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Abstract: During China’s air pollution campaign, whistleblowing has become an important way
for the central government to discover local environmental issues. The three parties involved
in whistleblowing are: the central government environmental protection departments, the local
government officials, and the whistleblowers. Based on these players, this paper has constructed
an Evolutionary Game Model under incomplete information and introduced the expected return
as well as replicator dynamics equations of various game agents based on analysis of the game
agents, assumptions, and payoff functions of the model in order to study the strategic dynamic trend
and stability of the evolutionary game model. Furthermore, this paper has conducted simulation
experiments on the evolution of game agents’ behaviors by combining the constraints and replicator
dynamics equations. The conclusions are: the central environmental protection departments are able
to effectively improve the environmental awareness of local government officials by measures such
as strengthening punishment on local governments that do not pay attention to pollution issues and
lowering the cost of whistleblowing, thus nurturing a good governance and virtuous circle among
the central environmental protection departments, local government officials, and whistleblowers.
Based on the study above, this paper has provided policy recommendations in the conclusion.
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1. Introduction

The Chinese economy has maintained rapid growth since the reform and opening up in
1978. However, along with rapid growth, environmental issues such as air pollution have become
increasingly prominent, seriously threatening the urban environment and quality of life [1–4]. In order
to control air pollution, China has taken various measures [5–8], in which whistleblowing is a pollution
control measure with Chinese characteristics [9].

On 5 June 2009, China’s Ministry of Environmental Protection officially launched the “010-12369”
hotline for environment-related whistleblowing, which is open to people all over the country, and
accepts complaints about all kinds of environmental issues [10]. Based on that, the Ministry of
Environmental Protection launched smartphone APPs such as the “Green Knight” Environmental
Snapshot in 2014 [11], and further launched the “12369 Environment Whistleblowing Platform”
on WeChat in June 2015, the most widely used smartphone social media app in China [12], and
completed the integration of all whistleblowing databases nationwide by the end of 2016 to form
China’s “12369 Integrated Environmental Whistleblowing Management Platform” [13]. This platform
has integrated whistleblowing from various channels including the “12369” hotline, WeChat, and
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online platforms at four levels (nation-level, province-level, city-level and county-level), and has
enabled interconnection and information sharing among all these four levels [14]. This platform has
helped whistleblowing to become one important channel for the central environmental protection
department to discover local environmental issues [15].

In 2017, China’s Ministry of Environmental Protection’s national environmental whistleblowing
management platform received 618,856 whistleblowing reports in total, of which 409,548 were reported
through the “12369” hotline (accounting for 66.18% of the total reports), 129,423 were reported on
WeChat (accounting for 20.91% of the total reports), and 79,885 were reported online (accounting for
12.91% of the total reports) [16]. It can be seen that hotlines and WeChat are two major sources of
whistleblowing, accounting for 87.09% in total. In terms of the whistleblowing from hotlines, most
whistleblowing reports were from the eastern and central provinces and municipalities of China,
including Jiangsu, Chongqing, Shanghai, Beijing, Liaoning, and Hainan. In terms of whistleblowing
on WeChat, the number of whistleblowing reports increased by 96.4% in 2017 on a year-on-year
basis, and the top five provinces in terms of number of whistleblowing reports are: Guangdong,
Henan, Shandong, Jiangsu, and Hebei, accounting for around 48% of the total whistleblowing reports
nationwide (see Figure 1) [16].
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Figure 1. Number of environmental whistleblowing in different provinces of China in 2017, through 
“12369” Hotline and WeChat. 

As seen from the type of pollution in whistleblowing, air pollution is the most prominent, 
accounting for around 56.7% in all pollution cases [16], which is also the study subject of this paper. 
In the process of air pollution whistleblowing, there are three main players involved: the central 
environmental protection department (the Ministry of Environmental Protection), the local 
government (official), and the whistleblower (including citizens, enterprises, and other 
organizations). According to the “Environmental Protection Law of the People’s Republic of China”, 
the central environmental protection department can directly penalize the local government if the 
complaint is verified [9]. Whether from an economic perspective or from the evaluation and career 
development perspective of local officials, the local governments try their best to minimize the 
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“12369” Hotline and WeChat.

As seen from the type of pollution in whistleblowing, air pollution is the most prominent,
accounting for around 56.7% in all pollution cases [16], which is also the study subject of this paper.
In the process of air pollution whistleblowing, there are three main players involved: the central
environmental protection department (the Ministry of Environmental Protection), the local government
(official), and the whistleblower (including citizens, enterprises, and other organizations). According to
the “Environmental Protection Law of the People’s Republic of China”, the central environmental
protection department can directly penalize the local government if the complaint is verified [9].
Whether from an economic perspective or from the evaluation and career development perspective of
local officials, the local governments try their best to minimize the number of whistleblowing [17–19].
On the other hand, although the whistleblowers are rewarded after the complaint is verified [20–22],
in practice, they are often harassed in real life and their rights and interests are often violated [23,24],
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which to some extent demotivates the act of whistleblowing. In this case, the central environmental
protection department, the local government, and the whistleblower constitute an evolutionary game
under incomplete information [25–27].

The academic community has applied the evolutionary game model to environmental protection
research and made great progress. For example, Liu et al. (2015) developed an evolutionary game
model of two enterprise populations’ dynamics and stability for decision-making. By building a
system dynamics model, they simulated the aforementioned game and found that the initial choice of
strategy was essential to the final result. They concluded that it is important to check the saddle point
and external factors [28]. Zhao et al. (2016) established an evolutionary game model to investigate the
responses of enterprises to carbon-reduction policies. They examined the individual and combined
intervention of carbon-reduction policies through analysis of two scenarios in the simulation based on
the game model. They concluded that the combination of these two policies was more efficient than
an individual one [29]. Based on the game between the government and enterprises in the context of
a complex network, Wu et al. (2017) built an evolutionary model for low-carbon strategies research.
By introducing government policy encouragement in the decision-making process of companies, they
argued that enterprises’ expectations of government encouragement determined whether low-carbon
strategies could be diffused. They also concluded that those enterprises quickly adjusting their
expectations in the game learned to adopt and follow effective low-carbon strategies [30]. Li et al.
(2017) founded a tripartite evolutionary game model based on the relationships among the central
and local governments, and land-lost farmers, to analyze China’s land expropriation during the rapid
urbanization process. They found that serious asymmetry of information between stakeholders led
to the low efficiency of the game by simulation analysis. Moreover, they established the reference
for the central and local governments to reduce conflicts during land expropriation [31]. Chen (2017)
established a three-stage evolutionary game model of the ecological industry chain and achieved the
stable strategies by analyzing the equilibrium points of replicator dynamics equations. The author
also constructed a multi-agent model to analyze evolutionary paths and trends. Finally, the case of
Poyang Lake was used to examine the evolutionary game method [32]. Zhang and Li (2018) built
an evolutionary game model of haze cooperative control between governments. They analyzed the
dynamic evolution path and stable strategy of this game. Their results showed that the stable state of
cooperation cannot be formed between governments spontaneously because of the heterogeneity.
Hence the superior government should use administrative penalties to promote the stability of
cooperation [33].

However, there are still few studies analyzing environment-related whistleblowing by the
evolutionary game method, especially the Three-party Evolutionary Game Model under incomplete
information. In order to fill in the blank spaces in game studies on environment-related whistleblowing,
this paper has constructed an evolutionary game model under incomplete information that involves
the central environmental protection department, the local government, and the whistleblower. In the
following parts of this paper, Section 2 introduces the three-party evolutionary game model and
conducts detailed analysis on the game agents, assumptions, and payoff functions of the model.
Based on the three-party evolutionary game model, Section 3 introduces the expected return and
replicator dynamics equations of the three parties in order to perform equilibrium analysis on
the game model. Section 4 conducts simulation experiments on the evolution of game agents’
behaviors by combining the constraints and replicator dynamics equations and analyzes the impact
of changes in parameters on the final evolution result. Section 5 provides conclusions as well as
policy recommendations.
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2. Methods

2.1. Game Agent Analysis and Assumptions

According to China’s current laws and regulations and administrative governance structure, the
players, and their relationships in this three-party evolutionary game model, are as follows:

(1) Overall relationship: Currently in China, the local government is responsible for air pollution
control and governance in different regions of the country under a centralized environmental
regulation [9,34]. The enterprises that release pollution into the air during production and operation
are required to declare the types, quantities, concentrations, emission destinations, and emission
methods of their pollutants to the local government. The local government is responsible for pollution
control and law enforcement [35], while as the highest regulatory authority for air pollution in China,
the Ministry of Environmental Protection oversees and manages air pollution control and governance
by local governments at all levels and directly accepts air pollution whistleblowing through hotlines,
WeChat, and online platforms [36]. According to common practice in academia [37–41], and also
because the local governments at all levels in China generally have the same benefits and costs when
they are supervised by the central environmental protection department [42–46], this paper has made
“the local government” one single player in the three-party evolutionary game model, and does not
distinguish local governments by their administrative levels in China (i.e., province-level, city-level,
county-level, district-level, etc.).

(2) The Ministry of Environmental Protection as the central supervision department for
environmental protection: The Ministry of Environmental Protection is the highest environmental
protection regulator in the country [9]. It analyzes and supervises environmental whistleblowing
throughout the country. It passes on whistleblowing cases to relevant local governments to verify
and solve problems. It also supervises and handles the issues reported in media or by the public, or
problems not properly handled by the local governments [9,36]. Due to limitations in monitoring
technology and staffing, it is very difficult for the central environmental supervision department
to implement strict all-round supervision throughout the country, and the supervision sometimes
fails [18,47–49]. Therefore, the central environmental supervision department’s behavior strategy space
is (Strict Supervision, Loose Supervision).

(3) The local governments: The behavior pattern of the local governments has two sides. On the
one hand, due to the need for political achievement and promotion, local governments consider that
“excessive” air pollution control will affect the development of local enterprises as well as local GDP
growth and their political achievement, and therefore take a negative attitude and a position of inaction
towards air pollution [50–52], and even conduct extreme acts, such as retaliation, against air pollution
whistleblowers [53]. On the other hand, air pollution has not only received great emphasis from the
central government, it has also caused great damage to the local environment. It threatens the local
ecological environment and sustainable development in the long term, and causes irreparable damage
to the physical and mental health of local residents, which also motivates the local governments to
emphasize and control air pollution to a certain extent [54–56]. The local governments’ behavioral
strategy space is (Put Emphasis on Pollution Control, Neglect Pollution Control).

(4) The whistleblower: The whistleblowers include the public, the media, and non-governmental
environmental protection organizations, etc., who are the direct victims of air pollution. From the
perspective of air pollution hazards, the whistleblowers are all affected by air pollution in the long
term, and with their increasing environmental awareness and legal awareness, the public will become
more and more active in participation in supervision. The whistleblowers can report air pollution
issues by reporting, petitioning, exposure, litigation, and claims in order to protect their rights and
interests [10,12,35]. However, the whistleblowers may also give up on whistleblowing due to the
time and effort it costs to collect evidence and proof, the complicated process for supervision and
implementation after whistleblowing, the possibilities of retaliation from the local government, etc. [53].
Therefore, the whistleblower’s behavioral strategy space is (Blow the Whistle, Not Blow the Whistle).
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Based on the analysis above, it can be seen that there is a game relation among the three parties: the
central environmental protection department, the local government, and the whistleblower. This paper
has made the following assumptions regarding the three-party evolutionary game model:

Assumption 1. For the central environmental protection department, suppose that the proportion of the central
environmental protection department selecting Strict Regulation strategy is x (0 < x < 1); then the proportion
selecting Loose Regulation strategy is 1 − x. The central environmental protection department’s pay-off is
constant at R1, whether it pursues strict regulation or not. If it pursues strict regulation, the regulation cost
is C1, and the long-term improved social welfare will be W (including reduced air pollution and better health).
However, strict regulation would restrict the local economic development, resulting in a loss of L1 due to GDP
growth slow-down. If the central environmental protection department does not pursue strict regulation, its
regulation cost would be C11 (C1 > C11), and there will not be any long-term social welfare improvement.

Assumption 2. For local governments, suppose that the proportion of local governments selecting Put Emphasis
on Pollution Control strategy is y (0 < y < 1); then the proportion selecting Neglect Pollution strategy is 1 − y.
If they put emphasis on environmental issues and pollution control, their pay-off would be R2 (such as reputation
and public opinion that would help their promotion), while the cost would be C2 (including time cost, economic
cost, and loss in GDP growth). If the local officials neglect environmental protection, their short-term pay-off
would be G (including short-term GDP growth), while the cost would be C22 (C2 > C22). However, if they do not
make efforts on pollution control, they would face a penalty of L2 if this is discovered by the central environmental
protection department, whether through inspections or whistleblowing.

Assumption 3. For the whistleblowers, suppose that the proportion of the whistleblowers selecting Blow the
Whistle strategy is z (0 < z < 1); then the proportion selecting Not Blow the Whistle strategy is 1 − z. The cost
of whistleblowing is C3. If the central environmental protection department pursues strict regulation, the
whistleblower would get a reward of R3 from the central environmental protection department as well as a
compensation of R33 from the local government. However, if the central environmental protection department
does not pursue strict regulation, the local government would call off the whistleblowing with a bribery of R333.
Furthermore, the whistleblower would suffer a loss of L3 due to the harms of environmental pollution.

Assumption 4. According to the experience since China’s reform and opening up, the air pollution issue is
becoming increasingly serious with the rapid economic development. In order to achieve effective environmental
protection, this paper assumes that the three-party game system should adopt a mixed strategy of strict supervision
by the central environmental department, emphasis on pollution control by the local governments, and active
participation and reporting by the whistleblowers.

The parameters and variable descriptions of our model are listed in Table 1.

Table 1. Model parameters and variable descriptions.

Parameter Description

R1
The normal income of the central environmental protection department (wage income from
government finance, which is the same under strict regulation and loose regulation)

C1 The regulation cost of the central environmental protection department under strict regulation

W The social welfare improvements achieved by the central environmental protection
department’s strict regulation

L1
The impact of strict regulations on local economic growth (losses including decline in
GDP growth)

C11
The regulation cost of the central environmental protection department under loose regulation
(C1 > C11)

R2
The reputation and public opinion gain of local government officials if they put the emphasis
on environmental issues
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Table 1. Cont.

Parameter Description

C2
Cost of local government officials if they work on environmental issues (including economic
cost and time cost of pollution control)

G The short-term gain of local government officials if they neglect environmental issues (such as
short-term growth of local GDP)

C22 The cost to local government officials if they neglect environmental issues (C2 > C22)

L2
The penalty on local government officials if they neglect environmental issues (if discovered
by inspections or due to whistleblowing)

R3
The rewards to the whistleblower by the central environmental protection department if it
pursues strict regulation

C3 The cost of whistleblowing

R33
The compensation to the whistleblower by the local government if the central environmental
protection department pursues strict regulation

R333

The cost to call off whistleblowing paid by the local government (such as “hush money”) if the
central environmental protection department does not pursue strict regulation and the local
government neglects pollution issues

L3
The loss suffered by the whistleblower due to environmental pollution when the local
government officials neglect pollution issues

2.2. The Payoff Function

Since the payoff of each game agent is affected by the strategy of the other two game agents,
there are eight strategy combinations for the evolutionary game between the central environmental
department (a), local government officials (b), and whistleblowers (c), as below (see Figure 2):
(a1 Strict Regulation, b1 Put Emphasis on Pollution Control, c1 Blow the Whistle); (a2 Strict Regulation,
b2 Neglect Pollution Control, c2 Blow the Whistle); (a3 Loose Regulation, b3 Put Emphasis on Pollution
Control, c3 Blow the Whistle); (a4 Loose Regulation, b4 Neglect Pollution Control, c4 Blow the Whistle);
(a5 Strict Regulation, b5 Put Emphasis on Pollution Control, c5 Not Blow the Whistle); (a6 Strict
Regulation, b6 Neglect Pollution Control, c6 Not Blow the Whistle); (a7 Loose Regulation, b7 Put
Emphasis on Pollution Control, c7 Not Blow the Whistle); (a8 Loose Regulation, b8 Neglect Pollution
Control, c8 Not Blow the Whistle).
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When the strategy of the central environmental department, local government officials, and
whistleblowers is (a1 Strict Regulation, b1 Put Emphasis on Pollution Control, c1 Blow the Whistle),
the central environmental protection department’s pay-off is constant at R1, and the regulation cost is
C1, and the long-term improved social welfare will be W. However, strict regulation would restrict
local economic development, resulting in a loss of L1 due to GDP growth slow-down. The local
governments’ pay-off would be R2, while the cost would be C2. The whistleblower would get a reward
of R3 from the central environmental protection department, and the cost of whistleblowing would be
C3. Similarly, the benefits of the central environmental department, local government officials, and
whistleblowers under other strategic combinations can be derived. (see Table 2).

Table 2. The Payoff matrix of the three-party evolutionary game.

Central Environmental Protection Department: a Strict Regulation (x) Loose Regulation (1 − x)

Local Government Officials: b Put Emphasis on
Pollution Control (y)

Neglect Pollution
Control (1 − y)

Put Emphasis on
Pollution Control (y)

Neglect Pollution
Control (1 − y)

Whistle Blower: c
Blow the Whistle: (z) (a1, b1, c1) (a2, b2, c2) (a3, b3, c3) (a4, b4, c4)

Not Blow the Whistle: (1 − z) (a5, b5, c5) (a6, b6, c6) (a7, b7, c7) (a8, b8, c8)

Based on assumptions in Section 2.1, the payoffs of the different game agents under different
strategy combinations can be written as follows:

a1 = W + R1 − L1 − C1 − R3; b1 = R2 − C2; c1 = R3 − C3;
a2 = W + R1 − L1 − C1 − R3 + L2; b2 = G− C22 − L2 − R33; c2 = R3 − C3 + R33 − L3;

a3 = R1 − C11; b3 = R2 − C2; c3 = −C3;
a4 = R1 − C11 + L2; b4 = G− C22 − L2 − R333; c4 = −C3 + R333 − L3;

a5 = W + R1 − L1 − C1; b5 = R2 − C2; c5 = 0;
a6 = W + R1 − L1 − C1 + L2; b6 = G− C22 − L2 − R33; c6 = R3 − L3;

a7 = R1 − C11; b7 = R2 − C2; c7 = 0;
a8 = R1 − C11; b8 = G− C22; c8 = −L3

(1)

3. Equilibrium Analysis

3.1. The Expected Payoff and Replicator Dynamics Equation of the Three Game Agents

1. The replicator dynamics equation of the central environmental protection department
Let UX1 represent the expected payoff of the central environmental protection department if

it pursues strict regulations, and UX2 represent the payoff of the central environmental protection
department if it does not pursue strict regulations. UX represents the average expected payoff of the
central environmental protection department. UX1, UX2, and UX can be expressed as:

UX1 = y× z× a1 + (1− y)× z× a2 + y× (1− z)× a5 + (1− y)× (1− z)× a6 (2)

UX2 = y× z× a3 + (1− y)× z× a4 + y× (1− z)× a7 + (1− y)× (1− z)× a8 (3)

UX = x×UX1 + (1− x)×UX2 (4)

Therefore, the replicator dynamics equation of the central environmental protection department
can be written as:

F(x) = dx
dt = x× (UX1 −UX)

= −(−1 + x)x(W − C1 + C11 − L1 + L2 − yL2 − zL2 + yzL2 − zR3)
(5)

2. The replicator dynamics equation of local government officials
Let UY1 represent the expected payoff of local government officials if they put emphasis on

environmental issues, and UY2 represent the payoff of local government officials if they neglect
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environmental issues. UY represents the average expected payoff of local government officials.
Then UY1, UY2, and UY can be expressed as:

UY1 = x× z× b1 + x× (1− z)× b5 + (1− x)× z× b3 + (1− x)× (1− z)× b7 (6)

UY2 = x× z× b2 + x× (1− z)× b6 + (1− x)× z× b4 + (1− x)× (1− z)× b8 (7)

UY = y×UY1 + (1− y)×UY2 (8)

The replicator dynamics equation of the local government can be written as:

F(y) = dy
dt = y× (UY1 −UY)

= (y− 1)y(G + C2 − C22 − xL2 − zL2 + xzL2 − R2 − xR33 − zR333 + xzR333)
(9)

3. The replicator dynamics equation of the whistleblower
Let UZ1 represent the expected payoff of the whistleblower if he/she decides to blow the whistle,

and UZ2 represent the expected payoff of the whistleblower if he/she decides not to blow the whistle.
UZ represents the average expected payoff of the whistleblower. Then UZ1, UZ2, and UZ can be
expressed as:

UZ1 = x× y× c1 + x× (1− y)× c2 + (1− x)× y× c3 + (1− x)× (1− y)× c4 (10)

UZ2 = x× y× c5 + x× (1− y)× c6 + (1− x)× y× c7 + (1− x)× (1− y)× c8 (11)

UZ = z×UZ1 + (1− z)×UZ2 (12)

The replicator dynamics equation of the whistleblower can be written as:

F(z) = dz
dt = z× (UZ1 −UZ)

= (−1 + z)z(C3 − xyR3 + (−1 + y)(xR33 − (−1 + x)R333))
(13)

3.2. Stability Analysis of the Evolutionary Game

By combining these replicator dynamics equations above, we can obtain a three-dimensional
dynamic group evolution system with three agents. In this three-dimensional dynamic system, the
probability of the three agents’ different strategies is affected by time. The solution domain of F(x),
F(y), and F(z) is [0, 1]× [0, 1]× [0, 1 ]. By letting F(x) = 0, F(y) = 0, F(z) = 0, i.e., letting the rate
of strategy change be zero, we can obtain the equilibrium points of this dynamic system, which are
(0,0,0), (0,0,1), (0,1,0), (1,0,0), (1,1,0), (1,0,1), (0,1,1), and (1,1,1), respectively. These eight equilibrium
points constitute the boundary of the domain of this evolutionary game, and the stability of these
equilibrium points in this evolutionary system can be obtained by local stability analysis of the Jacobian
matrix [57–59].

By making derivation on these three replicator dynamics equations, we can get:

F′(x) = (1− 2x)(W − C1 + C11 − L1 + L2 − yL2 − zL2 + yzL2 − zR3) (14)

F′(y) = −(1− 2y)(G + C2 − C22 − xL2 − zL2 + xzL2 − R2 − xR33 − zR333 + xzR333) (15)

F′(z) = −(1− 2z)(C3 − xyR3 + (−1 + y)(xR33 − (−1 + x)R333)) (16)

According to the characteristics of the evolutionary game, after substituting these equilibrium
points into the formula above, if F′(x) < 0, F′(y) < 0, F′(z) < 0, it means the equilibrium strategies x,
y, and z respectively represent the stable strategy adopted by the three agents in the evolution process.
Then we will use Wolfram Mathematica for stability analysis.

(1) Analysis of the Asymptotic Stability of the Central Environmental Protection Department
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According to Formula (5), if W−C1 +C11− L1 + L2− yL2− zL2 + yzL2− zR3 = 0, then F(x) ≡ 0,
indicating the boundary of the stable state. Its phase diagram is shown in Figure 3a.Sustainability 2019, 11, x FOR PEER REVIEW 9 of 20 
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strategy: (a) z =

W−C1+C11−L1+L2−yL2
L2−yL2+R3

; (b) z <
W−C1+C11−L1+L2−yL2

L2−yL2+R3
; (c) z >

W−C1+C11−L1+L2−yL2
L2−yL2+R3

.

If W − C1 + C11 − L1 + L2 − yL2 − zL2 + yzL2 − zR3 6= 0, let F(x) = 0, and we can get two
stable points of x = 0 and x = 1. If W − C1 + C11 − L1 + L2 − yL2 − zL2 + yzL2 − zR3 < 0,
i.e., z < W−C1+C11−L1+L2−yL2

L2−yL2+R3
, then F′(x)|x− 0 < 0 and F′(x)|x− 1 > 0. Therefore, x = 0 is the

stable strategy, and the central environmental protection department will decide not to pursue strict
regulation. Its phase diagram is shown in Figure 3b. On the contrary, if W − C1 + C11 − L1 + L2 −
yL2 − zL2 + yzL2 − zR3 > 0, i.e., z > W−C1+C11−L1+L2−yL2

L2−yL2+R3
, then F′(x)|x− 0 > 0 and F′(x)|x− 1 < 0.

Therefore, x = 1 is the stable strategy and the central environmental protection department will decide
to pursue strict regulation. Its phase diagram is shown in Figure 3c.

By combining the three cases in Figure 3a–c, this paper has obtained the dynamic trend and
stability of the central environmental protection department’s strategy in three scenarios, as shown in
Figure 4.
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strategy.

The eight equilibrium stable points in Figure 4 are (0,0,0), (0,0,1), (0,1,0), (1,0,0), (1,1,0), (1,0,1),
(0,1,1), and (1,1,1), respectively. These eight equilibrium points constitute the boundary of the domain of
this evolutionary game. Under the constraints of z < W−C1+C11−L1+L2−yL2

L2−yL2+R3
, the three-party game hybrid

strategy moves to x = 0, and we can prove that when the proportion of the whistleblower selecting Blow



Sustainability 2019, 11, 324 10 of 20

the Whistle is less than the critical value, the central environmental protection department tends to
select Loose Regulation strategy. On the contrary, when the proportion of the whistleblower selecting
Blow the Whistle is greater than the critical value, the central environmental protection department
tends to select Strict Regulation strategy.

(2) Analysis of the Asymptotic Stability of Local Government Officials
According to the formula (9), if G +C2−C22− xL2− zL2 + xzL2− R2− xR33− zR333 + xzR333 =

0, then F(y) ≡ 0, indicating the boundary of the stable state. Its phase diagram is shown in Figure 5a.
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.

If G + C2 − C22 − xL2 − zL2 + xzL2 − R2 − xR33 − zR333 + xzR333 6= 0, let F(y) = 0,
and we can get two stable points of y = 0 and y = 1. If −(G + C2 − C22 − xL2 − zL2+

xzL2 − R2 − xR33 − zR333 + xzR333) < 0, i.e., z > G+C2−C22−xL2−R2−xR33
L2−xL2+R333−xR333

, then F′(y)|y− 0 > 0 and
F′(y)|y− 1 < 0. Therefore, y = 1 is the stable strategy, and the local government officials will choose
to put emphasis on pollution issues. Its phase diagram is shown in Figure 5b. On the contrary, if
G + C2 − C22 − xL2 − zL2 + xzL2 − R2 − xR33 − zR333 + xzR333 > 0, i.e., z < G+C2−C22−xL2−R2−xR33

L2−xL2+R333−xR333
,

then F′(y)|y− 0 < 0 and F′(y)|y− 1 > 0. Therefore, y = 0 is the stable strategy and the local
government officials will choose to neglect pollution issues. Its phase diagram is shown in Figure 5c.

By combining the three cases in Figure 5a–c, this paper has obtained the dynamic trend and
stability of local government officials’ strategy in three scenarios as shown in Figure 6.

Sustainability 2019, 11, x FOR PEER REVIEW 10 of 20 

 

department tends to select Loose Regulation strategy. On the contrary, when the proportion of the 
whistleblower selecting Blow the Whistle is greater than the critical value, the central environmental 
protection department tends to select Strict Regulation strategy. 

(2) Analysis of the Asymptotic Stability of Local Government Officials 
According to the formula (9), if 𝐺 + 𝐶ଶ − 𝐶ଶଶ − 𝑥𝐿ଶ − 𝑧𝐿ଶ + 𝑥𝑧𝐿ଶ − 𝑅ଶ − 𝑥𝑅ଷଷ − 𝑧𝑅ଷଷଷ + 𝑥𝑧𝑅ଷଷଷ =0, then F(y) ≡ 0, indicating the boundary of the stable state. Its phase diagram is shown in Figure 5a. 

( )F y

y

 

( )F y

y

 

( )F y

y

 
(a) (b) (c) 

Figure 5. Replicator dynamics phase diagram of local government officials’ strategy: (a) 𝑧 =ீା஼మି஼మమି௫௅మିோమି௫ோయయ௅మି௫௅మାோయయయି௫ோయయయ ; (b) 𝑧 > ீା஼మି஼మమି௫௅మିோమି௫ோయయ௅మି௫௅మାோయయయି௫ோయయయ ; (c) 𝑧 < ீା஼మି஼మమି௫௅మିோమି௫ோయయ௅మି௫௅మାோయయయି௫ோయయయ . 

If 𝐺 + 𝐶ଶ − 𝐶ଶଶ − 𝑥𝐿ଶ − 𝑧𝐿ଶ + 𝑥𝑧𝐿ଶ − 𝑅ଶ − 𝑥𝑅ଷଷ − 𝑧𝑅ଷଷଷ + 𝑥𝑧𝑅ଷଷଷ ≠ 0, let F(y) = 0, and we can 
get two stable points of 𝑦 = 0 and 𝑦 = 1. If −(𝐺 + 𝐶ଶ − 𝐶ଶଶ − 𝑥𝐿ଶ − 𝑧𝐿ଶ + 𝑥𝑧𝐿ଶ − 𝑅ଶ − 𝑥𝑅ଷଷ − 𝑧𝑅ଷଷଷ +𝑥𝑧𝑅ଷଷଷ) < 0, i.e., 𝑧 > ீା஼మି஼మమି௫௅మିோమି௫ோయయ௅మି௫௅మାோయయయି௫ோయయయ , then 𝐹ᇱ(𝑦)|𝑦 − 0 > 0 and 𝐹ᇱ(𝑦)|𝑦 − 1 < 0. Therefore, 𝑦 =1 is the stable strategy, and the local government officials will choose to put emphasis on pollution 
issues. Its phase diagram is shown in Figure 5b. On the contrary, if 𝐺 + 𝐶ଶ − 𝐶ଶଶ − 𝑥𝐿ଶ − 𝑧𝐿ଶ + 𝑥𝑧𝐿ଶ −𝑅ଶ − 𝑥𝑅ଷଷ − 𝑧𝑅ଷଷଷ + 𝑥𝑧𝑅ଷଷଷ > 0 , i.e., z < ீା஼మି஼మమି௫௅మିோమି௫ோయయ௅మି௫௅మାோయయయି௫ோయయయ , then 𝐹ᇱ(𝑦)|𝑦 − 0 < 0  and 𝐹ᇱ(𝑦)|𝑦 −1 > 0. Therefore, 𝑦 = 0 is the stable strategy and the local government officials will choose to neglect 
pollution issues. Its phase diagram is shown in Figure 5c. 

By combining the three cases in Figure 5a–c, this paper has obtained the dynamic trend and 
stability of local government officials’ strategy in three scenarios as shown in Figure 6. 

The proportion of the central environmental 
protection department selecting Strict Regulation

The proportion of the local 
government officials selecting 
Put Emphasis on Pollution Control

The proportion of 
the  whistleblower 
selecting Blow the 
Whistle

 
Figure 6. Dynamic trend and stability analysis of local government officials’ strategy. Figure 6. Dynamic trend and stability analysis of local government officials’ strategy.



Sustainability 2019, 11, 324 11 of 20

The eight equilibrium stable points in Figure 6 are (0,0,0), (0,0,1), (0,1,0), (1,0,0), (1,1,0), (1,0,1),
(0,1,1), and (1,1,1), respectively. These eight equilibrium points constitute the boundary of the domain
of this evolutionary game. Under the constraints of z > G+C2−C22−xL2−R2−xR33

L2−xL2+R333−xR333
, the three-party game

hybrid strategy moves to y = 1, and we can prove that when the proportion of the whistleblower
selecting Blow the Whistle is greater than the critical value, the local government officials tend to select
Put Emphasis on Pollution Control strategy. On the contrary, when the proportion of the whistleblower
selecting Blow the Whistle is less than the critical value, the local government officials tend to select
Neglect Pollution Control strategy.

(3) Analysis of the Asymptotic Stability of the Whistleblower
According to the formula (13), if (C3 − xyR3 + (−1 + y)(xR33 − (−1 + x)R333)) = 0, then F(z)≡0,

indicating the boundary of the stable state. Its phase diagram is shown in Figure 7a.
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Z is constant. If (C3 − xyR3 + (−1 + y)(xR33 − (−1 + x)R333)) 6= 0, let F(z) = 0, and we can
get two stable points of z = 0 and z = 1. If −(C3 − xyR3 + (−1 + y)(xR33 − (−1 + x)R333)) < 0,
i.e., x > C3−R333+yR333

yR3+R33−yR33−R333+yR333
, then F′(z)|z− 0 > 0 and F′(z)|z− 1 < 0. Therefore, z = 1 is

the stable strategy, and the whistleblower will decide to blow the whistle. Its phase diagram is
shown in Figure 7b. On the contrary, if −(C3 − xyR3 + (−1 + y)(xR33 − (−1 + x)R333)) > 0, i.e.,
x < C3−R333+yR333

yR3+R33−yR33−R333+yR333
, then F′(z)|z− 0 < 0 and F′(z)|z− 1 > 0. Therefore, z = 0 is the stable

strategy, and the whistleblower will decide not to blow the whistle. Its phase diagram is shown in
Figure 7c.

By combining the three cases in Figure 7a–c, this paper has obtained the dynamic trend and
stability of the whistleblower’s strategy in three scenarios as shown in Figure 8.

The eight equilibrium stable points in Figure 8 are (0,0,0), (0,0,1), (0,1,0), (1,0,0), (1,1,0), (1,0,1),
(0,1,1), and (1,1,1), respectively. These eight equilibrium points constitute the boundary of the domain
of this evolutionary game. Under the constraints of x > C3−R333+yR333

yR3+R33−yR33−R333+yR333
, the three-party

game hybrid strategy moves to z = 1, and we can prove that when the proportion of the central
environmental protection department selecting Strict Regulation is greater than the critical value, the
whistleblowers tend to select Blow the Whistle strategy. On the contrary, when the proportion of the
central environmental protection department selecting Strict Regulation is less than the critical value,
the whistleblowers tend to select Not Blow the Whistle strategy.

In summary, when the proportion of the whistleblower selecting Blow the Whistle is greater than
the critical value, the central environmental protection department tends to select Strict Regulation
strategy(see Figure 4); when the proportion of the whistleblower selecting Blow the Whistle is greater
than the critical value, the local government officials tend to select Put Emphasis on Pollution Control
strategy (see Figure 6); when the proportion of the central environmental protection department
selecting Strict Regulation is greater than the critical value, the whistleblowers tend to select Blow the
Whistle strategy (see Figure 8).
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4. Simulations and Discussions

Based on the stability analysis of the evolutionary game, it can be seen that the evolutionary
equilibrium of the central environmental protection department changes with y (the probability that
the local government officials put emphasis on pollution control) and z (the probability that the
whistleblower blows the whistle); the evolutionary equilibrium of local government officials changes
with x (the probability that the central environmental protection department chooses strict regulation)
and z (the probability that the whistleblower blows the whistle); and the evolutionary equilibrium of
the whistleblower changes with x (the probability that the central environmental protection department
chooses strict regulation) and y (the probability that the local government officials put emphasis on
pollution control).

Since the values of x, y, and z change from time to time during the evolution process, and since the
equilibrium of this evolutionary game is not robust against small changes in the values of x, y, and z, we
cannot make the three-party game evolve towards the expected stable equilibrium merely by adjusting
the initial conditions. This paper is committed to promoting the evolution of this three-party game
towards the social rational model, that is, strict regulation by the central environmental protection
department, great emphasis on pollution control by local government officials, and whistleblowing
by the citizens (i.e., x = 1, y = 1, z = 1). Therefore, we could guide the behavior of different agents
towards the desired direction by controlling or adjusting related variables. More specifically, this paper
has conducted numerical experiments on the evolution process of the behaviors of the three parties
by combining the constraints and replicator dynamic Equations (5), (9), and (13) in order to analyze
the impact of changes in parameters on the evolution result. The study adopts MATLAB R2015b to
simulate the evolution process for the behavior strategies.

(1) The Dynamic Evolution of Central Supervision Authorities, Local Government Officials, and
Whistleblowers in the Initial State

x0, y0, z0 respectively indicate the initial proportion or probability of the central environmental
department choosing the “strict supervision” strategy, the local governments choosing the “emphasis
on pollution control” strategy, and the whistleblowers choosing the “participation” strategy, with
the initial time of 0 and evolution end time of 5. The values of the parameters are: R1 = 20, C1 = 10,
W = 26.5, L1 = 20, C11 = 5, R2 = 22.5, C2 = 20, G = 50, C22 = 10, L2 = 30, R3 = 2, R3 = 2, R33 = 3, R333 = 3.1,
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and C3 = 1. Let x0 = 0.1, y0 = 0.1, z0 = 0.1, and the initial system simulation results are shown in
Figure 9.

Sustainability 2019, 11, x FOR PEER REVIEW 13 of 20 

 

party game towards the social rational model, that is, strict regulation by the central environmental 
protection department, great emphasis on pollution control by local government officials, and 
whistleblowing by the citizens (i.e., x = 1, y = 1, z = 1). Therefore, we could guide the behavior of 
different agents towards the desired direction by controlling or adjusting related variables. More 
specifically, this paper has conducted numerical experiments on the evolution process of the 
behaviors of the three parties by combining the constraints and replicator dynamic equations (5), (9), 
and (13) in order to analyze the impact of changes in parameters on the evolution result. The study 
adopts MATLAB R2015b to simulate the evolution process for the behavior strategies. 

(1) The Dynamic Evolution of Central Supervision Authorities, Local Government Officials, and 
Whistleblowers in the Initial State 𝑥଴, 𝑦଴, 𝑧଴ respectively indicate the initial proportion or probability of the central environmental 
department choosing the “strict supervision” strategy, the local governments choosing the “emphasis 
on pollution control” strategy, and the whistleblowers choosing the “participation” strategy, with the 
initial time of 0 and evolution end time of 5. The values of the parameters are: R1 = 20, C1 = 10, W = 
26.5, L1 = 20, C11 = 5, R2 = 22.5, C2 = 20, G = 50, C22 = 10, L2 = 30, R3 = 2, R3 = 2, R33 = 3, R333 = 3.1, and C3 = 
1. Let 𝑥଴ = 0.1, 𝑦଴ = 0.1, 𝑧଴ = 0.1, and the initial system simulation results are shown in Figure 9. 

The proportion of the central environmental 
protection department selecting Strict Regulation

The proportion of the local 
government officials selecting 
Put Emphasis on Pollution Control

The proportion of 
the  whistleblower 
selecting Blow the 
Whistle

 
Figure 9. System evolution results in the initial state (𝑥଴ = 0.1, 𝑦଴ = 0.1, 𝑧଴ = 0.1). 

The above simulation results have verified the stability of the above equilibrium points as well 
as the derivation of the system evolution results. The system finally reaches a stable equilibrium state 
(1,1,1), which satisfies Assumption 4, i.e., the three-party game system adopts the mixed strategy of 
strict supervision by the central environmental department, emphasis on pollution control by the 
local governments, and active participation and reporting by the whistleblowers. 

Furthermore, through the simulation experiments with different changes to the initial state, this 
paper has obtained the impacts of initial state change on the evolution result when all other 
parameters are unchanged. The results of the simulation experiments with initial state change are 
shown in Figure 9. 

As shown in the simulation results comparison, the initial state of the three-party game agents 
has significant impact on the evolution of the game system towards the stable equilibrium state. The 
higher the initial x, y, z are, the shorter time it takes for the system to reach the stable equilibrium 
state. When (x, y, z), (i.e., strict regulation, emphasis on pollution control, participation in 
whistleblowing) take the strategy proportions of (0.2, 0.3, 0.4), the game system will reach the stable 
equilibrium state at around t = 3. When the proportions increase to (0.5, 0.6, 0.7), the game system 

Figure 9. System evolution results in the initial state (x0 = 0.1, y0 = 0.1, z0 = 0.1).

The above simulation results have verified the stability of the above equilibrium points as well as
the derivation of the system evolution results. The system finally reaches a stable equilibrium state
(1,1,1), which satisfies Assumption 4, i.e., the three-party game system adopts the mixed strategy of
strict supervision by the central environmental department, emphasis on pollution control by the local
governments, and active participation and reporting by the whistleblowers.

Furthermore, through the simulation experiments with different changes to the initial state, this
paper has obtained the impacts of initial state change on the evolution result when all other parameters
are unchanged. The results of the simulation experiments with initial state change are shown in
Figure 9.

As shown in the simulation results comparison, the initial state of the three-party game agents has
significant impact on the evolution of the game system towards the stable equilibrium state. The higher
the initial x, y, z are, the shorter time it takes for the system to reach the stable equilibrium state.
When (x, y, z), (i.e., strict regulation, emphasis on pollution control, participation in whistleblowing)
take the strategy proportions of (0.2, 0.3, 0.4), the game system will reach the stable equilibrium state
at around t = 3. When the proportions increase to (0.5, 0.6, 0.7), the game system will reach the stable
equilibrium state at around t = 2.5. When the proportions increase to (0.8, 0.8, 0.8), the game system
will reach the stable equilibrium state at around t = 1.5. This indicates that the increase in initial state
proportions would help shorten the time it takes for the game system to evolve to the stable equilibrium
state, that is, increasing the proportion of strategy choices of (strict regulation, emphasis on pollution
control, participation in whistleblowing) by the game agents would help facilitate pollution control.

Furthermore, it is shown by Figure 9 that as long as the central supervision department increases
the probability of strict supervision, it can indirectly increase the incentive probability, thus greatly
enhancing the enthusiasm of whistleblowers and quickly reaching the equilibrium state of the
whistleblowers. However, when the initial state is comparatively low (x0 = 0.1, y0 = 0.1, z0 = 0.1), the
local governments do not put much emphasis on pollution control, and the increase in whistleblowing
probability cannot enhance local governments’ emphasis on the environment. With the increase in
the probability of strict supervision by the central supervision department, the local government
officials would greatly raise their emphasis on environmental pollution (y > 0.8008) when there is a
high probability of strict supervision by the central supervision department (x > 0.8017), and would
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evolve towards the equilibrium state (0.9934, 0.9999, 0.9997). The initial stage of environmental
pollution control in China is a relatively low initial state. First, the central supervision department
needs to increase the probability of strict supervision, and then local governments need to raise their
emphasis on pollution control, and the whistleblowers should also be encouraged to participate in
environmental whistleblowing. Only when the three parties increase their environmental awareness
(x > x0, y > y0, z > z0), can the environmental pollution issues be efficiently managed and controlled.

(2) The Dynamic Evolution of Central Supervision Authorities, Local Government Officials, and
Whistleblowers under Different Parameters

Based on the stability analysis of the evolutionary game, it can be seen that a number of influencing
factors also have a great impact on the evolution of the system.

When z > W−C1+C11−L1+L2−yL2
L2−yL2+R3

, x → 1 , which means the central environmental protection
department would eventually choose strict regulation. Therefore, by increasing the penalty on local
government officials who neglect pollution control (L2) and increasing the rewards to whistleblowers
(R3), we could encourage the central environmental protection department to evolve towards the
strategy of strict regulations.

When z > G+C2−C22−xL2−R2−xR33
L2−xL2+R333−xR333

, y→ 1 , which means local government officials would
eventually put an emphasis on pollution control. Therefore, by raising the compensation to
whistleblowers by local government officials who neglect pollution control (R33), lowering the pollution
control cost of local governments (C2), enhancing the role of reputation and public opinion in political
career or official promotion (R2), increasing the penalty on local government officials who neglect
pollution control (L2) as well as the cost on local government officials if they neglect pollution control
(C22), and to some extent making it more difficult for local government officials to use measures such as
“hush money” to call off whistleblowing (i.e., lowering R333), we could also motivate local government
officials to evolve towards the strategy of emphasizing pollution control and environmental issues.

When y > −C3+xR33+R333−xR333
−xR3+xR33+R333−xR333

= 1 − xR3−C3
(R3−R33+R333)x−R333

, z→ 1 , which means the
whistleblower would eventually decide to blow the whistle. Therefore, by increasing the rewards
to whistleblowers by the central environmental protection department (R3), lowering the cost of
whistleblowing (C3), raising the compensation to whistleblowers by local government officials who
neglect pollution control (R33), and to some extent making it more difficult for local government
officials to use measures such as “hush money” to call off whistleblowing (i.e., lowering R333), we
could encourage whistleblowers to evolve towards the strategy of blowing the whistle.

Therefore, we could select multiple factors to analyze the impact of parameter change
on the evolution result. While keeping all other parameters and the low-level initial state of
(x0 = 0.1, y0 = 0.1, z0 = 0.1) unchanged, the results of the simulation experiments where the central
environmental protection department strengthens punishment on local governments that neglect air
pollution issues and lowers the cost of whistleblowing are shown in Figure 10.

The simulation results indicate that by strengthening the punishment on local governments
that neglect air pollution issues and lowering the cost of whistleblowing, the central environmental
protection department could significantly enhance the local government officials’ attention to
environmental pollution and facilitate the local governments’ strategy to evolve towards the stable
equilibrium. Moreover, in the long term, this could also effectively reduce central supervision
departments’ regulatory cost on local governments and achieve the strategy of emphasis on pollution
control by the local governments and active participation by the whistleblowers with a comparatively
lower probability of strict supervision.

In the same way, the impact of other parameter changes that are conducive to pollution control,
such as increasing the weight of public opinion in local government officials’ performance evaluation
and promotion, reducing the pollution control costs of local governments, improving the rewards
to whistleblowers, and enhancing the compensation from the government to whistleblowers, could
also be experimented with the above method. Due to space limitations, this paper will not elaborate
further. There are two important factors that affect the speed at which the three-party game system
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reaches the evolutionary stability strategy (ESS). One is the initial probability. The larger the initial
probability, the faster the system reaches the ESS (see Figure 10). The other is the magnitude of penalties,
incentives, and environmental governance costs. It is necessary to reduce the cost of pollution control
by local government and the cost of whistleblowers, based on increasing the magnitude of penalties
to local governments’ negative response to environmental protection and the effective reports from
whistleblowers (see Figure 11).
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It is worth noting that as indicated by the simulation results, the reward to whistleblowers can
urge local governments to raise their emphasis on environmental pollution control and management
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to some extent; however, from the sustainability perspective, when the emphasis on environmental
pollution is generally low, the supervision and punishment of the central supervision department
plays a crucial role, and reducing the pollution control costs of the local governments can achieve the
same effect as punishment, such as increasing the central government’s subsidies to environmental
pollution control, setting the environmental quality as one performance indicator in local governments’
performance evaluation, etc.

5. Conclusions

This paper has focused on the three main parties involved in environmental pollution control—the
central supervision department, local governments, and whistleblowers—and constructed a three-party
evolutionary game model based on evolutionary game theory. This paper has also analyzed the
equilibrium points as well as the evolutionary stable strategy in the three-dimensional dynamic system
using the replicator dynamics equation. This paper has then conducted numerical simulations to
demonstrate the impact of different values on the evolution result of environmental pollution control.
The results of this study indicate that the positive feedback among behaviors of the central supervision
department, local government officials, and the whistleblowers can facilitate the improvement in
environmental awareness of the entire society, enhance environmental pollution control, and promote
the harmonious coexistence of human society and nature. Based on the above conclusions, this paper
has provided the following recommendations for further improvement of China’s environmental
pollution control:

(1) Public participation is an indispensable part of environmental pollution control and one of
the fundamental ways to solve environmental problems [60,61]. It is suggested that whistleblowing
be encouraged by reducing the whistleblowing cost and increasing the reward to a certain level [53].
The traditional whistleblowing channels (such as petitioning and hotlines) have high time and
economic costs and low efficiency, while the rapid development of the Internet and smart phones
has offered new methods with comparatively low economic costs. Therefore, we should make full
use of low cost online channels, such as WeChat, Weibo, and other online platforms to encourage
whistleblowing. The convenient online channels could effectively enhance the interactions between
whistleblowers and the Ministry of Environmental Protection, and indirectly increase the rewards for
whistleblowing while saving time and economic costs.

(2) It is necessary to further increase the punishment on local government officials that neglect
pollution control and use subsidies to lessen the concern of local government officials on pollution
control costs. It is recommended that “promotion” be used as an incentive for local government officials,
and to comprehensively evaluate government officials’ political achievements from multiple aspects
including local economic indicators and environmental indicators. We should not only supervise local
government officials’ emphasis on local environmental pollution control, but also conduct spot checks
on the achievements of pollution control with reference to whistleblowers’ feedback. Compared with
developed countries, currently the local air pollution control performance in China does not have much
weight in the promotion of local government officials [62,63]. In future policy design, it is recommended
that bonus points be given to local government officials that work hard on environment improvement
and air pollution control in promotion evaluation, or lower the requirements on economic indicators in
performance assessment. At the same time, the central environmental protection department should
provide proper and reasonable subsidies based on the local policy and measures targeting air pollution
according to the actual situation.

(3) Establish and improve the disclosure system for air pollution information and supervision
progress. The public disclosure of air pollution information is a new environment management method
different from the “administrative control measures” and “market economy measures” [64,65]. It could
put pressure on the polluters and environmental departments by disclosing relevant environmental
information and utilizing public opinion, thus urging them to change their behavior with help of
public supervision in order to eventually achieve the goal of environmental protection. The central
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supervision department should make efforts to properly collect and disclose the whistleblowing data
from different regions related to environmental pollution. It should not only publicly disclose relevant
information such as the number of whistleblowing cases in different regions, but also urge various
local governments to establish and improve air pollution information disclosure and supervision
progress disclosure systems as soon as possible, in order to form a positive trend in which various
parties actively and efficiently participate in air pollution control.
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