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Public health emergencies are more related to the safety and health of the public. For the management of the public health
emergencies, all parties’ cooperation is the key to preventing and controlling the emergencies. Based on the assumption of
bounded rationality, we formulate a tripartite evolutionary game model, involving the local government, the enterprises, and the
public, for the public health emergency, e.g., COVID-19. +e evolutionary stable strategies under different conditions of the
tripartite evolutionary game are explored, and the effect from different factors on the decision-makings of participants for public
health emergencies is also analyzed. Numerical analysis results show that formulating reasonable subsidy measures, encouraging
the participation of the public, and enforcing the punishment to enterprises for their negative behaviors can prompt three parties
to cooperate in fighting against the epidemic. Our work enriches an understanding of the governance for the public health
emergency and provides theoretical support for the local government and related participants to make proper decisions in public
health emergencies.

1. Introduction

+e COVID-19 [1] broke out at the end of 2019, which is
highly infectious and has attracted significant attention from
countries worldwide. On January 30, 2020, theWorld Health
Organization (WHO) declared the novel coronavirus out-
break a Public Health Emergency of International Concern
(PHEIC) [2]. It is difficult to curb the viral from spreading
without vaccines or medicines [3], and many countries faced
the dilemma of getting people and enterprises back to work
orderly or not. +e emergency governance of public health
emergencies often involves many parts, such as the gov-
ernment, enterprises, and the public. Unreasonable regu-
lations or untimely treatment may lead to the rapid spread of
the epidemic and cause severe economic losses. How to
effectively organize the members of society to participate the
emergency governance in public health emergencies and to

control the epidemic outbreak in a short time is of great
significance to safeguard human life and health.

In the management of public health emergencies, there
are three players in the game, including the local govern-
ment, enterprises, and the public. +ey must find an optimal
equilibrium mechanism to form a virtuous circle system in
the game. In this paper, we construct a tripartite evolu-
tionary game model, including the local government, en-
terprises, and the public, to study the management of public
health emergencies. By leveraging the standard evolutionary
game theory and necessary assumptions, the payoff matrix
and corresponding replicator dynamic system are built,
based on which the evolutionary stability strategies and their
corresponding conditions are explored. Finally, we use
numerical simulation to verify the evolution paths under the
ideal states and discuss the impact of different parameters on
the evolutionary processes of three parties’ behaviors.
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For the public health emergencies, many research studies
focus on the transmission of infectious diseases, change in
the number of infected people, and the inflection points.
+ey are mainly based on the mathematical models of ep-
idemic diseases, including SIR models [4], SIS models [5, 6],
SEIR models [7, 8], and so on. Many scholars describe the
transmission of COVID-19 based on the SEIR model to
analyze the effectiveness of prevention and put forward some
corresponding countermeasures and suggestions. Hou et al.
[9] applied the SEIR model to explore the effectiveness of the
quarantine of Wuhan city against this epidemic, and then
the results suggest that reducing the contact rate of latent
individuals after quarantine and isolation can effectively
reduce the number of individuals infected with COVID-19
and delay the peak time. An age-structured SEIR model is
proposed by Prem et al. [10]; they found that physical
distancing measures are effective, which can delay the peak
and reduce the final size of the epidemic. Radulescu et al. [11]
adopted the traditional SEIR model, and according to the
simulation, they suggested that social distancing represents
the most efficient strategy in curbing the effects of the
outbreak. Zu et al. [12] constructed a compartmental model
and estimated the efficacy of intervention strategies by
sensitivity analysis and found that the quarantine measures
the Chinese government adopted, such as postponing the
relaxation of isolation, early diagnosis, broad close-contact
tracing, and strict monitoring of infected persons, contribute
to the control of the COVID-19.

In the field of management, game theory provides an
efficient method for emergency decision-making to explore
the social interaction among different participants [13].
Wang et al. [14] applied a noncooperative complete infor-
mation game model for resource allocation during the
multiple emergencies. Yang and Xu [15] analyzed the re-
lationship between the decision-makers and an emergency,
and then formulated an engineering model based on a se-
quential game. To address traffic network congestion to
speed up the disaster response activity during a disaster,
Purohit et al. [16] proposed a nondeterministic, noncoop-
erative n-person game. Li [17] used evolutionary game
theory and established an emergency management coop-
eration model to improve the efficiency of emergency
management of the Middle Route of the South-to-North
Water Diversion Project.

+e existing research studies focus on analyzing the
spread of the epidemic and the effectiveness of measures
from the mathematical models of epidemic diseases; how-
ever, the studies on the dynamic decision-making of dif-
ferent participants in the epidemic particularly the
cooperation among the local governments, enterprises, and
the public by the evolutionary gamemodel are not toomuch.
+e regulations to prevent the epidemic formulated by the
local government can affect the strategy selections of en-
terprises and the public, which in addition affect the
transmission of the epidemic. Due to the sudden outbreak of
the epidemic, time left for participants to make judgments is
relatively short, and the selected strategies can only be ad-
justed continuously according to the epidemic situation and
the awareness of the epidemic of different parts. +e strategy

selection process conforms to the assumption of “bounded
rationality,” in which participants adopt imitative behaviors
in the evolutionary game. +us, we construct a tripartite
evolutionary game model including the local government,
enterprises, and the public, to analyze the dynamic ad-
justment process of the behaviors of these three parts and
explore how the parameters impact their strategy selection
so as to provide decision-making support for the local
government and other participants.

+e rest part of this paper is organized as follows. In
Section 2, a three-part evolutionary game model is con-
structed and some necessary assumptions are introduced.
We apply the standard method to analyze the behaviors
among three parts to obtain the evolutionary stable strat-
egies, and the corresponding conditions are explored in
Section 3. Section 4 provides numerical experiments to il-
lustrate the impact of parameters on the behavior selection
in the evolutionary game model, and the last section draws
conclusions and puts forward corresponding suggestions.

2. The Evolutionary Game Consisting of
Tripartite Participants

2.1. Tripartite Evolutionary Game Model. In this paper, we
mainly study the strategic interactions among the local
government, enterprises, and the public during a public
health emergency, by modeling a tripartite evolutionary
game.

When a public health emergency occurs, the local
government, as the formulator of the regulations to prevent
and control the epidemic, has two kinds of strategies: one is
strict governance (G) and the other is nonstrict governance
(NG). If the local government adopts the strategy of strict
governance, then it would take active actions based on
adequate knowledge of the epidemic, formulate the regu-
lations on epidemic prevention, and then strictly supervise
the implementation of these regulations. For example,
Wuhan local government took the strictest measures to seal
its borders from the rest of China on Jan 23, 2020 [18], which
effectively constrained the spread of COVID-19. +e
strategy of nonstrict governance means that the local gov-
ernment does not pay enough attention to the epidemic and
fails to formulate effective prevention and control measures.

During the epidemic, enterprises have two kinds of
strategies: one is to strictly implement (I) the regulation,
which are formulated by the local government and the other
is nonstrict implementation (NI). When an enterprise fol-
lows the regulation, it would implement the prevention and
control measures strictly, which brings it a certain cost and
revenue losses. On the contrary, if it does not implement the
regulations strictly, then it may get more revenues at the
expense of the health of the public and the security of the
society.

+e public, an essential participant in the evolutionary
game, plays an important role in the supervision of enter-
prises’ behaviors.+us, the public has two kinds of strategies:
one is supervision (S) and the other is nonsupervision (NS).
+e strategy of supervision means that the public would
supervise the enterprises strictly and disclose irregularities of
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enterprises in time if they exist, from the perspective of
society security. +e public may choose not to supervise
because of the high cost or other reasons.

2.2. Basic Assumptions. In order to analyze the decision-
making of the three parties, some basic assumptions are set
in advance as follows.

Assumption 1. . +e local government will incur the cost,
denoted by C1, to offer strict governance since it shall
conduct exhaustive investigations to make a further rec-
ognition of the virus and epidemic. Correspondingly, the
cost of nonstrict governance is denoted by C2 with C2 <C1.
If the local government takes rapid actions on the epidemic
and formulates the effective regulations, then the public will
praise the government’s behavior, which can enhance the
credibility of the government and such a positive effect is
denoted by WG. To encourage the behavior of strict
implementation, the government will provide subsidies to
enterprises due to their positive behaviors. On the contrary,
if enterprises do not implement the prevention and control
measures strictly, then they would bring high risk of epi-
demic further spreading, in addition harm the health of
public. +e government must bear the losses from the de-
teriorated epidemic situation and the external public pres-
sure, which is denoted by LG. +en, the government imposes
a penalty of P on enterprises, once their behaviors of
nonstrict implementation are disclosed by the public or
found out by the government. Particularly, we assume that
the nonstrict implementation behaviors must be found out
by the government if the government selects the strict
governance strategy. Otherwise, such negative behaviors will
be disclosed by the public if the public supervises the
enterprises.

Assumption 2. . If the enterprises strictly implement the
prevention and control measures, such as purchasing
enough protection articles, suspending production, short-
ening working hours during the epidemic, and so on, then it
will carry a cost of C3 to the enterprises, and the corre-
sponding revenue is denoted by R1. At the same time, these
enterprises’ positive behaviors help them win a high repu-
tation, which is quantified as WE, and obtain the subsidy of
αC3 provided by the local government. Here, the parameter
α (0< α< 1) reflects the strength of encouragement from the
government. Under the circumstances that the government
does not govern strictly and the public does not supervise,
they will not care about the enterprises’ strategy even if they
strictly carry out epidemic prevention, and the enterprises’
reputation will not be improved at this time. If the enter-
prises decide not to implement strictly, then they would bear
a less cost C4 (<C3) and a higher revenue R2 (>R1). However,
these negative behaviors also make the enterprises suffer a
penalty P from the local government.

Assumption 3. . Considering the safety and the health, the
public may take the initiative to supervise the enterprises
based on their scientific cognition of the epidemic situation.

+e cost from the supervision is denoted by C5(> 0), and we
assume that the cost is zero if the public does not supervise.
When the local government chooses the “strict governance”
strategy, the behavior of supervision is encouraged, and thus
the public will receive the award of H from the local gov-
ernment. Under the strategy profile (NG,NI, S), in which
the local government selects the strategy of nonstrict gov-
ernance, the enterprises do not implement the regulations
while the public supervises the enterprises, then the en-
terprises’ “nonimplementation” behaviors will be disclosed
by the public, and then the government shall share a part of
penalty denoted by βP (0< β< 1) with the public to en-
courage its supervision behavior. Of course, the behaviors of
nonstrict implementation by the enterprises will harm the
health of the public and thus bring the losses LP to the public.

+e model parameters are summarized in Table 1.

2.3. -e Payoff Matrix. In summary, the local government,
enterprises, and the public belong to our tripartite evolu-
tionary game with finite rationality.+e previously discussed
assumptions reveal that under the strict governance, the
government will pay the costs for its governance actions, the
subsidies to enterprises, and the rewards to the public, and
enterprises will be punished due to their nonstrict imple-
mentation behaviors. If the strategy of strict implementation
is adopted by enterprises, then they will earn the govern-
ment’s encouragement and high reputations. However, if
enterprises do not strictly implement the regulations, then
such negative behaviors will damage the safety of society,
leading to the losses to the government and the public, and
the government will punish enterprises. In addition to
paying the supervising cost, the public will earn the rewards
from the government or share a part of penalty from
enterprises.

Given the above discussions and assumptions, the
payoffs of tripartite participants can be derived under dif-
ferent strategy profiles, and thus the payoff matrix of the
tripartite evolutionary game is displayed in Table 2.

Without loss of generality, we assume

R1 + αC3 + W
E

− C3  − R2 − P − C4( > 0, (1)

which means that the enterprises’ payoff of strict imple-
mentation is higher than the one of nonstrict imple-
mentation, under the condition that the local government
takes the strategy of strict governance.

3. Equilibrium Analysis

Suppose that the probability of the local government
choosing “strict governance” strategy in public health
emergencies is x(0≤ x≤ 1), and then the probability of
choosing “nonstrict governance” strategy is 1 − x. Variable
y(0≤y≤ 1) represents the probability of enterprises
choosing the “strict implementation” strategy, and then the
probability of choosing the “nonstrict implementation”
strategy is 1 − y. +e probability of the public to supervise is
denoted by z(0≤ z≤ 1), and then 1 − z is the probability not
to supervise.
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3.1. Stability Strategy Analysis of -ree Parties

3.1.1. -e Analysis for the Local Government. +e expected
payoff UG1 of the local government when it chooses the
“strict governance” strategy is

UG1 � yz W
G

− H − C1 − αC3  + y(1 − z) W
G

− C1 − αC3 

+(1 − y)z W
G

− H − C1 + P − L
G

  +(1 − y)(1 − z) W
G

− C1 + P − L
G

 ,
(2)

and the expected payoff of the local government when it
chooses the behavior of “nonstrict governance” is

UG2 � yz − C2(  + y(1 − z) − C2(  +(1 − y)z − C2 +(1 − β)P − E1( 

+(1 − y)(1 − z) − C2 − E1( .
(3)

+us, the local government’s average expected payoff is

UG � xUG1 +(1 − x)UG2, (4)

and the replicator dynamic equation of the local government
is

Table 1: Parameters in the tripartite evolutionary game for public health emergencies.

Parameters Description
C1 Strict governance cost of the local government
C2 Nonstrict governance cost of the local government(C1 >C2)

C3 Strict implementation cost of the enterprises
C4 Nonstrict implementation cost of the enterprises (C3 >C4)

αC3 Enterprises’ subsidy from the local government (0 ≤ α ≤ 1) because of strict implementation
C5 Supervision cost of the public
P Enterprises’ penalty from the local government because of nonstrict implementation
LG Losses to the local government because of enterprises’ nonstrict implementation
LP Losses to the public because of enterprises’ nonstrict implementation
R1 Enterprises’ revenue when adopting strict implementation strategy
R2 Enterprises’ revenue when adopting nonstrict implementation strategy (R1 <R2)

WG Reputation of the local government because of strict governance behaviors
WE Reputation of enterprises because of strict implementation behaviors
β +e coefficient of the penalty (0< β< 1)

H Rewards to the public from the local government due to the public’s supervision behavior

Table 2: +e payoff matrix of the model.

Local government
Supervision (x) Nonsupervision (1 − x)

Enterprises

Strict implementation (y) (WG − H − C1 − αC3,
R1 − C3 + WE + αC3, H − C5)

(− C2, R1 − C3 + WE, − C5)
Supervision (z)

+e
public

Nonstrict implementation (1 − y) (WG − H − C1 + P − LG,
R2 − P − C4, H − C5 − LP)

(− C2 + (1 − β)P − LG,
R2 − P − C4, βP − C5 − LP)

Strict implementation (y) (WG − C1 − αC3,
R1 − C3 + WE + αC3, 0)

(− C2, R1 − C3, 0) Nonsupervision
(1 − z)Nonstrict implementation (1 − y) (WG − C1 + P − LG,

R2 − P − C4, − LP) (− C2 − LG, R2 − C4, − LP)

Note: From left to right are the respective benefits of the local government, enterprises, and the public.
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F(x) �
dx

dt
� x UG1 − UG(  � x(1 − x) UG1 − UG2( 

� x(1 − x) [(1 − β)Py − H − (1 − β)P]z + − αC3 − P( y + W
G

− C1 + P + C2 .

(5)

Let us derive F(x) relative to x, and the outcome is as
follows:

dF(x)

dx
� (1 − 2x) [(1 − β)Py − H − (1 − β)P]z + − αC3 − P( y + W − C1 + P + C2 . (6)

Let z0 � (− (αC3 + P)y + WG − C1 − P + C2/(1 − β)

P(1 − y) + H). So,

(1) If z � z0, then F(x) ≡ 0. No matter what x is, it is
always in a stable state.

(2) If z≠ z0, then let F(x) � 0, and then two stable
points x � 0 and x � 1 are obtained.

According to the stability theorem and the dynamic
game theory of replication [19, 20], x∗ is an evolutionary
stable strategy (ESS) point if the conditions of F(x∗) � 0 and
(dF(x∗)/dx)< 0 are satisfied. Based on this claim, we can get
the following.

Claim 1. If 0< z< z0, then “strict governance” strategy is
the ESS of the local government. If z0 < z< 1, then “nonstrict
governance” strategy is the ESS of the local government.

Proof 1. It is not hard to see that when 0< z< z0, we have
(dF(x)/dx)|x�0 > 0 and (dF(x)/dx)|x�1 < 0, indicating x � 1
is the ESS. When z0 < z< 1, then (dF(x)/dx)|x�0 < 0 and
(dF(x)/dx)|x�1 > 0, showing x � 0 is the ESS.

Proposition 1. If the local government has a higher repu-
tation, then it tends to adopt “strict governance” strategy. If
the cost of “strict governance” strategy C1 increases or the cost
of “nonstrict governance” strategy C2 decreases, then the
strategy of the local government may incline to be “nonstrict
governance” due to the cost pressure.

Proof 2. +e dynamic evolution for the local government is
demonstrated in Figure 1. +e whole space is divided into
two parts by the inner surface z � z0. When the initial state
(x, y, z) is in region II, showing 0< z< z0, then x � 1 is the
ESS, indicating the strategy of “strict governance” is the
eventual choice of the local government. When the initial
state (x, y, z) is in region I, corresponding to the case of
z0 < z< 1, then x � 0 is the ESS, implying the local gov-
ernment will choose the “nonstrict governance” strategy
eventually. +e volumes of region I and II represent the
probabilities of the local government choosing the “nonstrict
governance” strategy and “strict governance” strategy, re-
spectively. It reveals that the value of z0 increases with the
reputation WG of the local government, and thus the volume
of region II increases with WG if other variables are fixed. It
means that the local government tends to adopt “strict
governance” strategy with a higher reputation. Furthermore,
when the cost of “strict governance” strategy C1 increases or
the cost of “nonstrict governance” strategy C2 decreases, the
volume of region II will decrease since z0 is smaller, and thus
the strategy of the local government is inclined to be
“nonstrict governance” due to the cost pressure.

3.1.2. -e Analysis for Enterprises. We use UE1 and UE2 to
denote the expected payoffs of the enterprises when the
enterprises choose the strategies of “strict implementation”
and “nonstrict implementation,” respectively. +eir detailed
formulas are

UE1 � xz R1 − C3 + W
E

+ αC3  + x(1 − z) R1 − C3 + W
E

+ αC3 

+(1 − x)z R1 − C3 + W
E

  +(1 − x)(1 − z) R1 − C3( ,

UE2 � xz R2 − P − C4(  + x(1 − z) R2 − P − C4(  +(1 − x)z R2 − P − C4(  +(1 − x)(1 − z) R2 − C4( .

(7)

+erefore, the enterprises’ average expected payoff is
calculated as

UE � yUE1 +(1 − y)UE2, (8)

and the corresponding replicator dynamic equation is
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G(y) �
dy

dt
� y UE1 − UE(  � y(1 − y) UE1 − UE2(  � y(1 − y) − z P + W

E
  + αC3 + P + W

E
 x

+ z P + W
E

  + R1 − C3 − R2 + C4.

(9)

Let us continue to compute the derivative of G(y), then

zG(y)

zy
� (1 − 2y) − z P + W

E
  + αC3 + P + W

E
 x + z P + W

E
  + R1 − C3 − R2 + C4 . (10)

Let x0 � (− z(P + WE) − R1 + C3 + R2 − C4/(1 − z)

(P + WE) + αC3). So,

(1) If x � x0, then G(y) ≡ 0, meaning that any y ∈ [0, 1]

is the stable point
(2) If x≠ x0, then there are only two stable points y � 0

and y � 1, ensuring G(y) � 0

Claim 2. If 0<x<x0, then “nonstrict implementation”
strategy is the ESS of the enterprises. If x0 <x< 1, then “strict
implementation” strategy is the ESS of the enterprises.

Proof 3. It is not hard to see that when 0<x<x0, we have
(dG(y)/dy)|y�0 < 0 and (dG(y)/dy)|y�1 > 0, and thus y � 0
is the ESS. When x0 <x< 1, then (dG(y)/dy)|y�0 > 0 and
(dG(y)/dy)|y�1 < 0 implying y � 1 is the ESS.

Proposition 2. When the punishment P, the reputation WE,
or the subsidy factor α increases, the enterprises are more
inclined to adopt the “strict implementation” strategy.

Proof 4. Figure 2 illustrates the dynamic evolutionary
process of the enterprises. +e whole space is partitioned
into two parts by the inner surface x � x0. When the initial
state (x, y, z) is in region III, showing x> x0, then y � 1 is
the ESS, indicating that the enterprises eventually choose the
“strict implementation” strategy. When the initial state
(x, y, z) is in region IV, which corresponds to the case of
x0 < x, then y � 0 is the ESS. It implies that the “nonstrict
implementation” strategy is the enterprises’ eventual choice.
Further analysis indicates that when the punishment P, the
reputation WE, or the subsidy factor α increases, x0 will
decrease, leading to the increase in region III’s volume and
the decrease in region IV’s volume. +us, the enterprises
are more inclined to adopt the “strict implementation”
strategy.

3.1.3. -e Analysis for the Public. Similarly, we denote the
expected payoffs of the public when choosing “supervision”
strategy or “nonsupervision” strategy by UP1 or UP2,
respectively.

UP1 � xy H − C5(  + x(1 − y) H − C5 − E2(  +(1 − x)y − C5(  +(1 − x)(1 − y) βP − C5 − E2( ,
UP2 � x(1 − y) − E2(  +(1 − x)(1 − y) − E2( .

(11)

1

y

II

I
1

z

1 x
0

Figure 1: +e local government’s dynamic evolution.
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Hence, the average expected payoff of the public is
denoted by UP, where

UP � zU31 +(1 − z)U32. (12)

+e replicator dynamic equation of the public is

Q(z) �
dz

dt
� z(1 − z) U31 − U32(  � z(1 − z) − βP(1 − x)y +(H − βP)x + βP − C5 , (13)

whose derivative is shown as follows:

zQ(z)

zz
� (1 − 2z) − βP(1 − x)y +(H − βP)x + βP − C5 .

(14)

Let y0 � ((H − βP)x + βP − C5/βP(1 − x)). +en,

(1) If y � y0, then Q(z) ≡ 0 and any z ∈ [0, 1] is in a
stable point

(2) If y≠y0, then there are two stable points
z � 0 and z � 1 , ensuring Q(z) � 0

Claim 3. If 0<y<y0, then “supervision” is the ESS of the
public. If y0 <y< 1, then “nonsupervision” is the ESS of the
public.

Proof 5. When 0<y<y0, we have (dQ(z)/dz)|z�0 > 0 and
(dQ(z)/dz)|z�1 < 0, and thus z � 1 is the ESS. When
y0 <y< 1, then (dQ(z)/dz)|z�0 < 0 and (dQ(z)/dz)|z�1 > 0,

implying z � 0 is the ESS.

Proposition 3. If the coefficient β of penalty or the reward H

increases, the public will tend to supervise, and when the cost
for the public to supervise increases, then the public eventually
chooses the “nonsupervision” strategy.

Proof 6. +e dynamic evolution process of the public’s
decision is displayed in Figure 3. In this figure, the whole
space is divided into region V and region VI. If the initial
state (x, y, z) is in region V, indicating y<y0, then z � 1 is
the ESS and the public tend to adopt the “supervision”
strategy. When the initial state (x, y, z) is in region VI,
which corresponds to the case of y>y0, then z � 0 is the
ESS and the “nonsupervision” strategy will be the eventual
choice of the public. Particularly, y0 can be rewritten as
y0 � 1 + (Hx − C5/βP(1 − x))≤ 1, and thus Hx − C5 ≤ 0
and x≤min 1, (C5/H) . It is not hard to see if the coefficient
β of penalty or the reward H increases, y0 increases too and
thus the volume of region V becomes larger. Under this case,
the public will tend to supervise. When the costC5 for
the public to supervise increases, then y0 decreases, leading
to the decrease in region VI’s volume. +en, the cost
pressure prompts the public to choose the “nonsupervision”
strategy.

3.2. Solving Evolutionary Stability Strategy Based on the
Replicator Dynamic System. In this section, we propose the
analysis for the evolutionary stable strategies under the
mutual interaction among the local government, the en-
terprises, and the public. For this purpose, we first integrate
three replicator dynamic equations (5)–(13) together to
build a tripartite replicator dynamic system for the public
health emergencies.

y

1

IV

III

1

z

0
1 x

Figure 2: +e enterprises’ dynamic evolution.
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F(x) � x(1 − x) [(1 − β)Py − H − (1 − β)P]z + − αC3 − P( y + W
G

− C1 + P + C2 ,

G(y) � y(1 − y) − z P + W
E

  + αC3 + P + W
E

 x + z P + W
E

  + R1 − C3 − R2 + C4 ,

Q(z) � z(1 − z) − βP(1 − x)y +(H − βP)x + βP − C5 .

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(15)

Lemma 1. -e replicator dynamic system (15) has eight
equilibrium points, which are E1(0, 0, 0), E2(0, 0, 1),
E3(0, 1, 0), E4(0, 1, 1), E5(1, 0, 0), E6(1, 0, 1), E7(1, 1, 0), and
E8(1, 1, 1).

Proof 7. Let F(x) � 0, G(y) � 0, and Q(z) � 0; simulta-
neously, we can get nine equilibrium points of system (15).

+ey are E1(0, 0, 0), E2(0, 0, 1), E3(0, 1, 0), E4(0, 1, 1),
E5(1, 0, 0), E6(1, 0, 1), E7(1, 1, 0), E8(1, 1, 1), and
E9(x∗, y∗, z∗), respectively, where point E9(x∗, y∗, z∗) is
just the solution, satisfying the following equations
simultaneously:

[(1 − β)Py − H − (1 − β)P]z + − αC3 − P( y + W
G

− C1 + P + C2 � 0,

− z P + W
E

  + αC3 + P + W
E

 x + z P + W
E

  + R1 − C3 − R2 + C4 � 0,

− βP(1 − x)y +(H − βP)x + βP − C5 � 0.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(16)

Clearly, E1 to E8 are pure Nash equilibria, while point
E9 is a mixed Nash equilibrium. By the results of Ritzberger
[21] and Selten [22], only the strict Nash equilibria are
asymptotically stable in multipopulation evolutionary game.
Because any strict Nash equilibrium must be a pure strategy,
it is enough for us to discuss the stability of equilibrium
solutions E1 to E8, and E9 cannot be stable.

We leverage the Jacobianmatrix of system (15), shown as
follows, to analyze the stability of each Nash equilibrium
solution:

J �

zF(x)

zx

zF(x)

zy

zF(x)

zz

zG(y)

zx

zG(y)

zy

zG(y)

zz

zQ(z)

zx

zQ(z)

zy

zQ(z)

zz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (17)

To be specific, each element in the Jacobian matrix J is
expressed as follows:

y

1

0
x

VI

V

1

z

1

Figure 3: +e public’s dynamic evolution.
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zF(x)

zx
� (1 − 2x) [(1 − β)Py − H − (1 − β)P]z + − αC3 − P( y + W

G
− C1 + P + C2 ;

zF(x)

zy
� x(1 − x) (1 − β)Py − αC3 − P ;

zF(x)

zz
� x(1 − x)[(1 − β)Py − H − (1 − β)P];

zG(y)

zx
� y(1 − y) − z P + W

E
  + αC3 + P + W

E
 ;

zG(y)

zy
� (1 − 2y) − z P + W

E
  + αC3 + P + W

E
 x + z P + W

E
  + R1 − C3 − R2 + C4 ;

zG(y)

zz
� y(1 − y)(1 − x) P + W

E
 ;

zQ(z)

zx
� z(1 − z)[− βPy + H − βP];

zQ(z)

zy
� − z(1 − z)(1 − x)βP;

zQ(z)

zz
� (1 − 2z) − βP(1 − x)y +(H − βP)x + βP − C5 .

(18)

Let us compute the eigenvalues of J at each of eight
equilibrium points, and the corresponding eigenvalues are
all listed in Table 3.

Theorem 1. -e four equilibrium points
(0, 0, 0), (0, 0, 1), (1, 1, 0), and (1, 1, 1) are the ESS if the
stability conditions in Table 4 are satisfied.

Proof 8. By Lyapunov system stability theory [23], a Nash
equilibrium solution is an ESS, if and only if at this point, all
eigenvalues of the Jacobian matrix are negative. Because
R2 >R1 and C3 >C4, we have the second eigenvalue λ2 at
point E3(0, 1, 0) is positive. +e third eigenvalue λ3 at point
E4(0, 1, 1) is positive too, as C5 > 0. In addition, due to the
Assumption 1, it is obvious that the second eigenvalue λ2 at
point E5(1, 0, 0) and E6(1, 0, 1) is both positive. +erefore,
these four equilibrium points
(0, 1, 0), (0, 1, 1), (1, 0, 0), and (1, 0, 1) cannot be the ESS of
the system.

If the conditions in Case 1 are all satisfied, which are
equivalent to WG + P<C1 − C2, R1 − C3 <R2 − C4, and
βP<C5, then equilibrium point E1(0, 0, 0) is the ESS. +e
strategies in E1(0, 0, 0) are “nonstrict governance” from the
local governments, “nonimplementation” from the enter-
prises, and “nonsupervision” from the public. From the
conditions in Case 1, we can observe that the low reputation
WG and high strict governance cost C1 prompt the local
government to loosen its governance; since the net profit of
R1 − C3 when the enterprises strictly implement is lower
than the one of R2 − C4 when the “nonstrict implementa-
tion” strategy is adopted, the enterprises tend to behave
negatively to pursue high profit; in addition, the public

would not supervise because of the higher cost C5 of su-
pervision and the small rewards βP. In this case, the whole
system is entirely laissez-faire, causing rapid outbreak of the
epidemic and endangering the security of the public, society,
and even the whole country.

If the conditions in Case 2 are all satisfied, which are
equivalent to WG − C1 − H + P − LG < (1 − β)P − C2 − LG,
R1 − C3 + WE <R2 − C4 − P, and C5 < βP, then E2(0, 0, 1) is
the ESS. +e strategies in E2(0, 0, 1) are that the local
government does not strictly govern, the enterprises do not
strictly implement, and the public adopts “supervision”
strategy. From the conditions in Case 2, we can observe that
the payoff (� (1 − β)P − C2 − LG) of the local government
from nonstrict governance is higher than that (� WG − C1 −

H + P − LG) from strict governance; the enterprises would
get higher payoff when they choose the “nonstrict imple-
mentation” strategy due to the condition
R1 − C3 + WE <R2 − C4 − P; and the public can benefit
more as βP − C5 − LP > − LP. Hence, under the stable state
E2(0, 0, 1), no part would like to unilaterally change its
current strategy, and then E2(0, 0, 1) is a Nash equilibrium.
For this case, only the public adopts the positive action of
“supervision,” other than the local government and enter-
prises. +erefore, the stable state E2(0, 0, 1) is not an ideal
state, under which the epidemic cannot be controlled ef-
fectively, and then public health emergencies will be more
serious.

If the conditions in Case 3 are all satisfied, which
are equivalent to WG − αC3 >C1 − C2, R1 − C3 + αC3+

WE >R2 − C4 − P, and H<C5, then E7(1, 1, 0) is the ESS.
+e strategies in E7(1, 1, 0) are that the local government
decides to govern strictly, and the enterprises choose the
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“strict implementation” strategy, while the public does not
supervise. From the conditions in Case 3, we can observe
that the reputation WG, which is high enough to satisfy the
condition of WG − αC3 >C1 − C2, would prompt the local
government to govern strictly; the enterprises would strictly
implement the regulations to prevent epidemic since they
can get higher payoff (R1 − C3 + αC3 + WE) when “strict
governance” strategy is carried out; however, the public
would not like to supervise because of the low rewards H and
the high cost of supervision C5. In this case, the epidemic can
be to some extent controlled due to the positive actions from
the local government and enterprises, but the incentive
mechanism with low reward cannot motivate the public
enough.

If the conditions in Case 4 are all satisfied, which are
equivalent to WG − αC3 − H − C1 > − C2, R1 − C3 + αC3 +

W E >R2 − C4 − P, and H>C5, then E8(1, 1, 1) is the ESS.
+e strategies in E8(1, 1, 1) are that the local government
decides to govern strictly, the enterprises choose the “strict
implementation” strategy, and the public would like to
supervise. From the conditions in Case 4, we can observe
that the payoff (� WG − αC3 − H − C1) of the local gov-
ernment from strict governance is higher than that (� − C2)

from nonstrict governance; the enterprises can get more
when they choose the “strict implementation” strategy be-
cause R1 − C3 + αC3 + WE >R2 − C4 − P; and the public
benefits more as H − C5 > 0. +us, under the stable state
E8(1, 1, 1), no part would like to unilaterally change its
current strategy, and then E8(1, 1, 1) is an ESS. In this case,
rational parties will cooperate in fighting against the epi-
demics and then the ESS E8(1, 1, 1) is the ideal stable state
for the public health emergency, expected by the whole
society.

4. Numerical Simulations

By using Matlab software, the dynamic evolution of the
strategies of the local government, the enterprises, and the
public is simulated in this section. Based on the actual

situation of the public health emergency, the parameters in
our tripartite evolutionary game are set as follows: C1 �

15, C2 � 12, WG � 8, H � 2, P � 4, WE � 3, R1 � 7, C3 �

4, R 2 � 10, C4 � 2, βP � 2, C5 � 0.5, αC3 � 1,

LG � 1, andLP � 1. It is not hard to see the above values of
parameters meet the condition in Case 4 such that H +

αC3 − WG + C1 − C2 < 0, − (αC3 + P + WE + R1 − C3 −

R2 + C4) < 0, − H + C5 < 0. +e unique ESS under this
situation is thus E8(1, 1, 1), whose evolution path is dem-
onstrated in Figure 4.

Next, we conduct several numerical experiments to
analyze the impacts of parameters on evolutionary results,
including the punishment P, rewards H, subsidy coefficient
α, and the supervision cost C5.

4.1. -e Influence of the Punishment on Evolutionary Results.
In this subsection, we fix other parameters and let the initial
probability x, y, and z be 0.5. +e impact of punishment P

on the evolutionary results of the enterprises’ strategic
choice behaviors is shown in Figure 5, in which P is set as 2,
4, and 6, respectively. From Figure 5, we can observe that
with the increase in the punishment, the rate that the en-
terprises evolve to the “strict implementation” strategy
gradually increases. More precisely, when P is increased
from 2 to 4, the length of time for enterprises to reach the
stable state of strict implementation is greatly shortened.
When P continues to increase from 4 to 6, although the
speed of the enterprise’s evolution continues to increase, its
strategy adjustment speed is not as rapid as the former. Such
an observation illustrates that the local government’s pun-
ishment measure can promote the strict implementation of
enterprises; but its influence is gradually weakened with the
punishment increasing.

4.2. -e Influence of Rewards on Evolutionary Results.
With other parameters being held constant, the impact of
rewards H on the evolutionary results of the local gov-
ernment and the public strategy selection is shown in

Table 3: Eigenvalues of the Jacobian matrix.

Equilibrium points Eigenvalues λ1 Eigenvaluesλ2 Eigenvaluesλ3
E1(0, 0, 0) WG − C1 + P + C2 R1 − C3 − R2 + C4 βP − C5
E2(0, 0, 1) − H + βP + WG − C1 + C2 P + WE + R1 − C3 − R2 + C4 − βP + C5
E3(0, 1, 0) − αC3 + WG − C1 + C2 (R2 − R1) + (C3 − C4) (> 0) − C5
E4(0, 1, 1) − H − αC3 + WG − C1 + C2 − (P + WE + R1 − C3 − R2 + C4) C5(> 0)

E5(1, 0, 0) − (WG − C1 + P + C2) (R1 + αC3 + WE − C3) − (R2 − P − C4)(> 0) H − C5
E6(1, 0, 1) − (− H + βP + WG − C1 + C2) (R1 + αC3 + WE − C3) − (R2 − P − C4)(> 0) − (H − C5)

E7(1, 1, 0) − (− αC3 + WG − C1 + C2) − (αC3 + P + WE + R1 − C3 − R2 + C4) H − C5
E8(1, 1, 1) − (− H − αC3 + WG − C1 + C2) − (αC3 + P + WE + R1 − C3 − R2 + C4) − (H − C5)

Table 4: +e condition of evolutionary stability of equilibrium points.

Equilibrium points Conditions Case number
E1(0, 0, 0) WG − C1 + P + C2 < 0, R1 − C3 − R2 + C4 < 0, βP − C5 < 0 1
E2(0, 0, 1) − H + βP + WG − C1 + C2 < 0, P + WE + R1 − C3 − R2 + C4 < 0, − βP + C5 < 0 2
E7(1, 1, 0) αC3 − WG + C1 − C2 < 0, − (αC3 + P + WE + R1 − C3 − R2 + C4)< 0, H − C5 < 0 3
E8(1, 1, 1) H + αC3 − WG + C1 − C2 < 0, − (αC3 + P + WE + R1 − C3 − R2 + C4)< 0, − H + C5 < 0 4
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Figure 6. In this experiment, H is set as 1, 2, and 3, re-
spectively, and the initial probabilities x, y,and z are all 0.5.
With the increase in rewards H, the public’s incentive to
supervise also increases. However, the growth rate of the
incentive effect on the public gradually weakens, as the
rewards continuous to increase (see Figure 6(b)). On the
other hand, for the local government, the increase in rewards
gradually slows down the evolution speed to the strict
governance strategy because high rewards bring heavy
pressure on local government’s fiscal expenditures. +ere-
fore, a proper reward measure can prompt the public to
select the supervision strategy in a short term and enable the
government to make proper decision by taking into account
the actual fiscal expenditure.

4.3. -e Influence of Subsidy Coefficient on Evolutionary
Results. To derive the impact of the subsidy coefficient α on

evolutionary results, we fix other parameters and conduct
experiments when α � 1/8, 3/8, and 5/8, respectively, and all
initial probabilities x � y � z � 0.5. +e dynamic evolu-
tionary processes of the local government and the enterprises
are demonstrated in Figure 7. From Figure 7(b), it is easy to
see that the subsidy can effectively promote the enterprisers to
select the “strict implementation” strategy. Considering to
maximize the payoff, the willingness to choose strict imple-
mentation strategy would increase with the increase in the
subsidy. However, the high subsidy brings a heavy burden on
the local government.+us, the willingness of the government
to adopt strict governance would decline with the increase in
the subsidy, shown in Figure 7(a). Our experiments indicate
that the subsidymeasure has an incentive effect on enterprises
and draws their attention to the public health emergencies,
which prompts them to strictly implement the regulations to
prevent and control the epidemic.
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Figure 4: Dynamic evolution of three parts’ decision-making.
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Figure 5: +e impact of punishment on the enterprises’ decision-making.
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4.4.-e Influence of Supervision Cost on Evolutionary Results.
We also fix other parameters, and let the cost C5 of su-
pervision be 0.5, 1.5, and 2.5, respectively, to observe the
impact ofC5 on the strategy selection of the public. Similarly,
the initial probabilities x, y, and z are set to be 0.5. It is not

hard to find from Figure 8 that the higher the supervision
cost is, the less the supervision willingness of the public will
be. Particularly, once the cost C5 is higher than the reward
H, for example, C5 � 2.5> 2 � H, then the public will no
longer take the supervision strategy. As the cost of
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Figure 6: +e impact of rewards. Evolutionary behavior of (a) the local government and (b) the public.

G:α = 1/8

G:α = 3/8

G:α = 5/8

0.5

0.55

0.6

0.65

0.7

0.75p

0.8

0.85

0.9

0.95

1

0 0.5 1 1.5 2

t

2.5 3 3.5 4

(a)

0.5

0.55

0.6

0.65

0.7

0.75p

0.8

0.85

0.9

0.95

1

0 0.5 1 1.5 2

t

2.5 3 3.5 4

E:α = 1/8

E:α = 3/8

E:α = 5/8

(b)

Figure 7: +e impact of subsidy coefficient. Evolutionary behavior of (a) the local government and (b) enterprises.
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supervision decreases, the public will turn to active super-
vision strategies under the consideration of their benefits
and public health.

5. Conclusion

Given the actual situation of the public health emergency, a
tripartite evolutionary game model is developed for the
perspective of cooperation among the local government, the
enterprises, and the public. +is work studies the factors and
evolution path that affect the decision-making of the par-
ticipants and subsequently verify them by applying nu-
merical simulation technology. Some important conclusions
and suggestions are as follows.

As the manager and promoter of epidemic prevention,
the government should reinforce the intensity of its su-
pervision and formulate reasonable regulatory measures to
deal with public health emergencies timely. It also should
avoid overly tough measures, which may cause resistance
from the public and enterprises. Training activities on ep-
idemic prevention knowledge for enterprises and the public
should be carried out to enhance the awareness of the
incident.

+e local government should formulate different penalty
mechanisms and support mechanisms, while not only the
punishment and the subsidy. For example, once the en-
terprises’ negative behaviors are found, the local government
shall deal with the offending enterprise immediately. +e
local government shall pay full attention to the negative
impact of the epidemic on enterprises’ production and
operation. While maintaining social security and stability,
the government shall protect enterprises’ interests, care
about their production and operation conditions, and know
about their actual conditions such as capital operation, rent,
production, and sales. Promoting coordination and coop-
eration between the government and enterprises can ulti-
mately achieve mutual benefit and win-win results.

In addition, the government shall try the best to reduce
the public’s supervision cost and facilitate the supervision of
the public throughmultiple channels to improve the public’s
participation in public health emergencies.
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