
RESEARCH ARTICLE

Evolution of egalitarian social norm by

resource management

Xiaofeng WangID
1,2*, Xiaojie Chen3, Long Wang4*

1 Department of Automation, School of Information Science & Technology, Donghua University, Shanghai,

China, 2 Engineering Research Center of Digitized Textile & Apparel Technology, Ministry of Education,

Donghua University, Shanghai, China, 3 School of Mathematical Sciences, University of Electronic Science

and Technology of China, Chengdu, China, 4 Center for Systems and Control, Peking University, Beijing,

China

* rokywang1987@gmail.com (XFW); longwang@pku.edu.cn (LW)

Abstract

Social organizations, especially human society, rely on egalitarian social norm, which can

be characterized by high levels of fairness, empathy and collective conformity. Neverthe-

less, the evolution of egalitarian social norm remains a conundrum, as it suffers the persis-

tent challenge from individual self-interest. To address this issue, we construct an

evolutionary game theoretical model by employing the Ultimatum Game, in which rational

individuals are able to perform resource management. We show that resource management

drives a population evolving into an oscillatory state with high equilibrium degrees of fair-

ness, empathy and collective conformity and thus constitutes a key mechanism for the evo-

lution of egalitarian social norm in social dilemma situations. Specifically, it results in (1) the

formation of egalitarian social norm from diverse individual norms, (2) the emergence of

egalitarian social norm in a selfish and unfair world, and (3) the maintenance of egalitarian

social norm despite the presence of norm violators. The constructive role of resource man-

agement is explained by a mean-field analysis revealing that resource management can

effectively enlarge the attraction basin of egalitarian norms or even change the dynamical

property of the mini Ultimatum Game from bistability between egalitarian norms and less

egalitarian norms to complete-dominance of egalitarian norms over less egalitarian norms.

Furthermore, we find that the capacity of resource management can be evolutionarily

selected by a coevolution between egalitarian social norm and resource management. Our

study suggests that efficiency and equity are linked to each other.

Introduction

Social norms are ubiquitous in the real world and can be observed at different periods of social

organizations, ranging from pre-industrial to post-industrial societies [1, 2]. Most importantly,

the maintenance of social order, cohesion and stability requires the constraint of social norms

[3, 4]. Particularly, as a subset of social norms, egalitarian social norm plays a vital role in

strengthening as well as explaining the prevalence of large-scale cooperation in human society
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[5, 6]. Our definition of egalitarian social norm comprises triple contents: high levels of fair-

ness, empathy and collective conformity. Fairness means that people prefer equality and are

willing to pay a price to achieve more equitable outcomes, i.e., inequity aversion [7]. Empathy

means that people make offers which themselves are prepared to accept [8–10]. Collective con-

formity means that people conform to wildly shared norms of how one ought to behave in a

given situation [1, 3, 11]. Although its significant meaning and function for human society,

egalitarian social norm is also vulnerable and permanently challenged by the selfishness of

social members. That is, enforcement of egalitarian social norm is often costly: norm enforcers

need to bear a cost to punish norm violators. Self-interested individuals bent on maximizing

income therefore should not punish, which accordingly causes the collapse of egalitarian social

norm. Then how can we understand the evolution of egalitarian social norm in a population

of unrelated individuals [2, 12]?

The conflicted scenarios of egalitarian social norm between constructive (i.e., social order,

cohesion and stability) and destructive powers (i.e., individual selfishness and greediness) can

be conveniently modeled as social dilemma situations. Especially, the Ultimatum Game [13]

can succinctly capture the fundamental essence of social dilemmas related to egalitarian social

norm. In this simple game, two players are offered a chance to split a batch of resources (or a

sum of money). One player proposes a division of the resources between them, and the other

one can either accept or reject it. In the case of rejection, neither player receives anything,

whereas in the case of acceptance, the proposed division is implemented. Based on canonical

assumption of selfish rationality, both game theory and conventional evolutionary game the-

ory [14, 15] make the prediction that individuals follow the unfair norm: responders should

accept any nonzero offer, and proposers should offer the smallest possible share. To evaluate

these game-theoretical predictions, lots of behavioral experiments have been conducted on the

Ultimatum Game [7, 13, 16–20] (for a review, see [21] or [22] more recently). Although con-

siderable quantitative variations across these empirical studies, the robust qualitative observa-

tions deviating from the rational self-interest are: (1) many responders choose to reject low

offers (about half of them reject offers below 30% of the total sum), and (2) many proposers

offer more than minimum amount required to avoid rejection (the majority of proposers offer

40 to 50% of the total sum). Until recently, a number of explanations have been provided to

overcome the discrepancy between theoretical predictions and experimental observations.

Some behavioral experiments demonstrated that most humans are not purely self-centered

but have other-regarding preferences, which can be considered in the definitions of utility

functions [7, 21, 23, 24]. Other works have shown that the preference of people towards fair-

ness may be due to the failure of “seizing the moment” (i.e., after the game there will be no fur-

ther interactions between two players) [7, 18, 25, 26]. In the framework of evolutionary game

theory, theoretical studies indicate that asymmetric mutation structure [27], small group size

[28], reputation [29], empathy [9], randomness [30, 31] and population structure [32–37] play

a vital role in the evolution of fairness in the Ultimatum Game (see [38] for a review).

On the other hand, individuals, especially human kind, would like to perform resource

management when they face with resource allocation problems in reality. By performing

resource management, individuals can effectively deploy and assign resources so as to achieve

the goal of efficient utilization. However, until now, little is known about the significance of

resource management for the evolution of egalitarian social norm. In what follows, we inte-

grate a model of resource management and model the evolution of egalitarian social norm in

the Ultimatum Game following a game-theoretical way [39, 40] (see Model Definition in

Methods section). This is motivated by the fact that individuals prefer more material benefits,

e.g., a larger amount of resources or a larger sum of money. In the Ultimatum Game, failure to

reach an agreement is a waste of resources, which is detrimental for both the proposer and the
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responder, while the achievement of an agreement can be regarded as an efficient utilization of

resources, which is beneficial for both of them. To improve their incomes, individuals are

often willing to perform resource management. In our model of resource management, both

parties (proposer and responder) incline to allocate more resource to the deal, where the split

succeeded in the previous round, but tend to assign less resource to the deal, where the split

failed in the previous round. In fact, there are numerous examples falling into this category of

resource management scheme. Let us take trade relationships between China and US as an

example. China-US trade disputes in certain trading sectors, such as China-US iron and steel

trade frictions and China-US textile and clothing trade frictions, hurt the interests of both

nations. For instance, due to the drastic trade tensions between China and US, the average

trade (�1.01 billion dollars) in iron and steel sector between 2009 and 2011 decreased by 57%

in comparison with that (�2.35 billion dollars) between 2006 and 2008 [41]. However, the

total China-US trade still increased by 12% in the meantime (from 316 to 354 billion dollars)

[41], which indicates that the trade amounts in other non-controversial trade sectors were still

increasing. This enlarges the pie of China-US shared interests and thus benefits the economies

of both countries.

Interestingly, we show that natural selection favors the evolution of egalitarian social norm

whenever resource management is introduced. To be specific, it can lead to (1) the formation

of egalitarian social norm from diverse individual norms, (2) the emergence of egalitarian

social norm in a selfish and unfair world, and (3) the maintenance of egalitarian social norm

despite the presence of norm violators. Furthermore, we find that the capacity of resource

management can coevolve with egalitarian social norm.

Results

In this article, we focus on how resource management (i.e., the intensity of resource manage-

ment Δ) affects the evolution of egalitarian social norm, the definition of which includes fair-

ness (i.e., the mean offer level �p and the mean acceptance level �q), empathy (i.e., the mean

empathy level �e) and collective conformity (i.e., the conformity level �c; see Population Vari-

ables in Methods section).

Evolution of egalitarian social norm by resource management

We begin by investigating the formation of egalitarian social norm from diverse individual

norms via resource management. The typical collective behavior of a population on a fully

connected network is presented in Fig 1, when resource management is absent (i.e., Δ = 0; see

the top row of Fig 1) and present (i.e., Δ = 1; see the bottom row of Fig 1). The left and right

columns of Fig 1 respectively display the characteristic norm distribution of the initial and the

stationary state, and the middle column of Fig 1 shows the time evolution of fairness, empathy

and collective conformity. The evolution displayed in Fig 1 starts from a population of players

with diverse individual norms (that is, the individual norms are randomly distributed in the

p − q parameter space; �pt¼1 � 0:25, �qt¼1 � 0:25, �et¼1 � 0:665, �ct¼1 � 0:729 for Δ = 0;

�pt¼1 � 0:253, �qt¼1 � 0:25, �et¼1 � 0:666, �ct¼1 � 0:728 for Δ = 1; see Fig 1a and 1e). At the early

stage of evolution, the mean offer of the population increases whereas the mean acceptance

threshold decreases, as it is the best response to random individual norms [32]. Meanwhile, we

can also observe the decline of the average empathy level of the population and the rise of the

average conformity level (see Fig 1b, 1c, 1f and 1g). Later on, natural selection guides the con-

trary evolutionary processes for Δ = 0 and Δ = 1 (compare Fig 1b, 1c and 1d with Fig 1f, 1g

and 1h). The absence of resource management creates an empathetic and coherent state of the

population, but one that is locked in selfish behavior (�pt¼20;000 � 0:061, �qt¼20;000 � 0:02,
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�et¼20;000 � 0:917, �ct¼20;000 � 0:979; see Fig 1d). Unfairness is, in this case, the only behavior that

tends to spread over the whole population, as fair individuals imitate more successful rational

ones. However, under the presence of resource management, fairness and empathy prevail

after some relaxation time, reaching a stationary state where the population is fair as well as

empathetic, and individuals tend to conform to the egalitarian norms (�pt¼20;000 � 0:358,

�qt¼20;000 � 0:315, �et¼20;000 � 0:915, �ct¼20;000 � 0:973; see Fig 1h). That is, egalitarian social

norm forms among individuals with diverse individual norms.

Furthermore, one can see that there are perpetual oscillations around the equilibrium after

the whole system enters into the stationary state (see Fig 1f). Such an interesting phenomenon

can be understood as follows. Suppose that the population has already reached the egalitarian

state with the prevalence of individual norm ½�p; �q� (see Fig 1h). Then such an egalitarian norm

will be invaded by individual norms [p, q] with their offer levels p and acceptance thresholds q
satisfying �p � p � �q and q � �p. Thus we can see the temporary decrease of offer level �p, which

induces the transient decline of acceptance level �q in the equilibrium (see Fig 1f). The decrease

of offer levels of some individuals would cause numerous conflicted events in the population.

That is, individuals with egalitarian norms will reject the offers proposed by individuals with

less egalitarian norms. In the presence of resource management, individuals with egalitarian

norms can defeat ones with less egalitarian norms (for details see the analysis of a mini Ultima-

tum Game below). Therefore, the average offer level �p and average acceptance level �q of the

population would rebound (see Fig 1f). In addition, we can also find that the population

would never reach a fully egalitarian state (i.e., �p ¼ 0:5 and �q ¼ 0:5) (see Fig 1f). When the

offer level of an individual norm approaches closer to 0.5, the evolutionary advantage of such a

norm over other less egalitarian norms would gradually lost. In fact, if the offer level of an indi-

vidual norm is 0.5, this norm would never win over other self-compatible norms (a draw at

best). This is true no matter the mechanism of resource management is present or not (for

Fig 1. Resource management determines the formation of egalitarian social norm from diverse individual norms.

The top row is for the intensity of resource management Δ = 0, and the bottom row is for the intensity of resource

management Δ = 1. (a, e) Characteristic norm distribution of the initial state (a: �pt¼1 � 0:25, �qt¼1 � 0:25,

�et¼1 � 0:665, �ct¼1 � 0:729; e: �pt¼1 � 0:253, �qt¼1 � 0:25, �et¼1 � 0:666, �ct¼1 � 0:728). (b, c, f, g) Time evolution of four

population variables. (d, h) Characteristic norm distribution of the equilibrium state (d: �pt¼20;000 � 0:061,

�qt¼20;000 � 0:02, �et¼20;000 � 0:917, �ct¼20;000 � 0:979; h: �pt¼20;000 � 0:358, �qt¼20;000 � 0:315, �et¼20;000 � 0:915,

�ct¼20;000 � 0:973). Note the logarithmic scale on x-axis in (b, c, f, g). Parameter settings: exploration rate μ = 0, noise

level K = 0.1 and learning error range ε = 5 × 10−3.

https://doi.org/10.1371/journal.pone.0227902.g001
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details see the analysis of a mini Ultimatum Game below). Hence, no individual will adopt this

kind of disadvantageous norms, and the whole population would never reach and stay in the

fully egalitarian state.

We systematically explore the formation of egalitarian social norm on fully connected net-

works by studying the parameter dependence of the stationary collective behavior of the

model. The parameter space presented in the top row of Fig 2 is spanned by Δ and the noise

level K whereas that presented in the bottom row of Fig 2 is spanned by Δ and the learning

error range ε. Our results reveal that, whenever resource management is considered (i.e., Δ>
0), the formation of egalitarian social norm can be facilitated, regardless of the noise level (see

Fig 2a, 2b, 2c and 2d) and learning error range (see Fig 2e, 2f, 2g and 2h). By comparison, a

population of individuals without capability of resource management (i.e., Δ = 0) is unable to

achieve such degree of social equity.

In S1 Text, we further demonstrate that resource management can even lead to the emer-

gence of egalitarian social norm in a selfish and unfair world and the maintenance of egalitar-

ian social norm despite the presence of norm violators. In addition, we also confirm that the

presented results are robust with respect to (1) the detailed network topology, (2) the updating

pattern, (3) the evolutionary dynamics, (4) the definition of the Ultimatum Game, and (5) the

norm distribution range (see full details in S1 Text).

To reveal the beneficial role of resource management in the evolution of egalitarian social

norm, we study a mini Ultimatum Game by using replicator dynamics [42]. This simplified

model considers discrete norms, yet incorporates key features of the full game with its contin-

uum of norms: (1) Individuals tend to adopt the norm they perceive to be that of the local opti-

mum. (2) The conflicts between individuals with different norms are retained during their

interactions with others. In our mini Ultimatum Game, only two individual norms are available

in the population, i.e., an egalitarian norm (i.e., a self-compatible and generous norm) IN2 =

[p2, q2] with 0 � p2; q2 �
1

2
and a less egalitarian one (i.e., a self-compatible but less generous

norm) IN1 = [p1, q1] with 0 � p1; q1 �
1

2
. We say that the norm IN2 is more generous than IN1

if p2 > p1 and p2� q1. Meanwhile, a norm IN = [p, q] is said to be self-compatible if p� q. Self-

incompatible norms are omitted, because they get eliminated in the mean-field limit anyway

[29]. Hence the following three cases of the mini Ultimatum Game should be considered:

Fig 2. Equilibrium state of a population from diverse individual norms. The top (bottom) panels display the asymptotic values of four

population variables describing the equilibrium state of the population as a function of Δ and the noise K (the learning error range ε): (a, b, e, f)

fairness (i.e., �p and �q), (c, g) empathy (i.e., �e) and (d, h) collective conformity (i.e., �c). All other model setups are the same as those used in Fig 1.

https://doi.org/10.1371/journal.pone.0227902.g002
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1. 0 � q1 � q2 � p1 < p2 �
1

2
.

2. 0 � q2 < q1 � p1 < p2 �
1

2
.

3. 0 � q1 � p1 < q2 � p2 �
1

2
.

In cases 1 and 2, both the payoff of a player with norm IN1 and that of a player with norm

IN2 are invariant with Δ, irrespective of the composition of the population. Therefore, we are

mainly concerned with case 3. In this case, the interaction between a player with norm IN2 and

a player with norm IN1 can be described by the following 2 × 2 payoff matrix,

IN2 IN1
IN2 a b
IN1 c d

=
IN2 IN1

IN2 1 1¡ p2
IN1 p2 1

: ð1Þ

Here a player with norm IN2 obtains a = 1 from another player with norm IN2, but b = 1 −
p2 from a player with norm IN1. Similarly, a player with norm IN1 obtains c = p2 from a player

with norm IN2, but d = 1 from another player with the same norm. As a> c and b< d, both

norms are best replies to themselves, and thus there is an unstable fixed point between the norm

IN1 and IN2 in the evolutionary game (i.e., bistability between the norm IN1 and IN2). Further-

more, since a = d and b� c, the norm IN2 is risk-dominant over IN1 and has a larger basin of

attraction than IN1 does. In S1 Text, we show that resource management is able to help the egal-

itarian norm IN2 to enlarge the basin of attraction or even able to dominate the less egalitarian

norm IN1 (see Fig 3). In fact, the average payoff of players with norm IN2 and that of players

with IN1 suggest that resource management introduces a simple transformation of the payoff

matrix (see Eqs. S3 and S4 in S1 Text). The modified payoff matrix between IN2 and IN1 is

IN2 IN1
IN2 a0 b0

IN1 c0 d0
=

IN2 IN1
IN2 1 (1¡ p2) (1 + ¢)
IN1 p2 (1 + ¢) 1

: ð2Þ

From above modified payoff matrix, one can find that b0 − c0 = (1 − 2p2)(1 + Δ) is increased

with respect to Δ (except when p2 ¼
1

2
), which means players with egalitarian norm IN2 gain

greater advantage when interacting with players with less egalitarian norm IN1. Proposing low

offers increases the chance of rejection, which leads to the reduction of the overall size of

resources with the associated Ultimatum Game and thus decreases the payoffs of the propos-

ers. Giving high offers is costly, but the cost is offset by obtaining a resource with an enlarged

Fig 3. Egalitarian norm dominates in the mini Ultimatum Game if individuals can perform resource

management. There are two norms: the egalitarian norm (i.e., the self-compatible and generous norm) IN2 = [p2, q2]

offers and accepts high shares, and the less egalitarian one (i.e., the self-compatible but less generous norm) IN1 = [p1,

q1] offers and accepts low shares. The figure shows the flow of evolutionary dynamics on the simplex S2 [42]. The solid

dot represents the stable fixed point, while the hollow one the unstable fixed point.

https://doi.org/10.1371/journal.pone.0227902.g003
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size. As the average offer level in the population increases, so does the optimal acceptance

threshold value below which the offers proposed by relatively unfair individuals are rejected.

This in turn favors even higher average offer level. Such a positive feedback mechanism holds

the key to understanding the decisive role of resource management in the evolution of egalitar-

ian social norm.

Coevolution of egalitarian social norm and resource management

Our results, therefore, suggest that resource management plays a determinant role in the evo-

lution of egalitarian social norm. Then one may ask whether resource management itself is

evolutionarily favored by natural selection in the long run. To explore this idea, we introduce

the following extension to our model. Instead of assigning a fixed intensity of resource man-

agement, we start by a population consisting of individuals without the capability of resource

management (i.e., Δi = 0). Then according to an endogenous evolutionary process, the

resource management parameters Δi are subjected to evolution as well. To be specific, natural

selection of the resource management parameters Δi is executed through using a pairwise com-

parison process [43, 44]. After every individual updates its norm, one randomly chosen indi-

vidual copies another randomly selected neighbor’s resource management level with a

probability proportionally to their payoff difference. This updating process is repeated s × N
times before another round of games and norm updates takes place. Here s = τn/τr represents

the time scale ratio of norm evolution (i.e., τn) to resource management evolution (i.e., τr)
[45]. An important issue then naturally arises: how fast resource management evolution hap-

pens relatively to norm evolution [46, 47]? If τr� τn, resource management evolution is more

likely to be governed by genetic inheritance, whereas τr� τn points to cultural imitation. Fig 4

displays the coevolutionary process of resource management and egalitarian social norm,

when resource management evolution is modeled as either genetic inheritance (i.e., s = 0.1; see

the top rows of Fig 4) or cultural imitation (i.e., s = 1; see the bottom rows of Fig 4). Notably,

the stationary probability distribution of resource management converges to similar values

for both cases, falling into the range that creates the most favorable environment for the

evolution of egalitarian social norm (�pt¼20;000 � 0:329, �qt¼20;000 � 0:207, �et¼20;000 � 0:756,

�ct¼20;000 � 0:925, �Dt¼20;000 � 0:914 for s = 0.1; �pt¼20;000 � 0:295, �qt¼20;000 � 0:172,

�et¼20;000 � 0:755, �ct¼20;000 � 0:915, �Dt¼20;000 � 0:898 for s = 1; see Fig 4). Such a finding has a

very clear and intriguing implication: resource management that facilities a population with

widespread fairness, empathy and collective conformity can be evolutionarily selected.

Discussion

In this article, we have investigated the evolution of egalitarian social norm by resource man-

agement. The motivation of resource management is exclusively based on the canonical

assumption that individuals are rational and selfish. Surprisingly, it was found that without

any priori assumption about other-regarding preference [7], the self-interested process of evo-

lution can lead to the evolution of egalitarian social norm even in the framework of conven-

tional (deterministic) evolutionary game theory, whenever resource management is

introduced. Furthermore, it is worth noting that the evolutionary mechanism of resource

management does not fall into the category of direct reciprocity [48]. Direct reciprocity, which

follows the principle: ‘I scratch your back and you scratch mine’, is a mechanism for the evolu-

tion of cooperation based on the repeated encounters between the same two individuals [49].

The standard framework of direct reciprocity is the iterated game (i.e., the repeated Prisoner’s

Dilemma), while in our study individuals participate in the one-round game (i.e., the one-shot
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Ultimatum Game). In such a case, any two individuals can not reciprocate with each other in

the form of direct reciprocity.

Previous theoretical studies aiming to model the evolution of social norms mainly fall into

two categories [50]: (1) game-theoretical models and (2) opinion dynamics models. The game-

theoretical models concentrate on the question of how the commitment to one specific norm

can be reached in the presence of social dilemma, such as cooperation norm [39, 49, 51–54] or

coordination norm [2, 55]. The opinion dynamics models attempt to understand how one of

several possible behavior can establish a norm [56–58]. Different from these models, our pres-

ent model naturally integrates the game-theoretical perspective with the opinion dynamics

one. From the game-theoretical perspective, social norm is needed to keep the whole society in

Fig 4. Coevolution of egalitarian social norm and resource management. Besides the evolution of norm, natural

selection of resource management is implemented via the application of a pairwise comparison process to the

individual resource management parameters Δi. The time scale τr of resource management evolution is either much

larger than the time scale τn of norm evolution (i.e., s = 0.1, top rows) or the same as τn (i.e., s = 1, bottom rows). The

population is initialized with Δi = 0. During the evolutionary process, there is some perturbation off in the updating

process, which follows a uniform distribution ranging from −0.025 to 0.025. For reasonability of the coevolutionary

model, we assume that the intensity of resource management performed by two parties (e.g., individual i and j) is in

accordance with Δ = min(Δi, Δj). Note that it is the most unfavorable situation for the evolution of resource

management. (a, h) Typical norm distribution of the initial state (a: �pt¼1 � 0:25, �qt¼1 � 0:25, �et¼1 � 0:667,

�ct¼1 � 0:73; h: �pt¼1 � 0:249, �qt¼1 � 0:252, �et¼1 � 0:664, �ct¼1 � 0:73). (b, i) Probability distribution of resource

management in the initial state (b: �D t¼1 ¼ 0; i: �D t¼1 ¼ 0). (c, d, e, j, k, l) Time evolution of five population variables. (f,

m) Typical norm distribution of the stationary state (f: �pt¼20;000 � 0:329, �qt¼20;000 � 0:207, �et¼20;000 � 0:756,

�ct¼20;000 � 0:925; m: �pt¼20;000 � 0:295, �qt¼20;000 � 0:172, �et¼20;000 � 0:755, �ct¼20;000 � 0:915). (g, n) Probability

distribution of resource management in the stationary state (g: �D t¼20;000 � 0:914; n: �D t¼20;000 � 0:898). Note the

logarithmic scale on x-axis in (c, d, e, j, k, l). All other model setups are the same as those used in Fig 1.

https://doi.org/10.1371/journal.pone.0227902.g004
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order [4], but unlikely, as it requires individuals to overcome selfish behavior. In our model,

the evolution of egalitarian social norm constitutes such a dilemma. For any given self-com-

patible social norm ½�p; �q�, it is always beneficial for self-interested individuals to violate the

norm by decreasing both the offer level p (as long as p � �q) and the acceptance threshold q.

However, violation of the social norm may pose conflicts of interest between individuals,

which leads to social disorder and instability. On the other hand, our model also generates the

consensus process of individual norms from initial diversity to ultimate uniformity, a view-

point of opinion dynamics. Therefore, the evolution of egalitarian social norm, when resource

management is integrated, is remarkable, inasmuch as its collective formation from diverse

individual norms, its spontaneous emergence in a selfish and unfair world and also its self-

organized maintenance despite the challenge from norm violators.

In addition, our results might provide an explanation for the comprehension of egalitarian

behavior existing across from human society to nonhuman animal world. Egalitarian motives

in human adults are ubiquitous [6] and are also found consistent evidence in children and

even infants very recently [59–61]. Nonhuman animals often have less strong exhibition in

aversion to inequitable outcomes [62–64]. Some empirical studies have found strong reactions

by animals towards inequity, though such affection is also dependent on the social status [65],

social closeness [66], etc. On the other hand, some other experimental works found that chim-

panzees are self-interested rational maximizers and are insensitive to fairness as their lack of

refusals to unfair offers [67–69]. Given the facts that nonhuman animals and humans both

exhibit fair behavior, but humans perform it more pervasive and are more efficient at manag-

ing resources, we may draw the conclusion that humans and nonhuman animals are at differ-

ent stages in the efficiency of resource management. Such a conclusion can be further

supported by considering the ethnographic observations that human beings are more egalitar-

ian when they are more integrated into market activities [20, 70, 71]. This in turn suggests that

the capability of resource management has coevolved with our egalitarian motives and could

have a long evolutionary history with the resource management of nonhuman animals repre-

senting stages in the evolutionary process of the advanced resource management exhibited by

humans. Although available ethnographic evidence is strongly pointing towards our findings,

further empirical experiments are still required to test the predicted positive correlation

between resource management and egalitarian social norm in a laboratory or field setting.

Finally, as a pioneering study of the Ultimatum Game with resource management, the pres-

ent work can be extended in numerous ways. One possibility would be to consider that indi-

viduals have longer memory, instead of merely one-step memory, of past outcomes of deals.

Moreover, resource management in our model requires the following two procedures: infor-

mation-storage procedure (i.e., memorizing the previous outcomes of deals) and information-

processing procedure (i.e., adjusting resource allocation dependent on the memory). Natu-

rally, another possibility would be to consider that this dual-step process of resource manage-

ment is subject to errors. Work along these lines is in progress.

Methods

Model definition

Herein, we present details that give the definition of the model. The population structure is

described by a network, where each node is occupied by an individual, and each edge denotes

who interacts and competes with whom [44, 72–77]. In our model, each time step (e.g., at time

step t) includes two consecutive phases: individual interaction phase and norm updating phase.

Individual interaction phase. In the individual interaction phase, every individual plays

the Ultimatum Game with each of its neighbors, once in the proposer role and once in the
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responder role. The individual norm of each player can be characterized by a vector IN = [p,

q]T. The value of p denotes the fraction of the resource offered by the player when acting as a

proposer, while the value of q indicates the acceptance threshold, i.e., the minimum fraction

that the player accepts when acting as a responder. Based on rational self-interest, the two

components p and q of each individual’s norm vector [p, q]T are constraint within the interval

[0, 0.5]. Let P(INi, INj) be the payoff that player i with individual norm INi = [pi, qi]T gets from

player j with individual norm INj = [pj, qj]T. Thus P(INi, INj) is given by

PðINi; INjÞ ¼ ð1 � piÞHðpi � qjÞRi þ pjHðpj � qiÞRj; ð3Þ

where Ri (Rj) is the amount of resource allocated to the Ultimatum Game, where player i (j)
acts as a proposer, and j (i) as a responder. The Heaviside step function H(x) satisfies

H xð Þ ¼

(
0; if x < 0

1; if x � 0
: ð4Þ

In our model of resource management, resources are adaptively allocated to the deals. That

is, the allocation of resources in present deals (e.g., at time step t) relies on the outcome of pre-

vious ones (e.g., at time step t − 1). Herein, we assume that both parties have the autonomy of

making the decision on how to allocate resources to the two deals negotiated between them.

To avoid a waste of resources, both parties incline to allocate more resources to the deal, where

an agreement was reached, and less resources to the deal, where an agreement was broken.

Based on the four possible outcomes of the two deals negotiated by two individuals, e.g., i and

j, at time step t − 1, we assume that both individuals adopt the following resource management

scheme at time step t (see Fig 5):

1. If both Ri and Rj are successfully split between i and j at time step t − 1, Ri and Rj at time

step t are given by Ri = 1 and Rj = 1, respectively.

2. If Ri is successfully split but Rj is not at time step t − 1, Ri and Rj at time step t are given by

Ri = 1 + Δ and Rj = 1 − Δ, respectively.

3. If Rj is successfully split but Ri is not at time step t − 1, Ri and Rj at time step t are given by

Ri = 1 − Δ and Rj = 1 + Δ, respectively.

4. If both Ri and Rj are failed to be split between i and j at time step t − 1, Ri and Rj at time step

t are given by Ri = 1 and Rj = 1, respectively.

Here the parameter Δ measures the intensity of resource management (i.e., the extent to

which players adaptively respond to the outcomes of the previous deals). For reasonability of

our model, we set 0� Δ� 1, ensuring that Ri� 0 and Rj� 0. Note that the rationality of equal

allocation of resources lies in both players’ unawareness of which deal is better than the other

one, when both Ri and Rj are succeed or failed to be split. It is also worth mentioning that the

total size of resources Ri + Rj = 2 is constant, so that the total maximal payoff of the population

is invariant with respect to Δ. After interacting with each player within its neighborhood,

player i with individual norm INi = [pi, qi]T obtains its average payoff, which is given by

PINi
¼

X

k2GðiÞ

PðINi; INkÞ

Mi
;

ð5Þ

where Mi is the number of players in player i’s neighborhood Γ(i).
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Norm updating phase. Subsequent to the individual interaction phase, players synchro-

nously update their norms, either by random exploration of available norms or by payoff-

biased imitation of norms. With probability μ (the exploration rate), a player, e.g., i, switches

to a randomly selected norm [78, 79]; with probability 1 − μ, the player experiences the norm

imitation event based on a pairwise comparison process [43, 44]. Specifically, player i adopts

the individual norm INj of a randomly selected neighbor j with the probability

T PINj
� PINi

� �
¼

1

1þ exp ½� ðPINj
� PINi

Þ=K�
; ð6Þ

where PINi
and PINj

are the average payoffs of i and j, respectively. The parameter K quantifies

the amplitude of noise allowing the irrational choices [44]. As the individual norms are contin-

uous, it is almost impossible to imitate the norm of the role model precisely. Thus we add a

small perturbation to the process of norm imitation. Namely, after learning from j, the individ-

ual norm of i becomes INi = [pi + ε1, qi + ε2] with ε1 and ε2 being randomly picked up from

the interval [−ε, ε]. Both the noise and the learning error are used to create a “trembling hand”

effect [80]. After these updating events have been performed for all the individuals in the popu-

lation, a new time step begins.

Population variables

Here we introduce four population variables used for the description of collective behavior of

a population.

Fig 5. Schematic illustration of resource management. The player at the end of the small arrow plays as a proposer, while the one at the front of the small arrow

acts as a responder for each Ultimatum Game. The size of resource allocated to each deal is denoted at the top of the small arrow. Ri (Rj) is the resource to be split

in one of the two Ultimatum Games played between player i and j, in which i (j) acts as the proposer, and j (i) as the responder. In our model of resource

management, the allocation of resources in present deals (e.g., at time step t) is dependent on the outcome of previous ones (e.g., at time step t − 1).

https://doi.org/10.1371/journal.pone.0227902.g005
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1. Fairness: the mean offer level �p and the mean acceptance level �q of a population, which are

respectively characterized by the average values of the offer level p and the acceptance

threshold q of all players, that is,

�p ¼
XN

i¼1

pi=N; ð7Þ

and

�q ¼
XN

i¼1

qi=N; ð8Þ

where N is the population size, and pi and qi are the offer level and the acceptance threshold

of player i, respectively. The mean offer level 0 � �p � 1

2
and the mean acceptance level 0 �

�q � 1

2
of the population represent the fairness level of the whole population, and the larger

values of �p and �q indicate the players are fairer in the population.

2. Empathy: the mean empathy level �e of a population, which is given by

�e ¼
XN

i¼1

ei=N; ð9Þ

where N is the population size, and ei is the empathy level of i. Thus,

ei ¼ 1 � jpi � qij=e; ð10Þ

where e = 0.5 is a normalization factor that bounds ei in the range between zero and one,

and pi and qi are the offer level and the acceptance threshold of player i, respectively. The

parameter �e characterizes the empathy level of the whole population, and the larger value of

�e indicates the players are more empathetic in the population.

3. Collective conformity: the conformity level of the individual norms that individuals of a

population conform to, which is measured by

�c ¼
XN

i¼1

ci=N; ð11Þ

where N is the population size, and ci denotes the coherence between the individual norm

of i and the social norm. Hence,

ci ¼ 1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpi � �pÞ2 þ ðqi � �qÞ2
q

=c; ð12Þ

where c ¼
ffiffiffi
2
p

=2 is a normalization factor that confines ci into the range between zero and

one, and pi and qi are the offer level and the acceptance threshold of player i, respectively.

The parameter �c characterizes the conformity level of the individual norms, and the larger

value of �c indicates that the social norm ð�p; �qÞ is more widely accepted by the individuals in

a population.

Simulation details

The simulations are performed on a fully connected network with N = 104 nodes. The two

components p and q of each individual’s norm vector [p, q] are randomly initialized in the

interval [0, 0.5] independently. At the beginning of evolution, the size of resource to be
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allocated between two parties of each Ultimatum Game is set to unity. Equilibrium �p, �q, �e and

�c values are evaluated by averaging over 5 × 106 time steps after a transient time of 5 × 106 time

steps. We confirm that runs for longer time periods do not affect the presented results.

Supporting information

S1 Text. The supporting information is organized as follows. Section 1 presents the numeri-

cal results showing that resource management can induce the emergence of egalitarian social

norm in a selfish and unfair world. Section 2 provides evidences supporting that resource

management can lead to the maintenance of egalitarian social norm despite the presence of

norm violators. Section 3 reports that the main results are robust against numerous model

assumptions. Section 4 gives a detailed mean-field analysis of a mini Ultimatum Game with

resource management.
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