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Abstract ... The Matthew e ect emphasizes the in"uence of early advantage on shapng long-term
development by amplifying it over time, and its implications for public cooperation are yet to be
fully understood. In this letter, we propose and study a spatial public goods g ame driven by
cumulative advantage, where players who achieve high payo s in a given round receive greater
allocations in the next. The simulation results show that the Matthew e ect leads to an irreversible
polarization of individual wealth on the network. Such polariz ation makes moderate cooperation
levels more prevalent, which helps to explain the widespread coexistence of prosocial and antisocial
behavior. Meanwhile, heterogeneous networks may restrict the polarization of wealth, but also

inhibit the evolution of cooperation, requiring a reconsideration of the commonly held view that

heterogeneous networks enhance cooperation.

Copyright ¢ 2023 EPLA

Introduction. ... Cumulative advantage, often referred advantages in real-world data, revealing the prevalence
to as the Matthew e ect, posits that success leads to of the Matthew e ect in various domains such as sci-
further success, and advantages tend to accumulate overenti“c collaboration [11], socio-technical and biological
time [1,2]. This phenomenon typically leads to an un- networks [12,13], citation propagation [14]. This study
equal distribution of resources and opportunities, and cre- presents convincing empirical evidence for the widespread
ates the polarisation of wealth, power and in"uence [3,4]. existence of the phenomenon.

Moreover, a positive feedback process of self-reinforcement The issue of unequal resource allocation and social un-
may arise where the early advantages can lead to the ac-fairness [15,16], which are important consequences of the
cumulation of further bene*ts, while those struggling may Matthew e ect, has received signi“cant attention in the
fall further behind. It is also currently widely valued and “eld of evolutionary cooperation, as evidenced by stud-
well researched in various “elds such as science [5], educaies such as [17,18]. Of growing interest to scholars is
tion [6], economics [7] and social networks [8]. For exam-the design of e ective wealth distribution systems, since
ple, Merton “rst investigated the presence of the Matthew theoretical research has demonstrated their potential to
e ect in the scienti“c community, leading to unequal dis- address social dilemmas [19...22]. For example, the pro-
tribution of rewards and recognition [9]. By analysing motion of the common interest is evident when individ-
data from academic grant programs, Bol found that re- uals are allowed to redistribute their contributions in
cipients just above the grant threshold accumulated more accordance with their previous round earnings [23]. Su
grants than non-recipients with similar review scores [5]. et al. extend the spatial public goods game to a three-
A recent study on complex systems [10] con‘rmed the layer weighted network, consisting of the investment layer
existence of positive feedback and the accumulation of the bene“t distribution layer, and the strategy dispersion
layer. Their results show that the structure of the ex-
@ E-mail: matjaz.perc@gmail.com (corresponding author) change investment and bene“t distribution layers has no
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Fig. 1: The stationary fraction of cooperation, Fc, as a function of the synergy factor and the weight factor . The simulation
results depicted in the left panel were obtained from a lattice networ k with a size of N = 400 x 400, while those in the right
panel were obtained from a BA scale-free network with a size of N = 10000.

impact on the evolutionary dynamics. However, the suc- overlapping groups, each of which consists of a focal player
cess of cooperators is found to be heavily dependent onand his k; direct neighbors. In each group of the game,
the correlation between an individuales investment in a cooperators contribute c = 1 into the common pool, while
given game and the bene‘ts they receive from that same defectors contribute nothing. The total contribution is
group [24]. multiplied by a synergy factor r, and then allocated to

Previous studies have established the Signi“cant im- the group members. The payo of p|ayerx from each
pact of wealth inequality on public cooperation [25,26]. group g can be expressed as

However, the Matthew e ect emphasizes the dynamics of

wealth allocation over time, indicating the need for further PJ = W ncr,
investigation into the co-evolutionary relationship [27,28] g
between wealth distribution and behavioral decisions. In P¢=PJSc,

this study, we introduce a co-evolving spatial public goods
game model [29...32] that captures the cumulative advanWhere nc is the number of cooperators in groupg. Wy
tage by linking wealth accumulation in earlier rounds IS the player xes distribution weight. As a result of
to the distribution in subsequent rounds. Our results the Matthew e ect, the distribution weight is positively
demonstrate a dual e ect of cumulative advantage. It is Uupdated with the last round of returns, i.e.,

shown that cooperation is strengthened in stronger origi-

nal dilemmas and weakened in weaker dilemmas. This is Wit o i P> B

attributed to the self-organization and polarization of the Wy = Wy, if Px =P, (1)
allocation of wealth distribution among individuals on the wS, ifP,<P,

networks. This leads to the prevalence of moderate levels

of cooperation, explaining the prevalence of coexistencefo where = 0.01 is a free parameter. Py = Pgis

pro- and antisocial behaviors in social interactions. Note the cumulative payo that player x obtains by interact-
that many real-world factors contain similar dual e ects; ing with all his neighbors, i.e., as a member of the group
for example, the hysteresis e ect can act as a roadblock g=1,...,G of the public goods game. Similarly,P is the
to restoring measles vaccination rates despite a resurgentaverage cumulative payo of his neighbors. Obviously, this
measles epidemic that poses a signi“cant risk of infection evolutionary rule of weight and strategy leads to individ-
to these deliberately unvaccinated individuals [33]. Fur- uals with high returns in the early stages having a greater
thermore, given the crucial impact of interactive networks advantage in further competition, which is also known as
on cooperative behavior and the widespread use of hetero-the Matthew e ect. Note that wy takes values in the range
geneous networks [34,35], we also investigated the e ects[1S , 1+ ], to ensure that there are no negative alloca-
on scale-free networks. Our “ndings indicate that while tion weights.

heterogeneous networks may slightly decrease the overall As individuals tend to seek high payo s in social inter-
level of cooperation relative to lattice, they also prevent actions, the best response rule [36] is applied to indicate

excessive wealth di erentiation. whether player x changes his present strategy to the alter-
native one with probability =1 /(1+exp[(PxS P,)/K ]),
Model. ... The co-evolutionary public goods game is where P, is the imaginary payo that player x would re-

performed on a network, in which players are randomly ceive when he chooses the alternative strategg,, where
arranged on the nodes of the network and interact with K = 0.5 describes the potential uncertainty in the strategy
their ki neighbors. Each player participates inG = k; +1 update process.
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Fig. 2. The spatiotemporal dynamics of strategy and distribut ion weights on the lattice. Speci“cally, the “rst (last) two
rows show successive snapshots from a random strategy distribution and homogeneous distribution weights for the case when
r =4 (r =6). A very small network size of N =40 x 40 was adopted for the clear observation of spatial characteristics. The

results in the “rst two rows are obtained at t =0, 8, 100, 150,

1000, 50000. The other parameter is = 1.

At the start of the simulation, individuals located on
the network nodes have equal allocation weights, which
are initially set to 1, and adopt a random strategy of ei-

50000, while the last two rows are obtained at t = 0, 10, 40,

the value of is high. In the scale-free network, the
right panel depicts an expansion of the region with a
medium cooperation rate as increases. Notably, this rate

ther cooperation or defection. In each subsequent Monte is slightly lower than that of the lattice network, likely
Carlo step, each player has an equal chance to update theirdue to di erences in network topology and evolutionary

strategy and allocation weight based on the coevolution-
ary rules described above. The quantitative cooperation

dynamics.
Next, we elucidate the mechanisms underlying the

frequency presented in this paper is determined by aver- Matthew e ect in terms of its facilitation of cooperation

aging the last 5000 steps out of 50000 steps. The networkwhenr is small and its inhibition when r is large. The con-
employed in the spatial game is a lattice with von Neu- tinuous spatial distribution of strategies and correspond
mann neighbors and periodic boundaries and a BA scale-ing weights are depicted in “g. 2, which can be further

free network [37] with average degred = 4, respectively.
Note that the quantitative results of the scale-free network

were obtained by averaging the outcomes of 20 indepen-

dent simulations, with a new network being regenerated
for each simulation.

Result. ... Figure 1 depicts the stable fraction of co-
operators as a function of the synergy factor,r, and

, in the lattice (left panel) and BA scale-free network
(right panel). The left panel reveals the potential di-
viding line at r = 5, separating the heat map into two
halves. On the left half, the cooperation rate gradually
increases with the increase of , whereas on the right half,
the cooperation rate decreases signi“cantly with increasig

. This highlights the dual impact of heterogeneous al-
location driven by the Matthew e ect, which promotes
moderate cooperation in the system, particularly when

investigated through the animations in the Supplemen-
tary Movies Dynamicsin the lattice whenr=4.avi
and Dynamicsin _the lattice _whenr=6.avi . The up-
per panels present the results for = 4, while the lower
panels show those for = 6. In both cases, the strategies
and weights are self-organized into cross-like structures.
It is noteworthy that the formation of this patch struc-
ture is a common occurrence in spatial snowdrift games
or extortion game, with the Nash equilibrium dictating
the interdependence of cooperation and defection [38,39].
Obviously, the phenomenon of spatial self-organization in
this study is driven by the intrinsic evolution of alloca-
tion weights. In the lower r case, which witnessed a rapid
elimination of cooperators in the early stages of the evo-
lutionary system, only a few high-weighted cooperators
survive and hold a visible allocation advantage. How-
ever, while this advantage serves as a motivation for their

21001-p3



Kaipeng Hu et al.

Fig. 3: Strategy distribution on scale-free networks. Wine repr esents the cooperator and gray represents the defector. The
allocation weights evolve over time and are polarized by the Matthew e ect. Meanwhile, the cooperators occupy more of the

large degree nodes and with high allocation weights, while the defectors are the opposite. Compared to the results of the lattice,

it can be observed that there are still a few individuals who have moder ate weights in the stable period of evolution, which

means that it somewhat prevents the problem of extreme polarization. T he top (second) row shows results forr =3 (r = 9),

while the columns correspond to t = 0, 50, 100, and 50000. The other parameters are =1 and N = 10000.

cooperation, it appears exploitative and detrimental to of evolution (the second column), defectors with varying
their direct opponents. This phenomenon expands and weights quickly dominate nodes with di erent degrees. It
solidi“es over time, resulting in the stable distribution of becomes apparent that the small number of cooperators
weights in the cross-like view. On the other hand, wherr have a higher average weight than the defectors. Over
is higher, cooperators experience an initial expansion but time, node weights become polarized, with defectors los-
eventually reach the similar balance with defectors. The ing their dominance over large-degree nodes and coopera-
emergence and expansion of this unique structure is rootedtors no longer occupying small-degree nodes. Given the
in the establishment of weight di erences, which reduces scale-free networkes power-law distribution, cooperators
or eliminates the risk and temptation for cooperation and with larger degrees only hold a small proportion in the
defection, respectively. As a result, high-weighted indi- stable state. In the second row, the primary distinction
viduals opt to cooperate while low-weighted individuals from the “rst row is mainly re”ected in the temporary
defect, leading to the development of a special reliancedominance achieved by the cooperators in the early evo-
between the two. It is crucial to note that our strat- lution, but this does not a ect the similar characteristics
egy update approach determines the spontaneous emer4n the further stable case. The observed tendency for co-
gence and reinforcement of highly weighted cooperators,operators to occupy high-degree nodes and defectors to
regardless of whether the early victor is cooperators or occupy low-degree nodes in this heterogeneous network
defectors. is attributed to the higher likelihood of obtaining high re-
The evolutionary dynamics of cooperation on a turnsand competitive advantage for players in high-degree
scale-free network are presented in the animations in nodes, thus reducing the risk of cooperation. Although the
the Supplementary MoviesDynamicsin _the _scalefree _ low proportion of high-degree nodes in scale-free networks
network .whenr=3.mp4 and Dynamicsin _the _scalefree  results in a relatively low cooperation rate, the hetegen-
_network _whenr=9.mp4, where the node size in wine red erous topology also leads to the richness in node weights
and gray represents the distribution weights of coopera- (wealth allocation), which to some extent reduces social
tors and defectors. Over time, it can be observed that polarisation and inequity.
the node size co-evolves with the strategy. Our results
align with observations on the lattice, where early disad-  Conclusions. ... In this study, we examine the impact
vantages (advantages) tend to be reinforced in subsequentof hetergenerous allocation driven by cumulative advan-
evolution, end with the strong choosing to cooperate and tage on public cooperation on network. We introduce the
the weak choosing to defect. However, the small network Matthew e ect into social interactions by implementing
size adopted in the animation does not fully reveal the a co-evolutionary individual weight that links winning in
intrinsic mechanism of cooperation evolution. To further one round of interaction to the allocation advantage in
illustrate this, “g. 3 plots the strategy and weight distrib u- the next. It may create a bifurcation in the distribu-
tion at key moments forr = 3 (“rst row) and r =9 (sec- tion of social wealth, which is strongly associated with
ond row). Starting with the “rst row, in the early stage class entrenchment. This situation presents a signi“cant
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