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Abstract: To explore the optimal mechanism of emergency supply chain collaboration when an
epidemic crisis occurs, we construct a tripartite evolutionary game model of emergency collaboration
among the government, the retailer, and the supplier to explore the interaction of primary strategies
and the impact of critical parameters on the evolution and stability of the system. We conduct
simulation analysis based on the actual situation of China’s emergency supply chain development.
The research results show that in the recognition period of the crisis, the government participates
in emergency supervision and the retailer participates in emergency collaboration, but the supplier
does not participate in emergency collaboration. However, in the containment period of the crisis,
the government increases penalties, provides appropriate emergency subsidies, and improves the
efficiency of emergency supervision, which are conducive to promoting the supplier’s participation
in emergency collaboration. In the recovery period of the crisis, as the benefits of both the retailer
and the supplier participation in emergency collaboration increase, the government will withdraw
from emergency supervision gradually. Moreover, the weaker the risk of supply chain enterprises
participating in emergency collaboration, the more reasonable the distribution of the collaboration
benefits, and the more conducive to the spontaneous emergency collaboration of the retailer and
the supplier.

Keywords: evolutionary game theory; emergency collaboration; emergency supply chain management;

emergency efficiency; optimal emergency mechanism

1. Introduction

The last few decades have witnessed an increase in the frequency, intensity, and
severity of natural disasters or accidents, for example, earthquakes, tsunamis, terrorist
attacks, and the COVID-19 pandemic, which have brought significant loss to human beings,
for example, massive property damage and human injuries. When emergencies occur,
they cause not only severe economic losses and casualties but also bring many challenges
to the rescue force, such as the design of emergency plans, the management of disaster
sites, the supply and dispatch of emergency supplies to distribution centers in disaster-hit
areas as soon as possible, the evacuation and rescue of victims, etc. [1,2]. To better prepare
and respond to emergent events, emergency supply chain planning is essential and a key
component in covering the initial needs in the immediate aftermath of any disaster [3].
As a strongly upcoming area, sustainable collaboration in the emergency supply chain is
endowed with extreme importance and attracts more and more attention from practitioners
and researchers. The emergency supply chain usually involves multiple actors, so the
collaboration between actors directly affects the operational efficiency and effectiveness of
the emergency supply chain. Accordingly, achieving efficient, effective, and sustainable
emergency supply chain management has become a crucial issue in this field.

Governments often maintain a stable supply chain to meet the basic needs of vulner-
able groups in many developing countries [4]. Constructing an emergency supply chain
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network is an essential and crucial task for government officials and managers to protect
the residents’ normal life in the occurrence of disasters or accidents [5]. At the end of 2019,
the outbreak of the COVID-19 pandemic caused many countries in the world to enter a state
of emergency. However, unfortunately, the emergency supply chain in many countries or
regions affected by the COVID-19 pandemic is inefficient or chaotic. It is usually manifested
in the form of manufacturers associated with essential items, which are exposed to extreme
supply and demand fluctuations [6]. As manufacturers had difficulty in immediately
increasing their production rates to meet the high supply-demand during the pandemic,
most retailers were faced with severe shortages of essential items [7]. Although there are
various reasons for the low efficiency of the emergency supply chain, this paper argues
that effective collaboration between government and enterprises is a major issue in the
sustainability of emergency supply chains. It is a key challenge for emergency supply chain
management, which is the number and diversity of the actors and sectors involved, each
with their perceptions, interests, and resources. As most crisis events affect the residents’
quality of life to some extent, this study will use the COVID-19 pandemic crisis in China
as a prime example to explore the impact of emergency supply chain collaboration on
emergency response. In this regard, to better achieve the sustainable development of the
emergency supply chain after the crisis occurs, this study proposes an emergency supply
chain network design problem under collaborative governance.

Aiming to improve the coping capabilities of the government and supply chain en-
terprises in different phases after the crisis, discussing the collaborative treatment plans
and measures of the emergency supply chain in the crisis response and recovery phases
are important for better addressing the consequences of crisis events. However, existing
literature in the field of the emergency supply chain is inconclusive regarding the role
of collaborative governance, which involves multiple partners with varying needs. Col-
laboration can be particularly challenging in public-private settings, especially when the
involved partners lack prior experience in working together [8]. To contribute to this dis-
cussion, we extend current research by focusing on organization-governed public-private
emergency supply chain networks and analyzing the role of collaborative governance. In
terms of the complexity of collaboration, game theory is introduced to address complex
interactive problems.

Game decision-making in emergency supply chains should not only consider the par-
ticipants’ psychological behavior but also consider different measures for different phases
of the crisis to reflect the pertinence and effectiveness of the emergency response. However,
most of the existing research on emergency supply chain game decision-making assumes
that the game subject is entirely rational. This assumption of a completely reasonable
person is unreasonable and far from reality. Motivated by these considerations, this study
poses the following research questions:

1. How does the government take emergency measures to promote emergency collab-
oration in the supply chain during the outbreak of the epidemic crisis?

2. How do parameters affect participants” decisions? These parameters consist of
the government subsidy rate, the efficiency of the government emergency supervision,
the government punishment, the emergency collaboration benefits, the government crisis
loss, the risk of supply chain enterprises participating in an emergency, and the distribution
rate of collaboration benefits.

3. Is the choice of evolutionary stabilization strategy sustainable and in line with
China’s national conditions?

The remainder of this paper is organized as follows. Section 2 outlines a literature
review. Section 3 consists of basic assumptions, model building, and replication dynamics
analysis. Section 4 analyzes the stability of the strategy of three game subjects. Section 5
conducts the simulation analysis of the model. Section 6 presents the discussion. Section 7
provides the theoretical contribution and practical implications. Finally, we summarize the
conclusions and propose future directions in Section 8.
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2. Literature Review

To fully understand the evolutionary mechanisms of emergency response, this chapter
is divided into three sections: collaboration in the emergency supply chain, government
emergency supervision, and evolutionary game theory and its application to emergency
collaboration.

2.1. Collaboration in the Emergency Supply Chain

The Ebola crisis demonstrated the difficulties in global manufacturing and stockpiling
capacity in terms of epidemic preparedness to deal with larger outbreaks [9]. The COVID-19
pandemic further demonstrated the difficulties in terms of emergency preparedness for
any one organization in the supply chain, making collaboration between supply chains
particularly important.

Shao et al. [10] studied the choice of cooperative transshipment strategies between
monopoly manufacturers and decentralized retailers in a supply chain crisis. Li and Li [11]
analyzed the cooperative transshipment problem in a secondary supply chain system
consisting of an upstream manufacturer and two downstream retailers in a competitive
market. The study concluded that retailers always choose horizontal transshipment to
increase their inventory to maintain normal product sales. For demand disruption scenarios
in the supply chain, Xiao et al. [12] considered using price subsidy rate contracts to reconcile
demand disruptions from retailers in the supply chain. Behzadi et al. [13] studied the role
of allocation flexibility and the impact of multiple risk management strategies for achieving
allocation flexibility on mitigating the risk of supply chain demand disruptions. In the
study of enhancing the emergency collaboration ability of the supply chain, Lee [14]
pointed out that for supply chain enterprises to recover quickly from crisis damage, there
should be a particular focus on data and collaboration between supply chain enterprises.
Huang et al. [15] constructed a two-stage pricing and production decision model to study
the impact of demand fluctuations, supply-demand mismatches, and demand surges on
supply chain emergency collaboration. Hobbs [16] believed buyers and sellers should build
trusting partnerships and enhance supply chain contingency through strategic inventory
management plans and flexible sourcing strategies. Xie et al. [17] established an emergency
supply chain model of manufacturer and retailer in two cases of decentralized decision-
making (anarchy) and centralized decision-making (with government), and their research
showed that supply chain collaboration under certain conditions of a cost-sharing joint
contract, and government subsidies could improve the emergency response capabilities of
supply chain members. For some industries, in emergency collaboration studies, in order to
achieve flexible collaboration in the energy emergency supply chain, Xiang [18] investigated
the problem of restoring energy supply in the shortest possible time by using collaborative
consensus and scenario learning algorithms to govern the non-cooperative behavior of
energy emergency supply chain collaboration. Yan et al. [19] considered a manufacturer and
a retailer in an agricultural emergency supply chain collaboration, arguing that unexpected
events can lead to demand disruptions that can severely impact the profits of supply chain
participants, and thus achieve emergency supply chain sustainability by improving revenue
sharing contracts to protect the interests of participants.

2.2. Government Emergency Supervision

Crisis management cannot be achieved without the government. If governments can
develop effective emergency policies and implement them effectively, the consequences of
a crisis will be mitigated.

Although in the practice of emergency management, some functions are undertaken
by non-governmental organizations [20], emergency management is a public responsibil-
ity, and only governments have the technical capacity and resources to respond to crises.
Shangguan et al. [21] believed that the government must intervene immediately when
a crisis arises and also develop efficient and rational emergency policies. Otherwise, it
will lead to a more significant crisis hazard. Flaherty et al. [22] further argued that local
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governments are not yet smooth enough in the operation of emergency management, and
the lack of scientific and effective emergency management operation plans can lead to
a lack of order and organization in response to emergencies by local governments and
socially diverse emergency forces in the wake of a crisis. In response to the inefficiency of
emergency supervision that may exist after the outbreak of the crisis, some literature has
examined collaboration between governments, between governments and enterprises, and
between governments and communities. Waugh et al. [23] explored collaboration models
between government departments in emergency management. They analyzed emergency
management systems in the US and future trends in FEMA, arguing that collaboration
between government departments is a necessary foundation for responding to natural
emergencies. Wang et al. [24] have discussed the impact of government supervision on
allocating emergency resources based on different disaster chain scenarios, arguing that
government and business collaboration can mitigate disasters. Pradana et al. [25] used the
regulatory actions of the Indonesian government during the COVID-19 pandemic as an
example to argue that local government, in conjunction with community organizations,
plays a vital role in ensuring the stability of residents’ lives. For the practice of government
emergency supervision in China, Chen et al. [26] brought the government and financial
leasing institutions together in the mask emergency supply chain, arguing that financial
institutions leasing mask production equipment to mask manufacturers with government
guarantees can effectively ensure a sustainable supply of masks during a pandemic. Chen
et al. [27] pointed out that the COVID-19 pandemic outbreak, while conducive to the
development of e-commerce, at the same time, several problems can seriously affect the in-
terests of consumers and the urgent need for the government to strengthen the supervision
of live online shopping. Yu and Li [28] summarized that when the COVID-19 epidemic
occurred, the Chinese government declared a state of emergency, cordoned off the center
of the epidemic, banned crowd gathering activities, forced residents to wear masks, and
mobilized medical staff and products, effectively preventing the large-scale spread of the
epidemic and ensuring the stability of people’s lives.

2.3. Evolutionary Game Theory and Its Application to Emergency Collaboration

Game theory has been widely used to model social interactions in the supply chain
domain to provide practical decision guidance for supply chain management. Classical
game theory assumes that participants are perfectly rational, but this is not feasible in reality
due to the lack of knowledge of information about others [29]. In contrast, evolutionary
game theory extends the ideas of classical game theory by introducing population ecology,
which assumes that participants are finitely rational, in line with the principles of biological
evolution [30].

Zhao and Ma [31] analyzed the impact of the blockchain platform on the distribu-
tion of emergency supplies. They argued that in the early phases of emergency response,
the government’s strategic choices significantly impact the evolution and stability of social
organizations. It takes a long-term process for the government to actively guide social
organizations to participate in the distribution of emergency supplies. Qiu et al. [32] inves-
tigated the evolutionary choice of strategies for collaborative regional response to accidents
and disasters under vertical administrative constraints based on evolutionary game theory
in the context of China’s regional collaborative development strategy. Xu et al. [33] ap-
plied stochastic evolutionary game theory to analyze the stability of collaboration between
members in strategic alliances in response to external opportunism. Shi et al. [34] proposed
a game model that considers product prices and their costs, incentive payoffs, spillover
effects, and coordination costs to study the cooperative relationships between construction
suppliers. Taking a significant animal epidemic as an example, Li and Ding [35] explored
the restoration of social trust in public crisis management using an evolutionary game
model. They found that changes in the risk of a crisis affect the behavior of regulators,
enterprises, and consumers. Liu et al. [36] constructed an evolutionary game model of
emergency response between the government and social organizations, and the study con-
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cluded that the government’s adoption of incentive strategies could significantly increase
the motivation of social organizations to participate in natural disaster response. Com-
pared with only adopting incentive strategies, Fan et al. [37] conducted an evolutionary
game study on the behavior of government, community, and residents in the emergency
management of public health emergencies, discussing the impact of static and dynamic
reward and punishment schemes on the evolutionary stability of the system, concluding
that dynamic rewards and punishments are more conducive to reducing the opportunis-
tic behavior of each player in the game. In other studies on emergency collaboration in
tripartite evolutionary games involving government, Zhang and Kong [38] explored the
problem of achieving optimal collaboration between the government and enterprises in the
stockpiling and supply of emergency supplies by building an evolutionary game model
among the government, enterprises, and society. Liu et al. [39] constructed a tripartite
evolutionary game model of emergency rescue collaboration based on government rescue
teams, social emergency organizations, and government support agencies and proposed an
optimal emergency rescue collaboration mechanism.

Regrettably, although existing literature has studied emergency supply chain collabo-
ration, government emergency supervision behavior, and the application of evolutionary
game theory in emergency practice from different aspects, there are still significant gaps.
(1) The role of government supervision in emergency supply chain collaboration has not
received the necessary research attention. Indeed, the role of government in emergency
management is very important in the event of a crisis, especially in emergency supply
chain collaboration. However, there is little literature exploring the issue of collaboration
between government emergency supervision and emergency supply chains, and this con-
sideration has important implications for the sustainable practice of realistic emergency
response. (2) Most of the research on emergency supply chain collaboration only focuses
on the immediate crisis phase, yet the crisis is constantly changing, and research on other
phases of the crisis is also essential. Therefore, it is worthwhile to study the dynamic
collaboration of emergency supply chains through evolutionary game theory because of
its dynamic character. (3) Few of the existing literature on emergency practices considers
the joint decisions of government, retailers, and suppliers, and a variety of key parameters
involved in the game model are not considered, such as the government subsidy rate,
the efficiency of the government emergency supervision, the government punishment,
the emergency collaboration benefits, the government crisis loss, the risk of supply chain
enterprises participating in an emergency, and the distribution rate of collaboration benefits.
However, considering these variables have not been adequately studied so far, exploring
changes in these variables is critical to the issue of sustainable collaboration in emergency
supply chains.

To bridge these gaps, this study explores the optimal decision-making problem of
emergency supply chain collaboration based on the collaboration of the government, the
retailer, and the supplier in crisis, establishing an evolutionary game model and conducting
numerical simulation analysis. This also leads to the main contributions of this study:
(1) Considering that the emergency collaboration in the supply chain cannot be separated
from the government’s supervision measures, this study will examine the government’s
supervision strategies in different crisis phases. (2) This study will explore the factors that
influence emergency collaboration among supply chain enterprises and find a reasonable
range of key factors. (3) In terms of modeling methodology, we develop a tripartite evolu-
tionary game model including the government, the retailer, and the supplier, which will
better investigate the issue of sustainable emergency collaboration between the government
and supply chain enterprises.
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3. Method Analysis
3.1. Basic Assumptions

Assumption 1. The government, as the main body responding to major crises, makes emergency
management decisions based on the magnitude of the damage caused by the crisis. That is, if the crisis
losses are too significant, the government will take supervision measures; otherwise, the market can
collaborate spontaneously in the emergency response. The probabilities of the emergency supervision
and non-supervision strategies chosen by the government are x and 1 — x (0 < x < 1), respectively.

Assumption 2. The retailer is an essential seller of daily necessities. When significant crises occur,
the retailer aggressively sells supplies and subsidizes the supplier’s production to be able to sell
more items. However, if it does not participate in emergency collaboration, the retailer can invest
emergency capital in other areas to benefit. Therefore, the retailer can choose emergency collaboration
and non-collaboration strategies when a crisis occurs. The probabilities of emergency collaboration
and non-collaboration strategies chosen by the retailer are y and 1 — y (0 < y < 1), respectively.

Assumption 3. The supplier is an essential producer of daily necessities. However, suppose the
supplier does not participate in emergency collaboration when a major crisis strikes. In that case, it
can also invest emergency capital into other production areas to benefit. Therefore, the supplier can
choose between emergency collaboration and non-collaboration strategies when a crisis occurs. The
probabilities of emergency collaboration and non-collaboration strategies chosen by the supplier are
zand 1 —z (0 <z < 1), respectively.

Assumption 4. The government, the retailer, and the supplier are all bounded rational in the
evolutionary game model of emergency collaboration. At the same time, the three participants are
randomly matched and repeated gaming.

Assumption 5. The fixed benefit before the government adopts the emergency strategy is Rg,
the loss caused by the crisis to the government is L, the emergency cost paid by the government
during supervision is Cg, the benefits increase rate is w, and the government subsidy rate for
supply chain enterprises to participate in emergency collaboration is s. Suppose there are enter-
prises involved in the emergency collaboration. In that case, the implementation efficiency of the
government emergency supervision is a. If there are enterprises that do not participate in emergency
collaboration, they will be punished by the government. Suppose the government does not adopt the
emergency supervision strategy. In that case, it only needs to pay the fundamental administrative
cost of Cp.

Assumption 6. Before the crisis occurs, the retailer’s fundamental benefit is Ry. After the crisis
occurs, if the retailer participates in emergency collaboration, the initial emergency cost is E1, and
the factor for converting the emergency investment cost to the operating cost for the retailer is
K1, and the benefits increase rate is l;. In addition, to encourage the supplier to participate in
collaboration, the subsidy rate n is provided for the supplier’s initial emergency cost by the retailer.
If the retailer does not participate in the emergency collaboration but the supplier participates in the
collaboration, the free-rider benefit uy can be obtained by the retailer.

Assumption 7. Before the crisis occurs, the fundamental benefit of the supplier is Ry. After the
crisis occurs, if the supplier participates in emergency collaboration, the initial emergency cost
paid is Ey, the factor for converting the emergency investment cost to the operating cost for the
supplier is Ky, and the benefits increase rate is ly. If the supplier does not participate in the emergency
collaboration but the retailer participates in the collaboration, the free-rider benefit up can be obtained
by the supplier.

Assumption 8. The risk loss of supply chain enterprises participating in emergency collaboration
is D, and if both participate in emergency collaboration, their collaborative efficiency is b.
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Assumption 9. Both the retailer and the supplier participating in emergency collaboration will
generate collaboration benefits A, the retailer’s benefit distribution rate is dy, and the supplier’s
benefit distribution rate is dy.

The definitions of the main parameter symbols are summarized in Table 1.

Table 1. Definition of parameters.

Symbol Definition

R¢ The government fixed benefit.

Cg The government emergency supervision cost.

Cp The fundamental administrative cost of the government’s non-supervision.

Ry The retailer’s fundamental benefit.

Ry The supplier’s fundamental benefit.

E The emergency investment cost of the retailer participating in emergency
! collaboration.

E The emergency investment cost of the supplier participating in emergency
2 collaboration.

The factor for converting the emergency investment cost to the operating cost

K for the retailer.
K The factor for converting the emergency investment cost to the operating cost
2 for the supplier.
L Loss of government performance under significant risks.
D Risk loss of supply chain enterprises participating in emergency.
s The government’s subsidy rate for supply chain enterprises participating in
emergency collaboration.
" The retailer’s subsidy rate for the supplier participating in emergency
collaboration.
w Benefit increase rate of the government participating in emergency
supervision.
I Benefit increase rate of the retailer participating in emergency collaboration.
Iy Benefit increase rate of the supplier participating in emergency collaboration.
a The efficiency of the government participating in emergency supervision.
b The efficiency of supply chain enterprises participating in emergency
collaboration.
The free-rider benefit of the retailer not participating in emergency
# collaboration.
The free-rider benefit of the supplier not participating in emergency
Ha collaboration.
r The government’s punishment for enterprises not participating in emergency
collaboration.
A The collaboration benefits of both the retailer and the supplier participating in
emergency collaboration.
dq The distribution rate of collaboration benefits to the retailer.
dy The distribution rate of collaboration benefits to the supplier.

3.2. Payoff Matrix

According to the assumptions of the previous section, the government, the retailer,
and the supplier under the collaboration mechanism of emergency management given
by the research, the mechanisms for the government, the retailer, and the supplier to act
on emergency response is summarized in Figure 1, and the payoff matrix is shown in
Tables 2 and 3.
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Figure 1. The mechanisms for the government, the retailer, and the supplier to act on emergency

response.

Table 2. The payoff matrix under the government participating in emergency supervision.
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Table 3. The payoff matrix under the government not participating in emergency supervision.
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3.3. Replicator Dynamics Equations

Tables 2 and 3 show the payoff for different combinations of strategies. Based on the
evolutionary principle of evolutionary game theory, when the expected payoff of a strategy
is higher than the overall average expected payoff, the strategy will evolve and develop
gradually in the system (i.e., survival of the fittest) [40,41]. The evolutionary process can be
described by the replicator dynamics equation [42,43].

3.3.1. The Government

The expected payoff of the supervision strategy chosen by the government Eg; is
as follows:

Ec :yz[wRG —Cg —sEy —sE, — (1 *Q)L] er(l *Z)[OJRG —Cg —sEq| — (1 *LZ)L‘FF]
+z(1 —y)[wRg —Cg —sE; — (1 —a)L+F]+ (1 —y)(1 — z)[wRg — Cg — L + 2F]

The expected payoff of the non-supervision strategy chosen by the government E¢; is
as follows:

Ec2 =yz(Rg —Cp—L)+y(1-2)(Rg —Cp— L) +z(1-y)(Rc = Cp — L)+ (1 —y)(1 —2z)(Rc —Cp — L) (2)

The average expected payoff of the government’s emergency strategy is:

M

Eg =xEg1 + (1 - x)Eg ®)
The replicator dynamics equation of the government’s emergency strategy is:

F(x) = % = x(Eg; — Eg)

4

= x(1-x)[Cp — Cc +wRg — Rg +2F +y(aL — sEy — F) + z(aL — sE; — F) — aLyz] @
Take the derivative of F(x):

dFd(xx) = (1—-2x)[Cp — Cc + wRg — Rg +2F +y(aL — sEy — F) + z(aL — sE; — F) — aLyz] (5)

3.3.2. The Retailer
The expected payoff of the collaboration strategy chosen by the retailer Eg; is as follows:
Er1 = xz [llRl + Adq — (1 - a)(l — b)D — K1E12 +sE; — TlEz] + x(l - Z) [l]R1 - (1 — Q)D — K1E12 + SEl] ©)
+z(1—x)[hRy +Ady — (1 —b)D — K1E12 — nEy] 4+ (1 —x)(1 —z) (hRy — D — K1 Eq?)
The expected payoff of the non-collaboration strategy chosen by the retailer Eg; is
as follows:
Ery = xz(Ry +p1 = F) +x(1 = 2)(Ry = F) +z(1 = x)(Ry + 1) + (1 = x)(1 = 2)Ry  (7)
The average expected payoff of the retailer’s emergency strategy is:

Er =yEr1 + (1 —y)Er2 8)

The replicator dynamics equation of the retailer’s emergency strategy is:

F(y) = % = y(Er1 — Egr)

)
:y(l—y)[llRl—Rl—KlElz—D+x(SE1+LID+F)+Z(bD—]/ll+Ad1—nEz)—XZleD]
Take the derivative of F(y):
w—(1—2 )[zR — Ry — KyE1? — D + x(sEy +aD + F) + z(bD — pq + Ady — nE,) — xzabD (10)
dy Y) |t 1 151 X(stypra z M1 1 —hEp) —Xza

3.3.3. The Supplier

The expected payoff of the collaboration strategy chosen by the supplier Eg; is
as follows:
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Egi = xy[bRy + Ady — (1 —a)(1 = b)D — KrEx? + sEy + nEp] 4+ x(1 — y) [bRy — (1 — a)D — Ky Ex? + sEs | a5
+y(1 — x) [lsz + Ady — (1 — b)D — K2E22 + nEz} + (1 — x)( y) (lsz — D —KyE, )

The expected payoff of the non-collaboration strategy chosen by the supplier Eg; is
as follows:
Esy = xy(Ry+p2 = F) + x(1 = y)(Ra = F) + y(1 = x)(Ra + pi2) + (1 = x)(1 = y)Ry (12)
The average expected payoff of the supplier’s emergency strategy is:
Es = zEs1 + (1 — z)Esp (13)
The replicator dynamics equation of the supplier’s emergency strategy is:

F(z) = % = z(Es; — Es)

14
z(1—z Z2R2—R2—K2E22—D+xSE2+ZZD+F +y(bD — up + Ady + nEy) — xyabD 14)
Yy H Y
Take the derivative of F(z):
dF(z) 2
= (1-22) [12R2 — Ry — KyEy2 — D + x(sEy 4 aD + F) + y(bD — pa + Ady + nEy) — xyabD} (15)

Therefore, by combining Equations (4), (9), and (14), a replicator dynamics system of
the evolutionary game of emergency collaboration can be obtained as follows:
F(x) = x(1 —x)[Cg — Cc + wRg — Rg +2F + y(aL — sEy — F) + z(aL — sE; — F) — aLyz]
Fly) =y(1—y)[hR1 — Ry — K1E1?> — D + x(sEy +aD + F) + z(bD — py + Ady — nEp) — xzabD] (16)
F(z) =z(1—2z)[lbRy — Ry — KyEp?2 — D + x(sEy +aD + F) + y(bD — pp + Ady + nEy) — xyabD)]
4. Stability Analysis of the Strategy of Three Game Subjects
4.1. Stability Analysis of the Government’s Strategy
When F(x) = 0 and dl;(xx) < 0, the government has a stable probability of response strat-

egy choice. If z = — =i 7CG+“]1§IGL:§§;2§7+;L(”L75E17P) ,F(x) =0and dl;—gcx) = 0, indicating that
any strategy chosen by the government is stable. If z # — E—S¢ +wﬁGL:§§;¥jny(”LfsElfp) ,

let F(x) = 0, then we get two stable points x = 0 and x = 1. To determine the
positive and negative values of x = 0 and x = 1, we construct an auxiliary function
g(z) = Cp—Cg +wRg — Rg + 2F + y(aL —sEy — F) +z(aL — sE; — F) — aLyz based on
Equation (4), and then let z* = — CB7CC+“’1§E:§£j§F§Z£‘7L7$E17F) .

When sE; < aL — F —yaL, g(z) is a linear increasing function of z. If z < z*, g(z) < 0,

dl;(xx) 0 < Oand dF(x) s 0 can be obtained, so x = 0 is an evolutionary stability
= xX=
strategy. If z > z*, ¢(z) > 0, dF(x) 0> 0 and dl;(xx) L < 0 can be obtained, so x = 1is
= xX=

an evolutionary stability strategy.
When sE; > aL — F — yaL, g(z) is a linear decreasing function of z. If z < z*, g(z) > 0,

dF(x) dF(x)
i > 0and —5; —

o < 0 can be obtained, so x = 1 is an evolutionary stability

dF(x)

< 0 and d(x) > 0 can be obtained, so x = 0
x=1

is an evolutionary stability strategy To sum up, the phase diagram of the government’s
strategic choice is shown in Figure 2.

strategy. If z > z*, g(z)
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Figure 2. The phase diagram of the government'’s strategic choice. (a) z = z*; (b) z < z*; (¢) z > z*.

When the initial strategy choice of the government is within V31, as shown in Figure 2b,
x = 1is the stable point. Therefore, when the emergency collaboration cost of the govern-
ment subsidies to the supplier is relatively small, the probability of emergency collaboration
by the supplier is relatively large, or when the emergency collaboration cost of the govern-
ment subsidies to the supplier is relatively high, the probability of emergency collaboration
by the supplier is relatively small, the government will choose emergency supervision
strategy. If the probability of emergency collaboration of the supplier is relatively small,
that is, the probability that the supplier may not participate in emergency collaboration
increases, and the entire market crisis will be more serious. Therefore, to reduce the harm
of the crisis, the government will choose an emergency supervision strategy and rationally
use the reward and punishment mechanism to stimulate the supplier to participate in the
emergency collaboration.

When the initial strategy choice of the government is within V},, as shown in Figure 2c,
x = 0 is the stable point. Therefore, when the emergency collaboration cost of the govern-
ment subsidies to the supplier is relatively small, the probability of emergency collaboration
by the supplier is relatively small, or when the emergency collaboration cost of the govern-
ment subsidies to the supplier is relatively high, the probability of emergency collaboration
by the supplier is relatively large, the government will not choose emergency supervision
strategy. Therefore, regardless of whether the supplier participates in emergency collabora-
tion, the government does not choose an emergency supervision strategy for the benefit of
the emergency subsidy policy.

Proposition 1. When other parameters remain unchanged, with the increase of L and a or the de-
crease of Cg, the probability of the government choosing emergency supervision will be inclined to 1.

- _Rg+2F _SE,—F .
Proof. z* = — <& CG+W§E_SE2fF_J;z£aL SE1=F) when L and a increases or C decreases, z*

will increase , so the stable cross-section in Figure 2a rises, leading to the volume of V77 in
Figure 2b increasing, that is, the probability of emergency supervision by the government
increases and finally stabilizes at 1, which is proved. []

Therefore, when the crisis leads to an increase in government losses, the efficiency
of the government’s implementation of emergency supervision is improved or the cost
of the government emergency supervision is reduced, which are all conducive to the
government’s preference for emergency supervision strategies.
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4.2. Stability Analysis of the Retailer’s Strategy
When F(y) = 0 and dF—(y) < 0, the retailer has a stable probability of response strategy

. LRy —Ry— 1<1512 D+4z(bD—pq+Ad; — nEz) dF(y) T
choice. If x = — SE;TaD 1 F—zabD F(y) =0and = 0, indicating that
2
any strategy chosen by the retailer is stable. If x # — LRy =Ry Kls%] - a%izébgab%+’qdl nky),

let F(y) = 0, then we get two stable points y = 0 and y = 1. Therefore, to determme
the positive and negative values at y = 0 and y = 1, we construct an auxiliary function
g(x) =Ry — Ry — K{E1> — D + x(sEy +aD + F) + z(bD — py + Ady — nEy) — xzabD ba-
sed on Equation (9), and we easily know g(x) is a linearly increasing function of x, so let
y* — _hRi=Ri— Ky Ey?>=D+2(bD—py +Ad, — nEy)

sEy+aD+F—zabD

If x < x*, g(x )<O,d€l—(y) < 0and dil—(y)‘ > 0 can be obtained, so y = 0 is an

evolutionary stability strategy. If x > x*, g(x) > 0, dl;—i,y)‘ 0> 0 and % < 0 canbe
y:

obtained, so y = 1 is an evolutionary stability strategy. To sum up, the phase diagram of
the retailer’s strategic choice is shown in Figure 3.

z A

(@)

(b) (©
Figure 3. The phase diagram of the retailer’s strategic choice. (a) x = x*; (b) x < x*; (¢) x > x*.

When the initial strategy choice of the retailer is within V51, as shown in Figure 3b,
g(x) < 0, that is, when x < x*, y = 0 is the stable point, at that time the retailer will
choose the non-collaboration strategy. Therefore, when the probability of government
supervision is relatively small, that is, the intensities of subsidizing the retailer’s emergency
collaboration behavior and punishing non-collaboration behavior are relatively small,
the retailer will perceive that the benefits of participating in collaboration are small so that
the retailer will not implement the emergency collaboration strategy.

When the initial strategy choice of the retailer is within V5;, as shown in Figure 3c,
g(x) > 0, that is, when x > x*, y = 1 is the stable point, at that time the retailer will
choose the collaboration strategy. Therefore, when the probability of government super-
vision is relatively increased, that is, the intensity of subsidizing the retailer’s emergency
collaboration behavior and punishing non-collaboration behavior is relatively large. The
retailer perceives increased benefits from participating in emergency collaboration and will
be exempt from government punishment, so the retailer will implement the emergency
collaboration strategy.

Proposition 2. When other parameters remain unchanged, with the increase of A, s, F and b, or the
decrease of D and n, the probability of the retailer choosing to participate in emergency collaboration
will be inclined to 1.
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Lt

(a)

4Ry —Ry—K{E>~D+z(bD—p1+Ady —nE . .
Proof. Because x* = —1=1—-1 1S§1+QDJ§FZ£_Z&JS+ 1 2), with the increase of A, s, F and

b, or the decrease of D and n, x* will decrease, the stable cross-section in Figure 3a shifts
down and leads to the volume of V5, in Figure 3c to become larger, that is, the probability
of the retailer participating in emergency collaboration increases. Because the stable point
in the space V,y is y = 1, the probability that the retailer participating in emergency
collaboration will tend to 1, which is proved. 0O

Therefore, when the retailer participates in emergency collaboration, the benefits
are increased, or the subsidies from the government are increased, or the collaboration
efficiency is increased when the supplier are combined, or the risks faced by the retailer
are reduced, or the standards for subsidizing the supplier are reduced, or the government
increases penalties for non-collaboration emergency response by enterprises, the retailer
will choose the emergency collaboration strategy.

4.3. Stability Analysis of the Supplier’s Strategy

When F(z) = 0 and dl;gz) < 0, the supplier has a stable probability of response strategy
- ZZRZ_RZ_KZS%ZZJ:H%TP(T;JSJFAdﬁ"EZ), F(z) =0and dl;—(zz) = 0, indicating that
2Ry~ Ry —KpEp? —D+y(bD—pip+ Ady +nEy)

sEy+aD+F—yabD ’
let F(z) = 0, then we get two stable points z = 0 and z = 1. To determine the positive
and negative values at z = 0 and z = 1, we construct an auxiliary function G(x) =
bRy — Ry — K3Ep? — D + x(sEy +aD + F) + y(bD — uy + Ady + nEy) — xyabD based on
Equation (14), and we easily know G(x) is a linearly increasing function of x. so let

Kk _12R27R27K2E227D+y(bD7]/lz+Ad2+7’lE2)
- sEy+aD+F—yabD :

If x < x**, G(x) <0, dl;(zz) < 0and “&
z=0

choice. If x =

any strategy chosen by the supplier is stable. If x # — !

X

e . > 0 can be obtained, so z = 0 is an
z=

dF(z) dF(z)
|, > 0and —; o < 0 can

be obtained, so z = 1 is an evolutionary stability strategy. To sum up, the phase diagram of
the supplier’s strategic choice is shown in Figure 4.

evolutionary stability strategy. If x > x**, G(x) > 0,

I T,

(b) (c)
Figure 4. The phase diagram of the supplier’s strategic choice. (a) x = x**; (b) x < x**; (¢c) x > x**.

When the initial strategy choice of the supplier is within V31, as shown in Figure 4b,
G(x) < 0, thatis, when x < x**, z = 0 is the stable point, at that time, the supplier will
choose the non-collaboration strategy. Therefore, when the probability of government
supervision is relatively small, that is, the intensity of subsidizing the supplier’s emergency
collaboration behavior and punishing non-collaboration behavior are relatively small,
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the supplier will perceive that the benefits of participating in collaboration are small. So,
the supplier will not implement the emergency collaboration strategy.

When the initial strategy choice of the supplier is within V3;, as shown in Figure 4c,
G(x) > 0, that is, when x > x**, z = 1 is the stable point, at that time, the supplier
will choose the collaboration strategy. Therefore, when the probability of government
supervision is relatively increased, that is, the intensity of subsidizing the supplier’s emer-
gency collaboration behavior and punishing non-collaboration behavior is relatively large,
the supplier perceives increased benefits from participating in emergency collaboration
and will be exempt from government punishment. So, the supplier will implement the
emergency collaboration strategy.

Proposition 3. When other parameters remain unchanged, with the increase of A, s, F, b and n,
or the decrease of D, the probability of the supplier choosing to participate in emergency collaboration
will be inclined to 1.

o lsz*Rz7K2E22*D“ry(bD*]/lz#*AdernEz)
sEy+aD+F—yabD
and n, or the decrease of D, x** will decrease, the stable cross-section in Figure 4a shifts

left and leads the volume of V3; in Figure 4c to become larger, that is, the probability of the
supplier participating in emergency collaboration increases. Because the stable point in the
space V3p is z = 1, the probability that the supplier participating in emergency collaboration
will tend to 1, which is proved. [

Proof. Because x** = , with the increase of A, s, F, b

Therefore, when the supplier participates in emergency collaboration, the benefits
are increased, or the subsidies from the government are increased, or the collaboration
efficiency is increased when the retailer are combined, or the risks faced by the supplier
are reduced, or the retailer’s subsidy standard are increased, or the government increases
penalties for non-collaboration emergency response by enterprises, the supplier tends to
choose the emergency collaboration strategy.

4.4. Stability Analysis of Strateqy Combination of Three Game Subjects

The previous section analyzes the evolution process of the players’ strategies and
the influencing factors of strategic choices from a single player’s perspective. However,
when the crisis occurs, the strategic choices among the government, the retailer, and the
supplier are mutually influenced, and the process of their strategic choices is dynamic over
time. Therefore, it is of great significance to comprehensively study the interaction of multi-
player strategies. According to the dynamic trends of the three participants, eight strategy
combinations can be obtained, and the equilibrium state of each strategy combination is
susceptible to the change of factors [44], as shown in Table 4.

Table 4. Game strategic choices of the government, the retailer, and the supplier.

The government

Strategy sets
Supervision Non-supervision

. Collaboration 1,1,1) 0,1,1)

Collaboration The supplier .
. Non-collaboration (1,1,0) (0,1,0)

The retailer

. Collaboration (1,0,1) (0,0,1)

Non-collaboration The supplier .
Non-collaboration (1,0,0) (0,0,0)

Based on the emergency management life cycle theory, an epidemic crisis can be
divided into four phases: mitigation, preparedness, response, and recovery [45]. China has
developed a master plan that includes early warning, emergency response, and recovery
for all major disasters. This study focuses on the response and recovery phases after a crisis.
The crisis response phase emphasizes the effective actions taken to reduce the hazards of
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a crisis after it has occurred [46]. The crisis response phase into two sub-stages: (1) crisis
recognition, which emphasizes the labeling and acceptance of the crisis event. (2) crisis
containment, which emphasizes the coping strategies to resolve the crisis [47]. The crisis
recovery phase emphasizes the return to normal operations and services after a crisis [48].
Therefore, in this study, we will divide the response phase of the crisis into two periods,
namely the recognition period and the containment period. Further, we have pinpointed
the periods following an epidemic outbreak into three main periods: the recognition period,
the containment period, and the recovery period.

When an epidemic crisis has just occurred, the government will strictly supervise
the retailer’s sales to maintain the stability of the supply of essential living materials.
Meanwhile, the supplier responsible for provision cannot meet a large-scale demand in
the market due to the limitation of technical equipment or emergency costs. Therefore,
according to Table 4, the government chooses the supervision strategy, the retailer chooses
the collaboration strategy, and the supplier chooses the non-collaboration strategy, then the
strategy of the participants will be in equilibrium (1,1,0) in the recognition period. However,
to fully meet market demand, the government will increase penalties for enterprises not
participating in emergency collaboration and provide subsidies to encourage supply chain
enterprises to participate. In addition, the retailer will also offer subsidies for the supplier
to supply. Suppose the supplier realizes that participating in emergency collaboration with
the retailer is beneficial. In that case, it can enjoy double subsidies from the government
and the retailer, increase collaboration benefits, and avoid penalties. Therefore, in the
containment period, the strategy of the participants will be in equilibrium (1,1,1) as the
supplier chooses the collaboration strategy. However, in the recovery period, the strategy
of the participants will be in equilibrium (0,1,1). The reason is that the epidemic crisis will
have an impact on the sustainability of the supply chain, and even if the government is not
involved in emergency supervision, the retailer and the supplier will take the initiative to
adopt emergency collaboration strategies, which is an inevitable trend for the sustainability
of the emergency supply chain.

5. Simulation of Evolutionary Game Model

This chapter simulates the dynamic evolution of strategic choices among the gov-
ernment, the retailer, and the supplier, and this chapter is contracted via the software
MATLAB R2020b. Combined with the actual situation of China’s emergency supply chain
management, the initial value of each parameter in the model is given. The details are
as follows: Cg = 15, Cg = 45, Rg = 110, w =12, L =50,a = 03, b = 0.3, s = 0.15,
n=01L1=121=11,R; =75 R, =75K; =015,K, =0.15,E; =7,E; =5, D =15,
F=11,u =17, uyp = 20,d; = 0.5,dy = 0.5, and A = 20. Meanwhile, the initial state of
the emergency collaboration game system is set to (0.2,0.2,0.2).

5.1. Validation of Initial Values

It can be seen from Figure 5 that the system will evolve to a strategic combination
(1,1,0) under the condition that the initial value is determined. This further proves that
when an epidemic crisis occurs, the government conducts emergency supervision to meet
the public’s demand for living materials, and the retailer participates in the supply of
materials actively. However, the supplier cannot participate in emergency collaboration
due to production conditions or other constraints such as cost and crisis risks. Moreover, it
shows that the initial parameter assignment is effective and provides an important basis
for further exploring the changes of critical parameter values to the emergency decision-
making changes of the government, the retailer, and the supplier.
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Figure 5. Equilibrium results of the tripartite evolutionary game with a fixed initial value.

5.2. The Impact of the Government’s Subsidy Rate on Evolutionary Results

The government subsidy rate s is set to 0.15, 0.35, 0.55, and 0.75, and the corresponding
evolutionary track of the emergency collaboration game system is shown in Figure 6. When
the government subsidy rate remains between 0.15 and 0.35, the emergency collaboration
game system is still the strategic combination (1,1,0). When the government subsidy rate
increases to 0.55, the game system forms a strategic combination (1,1,1). However, when
the subsidy rate increases to 0.75, the evolutionary path presents a loop, which means that
the behavior strategies of the three participants are quite unstable.
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Figure 6. The impact of different values of s on evolutionary results.

The above results show that the subsidy rate provided by the government for the
emergency behavior of supply chain enterprises should be kept within a specific range. A
too-low subsidy rate is not conducive to encouraging supply chain enterprises to participate
in emergency collaboration. If it is too high, it will lead to excessive financial pressure on
the government, which is not conducive to government supervision.

5.3. The Impact of the Efficiency of the Government Supervision on Evolutionary Results

We set the efficiency of the government emergency supervision a to 0.3, 0.45, 0.6,
and 0.75, representing the gradual increase in efficiency, and system evolution results are
shown in Figure 7. As the efficiency of government emergency supervision gradually
increases, the strategic combination of the system will eventually evolve from (1,1,0) to
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(1,1,1). Moreover, the more the value of a continues to increase, the faster the game system
evolves to (1,1,1).
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Figure 7. The impact of different values of a2 on evolutionary results.

The above results suggest that the supplier will eventually participate in emergency
collaboration. This shows that when the efficiency of government emergency supervision
increases, the willingness of the government, the retailer, and the supplier to participate in
emergency collaboration increases, and the supplier participating in emergency collabora-
tion can get government subsidies and increased benefits. It can be seen that by adjusting
the parameter values, the final equilibrium strategy of the participants can be changed, and
sustainable development of the emergency supply chain can be achieved.

5.4. The Impact of the Government’s Punishment on Evolutionary Results

The government punishment F is set to 11, 14, 17, and 20, and the corresponding
evolutionary track of the emergency collaboration game system is shown in Figure 8. With
the gradual increase in government punishment, the strategic combination of the system
will eventually evolve from (1,1,0) to (1,1,1). Also, as the value of F keeps increasing,
the faster the game system evolves to (1,1,1).
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Figure 8. The impact of different values of F on evolutionary results.

The above results suggest that the supplier will eventually choose to participate in the
emergency collaboration strategy as well. This shows that when the government increases
the punishment, the supplier is more willing to participate in emergency collaboration,
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and this is because the supplier participating in the emergency collaboration can not only
get government subsidies and increased benefits but also be exempted from excessive
punishment. Compared with the change of the value of 4 in Figure 7, it can be seen that the
penalty value F has a more substantial effect on the evolution of the three participants to
the strategic combination (1,1,1).

5.5. The Impact of the Collaboration Benefits on Evolutionary Results

The emergency collaboration benefits A are set to 20, 35, 50, and 65, and the evolution
results of the emergency collaboration game system analyzed by simulation are shown in
Figure 9. When the retailer and the supplier jointly participate in emergency collaboration,
the strategic combination of the system will eventually evolve from (1,1,0) to (1,1,1) as the
emergency collaboration benefits gradually increase. Also, the game system evolves to
(1,1,1) faster as the value of A increases. However, at the same time, it can also be seen that
the speed of the government evolution to 1 gradually slows down.

Figure 9. The impact of different values of A on evolutionary results.

The above results show that the faster the supplier and the retailer evolve into the
emergency collaboration strategy, the government may think that supply chain enterprises
can spontaneously participate in emergency collaboration, so it may adopt the approach of
withdrawing from emergency supervision.

5.6. The Impact of the Loss of the Government Performance on Evolutionary Results

To further explore under what circumstances the government may withdraw from the
emergency supervision strategy, we know from Figure 9 that the greater the collaboration
benefit of supply chain enterprises, the slower the government’s strategy to evolve into
supervision, so we set the value of A to be 65. The government crisis loss L gradually
decreases from the initial value of 50, then set L to 50, 35, 20, and 5 to discuss the influence
of the change of L value on the system evolution. As shown in Figure 10, we can see that
when the L value is 20 or 5, the strategic combination of the system evolves to (0,1,1), and
the smaller the L value, the faster the system evolves to the stable strategy.

The above results show that the government will not adopt the emergency supervision
strategy when the collaboration benefits of supply chain enterprises are greater and the
crisis losses are lower, which can give full play to the role of the market in spontaneous
and collaborative emergency response and is more conducive to using emergency costs in
other social welfare undertakings, this is the ideal situation.
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Figure 10. The impact of different values of L on evolutionary results.
5.7. The Impact of the Risk Loss of Enterprises Participating in Emergency Collaboration on
Evolutionary Results

To further explore the conditions for promoting the spontaneous emergency collabora-
tion of supply chain enterprises, we set the risk D of supply chain enterprises participating
in emergency response to 15, 12, 9, and 6, and explore the impact of risk changes on system

evolution. As shown in Figure 11, we can see that the lower the risk, the faster the strategic
combination of the system evolves to (0,1,1).
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Figure 11. The impact of different values of D on evolutionary results.

The above results show that the higher the collaboration benefit, the lower the risk
of supply chain enterprises participating in emergency response, and the more conducive
the system is to evolve to a state where the government does not participate in emergency

supervision, the retailer participates in emergency response and the supplier participates
in emergency response.

5.8. The Impact of the Distribution Rate of Collaboration Benefits on Evolutionary Results

Although supply chain enterprises have higher benefits from participating in emer-
gency collaboration and lower emergency risks the more supply chain enterprises can
spontaneously participate in emergency collaboration, the distribution of collaboration
benefits is also worthy of in-depth discussion. Because the retailer encourages the supplier
to collaborate, we think the retailer will be more willing to allow the supplier to obtain
more revenue share. In this case, we set up four cases of the retailer’s and the supplier’s
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benefit distribution rate, such as d; = 0.2,d, = 0.8, d; = 0.3,d, = 0.7,dy = 0.4,d, = 0.6,
and d; = 0.5,d; = 0.5, and the evolution results are shown in Figure 12. It can be seen that
in the two cases with a large difference in benefit distribution, such as d; = 0.2,d, = 0.8 and
dq = 0.3,d; = 0.7, the system evolution is very unstable, and the retailer and the supplier
cannot form a stable state of spontaneous emergency collaboration. However, in the two
cases where the difference between the two benefit distributions is insignificant, such as
dy = 04,dy = 0.6 and d; = 0.5,dy = 0.5, the system can reach (0,1,1), and the system
evolves to the strategic combination at the fastest rate when the collaboration benefit is
equally distributed.
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Figure 12. The impact of different values of dy and d;, on evolutionary results.

The above results show that although the retailer is willing for the supplier to obtain
more collaboration benefits, the more significant the difference in revenue distribution,
the less the retailer gets from emergency collaboration, which is not conducive to the
evolution of the system to a stable strategy. So, it is believed that the benefit distribution of
emergency collaboration of supply chain enterprises can be appropriately expanded, and it
is best to maintain a balanced situation, which is conducive to the evolution and stability of
the system.

6. Discussion

The numerical simulations above show that there are three strategic combinations
in the evolutionary process, which are (1) the system evolves to (1,1,0) in the recognition
period of the crisis; (2) the system evolves to (1,1,1) in the containment period of the crisis;
(3) the system evolves to (0,1,1) in the recovery period of the crisis, specifically:

(1) In the recognition period of the crisis, the government will force the retailer to partici-
pate in the sales of emergency supplies. In contrast, the supplier will not participate in
emergency collaboration due to the limitations of technology and emergency costs.
It is further illustrated that the global outbreak of COVID-19 affects the production
and supply of emergency medical supplies and their raw materials [49]. At this time,
the initial strategy combination of the system is (1,1,0). As the supplier cannot proac-
tively participate in emergency collaboration in the recognition period, governments
should develop emergency plans in advance to more quickly facilitate the engagement
of the supplier in emergency collaboration when an epidemic crisis occurs.

(2) In the containment period of the crisis, we can see from Figure 6 that a high standard
of government subsidy would be detrimental to the government’s emergency supervi-
sion. However, according to the simulation results in Figures 7 and 8, the government
can increase penalties and improve emergency supervision efficiency to encourage
supply chain enterprises to participate in emergency collaboration. For example, after
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the COVID-19 pandemic, some Chinese enterprises were punished for not collaborat-
ing with the country’s emergency strategy [50]. Moreover, the government production
subsidies of a certain standard for mask enterprises have already incentivized sup-
pliers to supply emergency items effectively [51]. Therefore, the government should
increase penalties, implement an appropriate emergency subsidy policy and improve
the efficiency of emergency supervision in the containment period. These measures
will facilitate the strategic combination of the system to evolve to (1,1,1).

(3) In the recovery period of the crisis, Figure 9 shows that the government will phase
out emergency supervision as the benefits of retailer and supplier participation in
emergency collaboration continue to increase. Figure 10 further shows that the lower
the government crisis loss, the more favorable it is for the government to adopt the
non-supervision strategy. Moreover, Figures 11 and 12 show that the weaker the risk
of supply chain enterprises participating in emergency collaboration, the more reason-
able the distribution of the collaboration benefits, and the more conducive it is for the
retailer and the supplier to participate in emergency collaboration spontaneously. At
the same time, the strategic combination of the system will evolve to (0,1,1). Therefore,
when the collaboration benefits of supply chain enterprises’ participation in the emer-
gency increase and lower losses from the crisis the government faces, the government
should adopt a non-supervision strategy and focus more on other social services in the
recovery period of the crisis. Moreover, supply chain enterprises should enhance their
ability to resist crisis risks, build a suitable distribution mechanism for emergency
collaboration benefits, and participate in emergency collaboration spontaneously.

7. Theoretical Contribution and Practical Implications
7.1. Theoretical Contribution

This study extends the current understanding of dynamic and sustainable collabo-
ration in emergency supply chains with several important research dimensions. Most
previous studies have considered government supervision to be a continuous process
during crisis response and recovery. This study introduces the three main processes fol-
lowing the outbreak of an epidemic crisis in a simulation analysis using the emergency
management life cycle theory, focusing on the positioning and role of government in the
recognition period, containment period, and recovery period of the epidemic crisis, where
the government can make effective crisis decisions in response to changes in the crisis.
This provides a new perspective on the extension of the emergency management life cycle
theory to the theory of government supervision in crisis response and recovery.

Most previous studies have placed particular emphasis on the fact that supply chain
enterprises can spontaneously participate in emergency collaboration in the recognition
period of a crisis without taking into account their pressures to participate, especially the
inability of the supplier to participate in emergency collaboration at the beginning due
to the cost of participation and technical pressures. This study highlights the important
role of government subsidies and penalties and supply chain enterprises” distribution of
emergency benefits in promoting the supplier to participate in emergency collaboration.
Therefore, this study can play an important role in further improving the government’s
incentive and penalty system and the emergency supply chain collaboration mechanism.

Most of the previous literature on emergency collaboration through evolutionary
game theory has focused on one strategy choice, ignoring how changes in the crisis affect
the participants’ strategic choices. As the process of changing crisis hazard levels affects
the choice of evolutionary stabilization strategies of the government, the retailer, and
the supplier, this study goes beyond the dominant view of a single strategic choice and
emphasizes the process of the diversity of participants’ strategic choices, which enriches
the research on multiple strategy analysis based on evolutionary game theory.
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7.2. Practical Implications

The government strengthens the formulation and implementation of emergency plans,
promoting close collaboration, rapid response, and orderly implementation of emergency
collaborative actions. Emphasis should be placed on the participation of suppliers in emer-
gency collaboration as a key element of the emergency response plan, and the production
supervision of suppliers should be strengthened. The government should establish a rea-
sonable reward and punishment mechanism [37]. For example, increasing the punishment
for supply chain enterprises not participating in emergency collaboration will force them
to participate. Improving the emergency subsidy standard encourages supply chain enter-
prises to participate actively, but the subsidy standard should not be too large. Otherwise, it
will increase the government’s financial pressure, which is not conducive to the emergency
collaboration of the three participants. If the collaboration benefits of the retailer and the
supplier participating in emergency services increase, the government can decide whether
to withdraw from emergency supervision according to the size of the crisis. We believe
that supply chain enterprises can spontaneously participate in emergency collaboration in
the recovery period of the crisis, and the government should withdraw from emergency
supervision and focus on providing other social services to improve its comprehensive
service capabilities at this time.

The retailer should stick to the strategy of participating in the emergency collaboration.
The retailer plays an important role in emergency response by participating in emergency
collaboration in all three periods of the epidemic crisis, as opposed to the government
and the supplier, because it is the most direct way for residents to purchase emergency
items. We believe that retailers should stick to the strategy of subsidizing suppliers in
order to incentivize suppliers to participate in emergency collaboration effectively. For
the supplier of emergency items, although due to the cost of participation and technical
pressure, it cannot provide emergency items promptly after the crisis, both the government
and retailer have implemented active measures to encourage the supplier to participate
in the emergency collaboration. We believe that with the help of the government and the
retailer, the supplier should make a timely and rapid emergency investment to enhance the
supply capacity of emergency items.

A good communication mechanism should be established between supply chain enter-
prises, especially between the ability to resist crisis risks, emergency collaboration benefits,
and the distribution of collaboration benefits, which also contributes to the sustainable
development of emergency supply chain collaboration. Because of good communication
and exchange, retailers and suppliers will have fewer conflicts of interest in emergency
collaboration and can participate in emergency collaboration effectively. The government
should also strengthen communication with retailers and suppliers to guide and encourage
supply chain enterprises to implement effective emergency collaboration in response to
crisis changes promptly.

8. Conclusions

Aiming to realize sustainable emergency collaboration of supply chain enterprises in
the epidemic crisis response and recovery phases, we introduce evolutionary game theory
into emergency collaboration, which is an attempt to describe the impact of parameter
changes on the dynamics among the government, the retailer, and the supplier. This study’s
model assumptions and parameter settings are derived from a consistent description
of China’s emergency collaboration practice. However, the research results still have a
particular practical reference value for all world countries to improve the effectiveness of
emergency collaboration.

(1) According to the hazard level of the crisis, there are three strategic combinations for the
government, the retailer, and the supplier in the recognition period, the containment
period, and the recovery period of the crisis, respectively (1,1,0), (1,1,1), (0,1,1), and
the evolution of the three strategic combinations is a gradual process.
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(2) For the government, a low subsidy rate can promote the supplier’s participation in
emergency collaboration. If the subsidy rate is too high, it will lead to a disorderly
evolution of the system. However, the penalty rate adopted by the government can
be continuously increased, and the increase in penalty will positively affect the par-
ticipation of supply chain enterprises in emergency collaboration. An increase in the
efficiency of government emergency supervision will also promote the effective partic-
ipation of supply chain enterprises in emergency collaboration. All these government
measures can facilitate a transformation of the system’s strategic combination from
(1,1,0) to (1,1,1).

(3) For supply chain enterprises, the system’s strategic combination can also be trans-
formed from (1,1,0) to (1,1,1) when the collaborative benefits of participation in emer-
gency collaboration increase. However, retailer and supplier participation in emer-
gency collaboration can be spontaneous under certain conditions. These conditions
include a significant reduction in government crisis losses, a reduction in the risk faced
by supply chain enterprises participating in emergency collaboration, and a balanced
distribution of emergency collaborative benefits. Under these conditions, the system’s
strategic combination will be transformed from (1,1,1) to (0,1,1).

On this basis, this study puts forward sustainable emergency supply chain collabora-
tion modes and several suggestions for different periods in the epidemic crisis. Namely,
since the supplier cannot participate in emergency collaboration, the government should
formulate emergency plans to bring the supplier into supervision in the recognition period
of the crisis. In the containment period of the crisis, the government should provide appro-
priate emergency subsidies, increase penalties and improve the efficiency of emergency
supervision to encourage the supplier to participate in the emergency collaboration. In the
recovery period of the crisis, the focus should be on establishing mechanisms to distribute
collaborative benefits between supply chain enterprises. Therefore, this study helps to
advance the understanding of the collaborative process of the emergency supply chain in
China during different periods of the crisis, and the results of this study can be extended to
other countries to help China and even other countries overcome the crisis effectively. In
addition, although this study focuses on collaborative treatment plans and measures in the
event of an epidemic, for all other crises, in order to effectively deal with the impact of the
various crises that occur on the lives of the residents and maintain the normal functioning
of the state and society, the government should also plan ahead for emergency response
and take the necessary incentives and penalties to promote the participation of supply
chain enterprises in emergency collaboration.

This study also has some limitations, which deserve further research. Firstly, this study
does not consider whether the government provides tax relief to supply chain enterprises
participating in the emergency collaboration. Future research could consider the role of tax
incentives in emergency collaboration in constructing the model. Secondly, opportunity
costs may affect supply chain enterprises” willingness to participate in emergency collabo-
ration. This study does not consider the existence of opportunity costs, and future research
can consider whether changes in opportunity costs may impact supply chain enterprises’
choice of collaboration during different periods of an epidemic crisis. Finally, due to the
large number of subjects affecting emergency collaboration in the supply chain, this paper
only studies the game relationship among the government, the retailer, and the supplier. It
does not examine the impact of changing consumer demand on emergency collaboration
in the course of a changing epidemic crisis. Future research can include consumers as one
side of the game to further enrich the research subjects.
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