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Abstract: By constructing a quadrilateral evolutionary game model involving the central government,
local governments, polluting enterprises, and the public, this paper attempts to comprehensively
analyze the development and implementation of China’s air pollution control policies. Through the
quadrilateral evolutionary game model, this paper systematically studies the evolutionary stable
strategies of the four parties involved and obtains 27 equilibrium points, strategy sets, and their
corresponding policy performance with the help of the four-dimensional dynamic system. The
research results show that there are five equilibrium points that represent the least ideal scenarios, 14
equilibrium points that represent the less than ideal scenarios, four equilibrium points that represent
the ideal scenarios, three equilibrium points that represent the more than ideal scenarios, and one
equilibrium point that represents the most ideal scenarios. By analyzing the eight equilibrium points
that represent the ideal, more than ideal and most ideal scenarios, especially the four stable points,
this paper has obtained the conditions as well as policy implications of the four stable points in
China’s air pollution control campaign.

Keywords: evolutionary game; quadrilateral game; air pollution; pollution control policy

1. Introduction

Severe air pollution will not only lead to a high incidence of diseases and low level of social welfare
but also impose immeasurable negative impacts on sustainable development in the long run [1–3]. As
a large developing country that is at a critical stage of economic transformation, China has realized the
significance of air pollution problems. The top leadership has clearly stated that we must “speed up
structural reform on ecological civilization and build a beautiful China” [4].

In order to fight against severe air pollution, the Chinese government has issued a large number
of air pollution control policies, such as the “Air Pollution Prevention and Control Action Plan”
implemented in 2013 [5]; the “Temporary Provisions on the Management of Pollutant Discharge
Permits” issued in December 2016 that has accelerated the implementation of a permit system for
pollutant emission control [6]; the revised “Air Pollution Prevention and Control Law” effective 26
October 2018 that requires clean production inspection in key industries including the steel, cement,
and chemical industries, the adoption of advanced technologies, processes, and equipment, as well as
clean production technology transformation for key areas and weak links in energy conservation and
emission reduction campaigns [7]; and the “Key Points on 2019 Nation-wide Air Pollution Prevention
and Control” published in March 2019 that requires various local governments to make efforts on air
pollution prevention and control and continuously improve air quality [8]. Assessing the results of
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these policies is of paramount importance, to check if these are delivering results. This can be done
using air quality models [9], satellite data [10], or measurements [11].

At the same time, the Chinese government also attaches great importance to the public participation
in air pollution control. In 2016, China established the “12369 Environmental Protection Whistleblowing
Inter-Connected Management Platform,” which has integrated multiple information channels including
hotlines, WeChat, and the Internet, realized the sharing of whistleblowing information among the four
levels of “national-provincial-city-district,” and encouraged the public to play an active role in air
pollution control by blowing the whistle [12]. In November 2019, the platform received a total of 34,942
environment-related reports, including 14,277 reports through hotlines, 16,475 reports through WeChat,
and 4190 reports through the Internet. In terms of pollution types, air pollution is most frequently
reported, accounting for 51.5% of total reports (see Figure 1) [13].
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Figure 1. Whistleblowing Reports on China’s “12369 Environmental Protection Whistleblowing
Inter-Connected Management Platform” in November 2019.

Therefore, throughout the development and implementation of existing air pollution control
policies, there are four participants: the central government, the local government, polluting enterprises,
and the public (whistleblowers). During the overall process of policy development and implementation,
the relationship between these four parties is quite complicated.

1. There is to information asymmetry with the central government [14–16], competition between
local governments for official promotion and in the area of environmental regulation, and local
governments not only take orders from the central government but also have countermeasures
and non-cooperation relationships with the central government [17–19].

2. From the perspective of polluting enterprises, which are one of the main sources of air pollution
in China [20,21] and the main source of pollution explored in this paper, because a large number
of polluting enterprises are the major tax-payers that the local government relies heavily on, and
some are even state-owned enterprises directly under the State-Owned Assets Supervision and
Administration Commission (SASAC), the local governments have a certain collusion relationship
with the polluting enterprises [22–24].
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3. From the perspective of public participation, on the one hand, air pollution should cause the
public (the direct victims of pollution) to blow the whistle; on the other hand, the personal
information leakage during whistleblowing and harassment and retaliation by polluters after
whistleblowing would weaken the public’s initiative to participate. Therefore, it might be the
case that some victims of pollution did not blow the whistle [25–28].

So far, in the academia, there have been quite a few studies on the multi-party relationship in
air pollution control based on Game Theory. For example, Shi et al. constructed a transboundary
air pollution model based on game theory to analyze the cooperative SO2 reduction in three cities
of Hunan province, China. Their results proved that those cities would fully cooperate to reduce
emissions when the welfare from full cooperation was reasonably allocated. Therefore, the welfare
allocation may affect the sustainability of cooperation significantly in environment protection [29].
Chang et al. established a transboundary pollution game model, including emission permits trading
and pollution abatement costs. Based on the model, they studied the optimal emission paths and
pollution abatement strategies under cooperative and noncooperative games [30]. Wang et al. have
presented a generalized Nash equilibrium game model to study the SO2 reduction in Yangtze River
Delta region in China. This new model resulted in an optimal SO2 removal solution with savings
of $4.8 × 107 USD. They also simulated the effects of changes in the SO2 reduction targets to help
policy makers develop more effective pollutant reduction strategies [31]. Hong et al. studied the links
between air pollution, interpersonal trust, and preferences to buy stock in companies emitting air
pollutants. By recruiting volunteers in 31 provinces of mainland China and testing their behavior using
game models, they have found the robust main effect of pollution and an interaction effect between
participants’ subjective socioeconomic status and real-time PM2.5 levels in China. They argued that
the environment pollution could establish a bad norm, which would undermine interpersonal trust
and environmental protection behavior [32]. Shi et al. have used the agent-based model in a complex
network to simulate the behavior of enterprises to policies spurring low-carbon technology diffusion.
Playing evolutionary games with their neighbors, those enterprises demonstrated adaptiveness and
equilibrium. Their results showed that all these policies turn out to be inefficient or even harmful to
enterprises because of the adaptiveness of the whole system. Nonetheless, policymakers could choose
measures to enlarge the size of green markets to solve the problem [33].

Unfortunately, existing studies usually construct the game model for the government and
enterprises based on exogenous mechanisms, and therefore have the following shortcomings:

1. Most studies focused on dual party games and did not consider the participation and influence
of the public [34–36]. Although this simplifies theoretical derivation, it cannot reflect the actual
situation in China’s air pollution control.

2. Although many studies have further expanded dual-party games to tri-party games covering
the central government, local governments, and polluting enterprises, these studies still failed to
fully reflect the complex process of air pollution control in China [37]. In our tri-party game study
in 2019, although we innovatively included the public into the pollution control game, regretfully,
we did not include polluting enterprises as a game participant in the research framework [38].

In view of this, based on above studies, this paper has made further innovations by constructing a
Quadrilateral Evolutionary Game Model covering the central government, local governments, polluting
enterprises, and the public in order to comprehensively analyze the development and implementation
process of China’s air pollution control policies. By adopting the Quadrilateral Evolutionary Game
Model, this paper has systematically studied the evolutionary stable strategy of the four parties
involved, and proposed solutions to air pollution control in China, making theoretical and practical
contributions to the construction of air pollution control systems in developing countries.

The structure of this paper is as follows: Section 2 constructs the Quadrilateral Evolutionary
Game Model, Section 3 obtains the evolutionary stable strategies and stability conditions of various
parties, Section 4 reveals the condition and process of formation of evolutionary stable strategies
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by constructing and solving the four-dimensional dynamic system of dynamic game evolution, and
Section 5 concludes the paper and provided relevant policy recommendations based on the results of
game analysis.

2. Materials and Methods

2.1. The Parties in the Game and Their Strategy Choices

2.1.1. The Central Government

The central government determines the performance of local governments in environmental
supervision by checking whether the local government’s supervision report is consistent with on-site
inspection results and determines whether the enterprises comply with the regulations on emissions
by monitoring various emission indicators of the polluting enterprises [39]. Given the strategies of
the local government and polluting enterprises, the central government can choose to monitor (let
the probability be x) or not to monitor (let the probability be (1 − x)) the air pollution control work
in different places. Let the long-term social welfare brought by the long-term monitoring of the
central government on environmental protection be S1, the monitoring cost be C1, and the cost of not
monitoring be 0; let the reputation loss due to lack of monitoring by the central government be L1.

2.1.2. The Local Government

When the central government requires local governments to supervise whether enterprises comply
with regulations on emissions, the local governments may implement regulations for the improvement
of local environment. However, the local government may also choose not to regulate due to the
high regulatory cost or concerns that strict regulations might result in lower fiscal revenues [40,41].
Therefore, the local governments’ behavior strategies include regulating (let the probability be y) and
not regulating (let the probability be (1 − y)). When the local governments choose to regulate, this
will pressure the enterprises to comply with regulations on emissions, so that improve the long-term
reputation and political achievement of the local government (let it be S2), but this will incur regulatory
cost at the same time (let it be C2). When the local government chooses not to regulate, public health
will be adversely impacted, and the local government will face reputation loss and other losses due
to population migration and labor force decrease in the long term (let it be L2). If the fact that the
local government chooses not to regulate takes place during the central government’s environmental
inspection, the local government will be subject to political penalties (let it be P2).

2.1.3. Enterprises

When the local government requires enterprises to strictly follow the stated emission allowance,
the enterprises may, out of a sense of responsibility to the environment or fear of supervision by the
central and local governments, choose to comply with the regulations (let the probability be z); the
enterprises may also choose not to comply due to technology investment cost and potential negative
impacts on their operation income (let the probability be (1− z)) [42,43]. If the illegal polluting activity
of enterprises is discovered by the central or local governments, the enterprises will be subject to
economic penalties (let it be P3) collected by the central government [44] and suffer from a reputation
loss (let it be L3).

2.1.4. The Public

When the public interest is violated due to the excessive emissions of polluting enterprises
within the jurisdiction of the local government, the public could not blow the whistle, i.e., tolerate the
enterprises’ non-compliant emissions and hope the local government would enforce the regulations.
In this case, the public will suffer a health loss of L4. The public could also choose to blow the whistle
in order to protect their legitimate rights and interests. If the non-compliant emissions or illegal
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polluting activities of the enterprise are confirmed, the whistleblower will receive a reward of B4 [45].
Therefore, the public’s behavior strategies include blowing the whistle (let the probability be θ) and not
blowing the whistle (let the probability be (1−θ)). As for the local government, regarding the excessive
emissions of polluting enterprises within its jurisdiction, it may choose to regulate for the benefit of
public interests; it may also choose not to regulate due to concerns that the local economy might suffer
from strict environmental regulations [46,47]. When the public chooses to blow the whistle and the
local government chooses to regulate, the whistleblower will receive an extra compensation from the
polluting enterprise for negative externalities (let it be R4). However, when the public choose to blow
the whistle, they face a cost of C4.

2.2. The Game Tree and Parameters

Based on the above-mentioned game participants and strategy choices, this paper has obtained
the Quadrilateral Game Tree related to air pollution whistleblowing and air pollution control and
supervision, as shown in Figure 2.
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Further, Table 1 has listed the parameter description, definition, and value range of different game
participants in Section 2.1, in which the parameters x, y, z,θ are dimensionless ones, while the other
parameters S1, C1, . . . , P3, L4, etc. are economic variables of the same order of magnitude. This paper
has not set specific units for them, which will not affect model calculations and results analysis.
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Table 1. Definition of parameters related to different game strategies.

Parameter Definition Range

x The probability that the central government chooses
to monitor x ∈ [0, 1]

1− x The probability that the central government chooses
not to monitor

(1− x) ∈ [0, 1]

y The probability that the local government chooses to
regulate y ∈ [0, 1]

1− y The probability that the local government chooses
not to regulate

(1− y) ∈ [0, 1]

z The probability that enterprises comply with the
regulations z ∈ [0, 1]

1− z The probability that enterprises violate the
regulations

(1− z) ∈ [0, 1]

θ
The probability that the public choose to blow the
whistle θ ∈ [0, 1]

1− θ The probability that the public choose not to blow the
whistle

(1− θ) ∈ [0, 1]

S1

The long-term social welfare due to air quality
improvement when the central government monitors,
the local government regulates polluting activities,
and enterprises comply with the regulations

S1 �

max{C1, L1, P2, P3, B4} > 0

C1 The monitoring cost of the central government C1 > 0

L1
The reputation loss if the central government chooses
not to monitor L1 > 0

S2

The long-term reputation gain and political
achievement of the local government if it chooses to
regulate polluting activities and encourage emission
reduction

S2 > 0

C2

The cost of the local government if it chooses to
regulate polluting activities and the economic loss
brought by strict regulation

C2 > 0

L2
The reputation loss if the local government chooses
not to regulate L2 ≥ 0

P2

The punishment on the local government if the local
government chooses not to regulate and enterprises’
polluting activity is caught by the central government

P2 ≥ 0

C3

The technology investment cost required by
enterprises to comply with the regulations and
related impacts on their main operation income

C3 > 0

L3
The reputation loss of the enterprise if it chooses to
violate the regulations L3 > 0

P3

The penalty on enterprises if their illegal polluting
activity is caught by the local government or central
government, which belongs to the central
government

P3 > 0

C4 The cost of the public to blow the whistle C4 > 0

B4
The reward granted to the whistleblower by the
central government B4 > 0

R4

The compensation to the whistleblower from
polluting enterprises if the local government chooses
to regulate

R4 > 0

L4
The adverse health impact on the public if the local
government chooses not to regulate L4 > 0
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2.3. The Game Model

2.3.1. The Payoff Matrix of Quadrilateral Game Participants

Based on the parameters introduced in Section 2.2, the payoff matrix of the Quadrilateral
Evolutionary Game for air pollution control is shown in Table 2.

Table 2. The payoff matrix of the quadrilateral evolutionary game for air pollution control.

The Central Government (a)

Monitor (x) Not Monitor (1− x)

The Local Government (b)

Regulate (y)
Not

Regulate
(1− y)

Regulate (y) Not Regulate
(1− y)

Enterprises
(c)

Comply
with

Regulations
(z) The Public

(d)

Blow the Whistle
(θ)

(a1, b1, c1, d1) (a5, b5, c5, d5) (a9, b9, c9, d9) (a13, b13, c13, d13)

Not Blow the
Whistle (1− θ)

(a2, b2, c2, d2) (a6, b6, c6, d6) (a10, b10, c10, d10) (a14, b14, c14, d14)

Violate
Regulations

(1− z)

Blow the Whistle
(θ)

(a3, b3, c3, d3) (a7, b7, c7, d7) (a11, b11, c11, d11) (a15, b15, c15, d15)

Not Blow the
Whistle (1− θ)

(a4, b4, c4, d4) (a8, b8, c8, d8) (a12, b12, c12, d12) (a16, b16, c16, d16)

The elements of the Payoff Matrix are shown in Equation (1).

S1 −C1 − B4 S2 −C2 −C3 −C4 + B4

S1 −C1 S2 −C2 −C3 0
−C1 − B4 + P3 −C2 −P3 −R4 − L3 −C4 + B4 + R4 − L4

−C1 − P3 −C2 −P3 − L3 −L4

S1 −C1 − B4 0 −C3 −C4 + B4

S1 −C1 0 −C3 0
−C1 − B4 + P2 + P3 −P2 −P3 −R4 − L3 −C4 + B4 + R4 − L4

−C1 + P3 + P2 −L2 − P2 −P3 − L3 −L4

−L1 S2 −C2 −C3 −C4

−L1 S2 −C2 −C3 0
−L1 + P3 −C2 −P3 −R4 − L3 −C4 + R4 − L4

−L1 + P3 −C2 −P3 − L3 −L4

−L1 −L2 −C3 −C4

−L1 −L2 −C3 0
−L1 −L2 −L3 −C4 − L4

−L1 −L2 −L3 −L4



(1)

In the above payoff matrix, the four parties will continuously adjust their strategies in order to
maximize their expected return. According to the Evolutionary Game Theory, when the return of
a certain strategy is higher than the average return of the game system, this strategy will gradually
evolve and develop in the system [48–50], i.e., the proportion of individuals adopting such strategy
will grow at a rate greater than zero. This process is called the replicator dynamics equation, which
is a dynamic differential equation of the frequency with which a particular strategy is adopted in a
system [51–53].

dx
dt

= x
(
UX1 −UX

)
(2)

Based on the different strategies of the four parties and their corresponding payoff, this paper has
established the replicator dynamics equation of each party as follows:
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2.3.2. The Replicator Dynamics Equation of the Central Government

The expected return of the central government a when it chooses to monitor can be expressed as

UA1 = y ∗ z ∗ θ ∗ a1 + y ∗ z ∗ (1− θ) ∗ a2 + y ∗ (1− z) ∗ θ ∗ a3 + y ∗ (1− z) ∗ (1− θ) ∗ a4

+(1− y) ∗ z ∗ θ ∗ a5 + (1− y) ∗ z ∗ (1− θ) ∗ a6 + (1− y) ∗ (1− z) ∗ θ ∗ a7

+(1− y) ∗ (1− z) ∗ (1− θ) ∗ a8

(3)

The expected return of the central government a when it chooses not to monitor can be expressed as

UA2 = y ∗ z ∗ θ ∗ a9 + y ∗ z ∗ (1− θ) ∗ a10 + y ∗ (1− z) ∗ θ ∗ a11 + y ∗ (1− z) ∗ (1− θ) ∗ a12

+(1− y) ∗ z ∗ θ ∗ a13 + (1− y) ∗ z ∗ (1− θ) ∗ a14 + (1− y) ∗ (1− z) ∗ θ ∗ a15

+(1− y) ∗ (1− z) ∗ (1− θ) ∗ a16

(4)

Let the probability of the central government a choosing to monitor and not to monitor be x and
(1− x) respectively, then the expected return of the central government can be expressed as

UA = x ∗UA1 + (1− x) ∗UA2 (5)

The growth rate of the monitoring strategy by the central government dx
dt is positively correlated

to the payoff of this strategy and difference in payoff with other strategies. Therefore, the replicator
dynamics equation of the central government can be calculated as follows:{ dx

dt = F(x) = x(UA1 −UA) = (1− x)xA(y, z,θ)
A(y, z,θ) = −(θB4 + C1 − L1 − P2 + yP2 + zP2 − yzP2 − P3 + yP3 + zP3 − yzP3 − zS1)

(6)

2.3.3. The Replicator Dynamics Equation of the Local Government

The expected return of the local government b when it chooses to regulate emissions can be
expressed as

UB1 = x ∗ z ∗ θ ∗ b1 + x ∗ z ∗ (1− θ) ∗ b2 + x ∗ (1− z) ∗ θ ∗ b3 + x ∗ (1− z) ∗ (1− θ) ∗ b4

+(1− x) ∗ z ∗ θ ∗ b9 + (1− x) ∗ z ∗ (1− θ) ∗ b10 + (1− x) ∗ (1− z) ∗ θ ∗ b11

+(1− x) ∗ (1− z) ∗ (1− θ) ∗ b12

(7)

The expected return of the local government b when it chooses not to regulate emissions can be
expressed as

UB2 = x ∗ z ∗ θ ∗ b5 + x ∗ z ∗ (1− θ) ∗ b6 + x ∗ (1− z) ∗ θ ∗ b7 + x ∗ (1− z) ∗ (1− θ) ∗ b8

+(1− x) ∗ z ∗ θ ∗ b13 + (1− x) ∗ z ∗ (1− θ) ∗ b14 + (1− x) ∗ (1− z) ∗ θ ∗ b15

+(1− x) ∗ (1− z) ∗ (1− θ) ∗ b16

(8)

Let the probability of the local government b choosing to regulate and not to regulate emissions
be y and (1− y) respectively, then the expected return of the local government can be expressed as

UB = y ∗UB1 + (1− y) ∗UB2 (9)

The growth rate of the regulating strategy by the local government dy
dt is positively correlated

to the payoff of this strategy and difference in payoff with other strategies. Therefore, the replicator
dynamics equation of the local government can be calculated as follows: dy

dt = F(y) = y(UB1 −UB) = (1− y)yB(x, z,θ)
B(x, z,θ) = −(C2 + (−1 + x(z + θ− zθ))L2 − xP2 + xzP2 − zS2)

(10)
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2.3.4. The Replicator Dynamics Equation of Enterprises

The expected return of the enterprise c when it chooses to comply with regulations on emissions
can be expressed as

UC1 = x ∗ y ∗ θ ∗ c1 + x ∗ y ∗ (1− θ) ∗ c2 + x ∗ (1− y) ∗ θ ∗ c5 + x ∗ (1− y) ∗ (1− θ) ∗ c6

+(1− x) ∗ y ∗ θ ∗ c9 + (1− x) ∗ y ∗ (1− θ) ∗ c10 + (1− x) ∗ (1− y) ∗ θ ∗ c13

+(1− x) ∗ (1− y) ∗ (1− θ) ∗ c14

(11)

The expected return of the enterprise c when it chooses to violate the regulations on emissions can
be expressed as

UC2 = x ∗ y ∗ θ ∗ c3 + x ∗ y ∗ (1− θ) ∗ c4 + x ∗ (1− y) ∗ θ ∗ c7 + x ∗ (1− y) ∗ (1− θ) ∗ c8

+(1− x) ∗ y ∗ θ ∗ c11 + (1− x) ∗ y ∗ (1− θ) ∗ c12 + (1− x) ∗ (1− y) ∗ θ ∗ c15

+(1− x) ∗ (1− y) ∗ (1− θ) ∗ c16

(12)

Let the probability of the enterprise c choosing to comply with and violate the regulations on
emissions be z and (1− z) respectively, then the expected return of the enterprise can be expressed as:

UC = z ∗UC1 + (1− z) ∗UC2 (13)

The growth rate of the compliance strategy by the enterprise dz
dt is positively correlated to the

payoff of this strategy and difference in payoff with other strategies. Therefore, the replicator dynamics
equation of the enterprise can be calculated as follows:{ dz

dt = F(z) = z(UC1 −UC) = (1− z)zC(x, y,θ)
C(x, y,θ) = −(C3 − L3 + (x(−1 + y) − y)(P3 + θR4))

(14)

2.3.5. The Replicator Dynamics Equation of The Public

The expected return of the public d when they choose to blow the whistle can be expressed as

UD1 = x ∗ y ∗ z ∗ d1 + x ∗ y ∗ (1− z) ∗ d3 + x ∗ (1− y) ∗ z ∗ d5 + x ∗ (1− y) ∗ (1− z) ∗ d7

+(1− x) ∗ y ∗ z ∗ d9 + (1− x) ∗ y ∗ (1− z) ∗ d11 + (1− x) ∗ (1− y) ∗ z ∗ d13

+(1− x) ∗ (1− y) ∗ (1− z) ∗ d15

(15)

The expected return of the public d when they choose not to blow the whistle can be expressed as

UD2 = x ∗ y ∗ z ∗ d2 + x ∗ y ∗ (1− z) ∗ d4 + x ∗ (1− y) ∗ z ∗ d6 + x ∗ (1− y) ∗ (1− z) ∗ d8

+(1− x) ∗ y ∗ z ∗ d10 + (1− x) ∗ y ∗ (1− z) ∗ d12 + (1− x) ∗ (1− y) ∗ z ∗ d14

+(1− x) ∗ (1− y) ∗ (1− z) ∗ d16

(16)

Let the probability of the public d choosing to blow the whistle and not blow the whistle be θ and
(1− θ) respectively, then the expected return of the public can be expressed as

UD = θ ∗UD1 + (1− θ) ∗UD2 (17)

The growth rate of the whistleblowing strategy by the public dθ
dt is positively correlated to the

payoff of this strategy and difference in payoff with other strategies. Therefore, the replicator dynamics
equation of the public can be calculated as follows:{ dθ

dt = F(θ) = θ(UD1 −UD) = (1− θ)θD(x, y, z)
D(x, y, z) = (xB4 −C4 + (x(−1 + y) − y)(−1 + z)R4)

(18)
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3. Results

Based on the game model constructed in Section 2, this paper will discuss the stable strategies
and stability conditions from the perspective of all parties.

3.1. The Dynamic Trend and Evolutionary Stable Points of the Central Government

It can be seen from Equation (6) that the main factors that determine the central government’s
tendency to choose the monitoring strategy include the following:

1. The probability of the other parties’ strategy decisions, such as the probability of the local
government choosing to regulate y, the probability of the enterprise choosing to comply with
regulations on emissions z, and the probability of the public choosing to blow the whistle θ;

2. The costs and benefits of the central government’s strategies, including the monitoring cost C1,
the long-term social welfare due to long-term monitoring S1, the reputation loss due to lack of
monitoring L1, the economic or political penalties on local governments P2, the penalties on
non-compliant enterprises P3, and the reward to whistleblowers B4.

According to Equation (6), let A(y, z,θ) = 0, and when any of the three conditions listed in
Equation (19) is met: 

y = y1 = θB4+C1−L1−P2+zP2−P3+zP3−zS1
(−1+z)(P2+P3)

, or

z = z1 =
θB4+C1−L1−P2+yP2−P3+yP3
−P2+yP2−P3+yP3+S1

, or

θ = θ1 =
−C1+L1+P2−yP2−zP2+yzP2+P3−yP3−zP3+yzP3+zS1

B4

(19)

It can be obtained that F(x) ≡ 0, which means that when any of the probabilities listed above
meets the specified conditions, the central government will choose not to monitor, and the game system
will be in a stable state, as shown in Figure 3a, below.Sustainability 2020, 12, x FOR PEER REVIEW 12 of 26 
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0 < y < y1 < 1, 0 < z < z1 < 1, 0 < θ < θ1 < 1.

In the case of A(y, z,θ) , 0, let F(x) = 0, two stable points of x can be obtained: 0 and 1. It can be
inferred from Equation (6) that dF(x)

dx = (1− 2x)A(y, z,θ)
A(y, z,θ) = −(θB4 + C1 − L1 − P2 + yP2 + zP2 − yzP2 − P3 + yP3 + zP3 − yzP3 − zS1)

(20)

In Equation (20), if A(y, z,θ) < 0, i.e., y > y1, z > z1, θ > θ1, then dF(x)
dx |x− 0 < 0 and dF(x)

dx |x− 1 > 0.
In this case, x = 0 is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the central government will tend to choose the stable strategy of not monitoring, as
shown in Figure 3b. This means that when the probability of the local government choosing to regulate
is higher than the critical value y1, when the probability of the enterprise choosing to comply with
regulations on emissions is higher than the critical value z1, or when the probability of the public
choosing to blow the whistle is higher than the critical value θ1, the enterprises will have a higher
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probability of compliant emissions, the air pollution will be effectively controlled, and the central
government will reduce its monitoring efforts. In this case, the optimal strategy choice of the central
government is “not monitoring”.

Conversely, if A(y, z,θ) > 0, i.e., y < y1, z < z1, θ < θ1, then dF(x)
dx |x− 0 < 0 and dF(x)

dx |x− 0 > 0. In
this case, x = 1 is the evolutionary stable point, which represents the only global evolutionary stable
strategy—that is, the central government will tend to choose the stable strategy of monitoring, as shown
in Figure 3c. This means that when the probability of the local government choosing to regulate is lower
than the critical value y1, when the probability of the enterprise choosing to comply with regulations
on emissions is lower than the critical value z1, or when the probability of the public choosing to blow
the whistle is lower than the critical value θ1, the local government will spend less efforts on regulatory
activities, the public will have less incentive to blow the whistle, resulting in a lower probability of
compliant emissions by polluting enterprises, the air pollution will not be effectively controlled. In this
case, the optimal strategy choice of the central government is “monitoring”.

3.2. The Dynamic Trend and Evolutionary Stable Points of the Local Government

It can be seen from Equation (10) that the main factors that determine the local government’s
tendency to choose the regulating strategy include:

1. The probability of the other parties’ strategy decisions, such as the probability of the central
government choosing to monitor x, the probability of the enterprise choosing to comply with
regulations on emissions z, and the probability of the public choosing to blow the whistle θ;

2. The costs and benefits of the local government’s strategies, including the regulatory cost of the
local government C2, the reputation and political achievement due to long-term regulatory efforts
S2, the reputation loss due to insufficient regulatory efforts L2, and the economic or political
penalties on local governments P2.

According to Equation (10), let B(x, z,θ) = 0, and when any of the three conditions listed in
Equation (21) below is met: 

x = x2 = C2−L2−zS2
−zL2−θL2+zθL2+P2−zP2

, or
z = z2 = C2−L2+xθL2−xP2

−xL2+xθL2−xP2+S2
, or

θ = θ2 = C2−L2+xzL2−xP2+xzP2−zS2
x(−1+z)L2

(21)

It can be obtained that F(y) ≡ 0, which means that when any of the probabilities listed above
meets the specified conditions, the local government will choose not to regulate, and the game system
will be in a stable state, as shown in Figure 4a.
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In the case of B , 0, let F(y) = 0, two stable points of y can be obtained: 0 and 1. It can be inferred
from Equation (10) that dF(y)

dy = (1− 2y)B(x, z,θ)

B(x, z,θ) = −(C2 + (−1 + x(z + θ− zθ))L2 − xP2 + xzP2 − zS2)
(22)

In Equation (22), if B(x, z,θ) < 0, i.e., x < x2, z< z2,θ >θ2, then dF(y)
dy

∣∣∣y = 0 > 0 and dF(y)
dy

∣∣∣y = 1 < 0.
In this case, y = 1 is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the local government will tend to choose the stable strategy of regulating emissions,
as shown in Figure 4b. This means that, when the probability of the central government choosing to
monitor is lower than the critical value x2, when the probability of the enterprise choosing to comply
with regulations on emissions is lower than the critical value z2, or when the probability of the public
choosing to blow the whistle is higher than the critical value θ2, with less monitoring of the central
government, the enterprises will have a lower probability of compliant emissions, the public will have
a stronger tendency to blow the whistle, the air pollution will not be effectively controlled. In this case,
the optimal strategy choice of the local government is “regulating emissions”.

Conversely, if B(x, z,θ) > 0, i.e., x > x2, z > z2,θ < θ2, then dF(y)
dy

∣∣∣y = 0 < 0 and dF(y)
dy

∣∣∣y = 1 > 0.
In this case, y = 0 is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the local government will tend to choose the stable strategy of not regulating emissions,
as shown in Figure 4c. This means that when the probability of the central government choosing to
monitor is higher than the critical value x2, when the probability of the enterprise choosing to comply
with regulations on emissions is higher than the critical value z2, or when the probability of the public
choosing to blow the whistle is lower than the critical value θ2, the air pollution will be effectively
controlled. In this case, from the cost perspective, the optimal strategy choice of the local government
is “not regulating emissions”.

3.3. The Dynamic Trend and Evolutionary Stable Points of the Enterprises

It can be seen from Equation (14) that the main factors that determine the enterprises’ tendency to
choose the compliance strategy include the following:

1. The probability of the other parties’ strategy decisions, such as the probability of the central
government choosing to monitor x, the probability of the local government choosing to regulate
y, and the probability of the public choosing to blow the whistle θ;

2. The costs and benefits of the enterprises’ strategies, including the cost of complying with
regulations on emissions C3, penalty cost due to non-compliant emissions P3, and compensation
to whistleblowers by polluting enterprises for negative externalities caused R4.

According to Equation (14), let C(x, y,θ) = 0, and when any of the three conditions listed in
Equation (23) below is met: 

x = x3 =
−C3+L3+yP3+yθR4
(−1+y)(P3+θR4)

, or

y = y3 = −C3+L3+xP3+xθR4
(−1+x)(P3+θR4)

, or

θ = θ3 =
−C3+L3+xP3+yP3−xyP3

(−x−y+xy)R4

(23)

It can be obtained that F(z) ≡ 0, which means that when any of the probabilities listed above
meets the specified conditions, the enterprises will choose to violate the regulations on emissions, and
the game system will be in a stable state, as shown in Figure 5a.
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In the case of C(x, y,θ) , 0, let F(z) = 0, two stable points of z can be obtained: 0 and 1. It can be
inferred from Equation (14) that dF(z)

dz = (1− 2z)C(x, y,θ)
C(x, y,θ) = −(C3 − L3 + (x(−1 + y) − y)(P3 + θR4))

(24)

Because (−1 + y)(P3 + θR4) < 0, (−1 + x)(P3 + θR4) < 0, (−x− y + xy)R4 < 0, if C(x, y,θ) > 0,
i.e., x > x3, y > y3,θ > θ3, then dF(z)

dz |z− 1 < 0 and dF(z)
dz |z− 0 > 0. In this case, z = 1 is the evolutionary

stable point, which represents the only global evolutionary stable strategy, that is, the enterprises will
tend to choose the stable strategy of complying with regulations on emissions, as shown in Figure 5b.
This means that when the probability of the central government choosing to monitor is higher than the
critical value x3, when the probability of the local government choosing to regulate is higher than the
critical value y3, or when the probability of the public choosing to blow the whistle is higher than the
critical value θ3, the supervision and regulation on air pollution is tightening, with closer monitoring
by the central government, stricter regulations on pollution emissions issued by the local government,
and stronger willingness of the public to blow the whistle. In this case, in order to avoid penalties
charged by the central government and compensation paid to the whistleblowers, the enterprises will
choose the optimal strategy of “complying with regulations on emissions”.

Conversely, if C(x, y,θ) < 0, i.e., x < x3, y < y3,θ < θ3, then dF(z)
dz |z− 0 < 0 and dF(z)

dz |z− 1 > 0. In
this case, z = 0 is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the enterprises will tend to choose the stable strategy of not complying with regulations
on emissions, as shown in Figure 5c. This means that when the probability of the central government
choosing to monitor is lower than the critical value x3, when the probability of the local government
choosing to regulate is lower than the critical value y3, or when the probability of the public choosing
to blow the whistle is lower than the critical value θ3, the supervision and regulation on air pollution
is loosening, with less monitoring by the central government, less regulations on pollution emissions
issued by the local government, and less initiative of the public to blow the whistle. In this case, from
the cost perspective, the optimal strategy choice of the enterprises is “violating the regulations on
emissions”.

3.4. The Dynamic Trend and Evolutionary Stable Points of the Public

It can be seen from Equation (18) that the main factors that determine the public’s tendency to
choose the whistleblowing strategy include:

1. The probability of the other parties’ strategy decisions, such as the probability of the central
government choosing to monitor x, the probability of the local government choosing to regulate
y, and the probability of the enterprises choosing to comply with regulations on emissions z;

2. The costs and benefits of the public’s strategies, including the reward from the central government
B4, the cost of whistleblowing C4, and the compensation from polluting enterprises for negative
externalities caused R4.
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According to Equation (18), let D(x, y, z) = 0, and when any of the three conditions listed in
Equation (25) below is met: 

x = x4 =
C4−yR4+yzR4

B4+R4−yR4−zR4+yzR4
, or

y = y4 = −xB4+C4−xR4+xzR4
(−1+x)(−1+z)R4

, or

z = z4 =
−xB4+C4−xR4−yR4+xyR4

(−x−y+xy)R4

(25)

It can be obtained that F(θ) ≡ 0, which means that when any of the probabilities listed above
meets the specified conditions, the public will choose not to blow the whistle, and the game system
will be in a stable state, as shown in Figure 6a below.
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In the case of D(x, y, z) , 0, let F(θ) = 0, two stable points of θ can be obtained: 0 and 1. It can be
inferred from Equation (18) that dF(z)

dz = (1− 2θ)D(x, y, z)
D(x, y, z) = (xB4 −C4 + (x(−1 + y) − y)(−1 + z)R4)

(26)

Because (−x− y + xy)R4 < 0, if D(x, y, z) > 0, i.e., x > x4, y > y4, z < z4, then dF(θ)
dθ |θ− 1 < 0 and

dF(θ)
dθ |θ− 0 > 0. In this case, θ = 1 is the evolutionary stable point, which represents the only global

evolutionary stable strategy, that is, the public will tend to choose the stable strategy of blowing the
whistle, as shown in Figure 6b. This means that when the probability of the central government
choosing to monitor is higher than the critical value x4, when the probability of the local government
choosing to regulate is higher than the critical value y4, or when the probability of the enterprises
choosing to comply with regulations on emissions is lower than the critical value z4, most enterprises
would choose to violate the regulations on pollution emissions, so air pollution will not be effectively
controlled. In this case, with stronger monitoring by the central government and growing regulatory
efforts by the local government, from the perspective of health and financial compensation, the optimal
strategy choice of the public is “blowing the whistle”.

Conversely, if D(x, y, z) < 0, i.e., x < x4, y< y4, z >z4, then dF(θ)
dθ |θ− 1 > 0 and dF(θ)

dθ |θ− 0 < 0. In
this case, θ = 0 is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the public will tend to choose the stable strategy of not blowing the whistle, as shown
in Figure 6c. This means that when the probability of the central government choosing to monitor is
lower than the critical value x4, when the probability of the local government choosing to regulate is
lower than the critical value y4, or when the probability of the enterprises choosing to comply with
regulations on emissions is higher than the critical value z4, most enterprises would choose to comply
with the regulations on pollution emissions, so air pollution will be effectively controlled and the
public’s health will be protected. In this case, from a cost perspective, the optimal strategy choice of
the public is “not blowing the whistle”.
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4. Discussion

4.1. The Four-Dimensional Dynamic System and Its Equilibrium Points

In order to reveal the condition and process of the formation of above evolutionary stable strategies,
this section will expand the analysis by constructing and solving a four-dimensional dynamic system
of dynamic game evolution. According to Friedman, the stability of the equilibrium point of a group
dynamic system represented by a differential equation can be determined by the stability analysis
of the Jacobian matrix [54]. Therefore, this paper has adopted the Jacobian matrix stability analysis
method to study the stability of the equilibrium points in the evolutionary game. A four-dimensional
dynamic system is obtained based on the replicator dynamics equations of the four parties, as shown
in Equation (27), which is the combination of Equation (6), (10), (14), and (18).

dx
dt = F(x) = (1− x)xA(y, z,θ)
dy
dt = F(y) = (1− y)yB(x, z,θ)
dz
dt = F(z) = (1− z)zC(x, y,θ)

dθ
dt = F(θ) = (1− θ)θD(x, y, z)

(27)

This paper solves this four-dimensional dynamic system made up of the game strategies of the central
government, the local government, enterprises, and the public. When F(x) = 0, F(y) = 0, F(z) =
0, F(θ) = 0, this paper has obtained multiple feasible solutions:

1. There are 16 equilibrium points for four-party pure strategy solutions, which are:

E0(x = 0, y = 0, z = 0,θ = 0)
E1(x = 0, y = 0, z = 0,θ = 1)
E2(x = 0, y = 0, z = 1,θ = 0)
E3(x = 0, y = 1, z = 0,θ = 0)
E4(x = 1, y = 0, z = 0,θ = 0)
E5(x = 0, y = 0, z = 1,θ = 1)
E6(x = 0, y = 1, z = 1,θ = 0)
E7(x = 1, y = 1, z = 0,θ = 0)
E8(x = 1, y = 0, z = 0,θ = 1)
E9(x = 1, y = 0, z = 1,θ = 0)
E10(x = 0, y = 1, z = 0,θ = 1)
E11(x = 1, y = 1, z = 1,θ = 0)
E12(x = 1, y = 1, z = 0,θ = 1)
E13(x = 1, y = 0, z = 1,θ = 1)
E14(x = 0, y = 1, z = 1,θ = 1)
E15(x = 1, y = 1, z = 1,θ = 1)

(28)

Equation (28) indicates the four-party pure strategy solutions, which mean that the probability of
the strategy selection of quadrilateral game participants is a certain value of 0 or 1. According to
Equation (28), it can be seen that the probability of the quadrilateral game participants is all 0 or 1,
and there are 16 strategy sets.
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2. There are at least eight equilibrium points for dual-party pure strategy solutions, which are

E16
(
x = 0, y = 1, z = −C4+R4

R4
,θ = C3−L3−P3

R4

)
E17

(
x = 0, y = C3−L3

P3
, z = −C2+L2+xP2

xP2−S2
,θ = 0

)
E18

(
x = 0, y = C3−L3

P3+R4
, z = −C2+L2+xP2

xP2−S2
,θ = 1

)
E19

(
x = 1, y = 0, z = B4−C4+R4

R4
,θ = C3−L3−P3

R4

)
E20

(
x = C4

B4+R4
, y = 0, z = 0,θ = −C1+L1+P2+P3

B4

)
E21

(
x = C4

B4
, y = 0, z = 1,θ = −C1+L1+S1

B4

)
E22

(
x = C3−L3

P3
, y = 0, z = −C1+L1+P2+P3

P2+P3−S1
,θ = 0

)
E23

(
x = C3−L3

P3+R4
, y = 0, z = −B4−C1+L1+P2+P3

P2+P3−S1
,θ = 1

)
(29)

Equation (29) indicates the dual-party pure strategy solutions, which mean that only two parties
in the quadrilateral game participants have a strategy selection probability of 0 or 1, and the
remaining two parties have a policy selection probability of uncertain values. According to
Equation (29), there are at least eight strategy sets.

3. There are at least two equilibrium points for single-party pure strategy solutions, which are



E24

(
x = 0, y = −

C4(xP2−S2)
R4(−C2+L2+S2)

, z = −C2+L2+xP2
xP2−S2

,θ = −xC4P2P3+C2C3R4−C3L2R4−C2L3R4+L2L3R4+C4P3S2−C3R4S2+L3R4S2
C4R4(xP2−S2)

)

E25


x = −B4C3+B4L3+C4P2+C4P3−C4S1

B4P2+C1R4−L1R4−B4S1−R4S1
,

y = 0,

z =
B2

4C3−B2
4L3−B4C4P3+B4C3R4+C1C4R4−C4L1R4−B4L3R4−C4P2R4−C4P3R4

R4(B4C3−B4L3−C4P2−C4P3+C4S1)
,

θ =
−B4C3P2+B4L3P2−B4C3P3+B4L3P3+C4P2P3+C4P2

3−C1C3R4+C3L1R4+C1L3R4−L1L3R4+B4C3S1−B4L3S1−C4P3S1+C3R4S1−L3R4S1

R4(B4C3−B4L3−C4P2−C4P3+C4S1)


(30)

Equation (30) indicates the single-party pure strategy solutions, which mean that only three
parties in the quadrilateral game participants have a strategy selection probability of 0 or 1.
According to Equation (30), there are at least two strategy sets.

4. There may be a mixed strategy solution E26(x∗, y∗, z∗), whose existence requires the following
conditions to be satisfied: 

A(y, z,θ) = 0
B(x, z,θ) = 0 and x∗, y∗, z∗,θ∗ε(0, 1)
C(x, y,θ) = 0
D(x, y, z) = 0

(31)

To summarize, when solving Equation (27), we can get a large number of feasible solutions.
However, many solutions have only mathematical meaning rather than practical significance. Therefore,
this paper choses feasible solutions that can represent real situations and can be represented by
mathematical expressions, which include 16 feasible solutions for four-party pure strategy solutions (E0

to E15), eight feasible solutions for dual-party pure strategy (E16 to E23) and two feasible for single-party
pure strategy (E24 and E25).

4.2. The Stability of the Four-Dimensional Dynamic System

In a multiple-party evolutionary game, the necessary and sufficient condition for an evolutionary
stable equilibrium E is that E represents a strict Nash equilibrium [55]. If the evolutionary stable
equilibrium E is asymptotically stable, then E must satisfy a strict Nash equilibrium, and the strict Nash
equilibrium must be a pure strategy equilibrium [56]. According to Lyapunov’s stability theory [57,58],
the eigenvalues of the Jacobian matrix can determine the asymptotic stability of the equilibrium points
of the system, that is, the necessary and sufficient condition for an equilibrium point in a replicator
dynamics system to represent an evolutionary stable strategy is that all the eigenvalues of its Jacobian
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matrix are negative real numbers [59]. The Jacobian matrix of the four-dimensional dynamic system is
shown in Equation (32):

J =


(1− 2x)A (1−x)xdA

dy
(1−x)xdA

dz
(1−x)xdA

dθ
(1−y)ydB

dx (1− 2y)B (1−y)ydB
dz

(1−y)ydB
dθ

(1−z)ydC
dx

(1−z)ydC
dy (1− 2z)C (1−z)ydC

dθ
(1−θ)θdD

dx
(1−θ)θdD

dy
(1−θ)θdD

dz (1− 2θ)D


(32)

When the equilibrium point is E0(x = 0, y = 0, z = 0,θ = 0), the Jacobian matrix is written as
Equation (33).

J =


−C1 + L1 + P2 + P3 0 0 0

0 −C2 + L2 0 0
0 0 −C3 + L3 0
0 0 0 −C4

 (33)

Similarly, the Jacobian matrix and its eigenvalues can be obtained for the 27 equilibrium points of
the system, as shown in Table 3. According to Lyapunov’s stability conditions, when all the eigenvalues
of the Jacobian matrix λ is negative (λ < 0), that is, when all the eigenvalues of the Jacobian matrix are
negative real numbers, the corresponding equilibrium point is a stable point; when all the eigenvalues
of the Jacobian matrix are positive real numbers, the corresponding equilibrium point is an unstable
point [60,61]; and when the eigenvalues of the Jacobian matrix contain both negative and positive real
numbers, the corresponding equilibrium point is a saddle point [62,63].

Table 3. The stability of equilibrium points in the quadrilateral evolutionary game.

Equilibrium
Point

Eigenvalues Asymptotic
Stability

Conditionλ1 λ2 λ3 λ4

E0
−C1 + L1 +

P2 + P3
−C2 + L2 −C3 + L3 −C4

λ1 < 0 & λ2 <
0 & λ3 <

0 & λ4 < 0
. . . . . . . . . . . . . . . . . .
E2 −C1 + L1 + S1 −C2 + L2 + S2 C3 − L3 −C4 . . .
. . . . . . . . . . . . . . . . . .
E9 C1 − L1 − S1 −C2 + S2 C3 − L3 − P3 B4 −C4 . . .
. . . . . . . . . . . . . . . . . .
E11 C1 − L1 − S1 C2 − S2 C3 − L3 − P3 B4 −C4 . . .
. . . . . . . . . . . . . . . . . .

E13
B4 + C1 − L1 −

S1
−C2 + S2

C3 − L3 − P3 −

R4
−B4 + C4 . . .

. . . . . . . . . . . . . . . . . .

E15
B4 + C1 − L1 −

S1
C2 − S2

C3 − L3 − P3 −

R4
−B4 + C4 . . .

. . . . . . . . . . . . . . . . . .

In Table 3, it is difficult to determine the evolutionary stability of the quadrilateral evolutionary
game system based on the available information. Considering that this paper mainly focuses on the
compliant emission behavior of the enterprises under the supervision and regulation of governments
and monitoring of the public, this paper has neglected the equilibrium points in which the enterprises
violate or partially comply with the regulations on emissions and only keep the eight equilibrium
points that represent the most ideal, more-than-ideal, and ideal scenarios. Then, this paper studies
stability conditions of these 8 equilibrium points. Taking E2 as an example, the asymptotic stability
condition for E2 is: C1 > L1 + S1 and C2 > L2 + S2, C3< L3, C4 >0. According to the parameter settings
in Section 2.2 based on real world situations, S1 � max{C1, L1, P2, P3, B4} > 0. Therefore, the condition
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of (C1 > L1 + S1) cannot be satisfied, and thus the equilibrium point E2 is not an asymptotically
stable point.

Similarly, the condition for E5 to be asymptotically stable (−B4 −C1 + L1 + S1 < 0) also cannot be
satisfied. After analyzing the rest 6 equilibrium points using the same method, this paper has obtained
4 possible asymptotically stable points: E9(x = 1, y = 0, z = 1,θ = 0), E11(x = 1, y = 1, z = 1,θ = 0),
E13(x = 1, y = 0, z = 1,θ = 1), and E15(x = 1, y = 1, z = 1,θ = 1). However, from the perspective
of the local government and the public, they must require positive payoff. Therefore, only
E15(x = 1, y = 1, z = 1,θ = 1) has the best chance of meeting the asymptotic stability condition:
B4 + C1 − L1 − S1 < 0 and C2 − S2 < 0, C3 − L3 − P3 −R4 < 0,−B4 + C4 < 0.

It can be inferred from the stability conditions of these four equilibrium points that the value
of the environmental political achievement (S2) is critical to the local government. If the value
of the environmental political achievement is lower than the environmental regulatory cost, the
stable equilibrium point of the system will move towards E9 and E13, which will increase the
pressure on the central government to enhance monitoring. The public’s battle against pollution
by enterprises puts restrictions on the enterprises’ environmental behaviors and plays the role of
third-party supervision. The reputation loss of enterprises if the whistle is blown (P3) and the design
of mechanisms of compensation for negative externalities (R4) and reward (B4) are particularly critical.
If the whistleblowing cost is too high, the stable equilibrium point of the system will move towards
E11, greatly reducing the incentive of the public to play an active role in whistleblowing.

Therefore, in China’s air pollution control campaign, in order to achieve the most ideal evolutionary
stable strategy in which the central government monitors, the local governments regulate, and
the enterprises follow the regulations, the key points include emphasizing the environmental
political achievement of the local governments, the environmental reputation of enterprises, and the
whistleblowing incentive mechanism innovation. The environmental management of China should
utilize the third-party supervisory role of the public apart from administrative intervention and
market mechanisms.

4.3. The Ideality of the Solutions for the Four-Dimensional Dynamic System

This paper has classified the outcomes of 16 equilibrium points for four-party pure strategy
solutions, eight equilibrium points for dual-party pure strategy solutions, two equilibrium points for
single-party pure strategy solutions, and the mixed strategy solution into five categories, which in the
order from the best to the worst scenarios are Most Ideal, More than Ideal, Ideal, Less than Ideal, and
Least Ideal (see Table 4).

Among the outcomes, the least ideal scenario is that the enterprises choose to violate the regulations
on emissions regardless of the monitoring, regulations or whistleblowing activities by the governments
and the public, which is represented by five equilibrium points. The less-than-ideal scenario is that the
enterprises choose to violate the regulations on emissions or partially comply with the regulations
with the monitoring, regulations or whistleblowing activities by the governments and the public,
which includes 14 equilibrium points. The ideal scenario is that the enterprises choose to comply with
the regulations on emissions with the monitoring, regulations and whistleblowing activities by the
governments and the public, which is represented by four equilibrium points. The more-than-ideal
scenario is that the enterprises choose to comply with the regulations on emissions with either the
monitoring, regulations or whistleblowing activities by the governments and the public, which covers
three equilibrium points. The most ideal scenario is that the enterprises choose to comply with the
regulations on emissions without the monitoring, regulations or whistleblowing activities by the
governments and the public, which is represented by one equilibrium point.
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Table 4. The equilibrium points, strategy set, and policy performance of the quadrilateral
evolutionary game.

Equilibrium Point Strategy Set of Game Participants Policy Performance

E0(x = 0, y = 0, z = 0,θ = 0) (Not Monitor, Not Regulate, Violate Regulations, Not Blow the
Whistle) Least Ideal

E1(x = 0, y = 0, z = 0,θ = 1) (Not Monitor, Not Regulate, Violate Regulations, Blow the
Whistle) Less than Ideal

E2(x = 0, y = 0, z = 1,θ = 0) (Not Monitor, Not Regulate, Comply with Regulations, Not
Blow the Whistle) Most Ideal

E3(x = 0, y = 1, z = 0,θ = 0) (Not Monitor, Regulate, Violate Regulations, Not Blow the
Whistle) Less than Ideal

E4(x = 1, y = 0, z = 0,θ = 0) (Strictly Monitor, Not Regulate, Violate Regulations, Not Blow
the Whistle) Less than Ideal

E5(x = 0, y = 0, z = 1,θ = 1) (Not Monitor, Not Regulate, Comply with Regulations, Blow
the Whistle) More than Ideal

E6(x = 0, y = 1, z = 1,θ = 0) (Not Monitor, Regulate, Comply with Regulations, Not Blow
the Whistle) More than Ideal

E7(x = 1, y = 1, z = 0,θ = 0) (Monitor, Regulate, Violate Regulations, Not Blow the Whistle) Least Ideal
E8(x = 1, y = 0, z = 0,θ = 1) (Monitor, Not Regulate, Violate Regulations, Blow the Whistle) Least Ideal

E9(x = 1, y = 0, z = 1,θ = 0) (Monitor, Not Regulate, Comply with Regulations, Not Blow
the Whistle) More than Ideal

E10(x = 0, y = 1, z = 0,θ = 1) (Not Monitor, Regulate, Violate Regulations, Blow the Whistle) Less than Ideal

E11(x = 1, y = 1, z = 1,θ = 0) (Monitor, Regulate, Comply with Regulations, Not Blow the
Whistle) Ideal

E12(x = 1, y = 1, z = 0,θ = 1) (Monitor, Regulate, Violate Regulations, Blow the Whistle) Least Ideal

E13(x = 1, y = 0, z = 1,θ = 1) (Monitor, Not Regulate, Comply with Regulations, Blow the
Whistle) Ideal

E14(x = 0, y = 1, z = 1,θ = 1) (Not Monitor, Regulate, Comply with Regulations, Blow the
Whistle) Ideal

E15(x = 1, y = 1, z = 1,θ = 1) (Monitor, Regulate, Comply with Regulations, Blow the
Whistle) Ideal

E16
(Not Monitor, Regulate, Partially Comply with Regulations,

Partially Blow the Whistle) Less than Ideal

E17
(Not Monitor, Partially Regulate, Partially Comply with

Regulations, Not Blow the Whistle) Less than Ideal

E18
(Not Monitor, Partially Regulate, Partially Comply with

Regulations, Blow the Whistle) Less than Ideal

E19
(Monitor, Not Regulate, Partially Comply with Regulations,

Partially Blow the Whistle) Less than Ideal

E20
(Partially Monitor, Not Regulate, Violate Regulations, Partially

Blow the Whistle) Least Ideal

E21
(Partially Monitor, Not Regulate, Comply with Regulations,

Partially Blow the Whistle) Less than Ideal

E22
(Partially Monitor, Not Regulate, Partially Comply with

Regulations, Not Blow the Whistle) Less than Ideal

E23
(Partially Monitor, Not Regulate, Partially Comply with

Regulations, Blow the Whistle) Less than Ideal

E24
(Partially Monitor, Not Regulate, Partially Comply with

Regulations, Partially Blow the Whistle) Less than Ideal

E25
(Partially Monitor, Not Regulate, Partially Comply with

Regulations, Partially Blow the Whistle) Less than Ideal

E26
(Partially Monitor, Partially Regulate, Partially Comply with

Regulations, Partially Blow the Whistle) Less than Ideal

5. Conclusions

This paper has innovatively constructed a quadrilateral evolutionary game model involving
the central government, local governments, polluting enterprises, and the public in order to
comprehensively analyze the development and implementation of China’s air pollution control
policies. By using the quadrilateral evolutionary game model, this paper has systematically studied the
evolutionary stable strategies of the four parties involved and obtains 27 equilibrium points, strategy
sets, and their corresponding policy performance with the help of the four-dimensional dynamic
system. The research results show that the least ideal scenario is that the enterprises choose to violate
the regulations on emissions regardless of the monitoring, regulations or whistleblowing activities by
the governments and the public, which includes five equilibrium points; the less-than-ideal scenario
is that the enterprises choose to violate the regulations on emissions or partially comply with the
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regulations with the monitoring, regulations or whistleblowing activities by the governments and the
public, which includes 14 equilibrium points; the ideal scenario is that the enterprises choose to comply
with the regulations on emissions with the monitoring, regulations and whistleblowing activities by
the governments and the public, which is represented by four equilibrium points; the more-than-ideal
scenario is that the enterprises choose to comply with the regulations on emissions with either the
monitoring, regulations or whistleblowing activities by the governments and the public, which covers
three equilibrium points; and the most ideal scenario is that the enterprises choose to comply with
the regulations on emissions without the monitoring, regulations or whistleblowing activities by the
governments and the public, which is represented by one equilibrium point. By analyzing the eight
equilibrium points that represent the ideal, more-than-ideal, and most ideal scenarios, especially the
four asymptotically stable points among them, this paper has obtained the conditions for these four
stable points as well as related policy implications.

In order to achieve the ideal or most ideal outcome of air pollution control policies when there
are multiple parties involved, on the one hand, costs need to be reduced, including the monitoring
cost, the regulatory cost, the compliance cost, and the whistleblowing cost; on the other hand, the
supervisory responsibility of the central government on air pollution control should be shared with
the local governments and the public, which requires further enhancement in the understanding and
motivation of the local governments on environmental regulation, further reduction in the regulatory
cost of local governments and the compliance cost of enterprises, and further encouraging the public
to actively report air pollution incidents and sources. For the enhancement of local governments’
understanding and motivation of environmental regulation, performance evaluation (to enhance
understanding and motivation) and air pollution special funds (to reduce regulatory and compliance
costs) could be used as well as setting up performance evaluation indicators in addition to economic
indicators such as GDP growth. In order to encourage the public to actively report air pollution
incidents and participate in the battle against air pollution, first of all, it is necessary to strengthen the
public’s awareness of environmental protection. Apart from that, a better reward and compensation
system for whistleblowing activities should be designed, including honors and cash rewards. Finally,
better whistleblowing channels should be provided to the public, such as developing the smartphone
mobile application and WeChat Applet for the “12369 Environmental Protection Whistleblowing
Inter-Connected Management Platform”.

The research in this paper is mainly a theoretical analysis of air pollution control and the
quadrilateral regulatory system. Based on this research, we will evaluate the process of air pollution
control in the future, which may help improve air pollution governance in China.

Author Contributions: Conceptualization, W.Y. and Y.Y.; methodology, Y.Y.; software, Y.Y.; validation, Y.Y.;
formal analysis, Y.Y.; investigation, W.Y. and Y.Y.; data curation, W.Y.; writing—original draft preparation, Y.Y.;
writing—review and editing, W.Y.; visualization, W.Y.; supervision, W.Y.; project administration, W.Y.; funding
acquisition, W.Y. All authors have read and agreed to the published version of the manuscript.

Funding: Weixin Yang is financially supported by the Decision-Making Consultation Research Project of Shanghai
Municipal Government and the University of Shanghai for Science and Technology (2019-YJ-L02-A). The authors
gratefully acknowledge the above financial supports.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yuan, G.; Yang, W. Evaluating China’s Air Pollution Control Policy with Extended AQI Indicator System:
Example of the Beijing-Tianjin-Hebei Region. Sustainability 2019, 11, 939. [CrossRef]

2. Gao, H.; Yang, W.; Yang, Y.; Yuan, G. Analysis of the Air Quality and the Effect of Governance Policies in
China’s Pearl River Delta, 2015–2018. Atmosphere 2019, 10, 412. [CrossRef]

3. Yang, W.; Yuan, G.; Han, J. Is China’s air pollution control policy effective? Evidence from Yangtze River
Delta cities. J. Clean. Prod. 2019, 220, 110–133. [CrossRef]

http://dx.doi.org/10.3390/su11030939
http://dx.doi.org/10.3390/atmos10070412
http://dx.doi.org/10.1016/j.jclepro.2019.01.287


Sustainability 2020, 12, 1756 21 of 23

4. Xi, J. Report at the 19th National Congress of the Communist Party of China. Available online: http:
//www.gov.cn/zhuanti/2017-10/27/content_5234876.htm (accessed on 29 December 2019).

5. State Council of the People’s Republic of China. Notice of the State Council on Printing and Distributing the
“Air Pollution Prevention and Control Action Plan”. Available online: http://www.gov.cn/zhengce/content/
2013-09/13/content_4561.htm (accessed on 29 December 2019).

6. Ministry of Environmental Protection. Temporary Provisions on the Management of Pollutant Discharge
Permits. Available online: http://www.gov.cn/gongbao/content/2017/content_5217757.htm (accessed on 29
December 2019).

7. Air Pollution Prevention and Control Law of the People’s Republic of China. In Proceedings of the Sixth
Meeting of the Standing Committee of the Thirteenth National People’s Congress, Beijing, China, 22–26
October 2018; China Legal Publishing House: Beijing, China, 2018.

8. Ministry of Ecology and Environment of the People’s Republic of China. Key Points on 2019 Nation-wide
Air Pollution Prevention and Control. Available online: http://www.mee.gov.cn/xxgk2018/xxgk/xxgk05/

201903/t20190306_694550.html (accessed on 29 December 2019).
9. Thunis, P.; Clappier, A.; Pisoni, E.; Degraeuwe, B. Quantification of non-linearities as a function of time

averaging in regional air quality modeling applications. Atmos. Environ. 2015, 103, 263–275. [CrossRef]
10. Di Nicolantonio, W.; Cacciari, A.; Bolzacchini, F.; Ferrero, L.; Volta, M.; Pisoni, E. MODIS aerosol optical

properties over North Italy for estimating surface-level PM2.5. In Proceedings of Envisat Symposium; ESA
Publications Division: Montreux, Switzerland, 2007; Volume 636.

11. Querol, X.; Tobías, A.; Pérez, N.; Karanasiou, A.; Amato, F.; Stafoggia, M.; García-Pando, C.P.; Ginoux, P.;
Forastiere, F.; Gumy, S.; et al. Monitoring the impact of desert dust outbreaks for air quality for health studies.
Environ. Int. 2019, 130, 104867. [CrossRef] [PubMed]

12. Ministry of Ecology and Environment of the People’s Republic of China. Report on the National “12369”
Environmental Protection Whistleblowing Management Platform in 2016. Available online: http://www.mee.
gov.cn/gkml/hbb/bgth/201705/t20170512_414013.htm (accessed on 29 December 2019).

13. Ministry of Ecology and Environment of the People’s Republic of China. Report of the Ministry of Ecology
and Environment on the National “12369” Environmental Protection Whistleblowing in November 2019.
Available online: http://www.mee.gov.cn/xxgk2018/xxgk/xxgk15/201912/t20191212_748408.html (accessed on
29 December 2019).

14. Yang, W.; Li, L. Efficiency Evaluation and Policy Analysis of Industrial Wastewater Control in China. Energies
2017, 10, 1201. [CrossRef]

15. Liu, Y.; Yao, X.; Wei, T. Energy efficiency gap and target setting: A study of information asymmetry between
governments and industries in China. China Econ. Rev. 2019, 57, 101341. [CrossRef]

16. Liu, G.; Wei, L.; Gu, J.; Zhou, T.; Liu, Y. Benefit distribution in urban renewal from the perspectives of
efficiency and fairness: A game theoretical model and the government’s role in China. Cities 2020, 96, 102422.
[CrossRef]

17. Wang, J.; Wu, Q.; Yan, S.; Guo, G.; Peng, S. China’s local governments breaking the land use planning quota:
A strategic interaction perspective. Land Use Policy 2020, 92, 104434. [CrossRef]

18. Yuan, G.; Yang, W. Study on optimization of economic dispatching of electric power system based on Hybrid
Intelligent Algorithms (PSO and AFSA). Energy 2019, 183, 926–935. [CrossRef]

19. Yang, W.X.; Li, L.G. Analysis of total factor efficiency of water resource and energy in China: A study based
on DEA-SBM model. Sustainability 2017, 9, 1316. [CrossRef]

20. Du, Y.; Li, Z.; Du, J.; Li, N.; Yan, B. Public environmental appeal and innovation of heavy-polluting enterprises.
J. Clean. Prod. 2019, 222, 1009–1022. [CrossRef]

21. Wang, X.; Zhang, C.; Zhang, Z. Pollution haven or porter? The impact of environmental regulation on
location choices of pollution-intensive firms in China. J. Environ. Manag. 2019, 248, 109248. [CrossRef]
[PubMed]

22. Zhao, X.; Li, H.; Wu, L.; Qi, Y. Implementation of energy-saving policies in China: How local governments
assisted industrial enterprises in achieving energy-saving targets. Energy Policy 2014, 66, 170–184. [CrossRef]

23. Yang, W.; Li, L. Energy Efficiency, Ownership Structure, and Sustainable Development: Evidence from China.
Sustainability 2017, 9, 912. [CrossRef]

24. Yao, X.; Zhang, X.; Guo, Z. The tug of war between local government and enterprises in reducing China’s
carbon dioxide emissions intensity. Sci. Total Environ. 2020, 710, 136140. [CrossRef] [PubMed]

http://www.gov.cn/zhuanti/2017-10/27/content_5234876.htm
http://www.gov.cn/zhuanti/2017-10/27/content_5234876.htm
http://www.gov.cn/zhengce/content/2013-09/13/content_4561.htm
http://www.gov.cn/zhengce/content/2013-09/13/content_4561.htm
http://www.gov.cn/gongbao/content/2017/content_5217757.htm
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk05/201903/t20190306_694550.html
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk05/201903/t20190306_694550.html
http://dx.doi.org/10.1016/j.atmosenv.2014.12.057
http://dx.doi.org/10.1016/j.envint.2019.05.061
http://www.ncbi.nlm.nih.gov/pubmed/31207476
http://www.mee.gov.cn/gkml/hbb/bgth/201705/t20170512_414013.htm
http://www.mee.gov.cn/gkml/hbb/bgth/201705/t20170512_414013.htm
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk15/201912/t20191212_748408.html
http://dx.doi.org/10.3390/en10081201
http://dx.doi.org/10.1016/j.chieco.2019.101341
http://dx.doi.org/10.1016/j.cities.2019.102422
http://dx.doi.org/10.1016/j.landusepol.2019.104434
http://dx.doi.org/10.1016/j.energy.2019.07.008
http://dx.doi.org/10.3390/su9081316
http://dx.doi.org/10.1016/j.jclepro.2019.03.035
http://dx.doi.org/10.1016/j.jenvman.2019.07.019
http://www.ncbi.nlm.nih.gov/pubmed/31310939
http://dx.doi.org/10.1016/j.enpol.2013.10.063
http://dx.doi.org/10.3390/su9060912
http://dx.doi.org/10.1016/j.scitotenv.2019.136140
http://www.ncbi.nlm.nih.gov/pubmed/31923656


Sustainability 2020, 12, 1756 22 of 23

25. Moy, G.G. The role of whistleblowers in protecting the safety and integrity of the food supply. NPJ Sci. Food
2018, 2, 8. [CrossRef]

26. Yang, W.; Li, L. Efficiency evaluation of industrial waste gas control in China: A study based on data
envelopment analysis (DEA) model. J. Clean. Prod. 2018, 179, 1–11. [CrossRef]

27. Chen, L. A Review of Research on Whistle-Blowing. Am. J. Ind. Bus. Manag. 2019, 9, 295–305. [CrossRef]
28. Chordiya, R.; Sabharwal, M.; Relly, J.E.; Berman, E.M. Organizational protection for whistleblowers: A

cross-national study. Public Manag. Rev. 2019, 1–26. [CrossRef]
29. Shi, G.; Wang, J.; Fu, F.; Xue, W. A study on transboundary air pollution based on a game theory model:

Cases of SO2 emission reductions in the cities of Changsha, Zhuzhou and Xiangtan in China. Atmos. Pollut.
Res. 2017, 8, 244–252. [CrossRef]

30. Chang, S.; Qin, W.; Wang, X. Dynamic optimal strategies in transboundary pollution game under learning by
doing. Phys. A Stat. Mech. Appl. 2018, 490, 139–147. [CrossRef]

31. Wang, Q.; Zhao, L.; Guo, L.; Jiang, R.; Zeng, L.; Xie, Y.; Bo, X. A generalized Nash equilibrium game model
for removing regional air pollutant. J. Clean. Prod. 2019, 227, 522–531. [CrossRef]

32. Hong, Y.; Li, K.; Huang, B.; Tam, T. Real-time PM2.5 air pollution and social preferences: A large-scale
behavioural game study using mobile apps in mainland China. Lancet Planet. Health 2019, 3, S15. [CrossRef]

33. Shi, Y.; Han, B.; Zeng, Y. Simulating policy interventions in the interfirm diffusion of low-carbon technologies:
An agent-based evolutionary game model. J. Clean. Prod. 2020, 250, 119449. [CrossRef]

34. Huang, X.; He, P.; Zhang, W. A cooperative differential game of transboundary industrial pollution between
two regions. J. Clean. Prod. 2016, 120, 43–52. [CrossRef]

35. Lai, J.; Wan, J.W.L.; Zhang, S. Numerical methods for two person games arising from transboundary pollution
with emission permit trading. Appl. Math. Comput. 2019, 350, 11–31. [CrossRef]

36. da Silva Rocha, A.B.; Salomão, G.M. Environmental policy regulation and corporate compliance in
evolutionary game models with well-mixed and structured populations. Eur. J. Oper. Res. 2019, 279,
486–501. [CrossRef]

37. Zhou, Z.; Tan, Z.; Yu, X.; Zhang, R.; Wei, Y.; Zhang, M.; Sun, H.; Meng, J.; Mi, Z. The health benefits and
economic effects of cooperative PM2.5 control: A cost-effectiveness game model. J. Clean. Prod. 2019, 228,
1572–1585. [CrossRef]

38. Yang, Y.; Yang, W. Does Whistleblowing Work for Air Pollution Control in China? A Study Based on
Three-party Evolutionary Game Model under Incomplete Information. Sustainability 2019, 11, 324. [CrossRef]

39. Ministry of Ecology and Environment of the People’s Republic of China. Institutional Duties of the Central
Ecological Environmental Protection Supervision Office. Available online: http://www.mee.gov.cn/zjhb/bjg/

dcb/ (accessed on 29 December 2019).
40. Li, Y.; Huang, S.; Yin, C.; Sun, G.; Ge, C. Construction and countermeasure discussion on government

performance evaluation model of air pollution control: A case study from Beijing-Tianjin-Hebei region. J.
Clean. Prod. 2020, 254, 120072. [CrossRef]

41. Shen, X.; Yang, W.; Sun, S. Analysis of the Impact of China’s Hierarchical Medical System and Online
Appointment Diagnosis System on the Sustainable Development of Public Health: A Case Study of Shanghai.
Sustainability 2019, 11, 6564. [CrossRef]

42. Shen, L.; Wang, Y. Supervision mechanism for pollution behavior of Chinese enterprises based on haze
governance. J. Clean. Prod. 2018, 197, 571–582. [CrossRef]

43. Ma, J.; Hou, A.; Tian, Y. Research on the complexity of green innovative enterprise in dynamic game model
and governmental policy making. Chaos Solitons Fractals X 2019, 2, 100008. [CrossRef]

44. Xinhua News Agency. The First Round of Central Ecological and Environmental Supervision and “Look
Back”: More than 150,000 Environmental Problems, 2.46 Billion RMB in Fines, 2,264 People Detained.
Available online: http://www.gov.cn/hudong/2019-05/15/content_5391977.htm (accessed on 29 December
2019).

45. Wang, L. Research on Environmental Right of Reporting and its Protection in China. Master’s Thesis,
Wangjian Law School, Soochow University, Suzhou, China, 2017.

46. Feng, Y.; Ning, M.; Lei, Y.; Sun, Y.; Liu, W.; Wang, J. Defending blue sky in China: Effectiveness of the “Air
Pollution Prevention and Control Action Plan” on air quality improvements from 2013 to 2017. J. Environ.
Manag. 2019, 252, 109603. [CrossRef]

http://dx.doi.org/10.1038/s41538-018-0017-5
http://dx.doi.org/10.1016/j.jclepro.2017.12.277
http://dx.doi.org/10.4236/ajibm.2019.92019
http://dx.doi.org/10.1080/14719037.2019.1599058
http://dx.doi.org/10.1016/j.apr.2016.09.003
http://dx.doi.org/10.1016/j.physa.2017.08.010
http://dx.doi.org/10.1016/j.jclepro.2019.03.313
http://dx.doi.org/10.1016/S2542-5196(19)30158-5
http://dx.doi.org/10.1016/j.jclepro.2019.119449
http://dx.doi.org/10.1016/j.jclepro.2015.10.095
http://dx.doi.org/10.1016/j.amc.2018.12.053
http://dx.doi.org/10.1016/j.ejor.2019.05.040
http://dx.doi.org/10.1016/j.jclepro.2019.04.381
http://dx.doi.org/10.3390/su11020324
http://www.mee.gov.cn/zjhb/bjg/dcb/
http://www.mee.gov.cn/zjhb/bjg/dcb/
http://dx.doi.org/10.1016/j.jclepro.2020.120072
http://dx.doi.org/10.3390/su11236564
http://dx.doi.org/10.1016/j.jclepro.2018.06.160
http://dx.doi.org/10.1016/j.csfx.2019.100008
http://www.gov.cn/hudong/2019-05/15/content_5391977.htm
http://dx.doi.org/10.1016/j.jenvman.2019.109603


Sustainability 2020, 12, 1756 23 of 23

47. Li, Y.; Yang, W.; Shen, X.; Yuan, G.; Wang, J. Water Environment Management and Performance Evaluation
in Central China: A Research Based on Comprehensive Evaluation System. Water 2019, 11, 2472. [CrossRef]

48. Adami, C.; Schossau, J.; Hintze, A. Evolutionary game theory using agent-based methods. Phys. Life Rev.
2016, 19, 1–26. [CrossRef]

49. Babu, S.; Mohan, U. An integrated approach to evaluating sustainability in supply chains using evolutionary
game theory. Comput. Oper. Res. 2018, 89, 269–283. [CrossRef]

50. Park, O.; Shin, H.; Thourdos, A. Evolutionary Game Theory based Multi-Objective Optimization for Control
Allocation of Over-Actuated System. IFAC PapersOnLine 2019, 52, 310–315. [CrossRef]

51. Shi, Y.; Pan, M.; Peng, D. Replicator dynamics and evolutionary game of social tolerance: The role of neutral
agents. Econ. Lett. 2017, 159, 10–14. [CrossRef]
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