lead to very heterogeneous networks, while o = 0.95 yields a
more homogeneous architecture with an exponential degree distri-
bution. Figs. 1(c)-(e) feature the average clustering coefficient (C),
the average shortest path (L), and the assortativity coefficient r
as a function of «. Evidently, with increasing «, (C) slightly de-
creases, whereas the average shortest path increases. Moreover, the
network structure switches from a disassortative to an assortative
organization at « ~ 0.125. Apparently, by modifying the parameter
o, networks of various levels of heterogeneity, efficiency and clus-
tering are generated, thereby enabling exploring a broad class of
networks that are representative for real-life networks [56,64].

The resulting networks are used for the classical public goods
game, where nodes represent individual players, whereas the edges
characterize the interactive relationships between them. Initially,
each node is being appointed as a defector (D) or cooperator
(C) with equal probability. Each player i has k; direct neighbors
and participates in G = k; + 1 overlapping groups. Cooperators con-
tribute a fixed cost (s; = 1) to the common pool of each group,
while defectors contribute nothing (s; = 0). The total contribu-
tions are multiplied by the synergy factor R > 1 and the resulting
amount is equally divided among the k; + 1 group members. The
payoff of a player x in one group g, where Nf players cooperate, is
given by:

RNg
i ki+1 B

Si, (4)

respectively. The overall payoff P; of player i from all the G groups
is the sum: P, = ZgPlfg. The number of direct neighbors k; varies
between individuals. To ensure a relevant comparison of the re-
sults, the multiplication factor R is therefore normalized with the
size of the corresponding group [27]. Employing the Monte Carlo
simulation procedure, each elementary step involves randomly se-
lecting one player i and one of its direct neighbors j. After calculat-
ing their payoffs P, and P; as described above, we consider the tra-
ditional strategy-updating rule where the player j adopts the strat-
egy of player i with a probability determined by the Fermi function

1
W(s;—si) = , 5
G %) = T el (B~ P) /K] ®)
where K quantifies the uncertainty by strategy adoptions and is set
to 0.5 without loss of generality [86].
To incorporate mixing of players, a mixing process is performed
after each m-th Monte Carlo step. More specifically, within one
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Fig. 1. (a) Modelled network architectures embedded into hyperbolic space for three different values of the growth parameter « (0.1, green; 0.17 red; 0.95 blue). Sizes of
nodes are proportional to their degrees. Network size was N = 10000. (b) Degree distributions for three different values of «. (c) The average clustering coefficient as a
function of «. (d) The average shortest path as a function of «. (e) The assortativity coefficient as a function of «. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

mixing step each player x has a chance to exchange his site with
the selected player y once on average. For example, if the mixing
frequency is m = 16, N randomly selected pairs are switched af-
ter every 16th full Monte Carlo step. We consider two mixing pro-
tocols: assortative and disassortative mixing. In the former, places
are exchanged among players with similar degrees, while the later
refers to switching of positions of players with very different num-
bers of connections. To that purpose, nodes are ranked in accor-
dance with their degrees. In each mixing step, the x-th player
with rank RDyx exchanges the place with the y-th player with rank
RDy, as specified by the type of mixing. In the scenario of as-
sortative mixing, rank RDy is randomly selected from the interval
[RDyx — 8N, RDy + 6N], whereas in the disassortative mixing proto-
col, rank RDy is randomly selected from the interval [N — RDy —
6N, N — RDy + 8N]. Parameter § € [%, 0.5] specifies the dispersion
of the selection. In our calculations we set § = 0.025, unless stated
otherwise. In this manner, the rank of the selected y-th node RD,
is in the protocol of assortative mixing at most 5% different from
the rank of the x-th node RDy. Importantly, if rank RDy < N or
RDy > N — 8N, the interval for the selection of the y-th player is
properly adjusted, so that the width of the selection is always
28N. For example, if the rank of x-th player is RDy = 1, then the
ranks of the y-th node are drawn from the intervals [1 + % 256N]
or [N— %,N — 28N] for the cases of assortative and disassortative
mixing, respectively.

In all our calculations we have used a network with size
N = 10000 and each node connected to n=2 existing nodes,
which yielded a network with an average degree 4. The equi-
librium fraction of cooperators has been determined by averag-
ing the last 10000 generations after a transient period of 10000
Monte Carlo time steps. Furthermore, the final results are aver-
aged over 10 to 100 independent runs for each set of parameter
values.

3. Results

Let us first consider the public goods game on random hyper-
bolic networks generated with the model described in Section II
above. Panels in Fig. 2 show the evolution of cooperation in the
public goods game as obtained on random hyperbolic networks
generated with different values of the internal growth parameter
«. The colour map presented in the left panel encodes the fraction
of cooperators fc in dependence on the internal growth parameter
o and the multiplication factor R/G. Additionally, the right panel
shows the fraction of cooperators in dependence on the group size
normalized value of the multiplication factor R/G, as obtained for
eight different values of the internal growth parameter «. As al-
ready mentioned in Section Il and shown in Fig. 1, small values
of o (e.g. « =0.1) lead to very heterogeneous networks, while at
larger values (e.g. o« = 0.95) more homogeneous networks with an
exponential degree distribution are established. In Fig. 2, it can be
observed that heterogeneous networks promote the evolution of
public cooperation, i.e., the larger the internal growth parameter,
the larger values of the normalized multiplication factor R/G are
required for cooperators to survive. Particulary, for o« = 0.1 coop-
erators emerge above R/G = 0.31, while for o = 0.95 cooperators
survive extinction for R/G > 0.48.

In the next step we study the public goods game on different
random hyperbolic networks with two mixing protocols and dif-
ferent mixing frequencies, expressed as every how many m full
Monte Carlo steps the players are mixed. We consider three dif-
ferent network architectures characterized with different internal
growth parameter values o (o = 0.1 in the first row, @ = 0.17 in
the second row, and o =0.95 in the third row) and two mix-
ing protocols: assortative and disassortative mixing, as described
in Section II above. In the former, a randomly selected player ex-
changes his site with a player with similar degree (for example



M. Duh, M. Gosak and M. Perc Chaos, Solitons and Fractals 144 (2021) 110720

——a=0.1 a=0.14 a=02 ——a=028
0.9 , —at0 ——amon? «=024 «=095
I o L0 F——T——
0.2 I T
0.7 08| 4
04 r 1
S 05 0.5 06 I~ T
06 <2 F R
0.7 0.4 - E
03 0 - 1
Io.g 0.2 -
| L J
0.1 0.0 i R
0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
R/G R/G

Fig. 2. The evolution of public cooperation on random hyperbolic graphs depends on the value of the internal growth parameter «. Heterogeneous networks, established
with small values of «, promote the evolution of public cooperation in comparison to the more homogeneous networks. In panel (a) the fraction of cooperators fc in
dependence on the internal growth parameter « and the normalized multiplication factor R/G is depicted. The fractions of cooperators fc are color-coded as specified by the
color bar. In panel (b) the fractions of cooperators fc in dependence on the normalized multiplication factor R/G for eight different values of the internal growth parameter
« are shown, where « increases from left to right (see also the legend). The size of each network is N = 10000, and the average degree is 4. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Assortative and disassortative mixing on random hyperbolic networks both impair the evolutionary success of cooperators. Furthermore, disassortative mixing is more
detrimental for cooperation regardless of the network architectures. Depicted is the fraction of cooperators fc in dependence on the normalized multiplication factor R/G,
as obtained on random hyperbolic graphs for three different values of the internal growth parameter «: o = 0.1 (a) and (b), @ = 0.17 (c) and (d), and o = 0.95 (e) and (f).
The left three panels (a), (c) and (e) show results for assortative mixing, while the right three panels (b), (d) and (f) for disassortative mixing. In all panels results for nine
different mixing frequency m (solid lines) are presented, where m increases from right to left (see also the legend). The dashed black line shows the corresponding result
for the public goods game on a random hyperbolic graph without mixing. In all cases we used a network with N = 10000 nodes and an average degree 4.

hubs with hubs), while in the later, the player switches the po- cess of cooperators, i.e., that larger values of R/G are required for
sition with a player with different degree (for example hubs with cooperators to survive, and the more so the smaller the value of
low-degree nodes). Panels in Fig. 3 show the results for assortative m. Large mixing frequencies m hardly evoke a visible difference in
and disassortative mixing on the left and right, respectively. It can the fraction of cooperators compared with the case, where no mix-
be observed that both types of mixing impair the evolutionary suc- ing is applied (the dashed black line in the panels). By comparing
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Fig. 4. A more specifically presentation of the differences between the effects of assortative and disassortative mixing on different network architectures shows noticeable
differences between the assortative and disassortative mixing for m — 1, which are most expressed in the heterogeneous network architecture (o = 0.17). Depicted is the
critical value of the normalized multiplication factor R/G as a function of the mixing frequency m, as obtained on three different random hyperbolic graphs defined with
different values of the internal growth parameter «: o = 0.1 (a) and (d), @ = 0.17 (b) and (e), and o = 0.95 (c) and (f). In all panels both mixing protocols: assortative (red
line with circles) and disassortative mixing (blue line with triangles) are presented. Panels in the first row (a), (b) and (c) show results for the critical value of the normalized
multiplication factor R/G*!, above which cooperators emerge. Panels in the second row (d), (e) and (f) show results for the critical value of the normalized multiplication
factor R/G*2, above which cooperators dominate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

results in left panels with the results in the right panels in Fig. 3,
we can observe that disassortative mixing is more detrimental for
cooperation regardless of the network architectures, which is more
expressed for smaller values of the mixing frequency m.

To quantify the differences between the effects of assortative
and disassortative mixing on different network architectures more
accurately, we show in Fig. 4 the critical value of enhancement
factor R/G*! above which cooperators emerge (panels in the first
row) and R/G*2 above which cooperators dominate (panels in the
second row) for both mixing protocols as a function of the mix-
ing frequency m. With the increment of m, both critical values
of enhancement factor R/G*' and R/G*2 decrease, and for m — oo
the two mixing types almost converge. Particularly, for m — 1 the
differences between the assortative and disassortative mixing be-
come notable and are the most expressed in the heterogeneous
network architecture characterized with the internal growth pa-
rameter o = 0.17. In fact, assortative mixing on more heteroge-
neous network architectures is slightly more detrimental for coop-
eration in comparison with homogeneous network, as can be seen
by comparing results in panels in the same row. For m — 1, both
critical values of enhancement factor R/G*! and R/G*2 are slightly
higher in more heterogeneous network structures compared with
the homogeneous network structure (o = 0.95). The same effect
can be seen for disassortative mixing but only in bottom panels
(d)-(f) where the critical values of enhancement factor R/G*2 are
depicted.

4. Discussion

Various investigations over the last two decades have shown
that particular properties, such as heterogeneous degree distribu-
tion, small characteristic path lengths, strong clustering, and com-
munity structure, are universally associated with social networks
[87,88]. Those real social networks can be appropriately modeled
as random geometric graphs in hyperbolic spaces [59,60]. While
the evolution of cooperation in terms of different evolutionary
games on hyperbolic networks has been studied on static net-
works, to the best of our knowledge, the impact of different types
of mixing in such systems has not been addressed to date.

In this paper, we have investigated the evolution of coopera-
tion in terms of multi-players public goods game on a random hy-
perbolic network, where players are allowed to switch their po-
sitions with other players. We have first done a benchmark anal-
ysis without mixing, where different random hyperbolic network
structures has been generated by varying the internal growth pa-
rameter «. We have observed that networks of different levels of
heterogeneity, efficiency and clustering can be generated with this
procedure. Furthermore, heterogeneous networks promote the evo-
lution of public cooperation in comparison to the more homoge-
neous networks. In the next step, a mixing process, where N se-
lected pairs are switched, was performed after each m-th Monte
Carlo step. In particular, assortative and disassortative mixing were
considered, both with varying frequencies. The effects of degree-
mixing patterns on the evolution of cooperation in the prisoner’s
dilemma game on scale-free networks have been studied in a sem-
inal paper by Rong et al. [21]. They have shown that assortative
mixing impairs cooperation and promotes the invasion of defec-
tors, while disassortative mixing promotes cooperation due to the
isolation among hubs. In contrast to this previous research, our
investigation shows that assortative and disassortative mixing on
random hyperbolic networks both impair the evolutionary success
of cooperators. Particulary, the smaller the value of m (the mix-
ing is applied very frequently), more significant differences can be
observed between the case without mixing and different mixing
protocols. Furthermore, disassortative mixing is more detrimental
for cooperation regardless of the network architectures.

Random geometric graphs in hyperbolic spaces have revealed
new paths to better understanding cooperation in structured pop-
ulations, as well as opening up new questions that remain to be
answered. We hope this work will inspire future research along
similar lines, for example to explore different social dilemmas and
multigames on random geometric graphs in hyperbolic spaces.

Declaration of Competing Interest

Matjaz Perc is Editor of Chaos, Solitons & Fractals. In keeping
with Elsevier's guidelines on potential editorial conflicts of inter-
est, manuscripts coauthored by one of the Editors will be han-
dled fully by other Editors or the Editor-in-Chief in an undisclosed



M. Duh, M. Gosak and M. Perc

review process. The authors declare that they have no known com-
peting financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

We gratefully acknowledge funding from the Slovenian Re-
search Agency (Grant Nos. J4-9302, J1-9112, P1-0403 and P3-0396).

References

[1] Nowak MA. Evolutionary dynamics. Cambridge, MA: Harvard University Press;
2006.

[2] Smith JM. Evolution and the theory of games. Cambridge, UK: Cambridge Uni-
versity Press; 1982.

[3] Weibull JW. Evolutionary game theory. Cambridge, MA: MIT Press; 1995.

[4] Gintis H. Game theory evolving. Princeton: Princeton University Press; 2000.

[5] Nowak MA, May RM. Evolutionary games and spatial chaos. Nature
1992;359:826-9.

[6] Szolnoki A, Perc M, Szabé G. Topology-independent impact of noise on coop-
eration in spatial public goods games. Phys Rev E 2009;80:056109.

[7] Perc M, Gémez-Gardeiies ], Szolnoki A, Floria LM, Moreno Y. Evolutionary dy-
namics of group interactions on structured populations: a review. ] R Soc In-
terface 2013;10:20120997.

[8] Wang Z, Wang L, Szolnoki A, Perc M. Evolutionary games on multilayer net-
works: a colloquium. Eur Phys ] B 2015;88:124.

[9] Nowak MA. Five rules for the evolution of cooperation. Science
2006;314:1560-3.

[10] Allen B, Lippner G, Chen Y-T, Fotouhi B, Nowak MA, Yau ST. Evolutionary dy-
namics on any population structure. Nature 2017;544:227-30.

[11] Szabd G, Fath G. Evolutionary games on graphs. Phys Rep 2007;446:97-216.

[12] Perc M, Szolnoki A. Coevolutionary games - a mini review. BioSystems
2010;99:109-25.

[13] Roca CP, Cuesta JA, Sanchez A. Evolutionary game theory: temporal and spatial
effects beyond replicator dynamics. Phys Life Rev 2009;6:208-49.

[14] Albert R, Barabdsi AL. Statistical mechanics of complex networks. Rev Mod
Phys 2002;74:47-97.

[15] Newman ME]. The structure and function of complex networks. SIAM Rev
2003;45:167-256.

[16] Boccaletti S, Latora V, Moreno Y, Chavez M, Hwang D. Complex networks:
structure and dynamics. Phys Rep 2006;424:175-308.

[17] Boccaletti S, Bianconi G, Criado R, del Genio C, Gomez-Gardefies ], Romance M,
Sendifia Nadal I, Wang Z, Zanin M. The structure and dynamics of multilayer
networks. Phys Rep 2014;544:1-122.

[18] Santos FC, Pacheco JM. Scale-free networks provide a unifying framework for
the emergence of cooperation. Phys Rev Lett 2005;95:098104.

[19] Santos FC, Pacheco JM, Lenaerts T. Evolutionary dynamics of social dilem-
mas in structured heterogeneous populations. Proc Natl Acad Sci USA
2006;103:3490-4.

[20] Gomez-Gardefies ], Campillo M, Floria LM, Moreno Y. Dynamical organization
of cooperation in complex networks. Phys Rev Lett 2007;98:108103.

[21] Rong Z, Li X, Wang X. Roles of mixing patterns in cooperation on a scale-free
networked game. Phys Rev E 2007;76:027101.

[22] Poncela ], Gémez-Gardeifies ], Floria LM, Moreno Y. Robustness of coopera-
tion in the evolutionary prisoner’s dilemma on complex networks. New ] Phys
2007;9:184.

[23] Masuda N. Participation costs dismiss the advantage of heterogeneous net-
works in evolution of cooperation. Proc R Soc B 2007;274:1815-21.

[24] Tomassini M, Luthi L, Pestelacci E. Social dilemmas and cooperation in complex
networks. Int ] Mod Phys C 2007;18:1173-85.

[25] Szolnoki A, Perc M, Danku Z. Towards effective payoffs in the prisoner’s
dilemma game on scale-free networks. Physica A 2008;387:2075-82.

[26] Assenza S, Gémez-Gardefies ], Latora V. Enhancement of cooperation in highly
clustered scale-free networks. Phys Rev E 2008;78:017101.

[27] Santos FC, Santos MD, Pacheco JM. Social diversity promotes the emergence of
cooperation in public goods games. Nature 2008;454:213-16.

[28] Poncela ], Gémez-Gardeiies ], Moreno Y. Cooperation in scale-free networks
with limited associative capacities. Phys Rev E 2011;83:057101.

[29] Tanimoto ], Brede M, Yamauchi A. Network reciprocity by coexisting learning
and teaching strategies. Phys Rev E 2012;85:032101.

[30] Assaf M, Mobilia M. Metastability and anomalous fixation in evolutionary
games on scale-free networks. Phys Rev Lett 2012;109:188701.

[31] Abramson G, Kuperman M. Social games in a social network. Phys Rev E
2001;63:030901. (R)

[32] Kim BJ, Trusina A, Holme P, Minnhagen P, Chung ]S, Choi MY. Dynamic insta-
bilities induced by asymmetric influence: Prisoner’s dilemma game in small-
world networks. Phys Rev E 2002;66:021907.

[33] Masuda N, Aihara K. Spatial prisoner’s dilemma optimally played in small-
world networks. Phys Lett A 2003;313:55-61.

[34] Santos FC, Rodrigues JF, Pacheco JM. Epidemic spreading and cooperation dy-
namics on homogeneous small-world networks. Phys Rev E 2005;72:056128.

[35] Tomassini M, Luthi L, Giacobini M. Hawks and doves games on small-world
networks. Phys Rev E 2006;73:016132.

Chaos, Solitons and Fractals 144 (2021) 110720

[36] Fu F, Liu L-H, Wang L. Evolutionary prisoner’s dilemma on heterogeneous
Newman-Watts small-world network. Eur Phys ] B 2007;56:367-72.

[37] Vukov ], Szabé G, Szolnoki A. Prisoner’s dilemma game on Newman-Watts
graphs. Phys Rev E 2008;77:026109.

[38] Vukov ], Szab6 G. Evolutionary prisoner’s dilemma game on hierarchical lat-
tices. Phys Rev E 2005;71:036133.

[39] Lee S, Holme P, Wu ZX. Emergent hierarchical structures in multiadaptive
games. Phys Rev Lett 2011;106:028702.

[40] Holme P, Trusina A, Kim BJ, Minnhagen P. Prisoners’ dilemma in real-world ac-
quaintance networks: spikes and quasiequilibria induced by the interplay be-
tween structure and dynamics. Phys Rev E 2003;68:030901.

[41] Guimera R, Danon L, Diaz-Guilera A, Giralt F, Arenas A. Self-similar community
structure in a network of human interactions. Phys Rev E 2003;68:065103.

[42] Lozano S, Arenas A, Sanchez A. Mezoscopic structure conditions the emergence
of cooperation on social networks. PLoS ONE 2008;3. E1892

[43] Zimmermann MG, Eguiluz VM, Miguel MS. Coevolution of dynamical states
and interactions in dynamic networks. Phys Rev E 2004;69:065102. (R)

[44] Pacheco JM, Traulsen A, Nowak MA. Coevolution of strategy and structure in
complex networks with dynamical linking. Phys Rev Lett 2006;97:258103.

[45] Fu F, Chen X, Liu L, Wang L. Promotion of cooperation induced by the interplay
between structure and game dynamics. Physica A 2007;383:651-9.

[46] Fu F, Wu T, Wang L. Partner switching stabilizes cooperation in coevolutionary
prisoner’s dilemma. Phys Rev E 2009;79:036101.

[47] Gémez-Gardefies ], Gracia-Lazaro C, Floria LM, Moreno Y. Evolutionary dynam-
ics on interdependent populations. Phys Rev E 2012;86:056113.

[48] Jiang L-L, Perc M. Spreading of cooperative behaviour across interdependent
groups. Sci Rep 2013;3:2483.

[49] Wang Z, Wang L, Perc M. Degree mixing in multilayer networks impedes the
evolution of cooperation. Phys Rev E 2014;89:052813.

[50] Battiston F, Perc M, Latora V. Determinants of public cooperation in multiplex
networks. New ] Phys 2017;19:073017.

[51] Shen C, Chu C, Shi L, Jusup M, Perc M, Wang Z. Coevolutionary resolution of
the public goods dilemma in interdependent structured populations. EPL (Eu-
rophysics Letters) 2018;124:48003.

[52] Shi L, Shen C, Geng Y, Chu C, Meng H, Perc M, Boccaletti S, Wang Z. Win-
ner-weaken-loser-strengthen rule leads to optimally cooperative interdepen-
dent networks. Nonlinear Dyn 2019;96:49-56.

[53] Duh M, Gosak M, Slavinec M, Perc M. Assortativity provides a narrow margin
for enhanced cooperation on multilayer networks. New ] Phys 2019;21:123016.

[54] Sun C, Luo C, Li J. Aspiration-based co-evolution of cooperation with re-
source allocation on interdependent networks. Chaos, Solitons & Fractals
2020;135:109769.

[55] Krioukov D. Clustering implies geometry in networks. Phys Rev Lett
2016;116:208302.

[56] Kleineberg KK. Metric clusters in evolutionary games on scale-free networks.
Nat Commun 2017;8:1888.

[57] Papadopoulos F, Krioukov D, Bogu M, Vahdat A. Greedy forwarding in
scale-free networks embedded in hyperbolic metric spaces. ACM SIGMETRICS
Performance Evaluation Review 2009;37:15-17.

[58] Papadopoulos F, Kitsak M, Serrano MA, Boguna M, Krioukov D. Popularity ver-
sus similarity in growing networks. Nature 2012;489:537-40.

[59] Krioukov D, Papadopoulos F, Kitsak M, Vahdat A, Boguiia M. Hyperbolic geom-
etry of complex networks. Phys Rev E 2010;82:036106.

[60] Boguna M, Papadopoulos F, Krioukov D. Sustaining the internet with hyper-
bolic mapping. Nat Commun 2010;1:62.

[61] Papadopoulos F, Psomas C, Krioukov D. Network mapping by replaying hyper-
bolic growth. IEEE/ACM Trans Networking 2015;23:198-211.

[62] Papadopoulos F, Aldecoa R, Krioukov D. Network geometry inference using
common neighbors. Physical Review E 2015;92:022807.

[63] Serrano Mn, Krioukov D, Bogund M. Self-similarity of complex networks and
hidden metric spaces. Phys Rev Lett 2008;100:078701.

[64] Zuev K, Bogufid M, Bianconi G, Krioukov D. Emergence of soft communities
from geometric preferential attachment. Sci Rep 2015;5:9421.

[65] Kleineberg KK. Collective navigation of complex networks: participatory
greedy routing. Sci Rep 2017;7:2897.

[66] Amato R, Diaz-Guilera A, Kleineberg KK. Interplay between social influence
and competitive strategical games in multiplex networks. Sci Rep 2017;7:7087.

[67] Pu ], Jia T, Li Y. Effects of time cost on the evolution of cooperation in snow-
drift game. Chaos Solitons and Fractals 2019;125:146-51.

[68] Hu L, Mao Y, Xu X, Rong Z, Hao J. Analyzing cooperation dynamics of group
interaction on two kinds of scale-free networks. In: 2019 IEEE international
symposium on circuits and systems (ISCAS); 2019. p. 1-5.

[69] Vainstein MH, Silva ATC, Arenzon JJ. Does mobility decrease cooperation? ]
Theor Biol 2007;244:722-8.

[70] Meloni S, Buscarino A, Fortuna L, Frasca M, G6émez-Gardeiies ], Latora V,
Moreno Y. Effects of mobility in a population of prisoner’s dilemma players.
Phys Rev E 2009;79:067101.

[71] Chen Z, Gao ], Cai Y, Xu X. Evolution of cooperation among mobile agents.
Physica A 2011;390:1615-22.

[72] Zhang ], Wang W-Y, Du W-B, Cao XB. Evolution of cooperation among mobile
agents with heterogenous view radius. Physica A 2011;390:2251-7.

[73] Cardillo A, Meloni S, Gémez-Gardefies ], Moreno Y. Velocity-enhanced co-
operation of moving agents playing public goods games. Phys Rev E
2012;85:067101.

[74] Duh M, Gosak M, Perc M. Mixing protocols in the public goods game. Phys Rev
E 2020;102:032310.


http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0001
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0001
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0002
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0002
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0003
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0003
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0004
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0004
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0005
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0005
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0005
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0006
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0006
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0006
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0006
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0009
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0009
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0011
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0011
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0011
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0013
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0013
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0013
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0013
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0014
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0014
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0014
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0015
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0015
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0017
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0018
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0018
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0018
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0021
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0021
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0021
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0021
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0026
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0026
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0026
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0026
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0027
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0027
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0027
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0027
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0028
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0028
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0028
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0028
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0030
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0030
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0030
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0031
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0031
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0031
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0031
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0033
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0033
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0033
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0034
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0034
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0034
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0034
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0035
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0035
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0035
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0035
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0037
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0037
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0037
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0037
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0038
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0038
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0038
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0039
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0039
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0039
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0039
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0043
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0043
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0043
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0043
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0043
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0044
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0044
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0044
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0044
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0045
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0045
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0045
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0045
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0045
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0046
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0046
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0046
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0046
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0047
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0047
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0047
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0047
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0047
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0048
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0048
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0048
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0049
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0049
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0049
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0049
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0050
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0050
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0050
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0050
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0051
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0051
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0051
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0051
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0051
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0051
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0051
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0052
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0053
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0053
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0053
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0053
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0053
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0054
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0054
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0054
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0054
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0055
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0055
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0056
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0056
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0057
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0057
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0057
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0057
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0057
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0058
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0058
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0058
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0058
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0058
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0058
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0059
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0059
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0059
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0059
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0059
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0059
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0060
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0060
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0060
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0060
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0061
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0061
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0061
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0061
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0062
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0062
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0062
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0062
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0063
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0063
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0063
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0063
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0064
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0064
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0064
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0064
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0064
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0065
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0065
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0066
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0066
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0066
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0066
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0067
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0067
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0067
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0067
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0068
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0068
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0068
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0068
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0068
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0068
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0069
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0069
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0069
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0069
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0070
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0070
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0070
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0070
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0070
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0070
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0070
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0070
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0071
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0071
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0071
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0071
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0071
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0072
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0072
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0072
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0072
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0072
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0073
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0073
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0073
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0073
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0073
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0074
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0074
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0074
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0074

M. Duh, M. Gosak and M. Perc

[75] Helbing D, Yu W. The outbreak of cooperation among success-driven individ-
uals under noisy conditions. Proc Natl Acad Sci USA 2009;106:3680-5.

[76] Jiang L-L, Wang W-X, Lai Y-C, Wang BH. Role of adaptive migration in promot-
ing cooperation in spatial games. Phys Rev E 2010;81:036108.

[77] Yang H-X, Wu Z-X, Wang BH. Role of aspiration-induced migration in cooper-
ation. Phys Rev E 2010;81:065101. (R)

[78] Lin Y-T, Yang H-X, Wu Z-X, Wang BH. Promotion of cooperation by aspira-
tion-induced migration. Physica A 2011;390:77-82.

[79] Roca CP, Helbing D. Emergence of social cohesion in a model society of greedy,
mobile individuals. Proc Natl Acad Sci USA 2011;108:11370-4.

[80] Cong R, Wu B, Qiu Y, Wang L. Evolution of cooperation driven by reputa-
tion-based migration. PLoS ONE 2012;7. E35776

[81] Xia C-Y, Meloni S, Moreno Y. Effects of environment knowledge on agglom-
eration and cooperation in spatial public goods games. Adv Complex Syst
2012;15:1250056.

Chaos, Solitons and Fractals 144 (2021) 110720

[82] Cheng H-Y, Li H-H, Dai Q-L, Zhu Y, Yang JZ. Motion depending on the strate-
gies of players enhances cooperation in a co-evolutionary prisoner’s dilemma
game. New ] Phys 2010;12:123014.

[83] Li W-], Jiang L-L, Chen Z, Perc M, Slavinec M. Optimization of mobile indi-
viduals promotes cooperation in social dilemmas. Chaos, Solitons & Fractals
2020;141:110425.

[84] Boguiia M, Papadopoulos F, Krioukov D. Sustaining the internet with hyper-
bolic mapping. Nat Commun 2010;1:62.

[85] Aldecoa R, Orsini C, Krioukov D. Hyperbolic graph generator. Comput Phys
Commun 2015;196:492-6.

[86] Perc M, Jordan JJ, Rand DG, Wang Z, Boccaletti S, Szolnoki A. Statistical physics
of human cooperation. Phys Rep 2017;687:1-51.

[87] Barabasi A-L, Albert R. Emergence of scaling in random networks. Science
1999;286:509-12.

[88] Girvan M, Newman ME]. Community structure in social and biological net-
works. Proc Natl Acad Sci USA 2002;99(12):7821-6.


http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0075
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0075
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0075
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0076
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0076
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0076
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0076
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0076
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0077
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0077
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0077
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0077
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0077
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0078
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0078
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0078
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0078
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0078
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0079
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0079
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0079
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0080
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0080
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0080
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0080
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0080
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0080
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0081
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0081
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0081
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0081
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0082
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0082
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0082
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0082
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0082
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0082
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0083
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0083
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0083
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0083
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0083
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0083
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0084
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0084
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0084
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0084
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0085
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0085
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0085
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0085
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0086
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0086
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0086
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0086
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0086
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0086
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0086
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0087
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0087
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0087
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0088
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0088
http://refhub.elsevier.com/S0960-0779(21)00073-4/sbref0088

	Public goods games on random hyperbolic graphs with mixing
	1 Introduction
	2 Public goods game on random hyperbolic graphs with mixing
	3 Results
	4 Discussion
	Declaration of Competing Interest
	Acknowledgments
	References


