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Abstract: The new situations, problems, and challenges facing urban fire safety work are gradually
increasing in China, so innovating urban fire safety governance modes is an urgent task. In the
fire management practice of the Chinese government, the establishment of an urban fire safety co-
management system is an important measure for aggregating fire safety management resources and
improving the level of urban fire safety prevention, as well as control. In order to reveal and clarify the
interacting relationships and influencing mechanisms among multiple subjects in an urban fire safety
co-management system, we constructed an urban fire safety co-management game model comprising
fire supervision departments, production management units, and the public based on evolutionary
game theory. The stability of the urban fire safety co-management game system is explored from the
perspective of game subjects. The influencing factors of strategy selection between game subjects in
the game system were investigated using numerical simulation analysis. The research results show
that elevating the informatization level of co-management, the risk perception level of the public,
and the disclosure level of fire safety information are conducive to stimulating the public’s positivity
to participate in co-management. Strengthening the accountability of the superior government is
conducive to ensuring the supervision level of fire supervision departments. The above measures
have positive value for optimizing China’s urban fire safety co-management systems, establishing
urban fire safety management synergy, and ensuring the stability of social fire safety situations.

Keywords: urban fire safety; social co-management; fire supervision; evolutionary game theory;
game systems

1. Introduction

Fire safety is a socialized systematic project involving all aspects and the whole
process of social governance [1,2]. In recent years, with the rapid development of China’s
economy and society, the new situations, problems, and challenges facing fire safety work
have gradually increased [3–5]. The situation of urban fire prevention and control is
gradually becoming more complicated, and the level of urban fire safety management is not
encouraging [6,7]. On the one hand, there are more types of urban fire risks that are more
difficult to prevent and control, as well as a wider range of fires [8]. On the other hand,
non-traditional and traditional fire safety problems interweave, influence, and penetrate
each other [9,10], and the problem of fire risk remediation and rebound are very prominent.
The uncertainties and uncontrollable factors of fire are constantly increasing [11,12]. It is
therefore urgent to further consolidate the foundation of urban fire safety, strengthen the
ability of fire safety assurance, and comprehensively improve the level of public fire safety
in the whole of society.

In 2023, the Chinese government set up the National Fire and Rescue Administration
as a component of the State Council, which is administered by the Ministry of Emergency
Management, to supervise and manage fire safety across the country [13]. As an important
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component of the government’s public management, fire management refers to law en-
forcement actions such as fire supervision departments conducting fire safety supervision
and inspection on production management units and punishing them for violating fire
management policies and regulations according to the law [14]. Performing fire safety
management and improving the level of fire prevention is of great value to improve urban
resilience and ensures the stable development of the economy and society, but there are
still many challenges facing urban fire safety management in China [15]. Among them,
the more prominent problem of the insufficient number of grassroots fire safety manage-
ment personnel has led to insufficient coverage of fire safety management, and thus the
phenomenon of management omission occurs from time to time [16,17].

Therefore, it is necessary to innovate the urban fire safety management mode and
fully mobilize the proclivity of the public to participate in fire co-management. Promoting
the establishment and improvement of an urban fire safety co-management system can
help expand the coverage of fire risk rectification, establish fire safety management synergy,
and ensure the stability of urban fire safety situations. Compared with the traditional fire
safety management mode, having public participation in fire safety co-management causes
the relationships and roles of fire supervision departments and production management
units in the supervision process to change and present new characteristics [18]. Therefore,
it is necessary to analyze the interacting mechanism among various subjects in urban fire
safety co-management from a systematic perspective and clarify the key factors affecting
the inter-subject relationships, which has important value for improving the level of urban
fire safety co-management.

At present, the existing studies have mainly focused on the main subjects of fire
management, the content of fire management, and the strategy of fire management. Some
scholars have summarized the fire management problems associated with densely pop-
ulated places, major fire risks, inflammable and explosive units, hazardous chemical
enterprises, and other units. Through identifying the potential weak links [19–22] and
assessing the fire risks of urban fire safety [23–26], countermeasures and suggestions to
improve fire management are given accordingly. In identifying the potential weak links
of urban fire safety, Ardianto and Chhetri applied the Markov chain method to model the
spatio-temporal dynamics of urban residential fire risk and predict the possibility of fire
occurrence [19]. Noori et al. constructed the urban vulnerability index map by using the
Fuzzy-VIKOR approach in a Geographic Information System (GIS) [20]. Then, the regions
with urban vulnerability to potential fire hazards are identified based on the multi-criteria
decision-making (MCDM) method. Based on the geographically weighted regression
(GWR) model and the novel machine learning framework, Kumar et al. analyzed the rela-
tionships between urban patterns and fire causes, which can improve the fire management
level of decision-makers over time and space [21]. Singh et al. conducted a hotspot analysis
of structure fires based on GIS-based spatial analysis and statistical techniques [22]. Further,
hotspots were delineated by the kernel density estimation (KDE) and Getis-Ord Gi* with
inverse distance weighting (IDW). In assessing the fire risks of urban fire safety, Bai and
Liu proposed the theoretical framework for urban safety resilience based on the triangle
model, which includes the indicators of fire hazard, regional characteristics, and fire re-
silience. Furthermore, the entropy weight method and cloud model are used to analyze
the urban safety resilience and risk level ratings. Wang et al. developed the urban fire risk
assessment method based on the points of interest (POIs) data. Further, the distribution
of the fire risks can be obtained through the POIs and the kernel density analysis (KDA).
Rani et al. integrated hazard mapping of physical (PVS) and social (SVS) parameters based
on a Geographic Information System (GIS) and the analytic hierarchy process (AHP) in
order to achieve the hierarchical integrated spatial fire risk assessment. Masoumi et al.
drew fire risk maps and vulnerability maps based on the spatial information produced
using unmanned aerial vehicles (UAVs) in order to realize the fire risk assessment of urban
buildings. Meanwhile, some studies have analyzed the key links that need to be paid
attention to in urban fire safety management and discussed how to realize the connection
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between fire safety management practice and fire management policies [19,21,23,24]. On
the whole, the existing studies show the tendency to attach importance to the method
design. There are few research results on the interaction relationships and strategy changes
among various subjects in urban fire safety management.

In an urban fire safety co-management system, coordination and cooperation among
various subjects are inevitably involved. Meanwhile, fire safety management behaviors
among game subjects are mutually influenced. Some scholars have introduced game
theory to study the strategy behavior between fire management departments and social
organizations. Bai et al. constructed the game model of fire safety management between fire
management departments and social organizations and analyzed the relationships between
punishment intensity and sampling ratio on strategy selection [27]. In further research, the
supervision game model based on penalty and responsibility was established [28].

However, compared with game theory, evolutionary game theory is more suitable
for the game problem of subjects in fire safety management. This is because evolutionary
game theory mainly includes the following characteristics: Firstly, when the evolutionary
game model is constructed, the game subjects are not required to be completely rational.
Secondly, evolutionary game theory is a research method that combines game theory with
a dynamic evolution process, which emphasizes a dynamic equilibrium. As a long-term
and dynamic process rather than a static one, fire safety management is more compatible
with evolutionary game theory [29]. Thirdly, in the process of evolutionary game analysis,
there are both selection and mutation processes in the evolution process of game subjects,
which are more in line with the actual situation of fire safety management [30]. To explore
this further, this study will introduce evolutionary game theory to describe the interactive
relationships of subjects in an urban fire safety co-management system. Evolutionary game
theory is an important method for exploring and describing strategy selection and the
interacting relationships among game subjects. It has experienced rapid development
and application in environmental management [31], project management [32], emergency
management [33], information management [34], public health management [35], marine
management [36], and other government management problems. By summarizing and
analyzing the game and interactive relationships between the governments and the man-
aged objects, the existing studies have accordingly built the evolutionary game models to
explore the decision-making modes of each subject in the process of government manage-
ment. Meanwhile, some studies add the public as the main subject of the game or split the
types of governments, which increases the complexity of the game models. In addition,
some studies have enriched the influencing factors of game subjects’ strategy selection by
introducing mechanisms of rewards, punishments, and superior government supervision.

In the research direction of safety management, scholars have analyzed management
strategies in key areas such as coal mine safety [37], agricultural safety [38], environmental
safety [39], food safety [40], traffic safety [41], and building safety [42] management based
on evolutionary game theory. Liu et al. built the evolutionary game model of coal mine
safety regulation, which is composed of a coal mine regulator and multiple coal mine
enterprises. The evolution strategy of game subjects discussed under the penalty strategy is
static payment or dynamic payment based on the system dynamics method [37]. Wang and
Xu constructed the agriculture product supply chain game model based on agricultural
product suppliers, agricultural product processors, and quality inspection departments.
Meanwhile, consumer feedback and governments’ management constraints are introduced
into the model as parameter variables to explore the decision-making selections of each
subject in the supply chain that affect the quality of agricultural products [38]. Jiang et al.
constructed the evolutionary game model of environmental regulation to analyze the dy-
namic game relationships between polluting enterprises, local government regulators, and
central government planners. The study clarified and revealed the action plans to jointly
improve the efficiency of environmental regulation by central and local governments [39].
Gao et al. proposed an evolutionary game model of food safety risk behavior based on
food suppliers, manufacturers, and sellers by introducing the concept of co-management.
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The study analyzed the types of risk links in the food supply chain and explored the
relationship between different types of risk links and the level of social co-management [40].
Feng et al. introduced a public supervision mechanism in constructing the railway trans-
portation safety regulation game model. The dynamic decision-making process between
the National Railway Administration, China Railway, and the public is discussed. By
analyzing the effectiveness of the game system, the measures that are effective in improving
railway safety productivity are revealed [41]. Jiang et al. proposed the evolutionary game
model of construction safety supervision by analyzing the supervision strategies among
government supervision agencies, general contractors, and supervision engineers. Then,
suggestions are put forward that are helpful for policymaking in terms of construction
safety supervision [42].

In conclusion, evolutionary game theory can effectively describe the interaction and
coordination among subjects in fire safety management, and it is a feasible method to
identify the game mechanism in an urban fire safety co-management system. This study
will build the urban fire safety co-management game model based on evolutionary game
theory. Through stability and numerical simulation analyses, the stable state and evolu-
tion trajectory of the urban fire safety co-management game system can be clarified and
illustrated. Based on the strategy selection and influencing factors of fire supervision de-
partments, production management units, and the public, the study proposes suggestions
in line with urban fire safety situations. Furthermore, the multiplier effect of an urban fire
safety co-management system can be realized in order to reduce urban fire risks and the
negative impact of fire on social development.

The structure of this paper is as follows: Section 2 puts forward the main research ques-
tions and sets the hypotheses and parameters of an urban fire safety co-management game
model. The replication dynamic equations of fire supervision departments, production
management units, and the public are constructed and obtained. In Section 3, the strategy
stability of game subjects in urban fire safety co-management game systems is analyzed.
The strategy evolution phase diagrams of fire supervision departments, production man-
agement units, and the public are drawn. Combined with numerical simulation analysis,
Section 4 explores the influencing factors of interaction and game relationships among
fire supervision departments, production management units, and the public in urban fire
safety co-management. The dynamic evolution law of the urban fire safety co-management
game system is summarized. In Section 5, there is further discussion based on the research
results, summarizing the limitations and gaps for further exploration. Section 6 summarizes
the research conclusions and proposes the implications for improving urban fire safety
co-management systems by strengthening fire safety publicity and education, optimizing
the information interacting mechanism, expanding co-management participation channels,
and improving the accountability system.

2. Research Problems and Model Construction
2.1. Research Problems

Fire supervision departments are the main subjects responsible for urban fire safety,
and they are mainly responsible for fire prevention, fire risk reduction, and emergency
rescue. Production management units mainly refer to public gathering places such as shop-
ping malls, schools, hospitals, transportation hubs, and business units such as construction
projects, warehouses, and workshops. At present, the public is playing an increasingly obvi-
ous role in the government practice and exploration of promoting an urban co-management
system. Therefore, the establishment of an urban fire safety co-management system with the
introduction of the public can effectively integrate urban fire management resources, cover
fire safety management, improve the efficiency of fire safety management, and maintain
the stability of social fire safety situations.

In urban fire safety co-management systems, fire supervision departments, production
management units, and the public each have different functions and strategies. There are
both fire supervision departments to supervise production management units and the



Fire 2023, 6, 400 5 of 24

public’s whistleblowing for production management units. Moreover, there are interaction
and game relationships between fire supervision departments, production management
units, and the public; the strategic selections among the above subjects are dynamic and
mutually restricted.

Specifically, the supervision intensity of fire supervision departments, whether pro-
duction management units operate safely, and whether the public participates in co-
management will all affect the fire safety co-management strategy of game subjects. The
strategy selections of the game subjects are closely related to the urban fire situation and
the effect of fire safety management. Therefore, exploring the influencing factors of risk
perception and strategy selections of fire supervision departments, production management
units, and the public, as well as clarifying how to support the effective implementation of
urban fire safety co-management systems, are the focuses of this study.

2.2. Assumptions of Urban Fire Safety Co-Management Game Model

The urban fire safety co-management game model is constructed in this study, and
the interaction and game relationships among fire supervision departments, production
management units, and the public are shown in Figure 1. In order to clarify the behavioral
strategy selections and dynamic game mechanism of fire supervision departments, produc-
tion management units, and the public, the following specifications are proposed for the
urban fire safety co-management game model.
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Specification 1. Fire supervision departments, production management units, and the
public in the urban fire safety co-management game model are all bounded by rationality.
There is a certain information asymmetry among the tripartite subjects of the game system,
and the subjects’ behavior selections are all aimed at maximizing their own interests.

Specification 2. Fire supervision departments can select a strict supervision strategy or
a non-strict supervision strategy in the urban fire safety supervision process. The probabili-
ties of strict supervision strategy and non-strict supervision strategy are x (0 ≤ x ≤1) and
1 − x, respectively. Production management units will comprehensively consider operating
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costs and benefits in business activities and select the safe or unsafe operation strategy.
The corresponding probabilities are y (0 ≤ y ≤ 1) and 1 − y, respectively. In the face of
potential fire risks in production management units and fire supervision departments’
assistance needs, the public can select participating or nonparticipating. The probabilities
of a participating co-management strategy and a nonparticipating co-management strategy
are z (0 ≤ z ≤ 1) and 1 − z, respectively. In addition, fire supervision departments’ re-
sponses to the public’s whistleblowing of fire risks include acceptance, verification, reward,
and feedback.

Specification 3. When fire supervision departments carry out fire safety supervision
on production management units, they will pay certain supervision costs Cf, such as orga-
nization, manpower, and resources. Meanwhile, when the public selects the participating
co-management strategy, fire supervision departments will carry out on-site verification of
the whistleblowing information and pay the corresponding verification costs Cr. Under
the strict supervision strategy, fire supervision departments will obtain certain reputation
interests and social safety interests R due to their timely response to the public’s whistle-
blowing information, as well as the disclosure of fire risks and fire safety violations of
production management units. When production management units select the unsafe
operation strategy, fire supervision departments will receive additional social safety and
economic development interests G from the on-site verification of the whistleblowing
information. The fire supervision intensity of fire supervision departments is α. When α
is larger, fire supervision departments will pay higher fire safety supervision costs and
on-site verification costs and will gain more reputation benefits and social safety benefits. µ
is the degree of fire safety information disclosure in a fire safety co-management system.
A high-level µ means that fire supervision departments are more willing and informa-
tive in disclosing information to society, and the information transparency of urban fire
safety is higher. Correspondingly, the reputation interests R obtained by fire supervision
departments are proportional to the degree of fire safety information disclosure µ.

When fire supervision departments select the non-strict supervision strategy, the
supervision intensity of production management units and the response degree to the
public’s whistleblowing information will be reduced. This will cause fire supervision
departments to suffer a certain loss of reputation and credibility Lf due to the failure of
their response to the public’s whistleblowing and information disclosure.

In order to consolidate the responsibility of urban fire safety management, fire su-
pervision departments will be punished by the superior government in the event of fire
accidents under the non-strict supervision strategy. The corresponding accountability and
penalty losses are P. η is the accountability intensity of the superior government to fire
supervision departments. A high-level η means that fire supervision departments will be
punished with greater losses due to non-strict supervision and dereliction of duty.

Specification 4. Under the safe operation strategy, the operating incomes of production
management units are M. Production management units’ input costs are Cs in the aspects
of fire safety daily management, purchase and maintenance of firefighting facilities, self-
inspection, and rectification of fire risks. In order to measure the input intensity of the
fire safety management of production management units, β is introduced. Under the
unsafe operation strategy, the input costs of the fire safety management of production
management units are βCs. The penalty losses and additional operating losses of production
management units punished by fire supervision departments are F1. Meanwhile, due to
the public’s whistleblowing of fire risks or fire safety violations, the penalty losses and
additional operating losses of production management units punished by fire supervision
departments are F2. Correspondingly, when fire supervision departments select the non-
strict supervision strategy, the penalty losses and additional operating losses of production
management units are αF1 and αF2, respectively.

In addition, the reputation losses and operating losses of production management
units from the public’s whistleblowing and information disclosure are K. It can be seen that
when the degree of fire safety information disclosure µ is larger and the input intensity
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of fire safety management β is smaller, the reputation losses and operating losses K of
production management units will increase, which are (1 − β) µK.

Specification 5. When the public selects a participating co-management strategy for
fire safety, it needs to pay certain management and time costs Cp. For the whistleblowing
of fire risks or fire safety violations, the public will receive certain rewards and recognition
incomes W. In practice, the public can participate in fire safety co-management through
a special telephone line for whistleblowing, internet platforms, and other ways, so the
informatization level of co-management λ is introduced in this study. Specifically, a larger
λ means lower costs for the public to participate in fire safety co-management.

Meanwhile, since the public’s ability to detect fire risks or fire safety violations are
different and random, the study introduces the risk perception level of the public θ to
describe the probability of the public’s identification of potential fire risks. When the
risk perception level of the public is greater, the public also has a higher probability of
identifying fire risks and fire safety violations.

In addition, the public’s perceived potential losses due to the possibility of fires in
production management units are Lp. When the input costs of the fire safety management
of production management units are lower, the public’s perception of losses will be higher.

Further, Table 1 provides the definition and scope of parameters in the urban fire safety
co-management game model.

Table 1. Parameters of urban fire safety co-management game model.

Parameters Concept Value

M The operating incomes of production management units under safe operation [43]. M > 0

Cs The input costs of fire safety management of production management units under safe operation [43]. Cs > 0

F1
The penalty losses and additional operating losses of production management units under

unsafe operation [37]. F1 > 0

F2
The penalty losses and additional operating losses of production management units from the

public’s whistleblowing [30]. F2 > 0

K The reputation losses and operating losses of production management units from the public’s whistleblowing
and information disclosure [18]. K > 0

Cf The fire safety supervision costs of fire supervision departments [43]. Cf > 0

Cr The on-site verification costs of fire supervision departments about whistleblowing information [44]. Cr > 0

G The social safety and economic development interests of fire supervision departments from
on-site verification [44]. G > 0

R The reputation interests of fire supervision departments due to the timely response to the public’s
whistleblowing and information disclosure [35]. R > 0

Lf
The reputation and credibility losses of fire supervision departments due to the failure response to the

public’s whistleblowing and information disclosure [35]. Lf > 0

P The accountability and penalty losses of fire supervision departments from the superior government due to
non-strict supervision [18]. P > 0

Cp The costs of the public due to the participation in fire safety co-management [41]. Cp > 0

W The incentive incomes of the public due to the participation in fire safety co-management [33]. W > 0

Lp The public’s perception of potential damage from the fire risks of production management units [35]. Lp > 0

α Fire supervision intensity of fire supervision departments [40,45]. 0 ≤ α ≤1

β The input intensity of fire safety management of production management units [41] 0 ≤ β ≤1

θ The risk perception level of the public [35]. 0 ≤ θ ≤1

λ The informatization level of co-management [46]. 0 ≤ λ ≤1

µ The degree of fire safety information disclosure [47]. 0 ≤ µ ≤1

η The accountability intensity of the superior government [39,48]. 0 ≤ η ≤1
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2.3. Construction of Urban Fire Safety Co-Management Game Model

According to the game situation of fire supervision departments, production manage-
ment units, and the public in urban fire safety co-management, the payoff matrix of urban
fire safety co-management game system is obtained, as shown in Table 2.

Table 2. The payoff matrix of urban fire safety co-management game system.

Fire Supervision Departments Production Management Units
The Public

Participating
Co-Management Strategy

Nonparticipating
Co-Management Strategy

Strict supervision strategy

Safe operation strategy
−C f − Cr + µR,

M− Cs,
−(1− λ)Cp + θW

−C f ,
M− Cs,

0

Unsafe operation strategy
−C f − Cr + µR + G,

M− βCs − F1 − F2 − (1− β)µK,
−(1− λ)Cp + θW − (1− β)Lp

−C f ,
M− βCs − F1,
−(1− β)Lp

Non-strict supervision strategy

Safe operation strategy
α(−C f − Cr + µR)− L f ,

M− Cs,
−(1− λ)Cp + αθW

−αC f ,
M− Cs,

0

Unsafe operation strategy
α
(
−C f − Cr + µR + G

)
− L f − P,

M− βCs − αF1− αF2− (1− β)µK,
−(1− λ)Cp + αθW − (1− β)Lp

−αC f − P,
M− βCs − αF1,
−(1− β)Lp

2.3.1. Replication Dynamic Equation of Fire Supervision Departments

The expected benefit of the strict supervision strategy of fire supervision departments
U11 is as follows:

U11 = yz
(
−C f − Cr + R

)
+ y(1− z)

(
−C f

)
+ z(1− y)

(
−C f − Cr + µR + G

)
+ (1− y)(1− z)

(
−C f

)
(1)

Further, the expected benefit of the non-strict supervision strategy of fire supervision
departments U12 is as follows:

U12 = yz
[
α
(
−C f − Cr + R

)
− L f

]
+ y(1− z)

(
−αC f

)
+ z(1− y)

[
α
(
−C f − Cr + µR + G

)
− L f − P

]
+ (1− y)(1− z)

(
−αC f − P

)
(2)

The average expected benefit of fire supervision departments’ fire safety supervision
strategy is:

U1 = xU11 + (1− x)U12 (3)

Therefore, the replication dynamic equation of fire supervision departments’ fire safety
supervision strategy is as follows:

F(x) =
dx
dt

= x
(
U11 −U1

)
= x(1− x)(U11 −U12) = x(1− x)

[
−(1− α)C f + z(1− α)(−Cr + µR) + zL f + zG(1− α)(1− y) + P− yP

]
(4)

2.3.2. Replication Dynamic Equation of Production Management Units

The expected benefit of the safe operation strategy of production management units
U21 is as follows:

U21 = xz(M− Cs)+ z(1− x)(M− Cs)+ x(1− z)(M− Cs)+ (1− x)(1− z)(M− Cs) (5)

Further, the expected benefit of the unsafe operation strategy of production manage-
ment units U22 is as follows:

U22 = xz[M− βCs − F1 − F2 − (1− β)µK] + z(1− x)[M− βCs − α(F1 + F2)− (1− β)µK] + x(1− z)(M− βCs − F1) + (1− x)(1− z)(M− βCs − αF1) (6)

The average expected benefit of production management units’ operation strategy is:

U2 = yU21 + (1− y)U22 (7)
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Therefore, the replication dynamic equation of production management units’ opera-
tion strategy is as follows:

G(y) =
dy
dt

= y
(
U21 −U2

)
= y(1− y)(U21 −U22) = y(1− y)[−(1− β)Cs + z(1− β)µK + (zF2 + F1)(x + α− xα)] (8)

2.3.3. Replication Dynamic Equation of the Public

The expected benefit of the participating co-management strategy of the public U31 is
as follows:

U21 = xz(M− Cs)+ z(1− x)(M− Cs)+ x(1− z)(M− Cs)+ (1− x)(1− z)(M− Cs) (9)

Further, the expected benefit of the nonparticipating co-management strategy of the
public U32 is as follows:

U22 = xz[M− βCs − F1 − F2 − (1− β)µK] + z(1− x)[M− βCs − α(F1 + F2)− (1− β)µK] + x(1− z)(M− βCs − F1) + (1− x)(1− z)(M− βCs − αF1) (10)

The average expected benefit of the public’s fire safety co-management strategy is:

U3 = zU31 + (1− z)U32 (11)

Therefore, the replication dynamic equation of the public’s fire safety co-management
strategy is as follows:

H(z) =
dz
dt

= z
(
U31 −U3

)
= z(1− z)(U31 −U32) = z(1− z)

[
x(1− α)θW + αθW − (1− λ)Cp

]
(12)

To sum up, the urban fire safety co-management game system can be obtained:
F(x) = dx

dt = x
(
U11 −U1

)
= x(1− x)(U11 −U12) = x(1− x)

[
−(1− α)C f + z(1− α)(−Cr + µR) + zL f + zG(1− α)(1− y) + P− yP

]
G(y) = dy

dt = y
(
U21 −U2

)
= y(1− y)(U21 −U22) = y(1− y)[−(1− β)Cs + z(1− β)µK + (zF2 + F1)(x + α− xα)]

H(z) = dz
dt = z

(
U31 −U3

)
= z(1− z)(U31 −U32) = z(1− z)

[
x(1− α)θW + αθW − (1− λ)Cp

] (13)

3. Strategy Stability Analysis of Urban Fire Safety Co-Management Game Model
3.1. Strategy Stability Analysis of Fire Supervision Departments

According to the stability theorem of the replication dynamic equation, the probability
of fire supervision departments’ selection of the fire safety supervision strategy is stable
when F(x) = 0 and F′(x) < 0.

Therefore, it follows that when y = y0 =
−(1−α)C f +z(1−α)(−Cr+µR)+zL f +z(1−α)G+P

P+z(1−α)G or

z = z0 = − −(1−α)C f +P−yP
(1−α)(−Cr+µR)+L f +G(1−α)(1−y) , then F(x) ≡ 0. At this time, fire supervision

departments adopt which fire safety supervision strategy will not change with the evolution
of the urban fire safety co-management game system.

Further, the derivation of the replication dynamic equation of the fire supervision depart-
ments F(x) can be obtained, which is F′(x) = (1− 2x)[−(1− α)C f + z(1− α)(−Cr + µR)
+ zL f + zG(1− α)(1− y) + P− yP]. When y > y0 or z < z0, both F′(x)|x=0 < 0 and
F′(x)|x=1 > 0 are true. Accordingly, x = 0 (non-strict supervision strategy) is the sta-
ble strategy of fire supervision departments. On the contrary, when y < y0 or z > z0, both
F′(x)|x=0 > 0 and F′(x)|x=1 < 0 are true. Accordingly, x = 1 (strict supervision strategy) is
the stable strategy of fire supervision departments.

To sum up, the evolutionary phase diagram of the fire supervision strategy of fire
supervision departments can be obtained, as shown in Figure 2.
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Figure 2. Evolutionary phase diagram of fire supervision departments’ strategies.

As can be seen from Figure 2, when the y0 is larger or the z0 is smaller, there is a greater
probability that fire supervision departments select the strict supervision strategy (x = 1).
On the contrary, when y0 is smaller or z0 is larger, fire supervision departments are more
inclined to select the non-strict supervision strategy.

Therefore, the study takes the partial derivative of y0 with respect to Cf, Cr, R, Lf, P,
and G. It can be concluded that y0 is the decreasing function of fire safety supervision costs
Cf and on-site verification costs Cr, and the increasing function of reputation interests R,
reputation and credibility losses Lf, accountability and penalty losses P, as well as social
safety and economic development interests G. That is, when Cf and Cr decrease, or when R,
Lf, P, and G increase, fire supervision departments have a greater probability of selecting
the strict supervision strategy.

3.2. Strategy Stability Analysis of Production Management Units

Similarly, when G(y) = 0 and G′(y) < 0 are satisfied, the probability of production
management units’ selection of the operation strategy is in a stable state.

Therefore, it can be obtained that when x = x0 = −−(1−β)Cs+z(1−β)µK+α(zF2+F1)
(zF2+F1)(1−α)

or

z = z0 = −[−(1−β)Cs+F1(x+α−xα)]
(1−β)µK+F2(x+α−xα)

, there is G(y) ≡ 0. At this time, production management
units adopt an operation strategy that will not change with the evolution of the urban fire
safety co-management game system.

Further, the derivation of the replication dynamic equation of production management
units G(y) can be obtained, which is G′(y) = (1− 2y)[−(1− β)Cs + z(1− β)µK
+(zF2 + F1)(x + α− xα)]. When z > z0 or x > x0, both G′(y)

∣∣y=1 < 0 and G′(y)
∣∣y=0 > 0 are

true. Accordingly, y = 1 (safe operation strategy) is the stable strategy of production man-
agement units. On the contrary, when z < z0 or x < x0, both F′(x)|x=0 > 0 and F′(x)|x=1 < 0
are true. Accordingly, y = 0 (unsafe operation strategy) is the stable strategy of production
management units.

To sum up, the evolutionary phase diagram of the operation strategy of production
management units can be obtained, as shown in Figure 3.
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As can be seen from Figure 3, when the x0 and the z0 are smaller, there is a greater
probability that production management units select the safe operation strategy (y = 1). On
the contrary, when x0 and z0 are larger, production management units are more inclined to
select the unsafe operation strategy.

Therefore, this study takes the partial derivative of z0 with respect to Cs, K, F1, and
F2. It can be concluded that z0 is the decreasing function of the input costs of fire safety
management Cs, and the increasing function of the reputation losses and operating losses
K, as well as the penalty losses and additional operating losses F1 and F2. That is, when Cs
decreases, or when K, F1, and F2 increase, production management units have a greater
probability of selecting the safe operation strategy.

3.3. Strategy Stability Analysis of the Public

Similarly, the probability of the public’s selection of the fire safety co-management
strategy is stable when H(z) = 0 and H′(z) < 0.

Therefore, it can be obtained that when x = x0 = − αθW−(1−λ)Cp
(1−α)θW , then H(z) ≡ 0. At

this time, the public adopt a fire safety co-management strategy that will not change with
the evolution of the urban fire safety co-management game system.

Further, the derivation of the replication dynamic equation of the public H(z) can
be obtained, which is H′(z) = z(1− 2z)

[
x(1− α)θW + αθW − (1− λ)Cp

]
. When x > x0,

both H′(z)|z=1 < 0 and H′(z)|z=0 > 0 are true. Accordingly, z = 1 (participating co-
management strategy) is the stable strategy of the public. On the contrary, when x < x0,
both H′(z)|z=1 > 0 and H′(z)|z=0 < 0 are true. Accordingly, z = 0 (nonparticipating
co-management strategy) is the stable strategy of the public.

To sum up, the evolutionary phase diagram of the fire safety co-management strategy
of the public can be obtained, as shown in Figure 4.
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As can be seen from Figure 4, when the x0 is larger, the greater the probability
that the public will select the nonparticipating co-management strategy (z = 0). On the
contrary, when x0 is smaller, the public are more inclined to select the participating co-
management strategy.

Then, taking the partial derivative of x0 with respect to Cp and W, it can be concluded
that x0 is the decreasing function of the incentive incomes W and the increasing function
of the costs of the participation Cp. This indicates that the incentive incomes W has a
positive impact on the public participating in fire safety co-management and that the costs
of whistleblowing Cp has a negative impact on the public participating in fire safety co-
management. When W increases or Cp decreases, the public is more likely to participate in
fire safety co-management.

4. Numerical Simulation Analysis of the Urban Fire Safety Co-Management
Game System

Numerical simulation analysis can further clearly describe the interaction and game
relationships between fire supervision departments, production management units, and
the public in urban fire safety co-management, so as to realize the analysis of the dynamic
evolution of the urban fire safety co-management game system.

Therefore, this study will discuss the influence of the informatization level of co-
management λ, the risk perception level of the public θ, the degree of fire safety infor-
mation disclosure µ, and the accountability intensity of the superior government η on
the game subjects’ strategy selection. Specifically, the Delphi method is used to score the
questionnaires of experts in the field of fire safety management, and the initial values of the
strategy parameters in the game model are obtained. Assume that α = 0.7, β = 0.3, µ = 0.5,
θ = 0.5, λ = 0.5, η = 0.5, Cf = 18, Cr = 10, Cs = 16, Cp = 12, F1 = 8, F2 = 12, K = 15, G = 20,
W = 10, R = 15, Lf = 12, and P = 28. In addition, the initial state of the urban fire safety
co-management game system is set as (0.5, 0.5, 0.5).

4.1. The Influence of the Informatization Level of Co-Management λ on the Game System

Figure 5 shows the evolution trajectories of the urban fire safety co-management game
system at different informatization levels of co-management λ. It can be seen that the
stable state of the urban fire safety co-management game system evolves from (1, 0, 0) to
(1, 1, 1). For fire supervision departments, no matter what state λ is in, the departments are
encouraged to converge on the strict supervision strategy.

When the informatization level of co-management is at a low level (λ = 0.1, 0.3, or 0.5),
the costs of the public participating in fire safety co-management are higher. Therefore,
the probability of the public selecting a participating co-management strategy is low; it
will evolve in the direction of z = 0. Meanwhile, the expected penalty losses and operating
losses caused by the unsafe operation strategy of production management units are lower
and will converge to y = 0. When the informatization level of co-management is at a
high level (λ = 0.7 or 0.9), it will encourage the public to participate in urban fire safety
co-management. This is because the improvement of the informatization level can simplify
the management procedures of the public, improve the flexibility of the public to participate
in co-management, and reduce the management costs of the public. Correspondingly, at
this time, production management units realize that the public’s participation will increase
the penalty losses, reputation losses, and business losses caused by whistleblowing, so
production management units will be inclined to select the safe operation strategy.

Meanwhile, with the improvement of the informatization level of co-management λ,
the urban fire safety co-management game system will evolve faster to (1, 1, 1). In addition,
when λ = 0.5, as the probability of production management units selecting the safe operation
strategy and the public selecting the participating co-management strategy increases, fire
supervision departments’ strategy trajectories present the phenomena of fluctuation and
repetition. This indicates that the introduction of the public participating in urban fire
safety co-management will help fire supervision departments to reduce supervision costs
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to a certain extent. This will enhance the consciousness of production management units
to operate safely, but it will also cause the phenomenon of the lax supervision of fire
supervision departments.
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4.2. The Influence of the Risk Perception Level of the Public θ on the Game System

The evolution trajectories of the urban fire safety co-management game system for
when the risk perception level of the public θ is 0.3, 0.4, 0.5, 0.6, and 0.7 are shown in
Figure 6. The risk perception level θ reflects the public’s understanding and cognition of
fire risks and fire safety and is the parameter to measure the probability of the public finding
fire risks or fire safety violations of fire supervision departments. That is, an increase in the
risk perception level θ indicates that the public is more sensitive to potential fire risks, the
public will receive greater reward incomes from participating in co-management, and the
fire safety violations of production management units are more likely to be discovered by
the public.
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When θ is set as 0.3, 0.4, 0.5, and 0.6, the strategy combination of strict supervision,
unsafe operation, and a nonparticipating co-management strategy is the stable state of
the urban fire safety co-management game system. Specifically, the increase in the risk
perception level θ effectively enhances production management units’ willingness to se-
lect the safe operation strategy. On the contrary, the risk perception level θ represents
a certain block to fire supervision departments selecting the strict supervision strategy,
which is reflected in the increasing convergence time of fire supervision departments to
the stable strategy. This phenomenon is particularly pronounced when θ = 0.6. This is
because fire supervision departments will reduce the regulatory initiative when production
management units adopt the safe operation strategy. Meanwhile, production management
units also tend to be insecure when the supervision intensity decreases. Therefore, the
strategy evolution trajectories of fire supervision departments and production management
units show obvious characteristics of fluctuation. When θ = 0.7, the stable state of the
urban fire safety co-management game system evolves from (1, 0, 0) to (1, 1, 1). From
the perspective of the game system, the risk perception level of the public is conducive to
the formation of the stable strategy combination of strict supervision, safe operation, and
participating co-management. From the perspective of the fire safety management practice,
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the risk perception level of the public is conducive to improving the level of urban fire
safety management, effectively reducing the possibility of fire accidents and thus realizing
the stability of urban fire safety situations.

4.3. The Influence of the Degree of Fire Safety Information Disclosure µ on the Game System

The evolutionary trajectories of fire supervision departments, production management
units, and the public obtained after simulation when the degree of fire safety information
disclosure µ is set as 0.1, 0.3, 0.5, 0.7, and 0.9 are shown in Figure 7. As shown in Figure 7a,
the urban fire safety co-management game system forms the stable state of (1, 0, 0). That
is, fire supervision departments, production management units, and the public form a
stable strategy combination of strict supervision, unsafe operation, and a nonparticipating
co-management strategy.
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In Figure 7b, as the degree of fire safety information disclosure µ increases, fire su-
pervision departments’ strategy evolution trajectories fluctuate to a greater extent. This is
because the openness of fire safety information can promote fire supervision departments
to obtain more reputation interests and social safety interests, so fire supervision depart-
ments are less willing to select the strict supervision strategy. However, since production
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management units still have unsafe operation conditions, fire supervision departments still
select the strict supervision strategy to fulfill the supervision duties and finally stabilize
at x = 0. As can be seen from Figure 7c, with the increase in the degree of fire safety
information disclosure µ, the fire safety violations and fire risks existing in production
management units become clearer. In this case, the reputation losses and corresponding
operation losses of production management units will also increase, so the speed of the
strategy evolution trajectories converging to the unsafe operation strategy will gradually
slow down. Meanwhile, in the early stage of evolution, production management units
tend to converge in the direction of the safe operation strategy. This indicates that the
improvement of the degree of fire safety information disclosure can inhibit the unsafe
operation behavior of production management units. In Figure 7d, the public’s willingness
to participate in fire safety co-management is gradually decreasing. This is because the
improvement of the degree of fire safety information disclosure µ strengthens the public’s
knowledge of fire risks in production management units and the trust in fire supervision
departments. Therefore, the higher the transparency of fire safety information and the
greater the amount of information, the more inclined the public is to converge to z = 0.

4.4. The Influence of the Accountability Intensity of the Superior Government η on the
Game System

The strategy selection situations of the game subjects in the urban fire safety co-
management game system when the accountability intensity of the superior government
η is set as 0.00, 0.25, 0.50, 0.75, and 1.00 are shown in Figure 8. η is a variable that is
a measure of the degree to which fire supervision departments are supervised by the
superior government. A larger η means that fire supervision departments will suffer
higher penalty losses for not performing the fire safety supervision function. As can
be seen from Figure 8, the accountability intensity of the superior government η has a
direct impact on fire supervision departments’ game strategies. When η is at a lower
level (η = 0.00 or 0.25), fire supervision departments will select the non-strict supervision
strategy because of the lower perceived losses of accountability penalty. However, with the
increase in η, fire supervision departments are more active in adopting strict supervision
strategies. Although the accountability intensity of the superior government η has no direct
effect on production management units or the public, with the change of fire supervision
departments’ strategy selection, production management units and the public, belonging
to the urban fire safety co-management game system, also respond by increasing the
probability of safe operation and participating in a co-management strategy. Specifically,
the convergence rate of production management units to the unsafe operation strategy and
the public to the nonparticipating co-management strategy slows down with the increase
in the accountability intensity of the superior government.

In conclusion, the increase in the accountability intensity of the superior government
η promotes the transformation of the stable strategy combination of the urban fire safety
co-management game system from (0, 0, 0) to (1, 0, 0). The accountability intensity of the
superior government can effectively restrain fire supervision departments from forming
supervision inertia and compacting the responsibility of urban fire safety management.
Meanwhile, η can guide production management units and the public in slowing down the
convergence rate to y = 0 and z = 0 to some extent. This is the variable that guarantees and
supports the stable operation of urban fire safety co-management game systems.
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5. Discussion

Urban fire safety management is an interactive process of multi-subject coordination
and game relationships. The establishment of an urban fire safety co-management system
with the introduction of the public is an innovative measure aiming to crack the current
problem of fire safety management and improve its level in China. Therefore, under-
standing the operation mode of urban fire safety co-management systems and clarifying
the interacting relationships of multiple subjects in the system is critical. The urban fire
safety co-management game model established in this study, composed of fire supervision
departments, production management units, and the public, constructed from China’s fire
safety management practice, can effectively depict this problem.

5.1. Discussion on Strategy Stability Analysis

Stability analysis is an important part of analyzing the game system stability, which
can help to clarify the evolution trend of the game system when the game subject’s strategy
changes. In the urban fire safety co-management game system, we discussed the influence
of the initial strategy of the game system and parameters on the strategy selection of the
game subjects combined with stability analysis.

On the one hand, it can be found that the initial state of the game system has different
effects on the strategy selection of fire supervision departments, production management
units, and the public. For fire supervision departments, when y < y0 or z > z0, the strict
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supervision strategy is the stable strategy of fire supervision departments. Therefore, when
y0 is smaller or z0 is larger, fire supervision departments are more likely to select the strict
supervision strategy. For production management units, when z > z0 or x > x0, the safe
operation strategy is the stable strategy of production management units. When x0 is
smaller or z0 is smaller, production management units are more likely to select the safe
operation strategy. For the public, when x > x0, the participating co-management strategy
is the stable strategy of the public. That is, the probability that the public will select the
participating co-management strategy is inversely proportional to x0.

On the other hand, the parameters of the urban fire safety co-management game
model have a direct impact on the strategic stability of game subjects. For fire supervision
departments, the probability of selecting the strict supervision strategy is proportional
to R, Lf, P, and G, and inversely proportional to Cf and Cr. For production management
units, the probability of selecting the safe operation strategy is directly proportional to K,
F1, and F2, and inversely proportional to Cs. For the public, the probability of selecting the
participating co-management strategy is proportional to W and inversely proportional to
Cp. In addition, the influence of the informatization level of co-management λ, the risk
perception level of the public θ, the degree of fire safety information disclosure µ, and the
accountability intensity of the superior government η on the strategy selection of game
subjects are mainly indirect, which are discussed in the section on numerical simulation.

5.2. Discussion of Numerical Simulation Analysis

According to the simulation analysis results of an urban fire safety co-management
game system, improving the informatization level of co-management λ, the risk perception
level of the public θ, and the degree of fire safety information disclosure µ are conducive
to stimulating the public’s enthusiasm to participate in fire safety co-management. Mean-
while, according to the information from Figures 5a, 6a and 7a, the public’s participation
has triggered the regulatory inertia of fire supervision departments to a certain extent. This
is mainly because the public’s participation in co-management will expand the coverage of
fire safety management and reduce the supervision cost of fire supervision departments.
Moreover, there will be feedback on certain reputation incentives from society to fire super-
vision departments. Therefore, it is crucial to further explore how to enhance the public’s
participation in co-management and strict supervision by fire supervision departments at
the same time, so as to realize the mutual promotion between the public and fire supervision
departments in the urban fire safety co-management system.

Meanwhile, the introduction of vertical administrative constraints, which strengthen
the supervision and accountability of the superior government to fire supervision de-
partments, is conducive to maintaining the probability of fire supervision departments
choosing the strict supervision strategy. Therefore, in the operation of urban fire safety
co-management systems, comprehensive measures should be taken. It is necessary to
continuously improve the whistleblowing mechanism, broaden whistleblowing chan-
nels, strengthen information disclosure, and strengthen fire safety publicity for the public
while, at the same time, supervising the performance of responsibilities of fire supervision
departments. Furthermore, fire supervision departments should further strengthen the
investigation and analysis of the public’s whistleblowing. They should not only be able to
quickly and timely verify the accuracy of whistleblowing information but also investigate
and summarize the weak environment and prominent problems of fire safety in the region.
Further, it is necessary to improve the pertinence of fire safety management measures and
avoid the blind area of fire safety supervision in the region.

This research represents an attempt to design and explore the interaction between
organizations in urban fire safety management. Compared with existing studies, mathe-
matical models were selected to describe the problem of urban fire safety co-management,
and the dynamic evolution of strategy selection among game subjects is explored from
a systematic perspective. The factors affecting the effectiveness of urban fire safety co-
management systems are also clarified. It can be seen that the evolutionary game model
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is an effective tool for simulating the interaction between organizations in the process of
fire safety management and provides an effective solution to explore the multiple game
relationships in fire safety management. In addition, this study proposes that the urban
fire safety co-management system based on public participation has shown outstanding
advantages. Compared with the traditional urban fire safety management system, the
characteristics of the urban fire safety co-management system are shown in Table 3.

Table 3. The advantages and characteristics of urban fire safety co-management system.

System Traditional Fire Safety Management System Urban Fire Safety Co-Management System

Subjects (1) Fire supervision departments
(2) Production management units

(1) Fire supervision departments
(2) Production management units
(3) The public

Management mode (1) Fire supervision departments to production
management units

(1) Fire supervision departments to production
management units
(2) Fire supervision departments to the public
(3) The public to production management units

Advantages and Disadvantages

(1) The insufficient number of grassroots fire
safety management personnel
(2) The insufficient coverage of fire
safety management
(3) The high management costs of fire
supervision department

(1) Wider coverage of fire safety management
(2) Lower management costs of fire
supervision department
(3) Increased awareness of production management
units being punished
(4) Increased public awareness of fire safety
(5) More transparency of fire safety information

Fire safety interests (1) The interests of fire safety management on
production management units

(1) The interests of fire safety management on
production management units
(2) The reputation interests of information disclosure
(3) The safety interests of the fire safety
on-site verification
(4) The safety interests of the enhanced fire
safety atmosphere

Influencing factors of system

(1) The management intensity of fire supervision
departments to production management units
(2) Whether production management units
comply with the fire safety
management regulations

(1) The management intensity of fire supervision
departments to production management units
(2) Whether production management units comply
with the fire safety management regulations
(3) Fire supervision departments’ feedback to the
public’s whistleblowing
(4) The fire risk perception level of the public
(5) The transmission efficiency of the public’s
whistleblowing
(6) The accountability intensity of the
superior government

First of all, the urban fire safety co-management system has more diverse participants
and richer management modes. Meanwhile, the urban fire safety co-management system
has more prominent advantages, including a wider coverage of fire safety management,
lower management costs of the fire supervision department, increased awareness of produc-
tion management units being punished, increased public awareness of fire safety, and more
transparency of fire safety information. In terms of social safety interests and economic
development interests expected by the government, the urban fire safety co-management
system can also provide more support and response, such as the reputation interests of
information disclosure, the safety interests of the fire safety on-site verification, and the
safety interests of the enhanced fire safety atmosphere. Furthermore, since the urban fire
safety co-management system involves more aspects, there are more factors to maintain
the level of urban fire safety management. Specifically, we should focus on fire supervision
departments’ feedback on the public’s whistleblowing, the fire risk perception level of the
public, the transmission efficiency of the public’s whistleblowing, and the accountability
intensity of the superior government to achieve the significant improvement of urban fire
safety management efficiency. In conclusion, the establishment of the urban fire safety
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co-management system has positive significance for improving the level of urban fire
safety co-management.

6. Conclusions and Implications
6.1. Research Conclusions

Building a fire safety co-management system is an important measure to aggregate
fire safety management resources and improve the level of urban fire risk prevention. In
order to clearly analyze the interaction relationships in an urban fire safety co-management
system, an urban fire safety co-management game model was constructed in this study
that includes fire supervision departments, production management units, and the public.
The stability characteristics of the urban fire safety co-management game system were
explored, and the influencing factors of game system construction and game subjects’
strategy selection were discussed based on numerical simulation analysis. The research
results show that:

(1) For the public, improving the informatization level of fire safety co-management can
effectively reduce the costs of the public’s participation in co-management. Mean-
while, when the public’s perception level of fire risks is higher, the public will receive
greater reward incomes, and there is a greater probability that production manage-
ment units’ fire safety violations will be discovered. All the above have promoted
the enthusiasm and initiative of the public to participate in co-management, which
is conducive to the formation of the stable state (1, 1, 1) of the urban fire safety
co-management game system.

(2) Improving the informatization level of fire safety co-management can not only in-
crease the reputation incomes of fire supervision departments but can also strengthen
the perception of production management units of various losses. In other words,
improving the openness of fire safety information can inhibit the non-strict supervi-
sion of fire supervision departments and the unsafe operation behavior of production
management units.

(3) Through its construction, the urban fire safety co-management system can actively mo-
bilize the enthusiasm of fire supervision departments, production management units,
and the public. It is conducive to establishing urban fire safety management synergy.
However, due to the allocation of management costs, fire supervision departments
may lack the motivation for supervision and management. Therefore, it is necessary
to ensure the effective implementation of an urban fire safety co-management system
by strengthening the inspection and accountability of the superior government.

In general, the novelty and research contributions of this study mainly include: This
study extends evolutionary game theory to the inter-organizational relationships of fire
safety management and provides a new perspective for the study of fire safety management.
Meanwhile, the research constructs the urban fire safety co-management game model and
clarifies the factors that affect the strategy selection of game subjects in urban fire safety
co-management systems through strategy stability analysis and numerical simulation
analysis. Further, the key factors and feasible strategies for improving the performance
of urban fire safety co-management are discussed and clarified. This study contributes to
the improvement of urban fire safety co-management systems and the level of urban fire
safety management.

In addition, there are still some limitations and spaces for further exploration in this
line of research. On the one hand, this study includes model derivation and numerical sim-
ulation analysis of urban fire safety co-management systems based on evolutionary game
theory, which has a wide breadth of adaptability. However, it can still be combined with
actual case data of urban fire safety management to improve the accuracy of adaptation to
the research problem. On the other hand, the urban fire safety co-management game model
can be further adjusted and improved for the practice of urban fire safety management,
such as by further developing and increasing the types of game subjects for different types
of fires, classifying production management units in combination with specific fire risks, or



Fire 2023, 6, 400 21 of 24

introducing more influencing factors and mechanisms of urban fire safety management
for analysis.

6.2. Implications

In order to further improve the urban fire safety co-management system and pro-
mote its performance, along its practice and the conclusions, the following recommenda-
tions consistent with fire risk characteristics and urban fire safety management scenarios
are presented.

(1) Strengthening the social fire safety training publicity and education. The establishment
of an urban fire safety co-management system depends on the coordination and
cooperation between the governments and various social organizations. Therefore,
fire supervision departments should take instructional measures to strengthen the fire
safety awareness and prevention level of production management units and the public.
On the one hand, fire supervision departments should strengthen the perception
and popularization of fire management policies, so as to improve the awareness
and understanding of production management units on fire management policies.
Meanwhile, the help, guidance, and technical services for production management
units can be increased according to the actual conditions of cities and regions. In
addition, it is also necessary to publicize typical urban fire cases through various types
of media, increase media exposure of fire risks, and strengthen fire safety warning
education in order to enhance the initiative of production management units choosing
safe operations. On the other hand, fire supervision departments should enhance the
publicity of fire safety and broaden the publicity mode of fire safety, so as to improve
the concept and cognition of fire safety of society and the public’s understanding of
fire risks. This can not only enhance the public’s enthusiasm to participate in urban
fire safety co-management but also improve the public’s accuracy in identifying fire
risks. The overall efficiency of urban fire safety co-management can be improved by
creating a positive social fire safety atmosphere.

(2) Optimizing the interaction mechanism of fire risks and fire safety information. The
effective interaction mechanism of fire safety information is an important guarantee
to improve the performance of urban fire safety co-management [49]. On the one
hand, it is necessary for fire supervision departments to improve the publicity scope
and intensity of production management units’ fire risks and fire safety violations.
By comprehensively using traditional and emerging media, fire safety information
should be released to society through multiple directions and channels to increase
the perception of production management units of reputation loss, operation loss, as
well as penalty loss. The strategy selection of production management units should
be promoted to evolve in the direction of safe operation. Accordingly, the strategic
selection of production management units can be promoted to evolve in the direction
of safe operation. Meanwhile, strengthening fire safety information disclosure has
a positive effect on improving the social reputation interests of fire supervision de-
partments and can also improve the efficiency of the urban fire safety co-management
system. On the other hand, urban fire management resources can be integrated by
considering fire safety information in the internal audit of various industries and
fields. Therefore, fire supervision departments should establish information docking
with the competent departments of production management units’ corresponding
industries, such as commerce, education, and health, so as to strengthen the joint
management of production management units.

(3) Enriching and expanding the participation channels of urban fire safety co-management.
The connecting platform and channel between fire supervision departments and the
public are the foundation for supporting the construction of an urban fire safety
co-management system and establishing urban co-management synergy. On the one
hand, it is necessary to use informatization measures to optimize the process of the
public’s whistleblowing. By building and exploring a diversified whistleblowing plat-
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form, combining online and offline elements, the channels for the public to participate
in urban fire safety co-management are expanded, and the costs of participation will
be reduced, such as through a special telephone line, a government affairs platform,
or other models. Meanwhile, the public’s whistleblowing of fire risks and fire safety
violations should be enriched, such as through fire safety information registration
and uploading photos of illegal behavior, in order to improve the accuracy and com-
prehensiveness of whistleblowing information. On the other hand, it is necessary to
improve the reward mechanism for the public’s whistleblowing of fire risks and fire
safety violations. The public should be commended and rewarded through multiple
means for participating in urban fire safety co-management, and typical cases of
the public participating in urban fire safety co-management should be publicized.
Forming positive public opinion guidance can further encourage and guide the public
to participate in urban fire safety co-management.

(4) Establishing and improving the accountability mechanism for fire safety supervision.
Strengthening the administrative constraints of fire safety management is an important
means to urge fire supervision departments to carry out management functions.
Meanwhile, it is helpful to avoid lax and lagging supervision of fire supervision
departments caused by the construction of urban fire safety co-management systems.
Therefore, on the one hand, the superior government and relevant departments
should strengthen supervision and spot-check the performance of fire supervision
departments by consulting the account, conducting field visits, and other modes
to promote the evolution of fire supervision departments’ stability strategy toward
the direction of a strict supervision strategy. On the other hand, it can be combined
with the fire backward investigation and accountability mechanism to review the fire
safety supervision process that has an impact on the occurrence of fire and punish fire
supervision departments that fail to perform supervision functions. In addition, the
superior governments should implement dynamic adjustments to the construction
of urban fire safety co-management systems in view of the fire safety management
problems. By improving the matching degree of fire safety management measures,
fire safety co-management systems, and urban fire safety practices, the effectiveness
of urban fire safety co-management will be enhanced.

Author Contributions: Conceptualization, J.L. and R.M.; methodology, J.L. and C.D.; software, R.M.;
formal analysis, J.L. and Y.S.; investigation, J.L. and Y.S.; writing—original draft preparation, J.L. and
R.M.; writing—review and editing, J.L. and C.D.; visualization, R.M.; supervision, J.L. and C.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant
number 52272332.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

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

References
1. Xiong, Y.; Zhang, C.; Qi, H.; Liu, X. Characteristics and situation of fire in China from 1999 to 2019: A statistical investigation.

Front. Environ. Sci. 2022, 10, 945171. [CrossRef]
2. Neger, C.; Rosas-Paz, L.D. A characterization of fire-management research: A bibliometric review of global networks and themes.

Fire 2022, 5, 89. [CrossRef]
3. Hu, J.; Shu, X.; Xie, S.; Tang, S.; Wu, J.; Deng, B. Socioeconomic determinants of urban fire risk: A city-wide analysis of 283

Chinese cities from 2013 to 2016. Fire Saf. J. 2019, 110, 102890. [CrossRef]
4. Zhang, X.; Yao, J.; Sila-Nowicka, K. Exploring spatiotemporal dynamics of urban fires: A case of Nanjing, China. ISPRS Int. J.

Geo-Inf. 2018, 7, 7. [CrossRef]

https://doi.org/10.3389/fenvs.2022.945171
https://doi.org/10.3390/fire5040089
https://doi.org/10.1016/j.firesaf.2019.102890
https://doi.org/10.3390/ijgi7010007


Fire 2023, 6, 400 23 of 24

5. Yang, L.Z.; Chen, H.; Yang, Y.; Fang, T.Y. The effect of socioeconomic factors on fire in China. J. Fire Sci. 2005, 23, 451–467.
[CrossRef]

6. Guo, T.; Fu, Z. The fire situation and progress in fire safety science and technology in China. Fire Saf. J. 2007, 42, 171–182.
[CrossRef]

7. Yang, L.Z.; Zhou, Z.D.; Deng, Z.H.; Fan, W.C.; Wang, Q.A. Fire situation and fire characteristic analysis based on fire statistics of
China. Fire Saf. J. 2002, 37, 785–802.

8. Peng, T.; Ke, W. Urban fire emergency management based on big data intelligent processing system and Internet of Things. Optik
2023, 273, 170433. [CrossRef]

9. Suzuki, S.; Manzello, S.L. The Influence of COVID-19 Stay at home measures on fire statistics sampled from New York City,
London, San Francisco, and Tokyo. Fire Technol. 2022, 58, 679–688. [CrossRef]

10. Wang, Z.; Zhang, X.; Xu, B. Spatio-temporal features of China’s urban fires: An investigation with reference to gross domestic
product and humidity. Sustainability 2015, 7, 9734–9752. [CrossRef]

11. Zhang, X.; Yao, J.; Sila-Nowicka, K.; Jin, Y. Urban fire dynamics and its association with urban growth: Evidence from Nanjing,
China. ISPRS Int. J. Geo-Inf. 2020, 9, 218. [CrossRef]

12. Wei, X.; Wang, G.; Chen, T.; Hagan, D.F.T.; Ullah, W. A spatio-temporal analysis of active fires over China during 2003–2016.
Remote. Sens. 2020, 12, 1787. [CrossRef]

13. Xiao, F. The National Fire and Rescue Administration deployed to strengthen fire supervision. China Fire 2023, 5, 11. (In Chinese)
14. Liu, J.; Song, Y.; Wang, J. The basic framework, evolution logic and practical approach of the fire safety supervision system in the

new era. J. China Emerg. Manag. Sci. 2021, 10, 17–27. (In Chinese)
15. Zhang, Y.; Shen, L.; Ren, Y.; Wang, J.; Liu, Z.; Yan, H. How fire safety management attended during the urbanization process in

China? J. Clean. Prod. 2019, 236, 117686. [CrossRef]
16. Xiong, Y.; Zhang, C.; Qi, H. How effective is the fire safety education policy in China? A quantitative evaluation based on the

PMC-index model. Saf. Sci. 2023, 161, 106070. [CrossRef]
17. Tian, F.; Lei, J.; Zheng, X.; Yin, Y. Integrating space syntax and location-allocation model for fire station location planning in a

China Mega City. Fire 2023, 6, 64. [CrossRef]
18. Liu, J.; Kang, N.; An, S.; Mai, Q. Evolutionary game analysis on fire supervision model of two random selections and one

information publicity. China Saf. Sci. J. 2020, 12, 133–140. (In Chinese)
19. Ardianto, R.; Chhetri, P. Modeling spatial-temporal dynamics of urban residential fire risk using a markov chain technique. Int. J.

Disast. Risk Sci. 2019, 10, 57–73. [CrossRef]
20. Noori, S.; Mohammadi, A.; Ferreira, T.M.; Gilandeh, A.G.; Ardabili, S.J.M. Modelling and mapping urban vulnerability index

against potential structural fire-related risks: An integrated GIS-MCDM approach. Fire 2023, 6, 107. [CrossRef]
21. Kumar, V.; Jana, A.; Ramamritham, K. A decision framework to access urban fire vulnerability in cities of developing nations:

Empirical evidence from Mumbai. Geocarto. Int. 2022, 37, 543–559. [CrossRef]
22. Singh, P.P.; Sabnani, C.S.; Kapse, V.S. Hotspot analysis of structure fires in urban agglomeration: A case of Nagpur City, India.

Fire 2021, 4, 38. [CrossRef]
23. Bai, M.; Liu, Q. Evaluating Urban fire risk based on entropy-cloud model method considering urban safety resilience. Fire

2023, 6, 62. [CrossRef]
24. Wang, K.; Yuan, Y.; Chen, M.; Wang, D. A POIs based method for determining spatial distribution of urban fire risk. Process Saf.

Environ. 2021, 154, 447–457. [CrossRef]
25. Rani, G.; Siddiqui, N.A.; Yadav, M.; Ansari, S. Hierarchical integrated spatial risk assessment model of fire hazard for the core city

areas in India. Land Use Policy 2023, 126, 106536. [CrossRef]
26. Masoumi, Z.; Genderen, J.V.L.; Maleki, J. Fire risk assessment in dense urban areas using information fusion techniques. ISPRS

Int. J. Geo-Inf. 2019, 8, 579. [CrossRef]
27. Bai, F.; Gao, R.; Zhan, T. Application of game playing theory to the fire supervision management in public assembly places. J. Saf.

Environ. 2006, S1, 126–128. (In Chinese)
28. Bai, F.; Gao, R. On the application of game theory to the fire supervision management in public assembly occupancies. J. Saf.

Environ. 2008, 2, 153–156. (In Chinese)
29. Liu, J.; An, S.; Mai, Q. Evolutionary game analysis of fire rescue agencies and social institutions in fire supervision and

management. Saf. Environ. Eng. 2020, 5, 128–133+146. (In Chinese)
30. Liu, J.; Lian, C.; An, S.; Wang, J. Research on the management strategy of fire notification and commitment management under

the background of “Decentralized Management Service”. J. Saf. Environ. 2022, 5, 2640–2648. (In Chinese)
31. Wei, G.; Li, G.; Sun, X. Evolutionary Game Analysis of the Regulatory Strategy of Third-Party Environmental Pollution

Management. Sustainability 2022, 14, 15449. [CrossRef]
32. Song, Y.; Wang, J.; Liu, D.; Huangfu, Y.; Guo, F.; Liu, Y. The Influence of Government’s Economic Management Strategies on the

Prefabricated Buildings Promoting Policies: Analysis of Quadripartite Evolutionary Game. Buildings 2021, 11, 444. [CrossRef]
33. Liu, J.; Song, Y.; An, S.; Dong, C. How to improve the cooperation mechanism of emergency rescue and optimize the cooperation

strategy in China: A tripartite evolutionary game model. Int. J. Environ. Res. Public Health 2022, 3, 1326. [CrossRef] [PubMed]
34. Liu, S.; Ma, Y.; Chen, X. Evolutionary game model based on cumulative prospect theory for information management mechanism

in SIoT. Heliyon 2023, 9, e16590. [CrossRef]

https://doi.org/10.1177/0734904105052457
https://doi.org/10.1016/j.firesaf.2006.10.005
https://doi.org/10.1016/j.ijleo.2022.170433
https://doi.org/10.1007/s10694-021-01177-z
https://doi.org/10.3390/su7079734
https://doi.org/10.3390/ijgi9040218
https://doi.org/10.3390/rs12111787
https://doi.org/10.1016/j.jclepro.2019.117686
https://doi.org/10.1016/j.ssci.2023.106070
https://doi.org/10.3390/fire6020064
https://doi.org/10.1007/s13753-018-0209-2
https://doi.org/10.3390/fire6030107
https://doi.org/10.1080/10106049.2020.1723718
https://doi.org/10.3390/fire4030038
https://doi.org/10.3390/fire6020062
https://doi.org/10.1016/j.psep.2021.08.039
https://doi.org/10.1016/j.landusepol.2023.106536
https://doi.org/10.3390/ijgi8120579
https://doi.org/10.3390/su142215449
https://doi.org/10.3390/buildings11100444
https://doi.org/10.3390/ijerph19031326
https://www.ncbi.nlm.nih.gov/pubmed/35162349
https://doi.org/10.1016/j.heliyon.2023.e16590


Fire 2023, 6, 400 24 of 24

35. Ma, R.; Liu, J.; An, S. The early warning mechanism of public health emergencies through whistleblowing: A perspective based
on considering the uncertainty of risk perception. Risk Manag. Healthc. Policy 2023, 16, 503–523. [CrossRef]

36. Gao, L.; Yan, H.; Cai, D. Research on multiagent governance of the marine ecoeconomic system in China considering marine
scientific research institutions and media. Front. Environ. Sci. 2023, 10, 998992. [CrossRef]

37. Liu, Q.; Li, X.; Meng, X. Effectiveness research on the multi-player evolutionary game of coal-mine safety regulation in China
based on system dynamics. Saf. Sci. 2019, 111, 224–233. [CrossRef]

38. Wang, F.; Xu, Y. Evolutionary game analysis of the quality of agricultural products in supply chain. Agriculture 2022, 12, 1575.
[CrossRef]

39. Jiang, K.; You, D.; Merrill, R.; Li, Z. Implementation of a multi-agent environmental regulation strategy under Chinese fiscal
decentralization: An evolutionary game theoretical approach. J. Clean. Prod. 2019, 214, 902–915. [CrossRef]

40. Gao, H.; Dai, X.; Wu, L.; Zhang, J.; Hu, W. Food safety risk behavior and social Co-governance in the food supply chain. Food
Control 2023, 152, 109832. [CrossRef]

41. Feng, F.; Liu, C.; Zhang, J. China’s railway transportation safety regulation system based on evolutionary game theory and system
dynamics. Risk Anal. 2020, 40, 1944–1966. [CrossRef] [PubMed]

42. Jiang, X.; Sun, H.; Lu, K.; Lyu, S.; Skitmore, M. Using evolutionary game theory to study construction safety supervisory
mechanism in China. Eng. Constr. Arch. Manag. 2023, 30, 514–537. [CrossRef]

43. Liu, Q.; Li, X.; Hassall, M. Evolutionary game analysis and stability control scenarios of coal mine safety inspection system in
China based on system dynamics. Saf. Sci. 2015, 80, 13–22. [CrossRef]

44. Ma, L.; Liu, Q.; Qiu, Z.; Peng, Y. Evolutionary game analysis of state inspection behaviour for coal enterprise safety based on
system dynamics. Sustain. Comput. Inform. Syst. 2020, 28, 100430. [CrossRef]

45. Liu, Q.; Wang, J.; Qiu, Z. Data as evidence: Research on the influencing factors and mechanisms of coal mine safety supervision
effect in China. Resour. Policy 2023, 81, 103298. [CrossRef]

46. Dong, C.; Liu, J.; Mi, J. Information-driven integrated healthcare: An analysis of the cooperation strategy of county medical
community based on multi-subject simulation. Healthcare 2023, 11, 2019. [CrossRef]

47. Dong, C.; Liu, J.; Mi, J. How to enhance data sharing in digital government construction: A tripartite stochastic evolutionary
game approach. Systems 2023, 11, 212. [CrossRef]

48. Liu, J.; Guo, Y.; An, S.; Lian, C. A study on the mechanism and strategy of cross-regional emergency cooperation for natural
disasters in China-Based on the perspective of evolutionary game theory. Int. J. Environ. Res. Public Health 2021, 21, 11624.
[CrossRef]

49. Liu, Z.; Li, X.Y.; Jomaas, G. Effects of governmental data governance on urban fire risk: A city-wide analysis in China. Int. J.
Disast. Risk Reduct. 2022, 78, 103138. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2147/RMHP.S400251
https://doi.org/10.3389/fenvs.2022.998992
https://doi.org/10.1016/j.ssci.2018.07.014
https://doi.org/10.3390/agriculture12101575
https://doi.org/10.1016/j.jclepro.2018.12.252
https://doi.org/10.1016/j.foodcont.2023.109832
https://doi.org/10.1111/risa.13528
https://www.ncbi.nlm.nih.gov/pubmed/32557722
https://doi.org/10.1108/ECAM-03-2020-0182
https://doi.org/10.1016/j.ssci.2015.07.005
https://doi.org/10.1016/j.suscom.2020.100430
https://doi.org/10.1016/j.resourpol.2023.103298
https://doi.org/10.3390/healthcare11142019
https://doi.org/10.3390/systems11040212
https://doi.org/10.3390/ijerph182111624
https://doi.org/10.1016/j.ijdrr.2022.103138

	Introduction 
	Research Problems and Model Construction 
	Research Problems 
	Assumptions of Urban Fire Safety Co-Management Game Model 
	Construction of Urban Fire Safety Co-Management Game Model 
	Replication Dynamic Equation of Fire Supervision Departments 
	Replication Dynamic Equation of Production Management Units 
	Replication Dynamic Equation of the Public 


	Strategy Stability Analysis of Urban Fire Safety Co-Management Game Model 
	Strategy Stability Analysis of Fire Supervision Departments 
	Strategy Stability Analysis of Production Management Units 
	Strategy Stability Analysis of the Public 

	Numerical Simulation Analysis of the Urban Fire Safety Co-Management Game System 
	The Influence of the Informatization Level of Co-Management  on the Game System 
	The Influence of the Risk Perception Level of the Public  on the Game System 
	The Influence of the Degree of Fire Safety Information Disclosure  on the Game System 
	The Influence of the Accountability Intensity of the Superior Government  on the Game System 

	Discussion 
	Discussion on Strategy Stability Analysis 
	Discussion of Numerical Simulation Analysis 

	Conclusions and Implications 
	Research Conclusions 
	Implications 

	References

