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Although the ability to manage public health emergencies in China has improved signi�cantly, there are still many challenges to
the existing information transmission mechanism in pandemic early warning systems. In this context, a tripartite evolutionary
game model composed of the local government, the whistleblower, and the public is formulated. By using Matlab, the dynamic
evolution path of the game model is stimulated under di�erent conditions. Stable strategies for an early warning system for public
health emergencies are also explored.  e results indicate that the cost of whistleblowing, the cost of response, and the bene�t of
attention signi�cantly in�uence strategic decisions among three parties. is study highlights the importance of whistleblowing in
managing public health emergencies. Yet, our �ndings provide theoretical support for policy recommendations for promoting
public health emergency preparedness.

1. Introduction

 e outbreak of disease not only has a huge impact on
socioeconomic order and people’s safety and property but
also brings severe challenges to the public health emergency
management system in China. Although our emergency
preparedness shows good overall progress after experiencing
infectious diseases, such as SARS and H7N9, and the
Wenchuan earthquake, gaps remain in the implementation
of an e�ective early warning system [1]. For example, un-
explained pneumonia cases were reported in a hospital in
Wuhan as early as December 2019. Unfortunately, the local
government did not make appropriate judgments and ef-
�ciently respond to the early warning information reported
by those medical professionals. In this context, considering
the potential harm to the public caused by the infected and
suspected cases, the medical professionals chose to an-
nounce the early warning information to a small portion of
the population.  ey violated public health ethics, said the
truth about COVID-19, and were relevantly penalized by the
local government. Such reasons and facts led to the failure to
e�ectively manage COVID-19 in the early stages.  e

whistleblower’s ethical dilemma in medicine and public
health and the behavior of whistleblowing are likely to in-
�uence strategic decisions about public health emergencies
[1–5].

Many scholars assume that in classical games of public
health decision-making, especially in relation to early
warning information management, participants do not al-
ways have symmetric information about an event and that
most participants have bounded rationality [6–9]. erefore,
evolutionary game theory is becoming an e�ective tool for
exploring public health early warning systems.  is is be-
cause it combines classical games with evolutionary biology,
in which the total rationality of participants becomes
bounded rationality and information shifts from perfect to
imperfect symmetry [10]. In the literature, Fan et al. [6]
studied the behavioral strategies among the government,
community, and residents and proved that the dynamic
reward and punishment mechanism can e�ectively suppress
the �uctuation problem in the process of public health
decision-making. Xu et al. [9] analyzed the strategic be-
haviors of the government, enterprises, and the public in the
management of public health emergencies based on game
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theory. In the context of the COVID-19 epidemic, Jia et al.
[8] used the dynamic game model to demonstrate that the
strategic evolution of the public mainly depends on sto-
chastic factors, cost-benefit, and the number of the public.
*e government’s strategies could influence the speed of the
public choosing a negative strategy.

However, the evolutionary approach to public health is
still a new challenge. Many scholars only consider the in-
teractions between the government and the public
[1, 4, 6, 7, 9, 11–15] in the process of decision-making. *e
current literature also places more emphasis on the general
decision-making of the public than on the impact of the
public’s concerns and preferences on administrative public
health decisions. *e public’s attention is an important
influencing factor in the process of decision-making [12, 16]
and thus key to the effectiveness of early warning systems.
Besides, different information content and transmission
pathways may lead to different administrative decision-
making. As a crucial transmitter of information about a
disease and the main body of an early warning system [16],
the dynamic behavior strategy of the whistleblower is very
important to public health administrative decision-making.

*erefore, research focusing on the interactions between
the local government, the whistleblower, and the public in
pandemic early warning games has been found wanting.
Hence, the purpose of this study is to solve the whistle-
blower’s dilemma in a public health emergency. To deal with
this, this study applies evolutionary game theory to construct
a tripartite evolutionary game model of these three parties.
Furthermore, this study will conduct simulation analysis to
explore the specific factors affecting the evolution of be-
havioral strategies among three parties under different
conditions. By doing so, this study hopes to provide eco-
nomic means and policy recommendations for imple-
menting an effective early warning system for public health
emergencies.

*e rest of this paper is organized as follows. In Section
2, we briefly discuss China’s early warning system and the
potential dilemma of whistleblowers in public health
emergencies. In Section 3, we construct a tripartite evolu-
tionary game model including assumptions and a payoff
matrix, and in Section 4, we conduct the evolutionary sta-
bility analysis and stimulation analysis using Matlab to il-
lustrate the impact of factors on behavioral strategies among
three parties under different cases. Finally, in Section 5, the
conclusions and the implications of this study are proposed.

2. Literature Review

2.1. China’s Early Warning System. Public health emer-
gencies such as SARS, H7N9, and Ebola have occurred
frequently in the past two decades. After experiencing the
SARS outbreak in 2003, China established a multiple-level
system for prevention and control of public health emer-
gencies [1]. By doing this, China’s public health system’s
capability to respond to infectious diseases has been com-
prehensively improved. *e vertical reporting of pandemic
information in the multiple-level system ensures the accu-
racy and comprehensiveness of information and thus

reduces social panic [17]. However, this kind of mechanism
would influence the timeliness of publishing pandemic in-
formation to a certain extent and is prone to distort and
misjudge the early warning information during transmission
[18]. As a result, it might cause remarkable deficiencies in
pandemic prevention, control, and management. From
another perspective, the local government can help the
public better understand the infectious disease through
timely disclosure of information, reducing social confusion
and panic, and promoting the public’s voluntary partici-
pation in preventing and controlling the disease. *erefore,
timely disclosure of early warning information has a sig-
nificant positive effect on the public’s trust and satisfaction
in government [18, 19]. *us, there is an inherent contra-
diction between the timeliness and accuracy of information
disclosure, and the game equilibrium between the two be-
comes an important consideration for the local government
to respond to early warning information.

Given that the rapid development of self-media (i.e.,
independently operating social media accounts) in China is
accelerating the spread of public opinion on early warning
information [14], and timely response to the information is
helpful to guide and shape public opinion and reduce the
infodemic (the rapid and widespread dissemination of both
accurate and incorrect information about a pandemic), as
well as enhance the credibility of the local government and
prevent falling into the Tacitus trap (a credibility and le-
gitimacy crisis for the government due to the loss of trust of
the people). Nevertheless, China’s public health policy re-
quires the local government to make evidence-based deci-
sions.*us, the local government places greater emphasis on
the authenticity and reliability of early warning information
[1, 15]. Under the framework of evidence-based governance,
managing public health emergencies is divided into three
stages, namely, the early warning period, the controlling
period, and the reconstructing period. Among these, the
core tasks of the early warning period are to scientifically
evidence the risk information and then announce it to the
public in a timely manner. *e core tasks of medical pro-
fessionals are to ensure that early warning information can
be delivered to decision-makers and the public in a timely
and accurate manner [15, 16]. However, blocking and fil-
tering of key evidence may occur during the vertical or
upward transmission of information, which may affect the
local government’s efficiency in administrative decision-
making and the accuracy of judging early warning
information.

2.2. &e Whistleblower’s Dilemma. Due to the combined
impacts of strategic decisions and information transmission
mechanisms, the whistleblower’s dilemma exists in man-
aging public health emergencies. In particular, the contra-
diction between the timeliness and accuracy of information
is the root cause of the whistleblower’s dilemma. Before
exploring the whistleblower’s dilemma, it is necessary to
understand the context in which the whistleblower lives.

Since existing laws and regulations in China lack clear
rules and guidelines on the party and content of information
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disclosure, it brings great challenges to China’s early
warning system. Nevertheless, the relevant laws clearly
specify the subjects of the early warning system and their
authority.*at is, the subject of deciding and issuing an early
warning information of a pandemic is limited to the national
health administrative department, the provincial govern-
ment, and its health administrative department. Local
governments, institutions, or individuals have no such au-
thority below the provincial level [1, 5]. Considering the
evidence-based principle of public policy in China, ad-
ministrative information disclosure is related to the social
stability of a society, so the disclosure needs to be carefully
considered by the government. *erefore, from an insti-
tutional perspective, one of the reasons that puts the
whistleblower in a difficult position (i.e., a dilemma) is that
the institution of reporting early-earning information to the
government is overly complex and time-consuming [1, 17].
When a pandemic risk shows a sign of continuous spread,
the higher authorities are still cautiously assessing or eval-
uating the risk information, while the local government is
waiting for the higher authorities’ decisions [2, 15, 16].
*erefore, the absence of the distribution of the rights and
responsibilities of the local government in public health
emergencies reflects the absence of the right to disclose
information at the assessment stage. In fact, the institution of
vertically reporting the risk information reflects more of a
cautious attitude of the local government towards infor-
mation disclosure. *e rapid development of social media
has made the public more sensitive to risk information than
in the past. Phenomena such as infodemics have emerged,
which undoubtedly amplify the cautious response strategy
adopted by the local government [14].

As the key transmitter of information in public health
emergencies, the role of the whistleblower cannot be
overlooked in public health emergencies as this group can
receive risk information in the first instance [5]. Hence, in
the early warning game system, the whistleblower has two
kinds of strategic decisions. One is to report the early
warning information to the government and wait for the
decisions to be announced, while the other is to announce
the information and raise an alarm to the public or a small
portion of the population. However, given the need to
maintain social stability, the voices of this group of people
may be unable to affect the public’s perception of the po-
tential risk of a pandemic [20, 21]. *ey may even be pe-
nalized by the local government for spreading “rumors” or
for breaking the regulations, leading to a situation where the
spread of the pandemic is uncontrollable [5]. *us, the local
government is also challenged with two strategic decisions.
One is to actively respond to the early warning information
and prepare a contingency plan, while the other is to cau-
tiously respond to the early warning information but just
wait for the decisions made by the upper authorities.

*e strategies of multiple parties together constitute a
profile in the early warning game system. Hence, the
whistleblower’s dilemma takes two forms: One is the be-
havioral difference between the whistleblower and the
public. For example, the whistleblower calls for the public to
take preventive measures but is ignored by the public. *e

action of the announcement may be even mistakenly per-
ceived as disturbing social order by the local government.
*e other is the discrepancy between administrative in-
formation and public opinion. For example, in the early
stages of the COVID-19 pandemic, a number of unidentified
cases emerged one after another, and public opinion started
to pay wide attention to this potential risk. *e local gov-
ernment, on the other hand, chose to maintain social order
and stability when it had not yet received a decision from the
upper authorities and failed to prepare a protective plan for
the potential risk in time [19]. Ultimately, the whistleblower
announced the early warning information to the public with
limited effect on pandemic management [15, 16].

3. Materials and Methods

3.1.ParticipantsandStrategicDecisions. *eparties involved
in the pandemic early warning system are the local gov-
ernment, the whistleblower, and the general public. *e
whistleblowers are a group of medical professionals who can
grasp the risk information about a pandemic for the first
time. *e local government is the regional administrations
that show signs of a pandemic, including governments below
the provincial level and local health administrations in
China [22]. In the game system, the whistleblower detects
the suspected case and pandemic early warning information
and reports it to the local government, who is subject to the
observance of the law and regulations. However, the
whistleblower may choose to announce the risk information
to the public if they are stuck in a dilemma [5].*erefore, the
whistleblower’s strategic decisions are to announce the early
warning information and not to announce the early warning
information.

*e local government can conduct an appropriate
evaluation and report the risk information to higher-level
authorities in a timely and proactive manner. However, in
the process of reporting information to higher authorities,
local governments may face multiple sources of information,
such as public opinions and opinions from expert panels. In
order to make a prudent strategic decision, the government
may be cautious in responding to the information provided
by the whistleblower. To avoid causing social panic and fear,
the local government may also punish the whistleblower for
the information disclosure [4, 13, 19]. *erefore, two stra-
tegic decisions for the local government to deal with the early
warning information are the active response strategy and
cautious response strategy in the initial stage of a pandemic.

It is important to note that even if the local government
chooses not to announce information about the pandemic in
the initial stage, the potential risk may still attract the
public’s attention due to the increase of the suspected cases,
and the information disclosed by the whistleblower, and
public opinion on the Internet [11]. *e public’s attention is
an important factor in improving the efficiency of making
informed decisions and responding quickly [5, 12]. In order
to maintain the stability of social order, the public’s attention
may put the local government in the position of having to
announce the risk information. *us, in this case, the
public’s strategic decisions are to pay attention to the early
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warning system and not to pay any attention to the early
warning system.

*e local government’s active response strategies include
paying full attention to the early warning information and
timely preparing a contingency plan if deemed necessary.
*e probability of choosing the active response strategy by
the local government is x(0≤x≤ 1); the cautious response
strategies include delaying the public announcement of
warnings and punishing whistleblowers for information
disclosure. *us, the probability of choosing the cautious
response strategy by the government is 1 − x. *e whistle-
blower’s strategies include announcing the early warning
information to the public or not.*e probability of choosing
to announce the early warning information to the public is
noted as y(0≤y≤ 1); the probability of choosing not to
announce the early warning information to the public is
noted as 1 − y. *e probability of the public staying in-
formed is recorded as z(0≤ z≤ 1); the probability of the
public choosing not to pay any attention to the early warning
system is recorded as 1 − z.

3.2. Basic Assumptions and Modelling. In order to analyze
the strategic decisions among three parties, the following
basic assumptions are made.

Assumption 1. In a pandemic early warning game model,
the participants are the local government, the whistleblower,
and the public. Each party is risk-neutral bounded ratio-
nality and is subject to maximizing their interests.

Assumption 2. *e cost to the local government of choosing
the active response strategy after receiving the early warning
information is π1. Accordingly, the cost of choosing the
cautious response strategy is π2; if the local government
adopts an active response strategy and timely prepares an
effective plan, then the credibility of the local government is
enhanced by the public, which is denoted by C1. On the
contrary, the credibility of the local government is signified
by C2.

Assumption 3. *e cost to the whistleblower of choosing not
to announce the early warning information to the public is
π3. On the contrary, the cost of choosing to announce the
early warning information to the public is π4. *e additional
income that the public can bring to the whistleblower is Q. If
the whistleblower’s behavior of hiding early warning in-
formation is found out by the local government in the
evolution of actively responding to a pandemic, then the
local government imposes certain punishments P on the
whistleblower.

Assumption 4. *e cost of the public’s failure to pay at-
tention to the early warning information delivered by the
whistleblower is denoted by π5. When the local government
chooses the active response strategy, the behavior of staying
informed is encouraged, and thus the public will receive the
award of R from the local government. Under the strategy of
cautious response, if the whistleblower remains silent to the

public, while the public pays attention to the early warning
information, then the level of reputation obtained by the
whistleblower is denoted by R1. On the contrary, the level of
reputation obtained by the whistleblower is denoted by R2.
*e utility that the general public can obtain by paying
attention to early warning information is denoted by U1. On
the contrary, the utility obtained by the public is denoted as
U2.

Based on the above discussions and assumptions, the
local government, the whistleblower, and the public con-
stantly adjust their strategic decisions in the tripartite
evolutionary game with finite rationality. *e payoff matrix
of the three parties under strategic interactions can be ob-
tained as shown in Table 1.

4. Results

4.1. Evolutionary Stability Analysis

4.1.1.&e Local Government’s Evolutionary Stability Strategy.
Based on the assumptions of this study, the probability of the
local government choosing the active response strategy is x,
and the probability of choosing the cautious response
strategy is (1 − x). E11 and E12 are used to represent the
expected benefit of the local government that chooses the
active response strategy and cautious response strategy,
respectively, and E1 represents the overall expected benefit
of the local government.

*e expected benefit of the active response strategy
selected by the local government is

E11 � yz P − π1 − R + C1( 􏼁 +(1 − y)z − π1 + C1( 􏼁

+ y(1 − z) P − π1( 􏼁 +(1 − y)(1 − z) − π1( 􏼁.
(1)

*e expected benefit of the cautious response strategy
selected by the local government is

E12 � yz − π2 + C2( 􏼁 +(1 − y)z − π2 + C2( 􏼁

+ y(1 − z) − π2( 􏼁 +(1 − y)(1 − z) − π2( 􏼁.
(2)

According to equations (1) and (2), the overall expected
benefit of the two government’s strategic decisions is

E1 � xE11 +(1 − x)E12. (3)

According to equation (3), the replicator dynamics
equation of the local government can be calculated as

F(x) �
dx
dt

� x(1 − x) E11 − E12( 􏼁

� x(1 − x) yP + z C1 − C2( 􏼁 − yzR − π1 − π2( 􏼁( 􏼁.

(4)

Rather than Bernoulli’s equation, the core idea of the
replicator dynamics equation is that one’s decision will
eventually bias towards a particular strategy as the envi-
ronment around them evolves [23]; thus, it is given an
economicmeaning by incorporating mean payoff. To further
analyze the impact of the size of the local government with
different decisions on the stable equilibrium of the strategic
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evolution, we can obtain the derivative of the replicator
dynamics equation with respect to x,

F′(x) � (1 − 2x) yP + z C1 − C2( 􏼁 − yzR − π1 − π2( 􏼁( 􏼁. (5)

*us, for the local government, we can make the fol-
lowing summary according to the above equation.

When y � y∗ � (π1 − π2) − z(C1 − C2)/P − zR,
F(x) ≡ 0, in this case, any proportion x that the local
government chooses randomly is an evolutionary stable
strategy.

When 0<y<y∗ � (π1 − π2) − z(C1 − C2)/P − zR,
F(0) � 0, F(1) � 0, F′(0)< 0, and F′(1)> 0, the evolu-
tionary stability strategy of the local government is x∗ � 0. In
this case, when the proportion of the whistleblower that
chooses the strategy of announcing the early warning in-
formation is lower than (π1 − π2) − z(C1 − C2)/P − zR, the
local government tends to choose the cautious response
strategy. Otherwise, if the active response strategy is chosen,
the local government may incur additional costs.

When (π1 − π2) − z(C1 − C2)/P − zR � y∗ <y< 1,
F(0) � 0, F(1) � 0, F′(0)> 0, and F′(1)< 0, the evolu-
tionary stable strategy of the government group is x∗ � 1. In
this case, when the proportion of the whistleblower that
chooses the strategy of announcing the early warning in-
formation is higher than (π1 − π2) − z(C1 − C2)/P − zR, the
local government tends to choose the active response
strategy. *e reason is the higher proportion of the whis-
tleblowing may affect the standard prevention and control
methods, so the local government shall choose the certain

active response strategy to ensure the normal development
of society.

Based on the above analysis, we can draw a dynamic
replication phase diagram of the local government as shown
in Figure 1.

4.1.2. &e Whistleblower’s Evolutionary Stability Strategy.
Based on the assumptions of this study, the probability of the
whistleblower choosing to announce the early warning in-
formation is y, and the probability of choosing not to an-
nounce the early warning information is (1 − y). E21 and E22
are used to represent the expected benefit of the whistle-
blower chooses the strategies of announcing or not an-
nouncing the early warning information, and E2 represents
the overall expected benefit of the whistleblower.

*e expected benefit when the whistleblower chooses to
announce the early warning information is

E21 � xz Q − P − π4 + R2( 􏼁 +(1 − x)z Q − π4 + R2( 􏼁

+ x(1 − z) Q − P − π4( 􏼁 +(1 − x)(1 − z) Q − π4( 􏼁.

(6)

*e expected benefit when the whistleblower chooses not
to announce the early warning information is

E22 � xz Q − π3 + R1( 􏼁 +(1 − x)z Q − π3 + R1( 􏼁

+ x(1 − z) Q − π3( 􏼁 +(1 − x)(1 − z) Q − π3( 􏼁.
(7)

According to equations (6) and (7), the overall expected
benefit of the two whistleblower’s strategic decisions is

E2 � yE21 +(1 − y)E22

� y xz Q − P − π4 + R2( 􏼁 +(1 − x)z Q − π4 + R2( 􏼁 + x(1 − z) Q − P − π4( 􏼁 +(1 − x)(1 − z) Q − π4( 􏼁( 􏼁

+(1 − y) xz Q − π3 + R1( 􏼁 +(1 − x)z Q − π3 + R1( 􏼁 + x(1 − z) Q − π3( 􏼁 +(1 − x)(1 − z) Q − π3( 􏼁( 􏼁.

(8)

Table 1: *e payoff matrix of the local government, the whistleblower, and the public.

&e public

&e local government

Active response
strategy (x)

Cautious
response

strategy (1 − x)

&e
whistleblower

Strategy of announcing the early warning
information (y)

Strategy of paying attention to the early
warning system (z)

P − π1 − R + C1 − π2 + C2
Q − P − π4 + R2 Q − π4 + R2
U2 − Q − π5 + R U2 − Q − π5

Strategy of not paying any attention to the
early warning system (1 − z)

P − π1 − π2
Q − P − π4 Q − π4

U2 − Q U2 − Q

Strategy of not announcing the early
warning information (1 − y)

Strategy of paying attention to the early
warning system (z)

− π1 + C1 − π2 + C2
Q − π3 + R1 Q − π3 + R1
U1 − Q − π5 U1 − Q − π5

Strategy of not paying any attention to the
early warning system (1 − z)

− π1 − π2
Q − π3 Q − π3
U1 − Q U1 − Q
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According to equation (8), the replicator dynamics
equation of the whistleblower can be calculated as

F(y) �
dy
dt

� y(1 − y) z R2 − R1( 􏼁 − Px + π3 − π4( 􏼁( 􏼁. (9)

To further analyze the impact of the size of the whis-
tleblower with different decisions on the stable equilibrium
of the strategic evolution, we can obtain the derivative of the
replicator dynamics equation with respect to y as follows:

F′(y) � (1 − 2y) z R2 − R1( 􏼁 − Px + π3 − π4( 􏼁( 􏼁. (10)

*us, for the whistleblower, we can make the following
summary according to the above equation:

When x∗ � z(R2 − R1) + (π3 − π4)/P and F(y) ≡ 0, in
this case, any proportion y that the whistleblower chooses
randomly is an evolutionary stable strategy.

When 0<x< x∗ � z(R2 − R1) + (π3 − π4)/P, F(0) � 0,
F(1) � 0, F′(0)> 0, and F′(1)< 0, the evolutionary stability
strategy of the whistleblower is y∗ � 1. In this case, when the
proportion of the local government that chooses the active
response strategy is lower than z(R2 − R1) + (π3 − π4)/P,
the whistleblower tends to choose not to announce the early
warning information. Because there may be a greater cost for
the whistleblower choosing to announce the information.

When x∗ � z(R2 − R1) + (π3 − π4)/P<x< 1, F(0) � 0,
F(1) � 0, F′(0)< 0, and F′(1)> 0, the evolutionary stable
strategy of the whistleblower is y∗ � 0. In this case, when the
proportion of the local government that chooses the active
response strategy is higher than z(R2 − R1) + (π3 − π4)/P,
the whistleblower tends to choose to announce the early
warning information.

Based on the above analysis, we can draw a dynamic
replication phase diagram of the local government as shown
in Figure 2.

4.1.3. &e Public’s Evolutionary Stability Strategy. Based on
the assumptions of this study, the probability of the public
choosing to pay attention to the early warning system is z,
and the probability of choosing not to pay any attention to
the early warning system is (1 − z). E31 and E32 are used to
represent the expected benefit of the public that chooses the
strategies of paying or not paying any attention to the early
warning system, and E3 represents the overall expected
benefit of the public.

*e expected benefit when the public chooses to pay
attention to the early warning system is

E31 � xy U2 − Q − π5 + R( 􏼁 + x(1 − y) U1 − Q − π5( 􏼁

+(1 − x)y U2 − Q − π5( 􏼁 +(1 − x)(1 − y) U1 − Q − π5( 􏼁.

(11)

*e expected benefit when the public chooses not to pay
any attention to the early warning system is

E32 � xy U2 − Q( 􏼁 + x(1 − y) U1 − Q( 􏼁 +(1 − x)y U2 − Q( 􏼁

+(1 − x)(1 − y) U1 − Q( 􏼁.

(12)

According to equations (11) and (12), the overall ex-
pected benefit of the two whistleblower’s strategic decisions
is

E3 � zE31 +(1 − z)E32

� z xy U2 − Q − π5 + R( 􏼁 + x(1 − y) U1 − Q − π5( 􏼁 +(1 − x)y U2 − Q − π5( 􏼁 +(1 − x)(1 − y) U1 − Q − π5( 􏼁( 􏼁

+(1 − z) xy U2 − Q( 􏼁 + x(1 − y) U1 − Q( 􏼁 +(1 − x)y U2 − Q( 􏼁 +(1 − x)(1 − y) U1 − Q( 􏼁( 􏼁.

(13)

According to equation (13), the replicator dynamics
equation of the public can be calculated as

F(z) �
dz

dt
� z(1 − z) xyR − π5( 􏼁. (14)

To further analyze the impact of the size of the public
with different decisions on the stable equilibrium of the
strategic evolution, we can obtain the derivative of the
replicator dynamics equation with respect to z as follows:

F′(z) � (1 − 2z) xyR − π5( 􏼁. (15)

x x

y

z

y

z

x

y

z

Figure 1: Dynamic replication phase diagram of the evolution of the local government’s strategic decisions.
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*us, for the public, we canmake the following summary
according to the above equation:

When y � y∗ � π5/xR and F(z) ≡ 0, in this case, any
proportion z that the public chooses randomly is an evo-
lutionary stable strategy.

When 0<y<y∗ � π5/xR, F(0) � 0, F(1) � 0, F′(0)< 0,
and F′(1)> 0, the evolutionary stability strategy of the public
is z∗ � 0. In this case, when the proportion of the whis-
tleblower that chooses to announce the early warning in-
formation is lower than π5/xR, the public tends to choose
not to pay any attention to the early warning system. At this
stage, the less information is made publicly available, thus
leaving the public less informed and therefore inclined to
believe that the level of risk is low.

When π5/xR � y∗ <y< 1, F(0) � 0, F(1) � 0, F′(0)> 0,
and F′(1)< 0, the evolutionary stable strategy of the public is
z∗ � 1. In this case, when the proportion of the whistle-
blower that chooses the strategy of announcing the early
warning information is higher than y � y∗ � π5/xR, the
public tends to choose to pay the attention to the early
warning system.

Based on the above analysis, we can draw a dynamic
replication phase diagram of the local government as shown
in Figure 3.

4.1.4. Stability Analysis of Mix-Strategy Equilibrium. To
explore the mutual interaction among the local government,

the whistleblower, and the public, we integrate the above
three replicator dynamic equations into a three-dimensional
replicator dynamic game system of the pandemic early
warning system,

F(x) �
dx
dt

� x(1 − x) yP + z C1 − C2( 􏼁 − yzR − π1 − π2( 􏼁( 􏼁,

F(y) �
dy
dt

� y(1 − y) z R2 − R1( 􏼁 − Px + π3 − π4( 􏼁( 􏼁,

F(z) �
dz

dt
� z(1 − z) xyR − π5( 􏼁.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

Let F(x) � dx/dt � 0, F(y) � dy/dt � 0, and
F(z) � dz/dt � 0; concurrently, we can get nine equilibrium
points of system (16). *ey are E1 (0, 0, 0), E2 (0, 1, 0), E3 (0,
0, 1), 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∗). Evidently, E1 to E8 are pure Nash
equilibria, while point E9 is a mixed Nash equilibrium. For
the reason that any strict Nash equilibrium must be a pure
strategy, it is enough to discuss the stability of equilibrium
solutions E1 to E8, and E9 cannot be stable.

Hence, the stability of each equilibrium solution is an-
alyzed through leveraging the Jacobian matrix of the above
three-dimensional replicator dynamic game system (equa-
tion (15)),

J �

zF(x)

zx

zF(x)

zy

zF(x)

zz

zF(y)

zx

zF(y)

zy

zF(y)

zz

zF(z)

zx

zF(z)

zy

zF(z)

zz

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

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

�

(1 − 2x) yP + z C1( − C2( 􏼁 − yzR − π1 − π2( 􏼁( 􏼁 x(1 − x)(P − zR) x(1 − x) C1 − C2 − yR( 􏼁

− y(1 − y)P (1 − 2y) z R2 − R1( 􏼁 − Px + π3 − π4( 􏼁( 􏼁 y(1 − y) R2 − R1( 􏼁

yz(1 − z)R xz(1 − z)R (1 − 2z) xyR − π5( 􏼁

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(17)
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Figure 2: Dynamic replication phase diagram of the evolution of the whistleblower’s strategic decisions.
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*e eigenvalues of the Jacobian matrix at eight equi-
librium points are shown in Table 2.

If the local government adopts the active response
strategy, such as organizing medical professionals to carry
out timely research and evaluation, and improving the ef-
ficiency of information publication, which will bring a
positive effect on the credibility of the local government (6).
While the local government chooses the cautious strategy,
such as relaxing the vigilance or not paying full attention to
early warning information, which will bring a negative
impact on the credibility of the local government and se-
riously hinder the management of the pandemics (6, 12). At
the same time, the whistleblower, as the first party with
access to information about a potential risk, will have a high
reputation for timely early warnings. *erefore, taking into
account real-life scenarios, C1 >C2 and π5 > 0 are satisfied.
During the early days of the pandemic, the strategic deci-
sions made by the whistleblower have a profound impact on
the local government’s risk management. First, considering
the accuracy of the information, if the initial assessment is
that the early warning information is wrong, the whistle-
blowing may lead to an information pandemic on the In-
ternet, and thus social panic (7, 11). Consequently, the local
government is more inclined to choose the cautious re-
sponse strategy.

Hence, in the replicator dynamic game system of the
local government, the whistleblower, and the public, the
behavioral strategies of the three parties are influenced by
multiple factors. *us, we begin by looking at the local
government’s strategic decisions and constructing game
paths for the early warning system under the conditions π1 −

π2 < 0 and π1 − π2 > 0.

Case 1. When the conditions π1 − π2 < 0, C1 >C2, and π5 > 0
are all satisfied, E4 (1, 0, 0), E5 (1, 1, 0), and E8 (1, 1, 1) are the
potential evolutionary stable strategies. From the condition,
we can observe that the cost to the government for choosing
the cautious response strategy is much greater than the cost
of choosing the active response strategy. At the same time,
there is the outbreak risk of pandemics. *e stability of the
equilibrium points in Case 1 is shown in Table 3.

To be specific, when the conditions π1 − π2 > 0 and (π3 −

π4)<P are all satisfied, E4 (1, 0, 0) is the only one evolu-
tionary stable strategy. *at is, the local government chooses
the cautious response strategy when the cost of the cautious
response strategy is lower than the cost of the active response

strategy. *e whistleblower chooses the strategy of not
announcing the early warning information when the cost of
announcement is relatively higher. Concurrently, the public
may choose not to pay any attention to the early warning
system. When the conditions π1 − π2 < 0, R< π5, and P −

(π3 − π4)< 0 are all satisfied, E5 (1, 1, 0) is the only one
evolutionary stable strategy. *at is, the local government
chooses the active response strategy when the cost of the
active response strategy is relatively lower. *e whistle-
blower chooses the strategy of announcing the early warning
information when the cost of the announcement is relatively
lower as well. Because the public has limited access to in-
formation, the public will stabilize on a strategy of not
paying any attention to the early warning system when it
maintains an optimistic judgment about the country’s public
health emergency preparedness (i.e., R< π5). When the
conditions π1 − π2 < 0, R> π5, and (R2 − R1) + (π3 − π4)>P

are all satisfied, E8 (1, 1, 1) is the only one evolutionary stable
strategy. *at is, the local government chooses the active
response strategy, while the whistleblower tends to choose
the strategy of announcing the early warning information
because of its lower cost. In this regard, the public chooses
the strategy of paying attention to the early warning system
because it might be helpful in saving the lives and property
[16]. In other words, if all three parties adopt a proactive
strategy to reduce the potential losses, the game system of
pandemic early warning will reach an optimal equilibrium.

*ere is an alternative hypothesis: *e cost of the local
government’s active response strategy is relatively higher.
*is means that the early warning information is of ques-
tionable accuracy (i.e., π1 − π2 > 0). In other words, there is
an infodemic risk in this case. As facts, rumors, and fears get
together and disperse, it becomes difficult for the public to
find trustworthy sources and guidance, thus affecting the
public’s judgment and health [11].

Case 2. When the condition is satisfied, the cost to the
government of choosing the cautious response strategy is
lower than the cost of choosing the active response strategy.
*e stability of the equilibrium points in Case 2 is shown in
Table 4.

To be specific, when conditions π1 − π2 > 0 and
π3 − π4 < 0 are all satisfied, E1 (0, 0, 0) is the only one
evolutionary stable strategy. *at is, the local government
chooses the cautious response strategy when the cost of the
cautious response strategy is lower than the cost of the active

x
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x

y

z

x

y

z

Figure 3: Dynamic replication phase diagram of the evolution of the public’s strategic decisions.
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response strategy. *e whistleblower that chooses the
strategy of not announcing the early warning information
when the cost of announcement is relatively higher. Con-
currently, the public may choose not to pay any attention to
the early warning system. When the conditions π1 − π2 > 0,
p − (π1 − π2)< 0, and π3 − π4 > 0 are all satisfied, E3 (0, 1, 0)
is the only one evolutionary stable strategy. *at is, the local
government chooses the active response strategy when the
cost of the active response strategy is relatively lower. *e
whistleblower chooses the strategy of announcing the early
warning information when the cost of the announcement is
relatively lower as well. In this context, the public will
stabilize on a strategy of not paying any attention to the early
warning system as official information is not yet released.
When the conditions π1 − π2 > 0, p − (π1 − π2)> 0,
P − (π3 − π4)< 0, and R< π5 are all satisfied, E5 (1, 1, 0) is the
only one evolutionary stable strategy. *at is, when the
penalty of keeping silent (i.e., not announcing the early
warning information) is higher than the response cost, while
the penalty of keeping silent is also lower than the cost of
announcement, the local government will choose the active

response strategy and the whistleblower will stabilize on the
strategy of announcing the early warning information.
Concurrently, the public will stabilize on a strategy of not
paying any attention to the early warning system (i.e.,
R< π5). When π1 − π2 > 0, R> π5,
(R2 − R1) − P + (π3 − π4)> 0, and
P + (C1 − C2) − (π1 − π2)> 0 are all satisfied, E8 (1, 1, 1) is
the only one evolutionary stable strategy. *is means that
when the behavior of whistleblowing is more meaningful
and influential than keeping silent, the whistleblower tends
to announce the early warning information, while the local
government steadily chooses the active response strategy,
and the public is more inclined to choose the strategy of
paying attention to the early warning system [5, 21]. In such
a situation, the game system of pandemic early warning will
reach an optimal equilibrium.

4.2. Simulation Analysis. By using Matlab, we simulate the
tripartite evolutionary game model under different
conditions.

Table 4: Stability of the equilibrium points in Case 2.

Equilibrium points λ1 λ2 λ3 Stability Conditions

E1 (0, 0, 0) <0 — <0 Evolutionary stable strategy π3 − π4 < 0
E2 (0, 0, 1) — — >0 Unstable N/A
E3 (0, 1, 0) — — <0 Evolutionary stable strategy p − (π1 − π2)< 0, π3 − π4 > 0
E4 (1, 0, 0) >0 — <0 Unstable N/A
E5 (1, 1, 0) — — — Evolutionary stable strategy p − (π1 − π2)> 0, P − (π3 − π4)< 0, R< π5
E6 (1, 0, 1) — — >0 Unstable N/A
E7 (0, 1, 1) — >0 Unstable N/A
E8 (1, 1, 1) — — — Evolutionary stable strategy R> π5, P + (C1 − C2) − (π1 − π2)> 0, (R2 − R1) − P + (π3 − π4)> 0

Table 2: Eigenvalues of the Jacobian matrix.

Equilibrium points λ1 λ2 λ3
E1 (0, 0, 0) − (π1 − π2) (π3 − π4) − π5
E2 (0, 0, 1) (C1 − C2) − (π1 − π2) (R2 − R1) + (π3 − π4) π5
E3 (0, 1, 0) P − (π1 − π2) − (π3 − π4) − π5
E4 (1, 0, 0) (π1 − π2) − P + (π3 − π4) − π5
E5 (1, 1, 0) − (P − (π1 − π2)) P − (π3 − π4) R − π5
E6 (1, 0, 1) − ((C1 − C2) − (π1 − π2)) (R2 − R1) − P + (π3 − π4) π5
E7 (0, 1, 1) P + (C1 − C2) − R − (π1 − π2) − ((R2 − R1) + (π3 − π4)) π5
E8 (1, 1, 1) − (P + (C1 − C2) − R − (π1 − π2)) − ((R2 − R1) − P + (π3 − π4)) − (R − π5)

Table 3: Stability of the equilibrium points in Case 1.

Equilibrium points λ1 λ2 λ3 Stability Conditions

E1 (0, 0, 0) >0 — <0 Unstable N/A
E2 (0, 0, 1) — — >0 Unstable N/A
E3 (0, 1, 0) >0 — <0 Unstable N/A
E4 (1, 0, 0) <0 — <0 Evolutionary stable strategy (π3 − π4)<P

E5 (1, 1, 0) — — — Evolutionary stable strategy R< π5, P − (π3 − π4)< 0
E6 (1, 0, 1) — — >0 Unstable N/A
E7 (0, 1, 1) <0 — >0 Unstable N/A
E8 (1, 1, 1) <0 — — Evolutionary stable strategy R> π5, (R2 − R1) + (π3 − π4)>P
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Case 3. *e parameters (π1 � 5, π2 � 10, π3 � 4, π4 � 6) are
set when the cost of the active response strategy is relatively
lower and the cost of the early warning announcement is
relatively higher. Accordingly, the strategy for the stable
state in this case is that the local government actively re-
sponds to the pandemic early warning information, the
whistleblower remains silent to the public, and the public
does not pay any attention to the early warning system. *e
dynamic evolution path of Case 3 is shown in Figure 4.

Case 4. *e parameters (π1 � 5, π2 � 10, π3 � 10, π4 � 4,
π5 � 5, P � 4, and R � 3) are set when the public’s attention
is relatively lower, the cost of the active response strategy is
relatively lower, and the cost of keeping silent is relatively
higher. Accordingly, the strategy for the stable state in this
case is that the local government actively responds to the
pandemic early warning information, and the whistleblower
announces the early warning information, but the public
does not pay any attention to the early warning system. *e
dynamic evolution path of case 4 is shown in Figure 5.

Case 5. *e parameters (π1 � 5, π2 � 10, π3 � 12, π4 � 5,
π5 � 3, P � 4, R � 3, R1 � 8, and R2 � 6) are set when the
benefit of attention is relatively higher, the cost of the active
response strategy is relatively lower, and the cost of an-
nouncement is relatively lower. Accordingly, the strategy for
the stable state in this case is that the local government
actively responds to the pandemic early warning informa-
tion, the whistleblower announces the early warning in-
formation, and the public also pays full attention to the early
warning system. *e dynamic evolution path of Case 5 is
shown in Figure 6.

Case 6. *e parameters (π1 � 10, π2 � 5, and π3 � 6) are set
when the cost of the cautious response strategy is relatively
lower, but the cost of announcement is relatively higher.

Accordingly, the strategy for the stable state in this case is
that the local government cautiously responds to the pan-
demic early warning information and the whistleblower does
not announce the early warning information, while the
public does not pay attention to the early warning system.
*e dynamic evolution path of Case 6 is shown in Figure 7.

Case 7. *e parameters (π1 � 10, π2 � 5, π3 � 9, π4 � 6, and
P � 4) are set when the cost of the cautious response strategy
is relatively lower, but the cost of keeping silent is relatively
higher. Accordingly, the strategy for the stable state in this
case is that the local government cautiously responds to the
pandemic early warning information and the whistleblower
announces the early warning information, while the public
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Figure 4: Dynamic evolution path of case 3.
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does not pay attention to the early warning system. *e
dynamic evolution path of Case 7 is shown in Figure 8.

Case 8. *e parameters (π1 � 6, π2 � 5, π3 � 9, π4 � 4,
π5 � 5, and P � 4) are set when the public’s attention is
relatively lower, and the cost of keeping silent is much higher
than the response cost, while the penalty of keeping silent is
lower than the cost of announcement. Accordingly, the
strategy for the stable state in this case is that the local
government actively responds to the pandemic early
warning information, the whistleblower announces the early

warning information, but the public does not pay any at-
tention to the early warning system. *e dynamic evolution
path of Case 8 is shown in Figure 9.

Case 9. *e parameters (π1 � 6, π2 � 5, π4 � 4, π5 � 2,
P � 4, C1 � 4, C2 � 2, R1 � 6, R2 � 9, and R � 3) are set
when the behavior of whistleblowing is more meaningful and
influential than keeping silent and the benefit of attention is
relatively higher. Accordingly, the strategy for the stable state
in this case is that the local government actively responds to

0

0.1

0.2

0.3

0.4

0.5

0.6

1

0.7

0.8

0.9

1

z

y
0.5

x
10.80 0.60.40.20

Figure 7: Dynamic evolution path of case 6.
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the pandemic early warning information, the whistleblower
announces the early warning information, and the public pays
full attention to the early warning system. *e dynamic
evolution path of Case 9 is shown in Figure 10.

5. Discussion and Conclusions

With the continuous improvement of China’s emergency
management system, the capability of addressing public
health emergencies has been significantly enhanced. How-
ever, there are still numerous challenges in the pandemic
early warning system, and a tripartite evolutionary game
model composed of the local government, the whistleblower,
and the public has emerged in the current study. We also
explored the stability of the game model by analyzing the
strategic decisions of three parties. By using Matlab, we then
stimulated the stable state of strategies in different cases.

In line with previous studies, the current study confirmed
that the effectiveness of managing public health emergencies
inevitably involves coordination and cooperation between
parties, although the strategic choices of participants are greatly
influenced by other participants [9, 24, 25]. Inter-organizational
collaboration can facilitate the establishment of effective
methods of coordination and communication among different
groups of participants [24]. *is study also agrees well with
previous related research, which also found that encouraging
the participation of the public can prompt all parties to co-
operate in preventing and managing public health emergencies
[9]. *is study puts forward the crucial position of whistle-
blowers in the early warning game system. *e whistleblower’s
dilemma in the context of a pandemic is essentially related to the
inadequacy of the current early warning system. *e cost of
announcing the earlywarning information to thewhistleblower,
the cost of responding to early warning information for the local
government, and the benefit of paying attention significantly
influence the behavioral strategies among the three parties.
When there is a serious pandemic risk, the local governments
tend to adopt an active response strategy in the first instance to
reduce possible loss of life and property. When the accuracy of
the received early warning information is questionable or hard
to judge, the local government tends to adopt a cautious re-
sponse strategy to reduce the potential loss to society. In this
regard, the whistleblower chooses to break the rules and public
health ethics to announce the early warning information due to
the increased risk of significant harm to the public. As a group
with limited access to information, the public’s strategic deci-
sions are significantly influenced by the decisions of the local
government and the whistleblower. As a result, the whistle-
blower is potentially faced with a dilemma in the early warning
game system. All three parties are likely to simultaneously
choose proactive strategies when the effectiveness of the
whistleblowing is higher than the penalty of keeping silent and
the benefit of attention is higher for the public.

Accordingly, our findings reveal the importance of
whistleblowing in the early warning game system. It also
stresses that an effective early warning system for public
health emergencies is essentially a stable state of strategies
reached by the local government, the whistleblower, and the
public. *e originality of the current study lies in the

inclusion of whistleblowing in exploring China’s pandemic
early warning system. *is study concerns three parties’
behavioral strategies, providing a new research direction and
enhancing the effectiveness of the early warning system by
analyzing the tripartite dynamic interactions.

Our findings also provide support for policy recom-
mendations for promoting public health emergency pre-
paredness. First, the government is required to strengthen
the pandemic early warning system. Timely response to the
whistleblower’s early warning information is crucial to
controlling the spread of a pandemic [2]. *e cost of the
whistleblowing and the local government’s judgment of the
response cost are two important factors affecting the pan-
demic early warning system. *e cost of early warning can
also be reduced by implementing a protection policy for
whistleblowers. In addition to this, whistleblowing could
also be incorporated into the social credit assessment
mechanism, and the emergence of infodemics could be
reduced through effective constraints and supervision.
Second, the assessment of the local government’s risk
management should be improved. At present, the govern-
ment’s management systems lack the dimension of assessing
the capacity to prevent and control risks [1, 3]. *is may
indirectly cause the spread of pandemics and ultimately put
the public in a passive position in health emergencies.
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