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Abstract: This study aims to explore allocation strategies for idle emergency supplies in a “demander—
platform-supplier” supply chain system along with government regulation during the post-disaster
recovery period. Allocation of emergency supplies is a complex task that encompasses resource
allocation before and after disasters. It is essential to reduce losses in disaster-stricken areas and
support development during post-disaster recovery. However, there is often an excessive supply
of emergency materials and a mismatch between supply and demand sides in downstream supply
chains, which may lead to severe waste and difficulties in recovering surplus materials. This paper
takes idle emergency resource sharing level and corporate social responsibility goodwill as endoge-
nous variables. The allocation approaches are dynamically evaluated by incorporating random
elements that influence the endogenous variables. Three stochastic differential games are introduced
to examine the interactions between the players. The centralized decision-making satisfies the consis-
tency of overall and individual rationalities at any time in the emergency material allocation process,
promoting the optimal sharing levels of emergency materials and overall profits. The decentralized
decision-making with cost-sharing contracts achieves local optima and increases the dual marginal
effect of the emergency industry chain. This paper incorporates the sharing economy into emergency
management, showing how technology-driven sharing platforms can optimize resource utilization.
The results suggest introducing cost-sharing contracts between demanders and suppliers can enhance
collaboration and effort, leading to better resource allocation and increased efficiency. It contributes
to sustainability by promoting efficient resource utilization through idle emergency resource sharing.
By optimizing allocation strategies and enhancing corporate social responsibility, the study fosters
the long-term viability and resilience of the supply chain system in post-disaster management.

Keywords: stochastic differential game; random disturbance; supply chain; disaster response

1. Introduction

Natural disasters, driven by environmental issues and climate change, pose significant
threats to human life and economic progress due to their frequency, complexity, and
unpredictability [1]. Statistics show that extreme weather events like hurricanes, hail, and
floods account for 83% of natural disasters, causing over 410,000 deaths and affecting
1.7 billion people globally since the 20th century. In total, 92% of the fatalities occurred
in low- and middle-income countries, particularly in the Asia Pacific and Africa. For
instance, the 2004 Indian Ocean tsunami, triggered by a massive earthquake, devastated
Indonesia and surrounding regions, killing hundreds of thousands. Similarly, the 2008
Wenchuan Earthquake in China caused widespread destruction and loss of life. This
highlights the critical need for effective disaster reduction and emergency management
by governments [2].

After a disaster, emergency departments at all levels work and coordinate with each
other. As the situation improves, the focus should gradually shift from providing dis-
aster relief supplies to the recovery and management of idle emergency resources. Due
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to the unpredictability of emergency events and the high fluctuations in demand for
supplies during the early stages of a natural disaster, emergency reserves often struggle
to meet peak demand. Additionally, there is a risk of supply and demand mismatches
in the downstream emergency supply chain. Shortages of urgently needed items and
overstock of non-emergency supplies take up valuable storage space and add manage-
ment burdens. Perishable items with short shelf lives, like medications and food, may
expire due to overstocking or improper use, leading to significant waste. Additionally,
non-essential supplies can occupy storage space and hinder the availability of critical
materials. At the same time, specialized emergency equipment, such as rescue boats and
high-altitude rescue gear, often remains idle during non-emergency periods, resulting
in low resource utilization [3]. These issues highlight the need for improved demand
forecasting and dynamic allocation mechanisms within the emergency supply chain to en-
hance supply—demand matching, minimize resource waste, and avoid delays in emergency
response efforts.

The sharing economy is an economic model based on sharing, collaboration, and
renting. It aims to connect people who own resources with those who need them through
technology such as the Internet and mobile apps [4]. The sharing economy offers a promis-
ing approach to addressing the challenges of supply-demand mismatches in post-disaster
emergency supply management. By leveraging shared resources and collaborative net-
works, emergency supply chains can be more flexible and responsive, allowing for quicker
and more efficient distribution of critical materials to affected areas. This model encour-
ages collaboration between idle resource suppliers, a resource-sharing platform, and idle
resource demanders, using technology to enhance coordination and optimize resource allo-
cation. In the aftermath of disasters, such an approach can significantly reduce operational
costs, minimize waste, and ensure that essential supplies reach those in need promptly,
thereby enhancing the overall effectiveness of disaster response and recovery efforts.

Inspired by the sharing economy and previous research, this study explores allocation
strategies for idle emergency supplies in a “demander-platform—supplier” supply chain
under government regulation. Using three stochastic differential game models, it integrates
resource-sharing levels with corporate social responsibility goodwill. Our main aim is
to identify critical factors and determine optimal strategies that influence the sustainable
development of the supply chain.

The dynamic allocation problem can be solved using control theory, which was pro-
posed in the book “Game-Theoretical Control Problems” [5]. This book builds on the
pioneering research of Krasovskii and Subbotin, who made significant contributions to
differential games and control theory. Their work, along with foundational studies by
Isaacs, Pontryagin, and other scholars from the Russian/Soviet schools, shaped modern
approaches to optimal control in uncertain environments. The book also integrates key
results from Nash’s non-cooperative game theory, offering a synthesis of dynamic control
principles and strategic decision-making. It provides formal definitions, equilibrium condi-
tions, and optimal strategies, accompanied by discussions of computational methods. This
comprehensive framework serves as a resource for mathematicians, engineers, economists,
and others applying control and game-theoretical approaches in practical settings.

The following work is arranged as follows: Section 2 offers a review of the relevant lit-
erature. Section 3 addresses the problem and provides some useful preliminaries. Section 4
explores the cooperative game model, where players collaborate to achieve a mutually ben-
eficial allocation of resources. Section 5 analyzes the Nash equilibrium model, focusing on
how decentralized decision-making among demanders, suppliers, and platforms impacts
resource sharing. Section 6 examines the Stackelberg game model, in which a leader, such
as the government, makes decisions that influence the actions of other players. Section 7
provides a comparative analysis and offers numerical simulations. Section 8 provides
several practical implications. Section 9 contains a summary.
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2. Review of the Relevant Research

This section reviews the body of work in related fields in three aspects. The review
encompasses three major areas: resource sharing in supply chains, differential game models,
and allocation of emergency supplies.

2.1. Resource Sharing in Supply Chains

The research on supply chain resource sharing mainly focuses on the sharing of logis-
tics resources, manufacturing resources, warehousing resources, and others. Lozano, using
cooperative game theory, studied the problem of cost allocation when different companies
consolidate transportation demands, i.e., when they share transportation resources [6].
Based on the diversity of shared resources in the Internet of Things (IoT) environment,
Zhao developed a model of two manufacturers’ bidirectional transfer of manufacturing
resources considering random demand and aiming to maximize corporate profits and de-
rived the optimal strategy for resource transfer [7]. Zhao examined the impact of whether
companies participating in resource sharing within the supply chain use RFID technology
to achieve comprehensive real-time sharing of demand information on the manufacturers’
capacity-sharing strategies [8]. Qi constructed an evolutionary game model for shared
manufacturing resources considering the behavior of two manufacturers and found the
equilibrium point in the game population under uniform and non-uniform mixing condi-
tions [9]. He built different value calculation models by analyzing the demand for shared
warehousing under different warehousing methods, proving that warehousing sharing
helps reduce warehousing management expenses and lower logistics costs [10]. The pre-
ceding studies generally treat the sharing platform and the resource demand or supply side
as a whole, only studying a two-level supply chain without directly involving a separate
sharing platform, which weakens the matching costs generated by the platform in resource
collection and allocation. Pan used differential games to study the problem of manufactur-
ing capacity sharing in a two-level supply chain composed of a single resource supplier and
a single cloud platform [11]. Pan considered the sharing platform and resource-demanding
enterprises together, making unified decisions, which simplified the problem model to
some extent and led to some important conclusions. However, in real production and life,
the sharing platform plays an important role in resource sharing, and its decisions are inde-
pendent of resource suppliers and resource-demanding enterprises. Each participant must
bear the corresponding matching costs, so considering the optimal allocation decisions of
resource suppliers, resource demanders, and the sharing platform separately has practical
significance. Mahtab constructed a multi-objective robust-stochastic humanitarian logistics
model that incorporates vehicle flow and multi-period planning within a robust-stochastic
optimization framework [12]. Moosavi presented a comprehensive set of bibliometric,
network, and thematic analyses, offering managerial insights to promote resilient and
sustainable supply chains during pandemics [13].

2.2. Differential Game Models

Game theory is a mathematical framework that analyzes dynamic interactions and
decision-making processes between multiple agents or players, each with objectives, con-
straints, and control strategies. It finds applications in a wide range of dynamic decision-
making problems, such as resource allocation [14], carbon emission [15,16], advertising
cooperation [17], product recycling [18], and water pollution policy coordination [19,20].
The application of differential games in emergency management has gradually grown in re-
cent years. Examples include the cooperative transportation of disaster relief supplies [21],
the management synergy of regional coal mine emergencies [22], the post-disaster donation
of businesses [23], and the optimization of false information classification systems [24].
Specifically, Chen built a system of Chinese relief reserves and used the bargaining model
to analyze such a system [25]. It found that the emergency supplies reserve strategy in
the form of ex-ante government and enterprise co-reserve is superior to the strategy in the
form of ex-post emergency procurement and emergency production with fund limitation
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and high social costs. Zhang investigated an emergency supplies joint reserve mode and
explored the specific conditions and influencing factors of realizing government—enterprise
cooperation by establishing a tripartite evolutionary game model of the government, enter-
prise, and society [26]. As regards the transport and allocation of emergency supplies, Qiu
proved that the intense supervision of higher-level administration of emergency (HAE)
has a critical impact on the realization of cross-regional coordinated dispatch of emergency
supplies. Additionally, the financial rewards and punishments imposed by HAE on other
entities can accelerate or delay the achievement of the equilibrium strategy [27]. Moreover,
Li considered a three-party evolutionary game model involving the government, poten-
tial catastrophe insurance participants, and insurance companies [28]. Du explored the
government’s mobilization strategy with the help of government-owned and grassroots
non-profit organizations [29].

2.3. Allocation of Emergency Supplies

Regarding the research on the allocation of emergency supplies before disasters occur,
Dodo established a linear programming model targeting earthquake mitigation activities
to solve the problem of disaster prevention funding allocation before earthquakes [30].
Generally, after large-scale emergencies, issues such as severe damage to infrastructure,
temporary transportation interruptions, and insufficient emergency transport capacity
arise, increasing the difficulty of post-disaster rescue efforts [31]. Zhang developed a
two-stage stochastic programming model for emergency resource allocation to address the
uncertainty of demand after disasters, using compensation variables to establish a linear
relationship with uncertain demand variables, making the results more realistic [32]. Zhao
analyzed traffic congestion caused by highway emergencies and proposed an emergency
resource scheduling model for highways, considering the delay caused by using emer-
gency lanes [33]. Li studied the issue of securing repair resources for power distribution
networks after earthquakes and established an optimization model for post-earthquake
recovery considering geographical features to help restore the power distribution network
quickly [34]. In terms of building a collaborative response mechanism for emergencies,
Liu analyzed the government’s reputation mechanism in addressing group incidents re-
lated to environmental pollution and explained the diffusion effect of PX incidents that
erupted across the country under local government stability maintenance strategies [35].
PX events refer to paraxylene (PX)-related environmental pollution incidents, where local
communities protest the construction or expansion of PX chemical plants due to concerns
over health and environmental safety. Whether before or after disasters, these studies
on emergency resource allocation mostly aim to solve issues such as emergency resource
location path, optimal scheduling of resources, and collaborative response mechanisms to
meet the demand for emergency resources as much as possible. However, such allocation
models do not fully align with actual emergency rescue situations. The main reason is that
during post-disaster emergency supply allocation, there exists an asymmetry in supply and
demand information, and post-disaster allocation rarely considers recyclable emergency
supplies, often leading to inefficient and costly initial allocations. In practice, Guo proposed
corresponding recycling and emergency supply strategies to address the high expiry loss
and stockout loss of perishable emergency supplies. Post-disaster recyclable or surplus
emergency supplies still hold a certain value [36]. They can be shared with other enterprises
in urgent need. Therefore, the allocation decision of recyclable emergency supplies after
disasters presents a significant challenge and opportunity.

On the practical level of emergency supply sharing, Qiu analyzed the structure and
elements of existing metadata standards in the emergency field concerning information
sharing and interoperability and proposed a general metadata standard and extension
mechanism for the emergency field [37]. Kapucu believes that the use of information
technology can impact the sharing of information and resources, enhancing the collabo-
ration and effectiveness of communities in responding to disasters. Furthermore, some
scholars have integrated information sharing with cloud platforms [38]. Kochan found
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that cloud-based information sharing could improve the responsiveness of the medical
supply chain [39]. Due to the loss of information after disasters leading to failed emergency
decision-making and adjustment difficulties, Xue designed a post-disaster emergency sup-
ply allocation method based on a real-time information sharing platform, significantly
improving the feasibility and timeliness of supply distribution and transportation deci-
sions [40]. It can be observed that little work has been accomplished regarding overall
emergency supply sharing allocation, especially in platform practice, because the emer-
gency industry is unique. The sharing and co-construction of emergency supplies involve
different departmental interests, making actual implementation challenging. The research
preceding provides a solid foundation for studying emergency supply allocation and the
shared economy. However, in practical production and operations, the cross-network
externalities of the platform are often overlooked. This includes the mutual influence of
decision-making by both supply and demand sides, the long-term dynamics and complexity
of enterprise operations, and the fact that the cooperative relationships among participants
can often better stimulate consumption demand. A common research method for coordi-
nating the supply chain and achieving efficient resource allocation is the introduction of
cost-sharing mechanisms.

The preceding research provides a solid foundation for studying emergency material
allocation. There are still some questions that need to be sorted out. First, whether
before or after a disaster, most of the research on emergency resource allocation aims to
address issues such as the location-routing of emergency resources, the optimal quantity
of resources to be dispatched, and coordinated response mechanisms to maximize the
satisfaction of emergency resource needs. However, such allocation models do not fully
align with the actual conditions of emergency rescue operations. The main shortage is
the information asymmetry between supply and demand in the post-disaster emergency
material allocation process. Such allocation strategies often lead to inefficiencies and high
costs. In reality, post-disaster recyclable or surplus emergency materials still hold certain
utility. Therefore, the allocation decision of post-disaster recyclable emergency materials
presents both a significant challenge and an opportunity. Second, in the actual production
and operation process, they overlook the cross-network externalities, such as the mutual
influence of supply-demand decisions and the long-term dynamics and complexity of
enterprise operations. It can be observed that existing research on cost-sharing mainly
focuses on incentive strategies for supply chain members, with few studies applying
cost-sharing mechanisms to resource sharing research [41].

To deal with the information asymmetry and recycle surplus emergency materials,
this research introduces a resource sharing platform to achieve the allocation of idle emer-
gency resources during the recovery phase. As for the cross-network externalities, we
introduce cost-sharing mechanisms to coordinate the supply chain and achieve efficient
resource allocation. More importantly, the cooperation among participants often stimulates
consumer demand more effectively. This study aims to establish stochastic models to
explore allocation strategies for idle emergency supplies in post-disaster management that
incorporate corporate social responsibility goodwill and idle emergency resource sharing
level. Our main aim is to identify critical factors and determine optimal strategies that
influence the sustainable development of the supply chain.

Based on the previously discussed works, the following research gaps can be found:

e  The sharing economy offers a promising approach to addressing the challenges of
supply-demand mismatches in post-disaster emergency supply management. At the
same time, such a concept is rarely considered in related research. By introducing a
resource sharing platform, this research studies allocation strategies for idle emergency
supplies in the post-disaster recovery period [42,43].

e  The previous works focus on emergency management from the perspectives of super-
vision, cost, demand, response time, etc., but overlook the impact of uncertain factors.
Players’ optimal strategies and decision-making processes can be greatly impacted
by random factors, which accords with the uncertainty of emergency events [44,45].
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This research employs stochastic differential game theory to model the optimiza-
tion of emergency material allocation decisions. It examines the long-term effects of
emergency material sharing and matching strategies [46,47].

e  Existing research on cost-sharing mainly focuses on incentive strategies for supply
chain members [41], with few research works applying cost-sharing mechanisms in
the study of resource sharing. This research incorporates a cost-sharing mechanism to
improve the efficiency of emergency material allocation, identifies the prerequisites for
its existence, and explores its impact on improving the efficiency of supply—demand
allocation in downstream emergency supply chain systems [48,49].

3. Problem Description and Model Assumptions

Section 3 explains the stochastic differential game models employed in this study.
Section 3.1 describes the studied problem and the mechanism between each player. Section 3.2
provides several model assumptions. Section 3.3 offers some useful preliminaries.

3.1. Problem Description

The ability to provide emergency supplies is one of the fundamental guarantees
for emergency management. Due to the unpredictability of emergencies and the large
fluctuations in demand during the early stages of a natural disaster, emergency supply
reserves often fall short of peak demand. Additionally, there is a risk of supply—demand
mismatches in the downstream emergency supply chain. To better address the above
problems, this research introduces random factors and stochastic differential equations
(SDEs) to explore allocation strategies for emergency supplies from a dynamic perspective:

e The SDE incorporates random factors, such as unexpected surges in demand or
delays in supply, which are common in post-disaster scenarios. For example, sudden
needs for specific resources may arise due to evolving conditions, while supplies may
degrade or become misallocated.

e  The equation accounts for the unpredictable nature of emergencies, where resource
availability and demand are not constant but vary based on factors like the level of
damage, logistics challenges, or weather conditions.

e The model uses an SDE to allow for continuous adjustments in resource-sharing
strategies. As more information becomes available or conditions change (e.g., new
damage reports or the arrival of supplies), stakeholders can update their decisions in
real time to optimize resource allocation.

This research considers a three-tier supply chain system consisting of a resource shar-
ing platform (denoted as P), an emergency supply supplier (denoted as S), and an emer-
gency supply demander (denoted as D) along with government (denoted as A), see Figure 1.
The supplier and the demander are manufacturing enterprises of the same type that pro-
duce homogeneous emergency products. They use this platform to achieve supply and
demand allocation of idle emergency resources. There also exists a government that regu-
lates the platform. The key to achieving emergency resource sharing is how the supplier
and demander form resource sharing and matching decisions and choose appropriate
cooperation modes. In this process, shared resources include both the transmission of
intangible information and the exchange of tangible resources. The supplier sends the
intangible information to the platform first, and the platform searches and matches it based
on the user’s need and dynamically provides the information to the demander. Then, the
demander purchases the corresponding resources from the supplier.

This research uses the “matching effort” D(t), P(t), S(t) to represent the degree of
effort that each party paid to achieve supply—demand matching in the supply chain and
the “regulation effort” A(t) to represent the degree of effort that the government paid to
regulate the platform, which are positive decision variables. The matching efforts include
purchasing intelligent perception devices and information uploading and maintenance for
the supply side; production planning, multi-party coordination, and information collection
and uploading for the demand side; data collection, searching and matching information,



Sustainability 2024, 16, 10003

7 of 45

maintenance and operation for the platform. The regulation efforts include protecting data
privacy and security, maintaining fair competition, and protecting consumer rights. In
addition, the demander pays a commission fee c to the platform and a resource usage fee w
to the supplier per unit of the resources. The platform bears a portion of the demander’s
matching costs to facilitate the achievement of transactions. The government also provides
subsidies to the platform to keep an active market. The subsidies from the platform and
the government are denoted as {; and &y, respectively.

- Demander, D P
2 |
Pa Dy ¥ 4 3 |
CUE f b o |
- . | |5 |
s [iE | 5d |
et ¥ 1 |
|
Market ‘,» Platform, P [ ey Government, A
g | Ep
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- Resource flow
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Figure 1. The network flow between different supply chain partnerships.

First of all, we list all of the variables and parameters that are used in the following
Tables 1 and 2.

Table 1. List of variables.

Variable Description

D(t) The matching effort of the demander

P(t) The matching effort of the platform

S(t) The matching effort of the supplier

A(t) The regulation effort of the government
G(t) The CSR goodwill

x(t) The idle emergency resource sharing level

Table 2. List of parameters.

Parameter Description

U The natural decay rate of emergency supplies
o The natural decay rate of CSR goodwill

0 The diffusion coefficient in (1)

1) The diffusion coefficient in (2)

r The discount rate

M The marginal impact coefficient of D in (1)
A The marginal impact coefficient of P in (1)
A3 The marginal impact coefficient of S in (1)
Ay The marginal impact coefficient of A in (1)
7 The marginal impact coefficient of D in (2)
72 The marginal impact coefficient of P in (2)
73 The marginal impact coefficient of S in (2)
€ The marginal impact coefficient of x in (2)
Cp The cost of the demander

Cp The cost of the platform

Cs The cost of the supplier

Ca The cost of the government
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Table 2. Cont.

Parameter Description

ug The cost coefficient of the demander

Up The cost coefficient of the platform

Us The cost coefficient of the supplier

g The cost coefficient of the government

Ds The demand function of the supplier

Dy The demand function of the demander

a The potential size of the market

Ps The marginal revenue of the supplier

Pd The marginal revenue of the demander

4 The substitute coefficient

51 The marginal impact coefficient of external overflow
effect of x in (3)

52 The marginal impact coefficient of external overflow
effect of x in (4)

41 The marginal impact coefficient of external overflow
effect of G in (3)

a2 The marginal impact coefficient of external overflow
effect of G in (4)

c The commission fee from the demander to the platform

w The resource usage fee from the demander to the supplier

Cd The subsidy from the platform to the demander

Cp The subsidy from the government to the platform

Ty The marginal profit coefficients of the supplier

TTp The marginal profit coefficients of the platform

TTs The marginal profit coefficients of the demander

g The marginal profit coefficients of the government

3.2. Model Assumption

@
@

®)

dG(t) = (mD +

Players are assumed to act rationally, meaning they aim to maximize their benefits
with full knowledge of the game [50].

The amount of emergency supplies is dynamic progress that can be improved by the
matching and regulation efforts of the players. According to the goodwill model [51-53],
we assume the idle emergency resource sharing level(x) satisfies

dx(t) = (MD + A2P + A3S + A4 A — px)dt + py/ x(£)dz(t), x(0) = xo > 0, (1)

where D(t), P(t), S(t) represent the matching efforts that each party paid to achieve
supply—demand matching in the supply chain and A(t) represents the regulation
effort that the government paid to regulate the platform. A1, A, A3, A4 are the marginal
impact coefficients of the efforts. u denotes the natural decay rate, reflecting the timeli-
ness of shared emergency supplies. dz(f) is the Brownian motion. p represents the
diffusion coefficient, quantifying the intensity of random disturbances or uncertainties
in the system.

The term “CSR goodwill” indicates the social trust and positive reputation that a business
cultivates as a result of its Corporate Social Responsibility activities. According to [54],
CSR goodwill is a dynamic progress and is determined by diverse components, such
as the matching efforts of the demander, platform, supplier, and random factors.
Additionally, it is also affected by the idle emergency resource sharing level. Therefore,
we assume the CSR goodwill (G) satisfies

Y2P 4+ v3S +ex —oG)dt + 54/ G(t)dz(t), x(0) = xo > 0,G(0) = Gy > 0, ()

where D(t), P(t), S(t) represent the matching efforts that each party paid to achieve
supply-demand matching in the supply chain and A(t) represents the regulation effort
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that the government paid to regulate the platform. 71, ¥2, 73 are the marginal impact
coefficients of the efforts. o denotes the natural decay rate, dz(t) is the Brownian
motion. J is the diffusion coefficient. € denotes the marginal impact coefficient of
the idle emergency resource sharing level. To be specific, when companies share idle
emergency resources to support communities during a crisis, they are perceived as
responsible and community-oriented. Such actions boost the public’s view of the
company’s commitment to social responsibility, thereby increasing CSR goodwill.
X captures this “spillover effect” of resource sharing on CSR goodwill, indicating
that active resource-sharing behavior positively impacts the company’s reputation
and trustworthiness.

(4) The costs of regulation and matching efforts of participants are positively related to
their efforts and follow a convex function [55,56]. Thus, the costs of the efforts are

Cp = %udDz, Cp = %uPPZ, Cg = %ussz, Cp= %ugAz,
where uy, up, us, ug denote the cost coefficients.

(5) Resource sharing and corporate social responsibility can generate a positive exter-
nal overflow of the provider and demander in the supply chain system, increasing
market demand [57]. Considering the existence of competitive relationships among
similar enterprises [58], the demand functions for the supplier and the demander in a
competitive market can be written as

DS = a7p5+9(pd*ps) +7]51X+7]52Gr (3)
Dj=a—pg+0(ps — pa) + 1 x + 122G (4)

where g is the market’s potential size, ps, p; are the supplier’s and the demander’s
marginal revenues. 6 is the substitute coefficient. The larger the 6, the greater the
impact of price on the demand. ;1,741 are the marginal impact coefficients of external
overflow effects of the idle emergency resource sharing level. When the amount of
shared resources increases, the supplier and the demander can meet more needs, such
that the market trusts them more. Hence, the market demand is proportional to the
idle emergency resource sharing level. The larger 741, 174 are, the greater the impact of
the idle emergency resource sharing level on demand. 7, 775> represent the marginal
impact coefficients of external overflow effects of the CSR goodwill that similarly
affect the market demand.

Hence, the objective functions are

) 2
]SZ/O e_rt{pst‘i‘wX‘FTst— 1/!528 }dt

; d)((t) = [)LlD + AP+ A3S5 + A4A — y;d dt + p\/)?dzl (t), X(O) = Xxo0 >0,
S.l.
dG(t) = [11D + 12P + 73S + ex — 0G]dt + 6v/Gdza(t), G(0) = Gy > 0;

The objective |s represents the present value of the expected benefits for the supplier s
from their efforts in contributing resources to the system, taking into account CSR-related
goodwill and resource-sharing. e~"* represents the discounting over time, where r is the
discount rate, reflecting that future benefits or costs are valued less than present ones. psD;
captures the direct benefit that the supplier s gains from their demand-driven efforts D;.
The coefficient p; represents the price or benefit per unit of demand effort. wy reflects
the positive impact of idle emergency resource sharing on CSR goodwill. ) represents
the level of shared resources, and w is a coefficient showing how much resource sharing
contributes to goodwill. 713G This term captures the impact of CSR goodwill G on the
supplier’s benefits, with 715 being the sensitivity of the supplier’s payoff to goodwill levels.
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2
f% is a cost term, representing the effort cost associated with S, the supplier’s level of

resource sharing. The parameter us indicates the intensity of this cost.

_ [ _ _”dD2
Ji= ; e paDg+ 714G — (w +¢)x 7 dt

; dX(t) = [)LlD + AP+ A3S + A4A — y;d dt + p\/)?dzl (t), X(O) = Xxo0 >0,
S.l.
dG(t) = [11D + 12P + 73S + ex — 0G]dt + 6v/Gdza(t), G(0) = Gy > 0;

The objective J; represents the present value of expected benefits for the demander, which
could be an organization or community benefiting from resource sharing. This objective
includes gains from CSR goodwill and resource availability. e~ discounts future benefits,
acknowledging that immediate benefits are valued more highly than future ones. p;x
captures the benefit derived from the level of resource sharing x for the demander. Here,
p4 represents the importance or utility that the demander places on each unit of shared
resources. 77;G reflects the positive impact of CSR goodwill G on the demander’s benefits,
where 715 is a coefficient indicating how much the demander’s utility is influenced by the

company’s CSR reputation. — ”"TDZ represents the cost of the demander’s own effort D to
access or engage in resource-sharing activities. The parameter u,; indicates the intensity of
this cost, which grows with the square of the effort, meaning that higher effort levels come
with higher incremental costs.

oo 2
—rt _ uPP
Jp = /0 e {cx—l—an 5 }dt

; d}((t) = [)LlD 4+ AP 4+ A3S + A4A — ;M)d dt + p\/)fdzl (t), X(O) = X0 >0,
S.1.
dG(t) = [11D + 12P + 73S + ex — 0G]dt + 6v/Gdza (1), G(0) = Go > 0;

The objective ], represents the present value of expected benefits for the platform. As an
intermediary facilitating resource sharing, the platform benefits from both CSR goodwill
and the efficiency of resource distribution. e~"* is the discount factor, which assingns greater
weight to current benefits and costs relative to future ones. p,x denotes the benefit to the
platform from the level of resource sharing x. The coefficient p, indicates the platform’s
valuation of shared resources and their distribution impact. p,G captures the benefit to
the platform from CSR goodwill G. A higher goodwill level improves the platform’s
reputation or appeal, with 77, representing how strongly the platform’s utility is tied to

2
CSR perception. — @ reflects the cost associated with the platform’s effort P to facilitate
resource sharing. The cost increases quadratically with P, meaning that increased effort in
managing resources or coordinating efforts becomes increasingly costly for the platform.

. 2
_ R— o ugA
]g—/o e {ngx > }dt
, dx(t) = [AMD 4+ AP + A3S 4+ A4 A — x| dt + py/xdzi (1), x(0) = xo0 >0,
S.T.
dG(t) = [11D + 12P + 73S + ex — 0G]dt + 6V Gdzy(t), G(0) = Gy > 0;

The objective J, reflects the present value of expected benefits for the government from
encouraging resource-sharing levels and CSR activities, factoring in the influence on public
welfare and CSR goodwill. e"* discounts future benefits and costs. 77y represents the
government’s benefit from resource-sharing activities x. The coefficient 77, reflects the
government’s valuation of public welfare improvements that result from resource sharing.

ug A2 . . . .
——&— represents the cost of the government’s actions in encouraging resource-sharing
initiatives. Here, A denotes the government’s intervention effort level and u, represents
the cost intensity of this intervention.
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To solve the Hamilton-Jacobi-Bellman (HJB) equation, the general approach involves
using dynamic programming [5]. First, the problem is formulated as a continuous-time
optimal control problem, where the HJB equation represents the necessary condition for
optimality. Based on the current state and control variables, the solution process begins
by expressing the value function—the maximum utility or payoff a decision-maker can
achieve. The next step involves solving the partial differential equation (PDE), where the
value function satisfies the HJB equation. Analytical solutions can sometimes be obtained
for simple cases. Still, numerical methods like finite difference schemes, value iteration,
or policy iteration are often used to approximate the solution. Once the value function is
found, the optimal control policy is derived by maximizing the Hamiltonian with respect
to the control variables, ensuring that the policy satisfies the optimality condition.

3.3. Preliminary

In this section, this research offers some useful preliminaries. First, we recall the
Kolmogorov’s extension theory to define Brownian motion. Then, we introduce the It6
process and the It6 formula, which are utilized in the following deductions.

Lemma 1 (Kolmogorov’s extension theory [59]). Forall ty,..., ty € T,k € N, let vy, . 1, be
probability measures on R™ subject to

(Fl X+ X Fk) = Uty b (Fafl(l) X oo X Fgfl(k)) (5)
for all permutations con 1,2, ...,k and
Utlz---/tk (Fl X - X Fk) = Utlr"'rtkrtk+l/“'/tk+m(Fl X e X Fk X Rn X -+ X Rn> (6)

forall m € N, where the set on the right hand side has a total of k + m factors. Therefore, there
exists a probability space (), F,P) and a stochastic process X; on ), X; : Q) — R" subject to

Utl,...,tk(Fl X oo X Fk) = P[th ch,- - ,th € Fk}
forall t; € T,k € N and all Borel sets F;.

Fix x € R" and define

2
p(t,x,y) = (2mt) /2 exp(—%) fory € R",t > 0.

If0<t; <tp <--- < t, define measure vy, 1, on Rk by

Oty (FL X - X F)

7
= p(ty, x,x1)p(ta — t1, x1,%2) -+ p(tk — tg—1, X—1, Xp)dy * - - Ay, @
F1><---><Fk

where notation dy = dy; ---dyy is used for Lebesgue measure and the convention
p(0,x,y)dy = dx(y), the unit point mass at x. The above definition can be extended
to all finite sequences of t;’s in terms of (5). Since fR" p(t,x,y)dy = 1forall t > 0, (6) holds.
Then, by Kolmogorov’s extension theorem, there exists a probability space ({2, 7, P) and a
stochastic process Bt;>( on () such that the finite-dimensional distributions of B; are given
by (7), i.e.,

P*(By, € Fy,-++, By, € Fy)

= p(ti, x,x1)p(ta — t1,x1,x2) - - p(tk — b1, Xp—1, Xpc )y -+ - -
Fyx--xF
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Definition 1 (Brownian motion). Such a process is a version of Brownian motion starting at x.
Definition 2 (One-dimensional It6 process). Let B be 1-dimensional Brownian motion on

(Q, F,P). A 1-dimensional Itd process or stochastic integral is a stochastic process Xy on (Q), F, P)
of the form

t t
Xy = X0+/ u(s,w)ds+/ v(s,w)dBs, 8)
0 0
where v € Wy, such that
t
P[/ (s, w)?ds < oo forall t > O} =1
Jo
and u is H-adapted satisfying
t
P[/ |u(s, w)|ds < oo forall t > 0] =1
0
Remark 1. If X; is an It6 process of (8), it can be written as
dXt = udt + vdBy.
Lemma 2 (One-dimensional 1t6 formula [59]). Let X; be an It6 process given by

dX; = udt + vdB;.

Let g(t,x) € C?([0,00) x R)(g is twice continuously differentiable on [0, ) x R). Then

Yi = g(t, Xi)
is also an It6 process, and
_ 9% Ig 19% 2
ay; = E(t' Xy)dt + a(t, Xp)dX: + 5@0’ Xy) - (dXp)~.

4. Centralized Decision-Making

In the context of collaborative decision-making, the enterprises are aware of the impact
of sharing surplus resources on the profits. The government realizes the importance of
maintaining a high emergency resource sharing level. Under this sense, the demander, the
platform, the supplier, and the government form a community of interest, actively engaging
in collaborative cooperation. Both parties jointly decide their efforts to maximize the
benefits of the system. The such model is referred to as “c” for convenience. Consequently,
the optimal control equation has the following form:

max J°(D,P,S,A)

D,pP,S A

[o0]
:/0 ert{PdDd+Pst+(7Td+7fp+7Ts)G+7TgX_

ugD? + upP? + usS? + ug A }dt
2

subject to
dx(t) = [MD 4+ AP + A3S 4+ Ay A — ux]dt + py/xdz(t), x(0) = xo0 >0,

9
dG(t) = [11D + 72P + 135 + ex — 0Gldt + 6vVCdz(t), G(0) =Gy >0, O

where p, ¢ are the diffusion coefficients. p,/xdz(t) dictates the amplitude of random
fluctuations driven by Brownian motion dz(t), a common model used to describe random
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DC

PC

se =

AC

V(G x) = max {pdDd + psDs + (714 + 71p + 75) G + Tgx —

processes. The larger the p, the greater the impact of randomness on the system, meaning
the volatility of the idle emergency resource sharing level, x(t), increases. This can model
the effect of unpredictable events, such as natural disasters or policy shifts, on resource
allocation. Similarly, a higher value of § means that process G(t) experiences greater
volatility due to random disturbance, while a lower value of § implies less sensitivity to
random disturbances.

The above objective function contain four parts. The first part is the revenue of selling
emergency products without the help of the resource sharing platform along with the
revenue comes from the external overflow effects from the emergency resource sharing and
corporate social responsibility. The second part is the profit of obtaining CSR goodwill for
the supplier, the platform, the demander, and the profit of keeping an active emergency
resource sharing market for the government. The third part is the cost of matching and
regulation efforts.

Theorem 3. (1) The optimal efforts are

(r1(r+p) +err) (g + 71p + 75 + patian + pstis2) + A (r + ) (7tg + patiar + pstis1)
ug(r+o)(r+mu)

7

(v2(r 4 p) + €M) (1q + 7y + 705 + panaz + psts2) + Ao (r 4 ) (7Tg + patiar + pstis1)
up(r+0)(r+p)

7

(10)

(y3(r + ) +eA3)(7tg + 7y + 75 + Patfaz + psts2) + As(r + ) (g + pattar + pstis1)
us(r +o)(r + p) ’

_ €M7 + T + 7 + Patlaz + Psifs2) + Aa(r +0) (70 + patiar + Psij1)
ug(r+0)(r+p)

(2) The optimal performance function of the system is
Tty =+ TTp + TTs + Patlan + Psts2 G
r+o

+€(7Td + Tty + 705 + pattan + pstis2) + (v + ) (7tg + pattar + pstist)
r+o

ve =

X + pole,

where pol. is a polynomial. (See Appendix A).

Proof. Denoting V¢ as the value function of the system, one has V¢ = Jmax, J¢. According

to the optimal control theory [60], it should observe the HJB equation

ugD? + upP? 4+ usS? + ug A2

2
Ve (G, oVe(G,
+(MD + AP + A35 + A4 A _HX)SXX) + (71D+72P+735+ex—aG)% (1)
2 32y/c 2 32y7¢ 2y/7¢
p~9°Ve(G,x) | 6°9°V(G,x) 9°VE(G, x)
2 o 7 acz TPVeVITgss -

Taking the first-order derivatives of the right-hand side of (11) with respectto D, P, S, A,
and setting them to zero, one has
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1 aVe(G, x) aVe(G, x)
c —
1 aVe(G, x) aVe(G, x)
pPf=—
4, [/\2 pye =g ],
12
g l[A VIGN) aVC(G,X)} (12
us 137 9y T
e = 1 9VE(G,x)
ug  ox
Assuming V¢ has the form
VG, x) = ac1G + acx +ac, (13)

r(ach +acox+ ‘163)

where a.1, a0, a.3 are constants, substituting (12) and (13) into (11), we obtain

= apg — pg +aps — pi + psO(pa — ps) + pad(ps — pa)
+(714 + 71y + s + pattan + psts2 — a10)G + (7Tg + patfar + pshis1 + a1€ — azp)x
+a1(71D + 2P + 73S) + a2(A1D 4+ AP 4+ A3S + A4A)

B ugD? + upP2 +usS% + ugA2
5 .

Comparing the coefficients on the left and right side of the above equation for G, x
and the constant term, we obtain

Ttq + np + 75 + Usyry) + TTsMs2

aCl = r+0, 7
A
acy = WM ((ta + 70y + 715 + patan + psti2) + (r +0) (7 + patian + ps7ga1) |,
ac3 = pole.
O

On the one hand, the optimal matching efforts increase with the marginal impact
coefficients of the CSR goodwill, which suggests as the size of emergency resource sharing
market increases, each player is more willing to participate in resource sharing activities.
The optimal regulation effort increases not only with the marginal impact coefficients of the
CSR goodwill but also with the marginal impact coefficient of the idle emergency resource
sharing level. It indicates that the government is willing to put more energy into regulating
the market if the resource sharing market increases and enterprises fulfill their corporate
social responsibilities. Furthermore, the optimal efforts amplify with their marginal impact
coefficients, which means the efforts made by each party in the process of emergency
supplies allocation increase with the units of the efforts. Moreover, the optimal efforts
demonstrate the same tendency to the overflow effect coefficients 7,1, 1141, 7152, #142- That is,
as the amount of shared resources and the level of CSR goodwill increase, the players win
more trust from the public and receive greater demand from the market. Therefore, they
are more willing to engage in resource sharing activities.

On the other hand, the optimal efforts D¢, P¢, 5¢, A® decrease with ¢. This indicates
that elements such as public awareness and policy change not only adversely affect CSR
goodwill but also diminish the readiness of suppliers, platforms, demanders, and the
government to engage in resource-sharing activities. Similarly, these efforts show a negative
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relation with p. Thus, the timeliness of emergency supplies inhibits the effectiveness of
resource sharing. In addition, the optimal matching efforts D, P¢, S decrease with the
matching cost coefficients u4, 1y, us, and the optimal regulation effort A® decreases with
the regulation cost coefficients ¢, which means reducing the matching and regulation cost
improves their enthusiasm to participate in resource sharing activities. Lastly, the optimal
performance value of the entire system positively relates to the idle emergency resource
sharing level and the CSR goodwill.
For the sensitivity analysis of the key parameters, the readers can refer to Table 3.

Table 3. Sensitivity analysis of key parameters.

Ps Pd Ns1 Hs2 a1 Ha2 W € § O Uz Up Us Ug
D¢ 00 = = N N N = = —
pe 00— — N N — N = —
s¢ 000 = — N N = — N\ —
A° 0 = = N N = = — N\
tlgn;o E[x‘(1)] 00 — = 0N N N N N\
tlgn;o E[G(1)] 00— — N N N N N\

/" represents positive influence, \, represents negative influence, — represents no influence

Proposition 1. (1) The expectation and variance of the emergency resource sharing level are

A§ A§
EE(8)] = e Mxo — “te M 4 2L,
I3 M

AC ACPZ
: c _ 1 c |
Jim E[x“(t)] = o Jim Var[x“(t)] 22

where A] = A D + A2 P¢ + A35° + A4 A
(2) The expectation and variance of the CSR goodwill are

(o e C

E[G ()] = e " (Go + x0) + Az#(1 —e 7,

52 _ _ AS + ex°)o? _ _
Var[GC(t)] — ;(GO +XO) (6 ot e 2¢7t) + ( 2 202)( ) <1 — 2 ot Te 2(71‘)’
A \ 2 252AC 252AC
lim E[GE(1)] = P22 B1 iy var[Ge(p)] = L2 TR
t—oc0 uo t—o0 dpso

where A5 = y1 D + 2 P° + 3S5°.

Proof. Substituting (10) into (9), the optimal emergency resource sharing level x¢(t) has
the form

dx“(t) = (A — ux(t))dt + py/ x(t)dz1(t),

x(0) =x0 >0,
Ai = A D+ AP+ A3S° + AL A

Assuming f(t, x) = et x, in terms of Lemma 2, f(t, x°(t)) turns to
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aFX W) = Alx O+ felt O ®) + LA ey
= ety (1)t + e ((—px (1) + A9t +py/x (B)dz (1) (14)
= Afettdt + pett\/xc(t)dz (t).

Integrating (14), one has

t t
x(t) = x(0) + [ Aferdut [ pe /e ()dz (u)

Ac t (15)
= xo+ LM 1) [ ot (wdz w),
Taking expectations on (15), one obtains
A§ A§
E[X“(5)] = e Mxo— —te M+ L. (16)
K H
For y > 0, one has
N Af
lim E[x“(#)] = o
Assuming Y (t) = e x°(t). Based on (14), one has
dY(t) = ASeMdt + pett\/ x°(t)dw(t) = Afet'dt +pe /Y (D)dzy (1)
According to Lemma 2, it has
dY2(t) = 2Y(£)dY (t) +dY(£)dY () = 2ASe! Y (t)dt + 2pe”% Y2(H)dw(t) + p2eY (t)dt. (17)
Integrating (17), one obtains
t o
Y2() = 3+ (246 +p2)/ oMY (1) du +2p/ e Y3 (u)dz; (), (18)
0 0
Taking mathematical expectations on (15) and (18), it becomes
AC
E[Y()] = 10+ SHe )
and
E[Y3()] = 2+ 2L e (XO - Ai) (e —1) + S ) (62”t - 1)
7 L 2p2
Since Y(t) = et x¢(t), one has
c c 2 c 2 o
c\2 — ,2ut, 2 T (2A1 +p ) _ ,2ut 2A1 +p _ ﬁ —ut _ —2ut
B[OV (0] = e 2o+ 5l (1 e )+ LR (g — 2L ) (e —e7). (19)

Thus, in terms of (16) and (19), one has

2 AC 02
c _ & —ut _ —2ut 1P _ n,—ut —2ut
Var[x(t)] i X0 (e e ) + 2T (1 20" 4e )
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and

ACPZ
: ¢ _ "1
tll)rgloVar[X )] = TR

O

Proposition 1 indicates that the expected idle emergency resource sharing level is more
substantial the more inputs it receives from the players. Both the limits of expectation
and the variance decrease with the natural decay rate, and the limit of variance escalates
with random disturbances. Compared with the idle emergency resource sharing level, the
expectation and the variance of the CSR goodwill not only interrelate with A5 but also bear
on Af. The corresponding limitations become greater as the efforts from A{ and A§ increase,
but decrease with the nature decay rates y, 0.

Remark 2. The expectation of the idle emergency resource sharing level has the property

OE[x(t)] Af
5 >0 for u< o
OE[x“(t)] Ay

5. Decentralized Decision-Making Without Cost-Sharing Contract

In the context of decentralized decision-making, the demander, platform, supplier,
and government operate individually. Both parties seek to optimize their benefits and
determine their efforts independently. Furthermore, there are no subsidies from either the
government or supplier. Such model is referred to as “n” for convenience. Consequently,
the optimal control equations have the following forms:

00 2
max Ji(D) = / e_”{pdDd + G — (w+c)x — udzD }dt
0
; d)((t) = [)LlD + AP+ A3S + A4A — }l)d dt +P\/)>(d2(t), X(O) = X0 >0,
s.t.
dG(t) = [11D + 12P + 73S + ex — oG] dt + 6V Gdz(t), G(0) = G > 0;
2
_ [T upP
mgx]Z(P) —/0 e’ {cx+7th— 2}dt

, dx(t) = [AMD 4+ AP + A3S 4+ A A — x| dt + py/xdz(t), x(0) = xo0 >0,
S.1.
dG(t) = [11D + 12P + 73S + ex — 0G]dt + v/ Gdz(t), G(0) = Gy > 0;

2
; dx(t) = [MD 4 AP + A3S + Ay A — px|dt + py/xdz(t), x(0) =x0>0,
S.IL.
dG(t) = [11D + 12P + 73S + ex — oG] dt + 6v/Gdz(t), G(0) = Gy > 0;

o0 2
msaxjf(s) :/ e’t{pst—l—w)H—ﬂrsG— UsS }dt
0

2
_ [ ugA
mfx]g(A) = /0 e’ {ng)( 5 }dt
; d)((t) = [)\1D + AP+ A3S + A4A — ‘u)d dt + p\/)?dZ(t), X(O) = X0 >0,
s.t.
dG(t) = [11D + 12P + 73S + ex — oG] dt + 6V Gdz(t), G(0) =Gy >0,

where p, 6 are the diffusion coefficients. p,/xdz(t) dictates the amplitude of random
fluctuations driven by Brownian motion dz(t), a common model used to describe random
processes. The larger the p, the greater the impact of randomness on the system, meaning
the volatility of the idle emergency resource sharing level, x(t), increases. This can model
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the effect of unpredictable events, such as natural disasters or policy shifts, on resource
allocation. Similarly, a higher value of  means that the process G(t) experiences greater
volatility due to random disturbance, while a lower value of § implies less sensitivity to
random disturbances.

Theorem 4. (1) The optimal efforts are

pr - (4 p) +eM) (7 + pattaz) + M (r +0) (patian —w —¢)

ug(r+pu)(r+0) '
pn— Tp(v2(r + ) + €A2) + cAr(r +0)
up(r+p)(r+o) ’
gn — Y3(7s + psts2) (r + ) + Az(e(7s + psts2) + (psts1 + w)(r +0))
us(r+0)(r+u) ’
no M
ug(r+p)

(2) The optimal performance function of the demander is

€Ty + palar (r +0) + €patar — (¢ + w)(r + o)

n _ T+ Palla
Vi=—"3, ©F (r+u)(r+o) X+ pola,

The optimal performance function of the platform is

T ey, +c(r+0)

V}’l — 4 r l
P'or+4o (r+y)(r+U)X+pOnp'
The optimal performance function of the supplier is
0 T+ psisa | €7+ ps(ns1(r +0) +€n) + w(r 4 0)
Vo= ¢f (r+u)(r+o) X+ polus,

The optimal performance function of the government is

n __ g
Ve = r+yX+pOl"g’

where pol,,g, polyp, polys, polyg are polynomials.

Proof. Setting the value functions of the demander, platform, supplier, government as

Vi, Vy, Ve, Ve, one has VI = mDaxfg(D),V;] = mpax]z(P),Vs” = msax]g(S) and

Vg = max J§ (A). According to the optimal control theory [60], V' should observe the

HJB equation,
PG ) = max {paDa+ mG — (w+ Oy — 2 4 oV ﬁaZZ;G(;C, X
+(/\1D+)L2P+A3S+)L4A_VX)W£§§’X)+F’22X32V§)(((23r70 0
+(71D + 2P +v3S +ex — aG)%g’X) + (522G82V§(G(23,)c)}
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Taking the first-order derivatives of the right-hand side of (20) with respect to D and
setting it to zero, one has

1, oVH(Gx) Vi (G, x)
n_ - d d
D fud{/h TG } 1)
Under the same manners, V', V' and V¢! satisfy the following equation:
u, P2 PV} (G, x)
n _ _ PR
V(G x) —mlg);lx{cx—i—an + (5\/>\f 3Gax
IVHG,x) o2 V(G x)
o)A e T T )
FMD+ AP+ AS+MA =) —a —— + 5Xx 5 3 (22)
V(G x) 6 VI (Gx)
_ _p A g PN AT
+(71D + v2P + y3S +ex — 0G) e 5 Yer },
82V G,
VG, x) :mszax{pst+wx+7(s ( X)
VG x) , ¢ BZVS”(G,X)
avgl(c,x) 62 _9*VH(G,x)
H(ND +12P+ 738 + ex — 0G) 2 365 )3
2 n
ugA? Vg (G, x)
Ve (G, x) :m/z]ix{ngx + 06V G — L aG
VMG, x) o2 *VHG,x)
Loy 8 A e T T A
+()\1D + AP 4+ A3S 4+ A4A “M}() ax + 5 X aXZ (24)
VI (G x) 82 V(G x)
D P — 8 T 7 8
+(11D 4+ 7P + 73S + ex — 0G) 3G + 2G 502 },
and P, S, A have the following forms:
1. V(G x) Vi (G, x)
n_ - |4 p
= ot e,
1, oV&(G,x) oV (G, x)
n_ = s s
5= Us [/\3 ox ERTE }’ (25)
an =M% (G X
u, ox
Assume that V}, V}?, V1, V” observe the following ansatz,
VI(G, x) = an1G + anpx + a3,
V;(G/X) =b,G+ anX + by,
26
Vsn(Gr X) =cn1G + o)X + €3, (26)
Vgn(GrX) =dnG +dpx +du,

where a,,1 ... ay3, by1...by3, Cy1...Cn3, dp1..dy3 are constants. Substiting into (20), (22)-(24) and
zeroing all the coefficients of G™ x", one has
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_ Tatpalay €t pallar(r +0) + €patjan — (¢ + w)(r +0)

= = Z

anl r + o 7 n2 (1’ + ‘u)(r + 0_) 7 an3 po ndrs
T _emp+c(r+o) B

b = r+o’ n2 = r+u)(rto) buz = polnp,
T+ Pt _ €T+ ps(1s1(r + 0) + ens2) + w(r +0) _

C?ll - r + o 7 Cn2 - (T + ]/l)(r + 0_) 7 C}'l3 - pOli’lS/

7T
d'rll = 0/ d}’lZ = r +glxl/ di’l3 = Polng'
O

In contrast to the centralized decision-making, the optimal efforts are only specified
by their own marginal profits. For example, the optimal matching effort of the demander
contains Ay, 1, Ug, 714, Dy, w, c. However, its optimal effort also concludes 77y, 775, 77g, Ds, A3
in the centralized decision-making. Therefore, the optimal effort of the demander only
increases with its own overflow effect, and the marginal impact of the CSR goodwill as
well as the overflow effect of the idle emergency resource sharing level, decreases with
the commission fee ¢, the resource usage fee w and the matching cost 1. Although the
supplier’s optimal matching effort has similar dynamics, it increases with the commission
fee c and the resource usage fee w charged from the demander.

For the sensitivity analysis of the key parameters, the readers can refer to Table 4.

Table 4. Sensitivity analysis of key parameters.

Ps Pd Ns1 Hs2 a1 Mgz W € § O Uz Up Us Ug
D" - = = /N N N Y N — — —
pr - = - — — — — — N N — N — —
s" SO = S = = = N N = — N\ —
Al - = = = = = = =N = = = =\
tlgn;o E[x"(t)] A A A A A AT VI N VY Y VN
tlgrolo E[G"(t)] VA A A A A AT VI VR VY Y VN

/" represents positive influence, “\, represents negative influence, — represents no influence, ~ represents

not clear.
The value functions of the demander, the platform, and the supplier are positively
related to the idle emergency resource sharing level and the CSR goodwill, while the

government’s value function only connects with the idle emergency resource sharing level.

Proposition 2. (1) The expectation and variance of the emergency resource sharing level are

A? A?
E Xn t = eil/ltXO — 7167]/“} + 71’
(X" (t)] " "
Var[x"(t)] = pj){ (e_”t - 6_2’”> + L’fpz (1 —2e Mt 4 e_ZVt)
7 0 2]/{2 ’
Al AHPZ
. n _ 1 : n |
tim Er' (0] = =1, Jim vary' (6] = S5,

where A? = )L1 D"+ /\2Pn + )\35” + )\4An.
(2) The expectation and variance of the CSR goodwill are
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A?l n
EG"(1)] = " (Go + x0) + 22— (1 - e,
52 _ B (A} 4 ex™)6? _ _
n _ v ot _ ,—20t 2 _ ot 20t

Var[G"(t)] = - (Go +X0)(e e ) + 52 (1 2077 +e ),

Al Al 21252\ 252 A1
lim E[G"(1)] = P22 €81 jiy vaplGn ()] = L2 T OA
t—oc0 uo t—o0 dpco

where A} = 1 D" + 1o P" + 35"

6. Decentralized Decision-Making with Cost-Sharing Contract

This section examines a Stackelberg primary—secondary game governed by the gov-
ernment and the platform. Initially, the government determines the level of its effort and
the degree of subsidies (0 < ¢, < 1) to allocate to the platform. Then, once the government
determines its subsidies, the platform allocates the subsidy (0 < ; < 1) to the deman-
der. Similar to the previous model, the demander, the platform, the supplier, and the
government strive to optimize their benefits and make decisions regarding their efforts
independently. This model is referred to as “s” for convenience. Consequently, the optimal
control equations have the following forms:

(1—¢4)uqaD? }dt

max f3(0) = [~ e { paDy 76— () -
0

2
t dx(t) = [MD + AP + A3S 4+ A4 A — px]dt + py/xdz(t), x(0) =x0 >0,
S.L.
dG(t) = [11D + 12P + 73S + ex — oG] dt + 6v/Gdz(t), G(0) = Gy > 0;
_ [Tt (1-¢p)upP*>  ZguyD?
ml?x];(P) = /0 r {c}(-i— G — 5 -7 dt
x(0) = xo0 >0,

dx(t) = [MD 4+ AP + A3S + Ay A — px|dt + py/xdz(t),
dG(t) = [11D + 12P + 73S + ex — 0Gldt + 6V Gdz(t),  G(0) = Gy > 0;

o0 2
mgx]ﬁ(s) :/ e”{pst—i—wx—anG— UsS }dt
0

2
. {dx(t) = [AlD + AP+ A3S + Ay A — Wd dt + p/xdz(t), x(0) = x0 >0,
s.t.

dG(t) = [11D + 12P + 73S + ex — oG] dt + 6V Gdz(t), G(0) = Gy > 0;

u, A2 &yu,P?
max]g( )= / t{ng)(— gz _7;72;0 }dt

St{ x(t) = [MD + AP 4+ A3S + Ay A — px|dt + py/xdz(t), x(0) = xo0 >0,
G(t) =

[v1D + 72P + 73S + ex — 0G]dt + 6v/Gdz(t), G(0) = Gg >0,
where p, ¢ are the diffusion coefficients. p,/xdz(t) dictates the amplitude of random
fluctuations driven by Brownian motion dz(t), a common model used to describe random
processes. The larger the p, the greater the impact of randomness on the system, meaning
the volatility of the idle emergency resource sharing level, x(t), increases. This can model
the effect of unpredictable events, such as natural disasters or policy shifts, on resource
allocation. Similarly, a higher value of § means that the process G(t) experiences greater
volatility due to random disturbance, while a lower value of § implies less sensitivity to
random disturbances.
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rV3i(G, x)

Theorem 5. (1) The optimal efforts are

(r1(r + ) +eA) (7tg + 271p + patian) + A (r +0) (pantan — w +¢)

7

DS =

2uq(r + p)(r+0)
pe _ T(12(r 1) + €Aa) + Aa(c + 2755) (r + 0)
2up(r + p)(r+ o) ’
S — Y3(70s + pshs2) (r + u) + As(e(7ts + pshis2) + (psis1 +w) (r +0))
us(r+0)(r+p) ’
s_ MM
Coug(r )

(2) The optimal cost sharing rates are

i (1 (r+ ) + €M) (panaz + 74 +271p) + M (r + 0) (pantan + ¢ — w)
i (v1(r + ) + €M) (patian + 74 + 27p) + M (r + ) (panjn — 3¢ — w)’

-  Tp(y2(r + p) +€Az) + Aa(c — 2115 (r + 0)
P Ty (v2(r + ) + €Ag) + Az(c +2mg) (r 4+ 0)°

(3) The optimal performance function of the demander is

ve = Tt Pallar o €7+ pattan (r + 0) + epatjar — (¢ + w)(r +0)

Lsa,
r+o (r+u)(r+o) X+ polsd

The optimal performance function of the platform is

v = T ey +c(r+0)

P r4o (r+y)(r+(7)X+POISP’

The optimal performance function of the supplier is

vs = TG + psilsa N €rts + ps(s1(r + o) + eng) + w(r + o)

s r+o (r+u)(r+o) X+ polss,

The optimal performance function of the government is

vV, = 7f_i_y)(—i—polsﬂ,

where polgg, polsp, polss, pols, are polynomials.

Proof. Setting the value function of the demander, platform, supplier and government

as V3, V;, V5, Vg, one has Vi = mDax];(D),Vg = mpax]]f,(P),VsS = msaxjg(S) and Vg =

max J§ (A). According to the optimal control theory [60], Vj should observe the HJB equation

1—&;)ugD ??V5(G, x)
:mSX{pdDd—kndG—(w%—c)x—%—k S\f\f ac
aVs(G, x 2 92Vi(G, x
+(/\1D 4+ AP 4+ A3S + A4A — ‘u)oda(x) + ‘OZXS(XZ) (27)

V5(G,x) | 8 _Vi(G,x)
p d d
+(711D + v2P 4+ 73S + ex — 0G) 5 + 2G Yes }
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Taking the first-order derivatives of the right-hand side of (27) with respsect to D and
setting it to zero, one has

s 1
p= ug(1—2¢a) {/\1

aVi(G, x) aVi(G, x)
d d

Similarly, V7 has the form
*V¢ (G, X)
0Gayx

IVi(G,x) |, p* 9*VE(G,x)
aX ZX aXZ (29)

SZ
Vi(Gx) = max {Pst +wx + G — uST + 06V G/X
+(A1D + AP + A3S + A4A — ux)

oV (G, ?VE(G,
(1D 4+ 72P + 73S+ ex — 0G) VLG X GM},

oG G2

and S has the form

WG %BV:(G,M} (30)

5= |
ug 2 ax dG
Moreover, the platform’s and government’s value functions read

(1—&p)up 2VS(G X)
V3(G,x) = max fox + myG - f

W3 (Gx)  p? 82V§(G,X)

+(/\1D+)\2P+)\3S+)\4A —;u)() (31)

V(G x) 82 _9V3(Gx)
+(71D+72P+’735+e)(—aG)”87G+?Ggiy}’

and
Ve (G x) = max {ngx -
Vi (G, x) +ﬁxaz\/gs(G,)c)
X 2 ox?
Vi(G,x) 62 82V§(G,x)}‘

+(A1D + AP 4+ A3S + A4 A — ]/l)() (32)

0
+(71D+72P+735+e)(—0G)T + 36 Te

Substituting (28) into (31) and taking the first-order derivatives of the right-hand side
of (31) with respect to P, {4, a straightforward computation indicates

1 aV3(G, x) aV3i(G, x)
S __ P P
Pr= up(1—2p) { 27 oy RRCITe } (33)
and
. _Alavd( )+2A aVS(GX) ,han(G)() oy a(g,x) o
d= .
AlaV( )+2/\ Vi (Gx)_'_%aV (GX)+271aVa(g’X)

Substituting (28), (30), (33) and (34) into (32) and taking the first-order derivatives of
the right-hand side of (32) with respect to A, ¢, one has
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s~ M %G
u, Ix
2 gax X) 4 A, BVpa(f,X) 42y, ana(g,x) TP an(g,x)
Assuming V¢, VZ, Ve, VgS observe the following ansatz:

Vi(G, Xx) = 151G + ax)x + as3,
V5(G, x) = bs1G + bsax + bs3,
VE(G,x) = s1G + c2X + Cs3, (36)
Ve(G, x) = daG +dspx +ds,

where ag1 ...a53,bs1 .. .bs3,C51 ... Cs3,ds1 . .. ds3 are constants. Substituting them into (27),
(29), (31), (32) and zeroing all the coefficients of G x", one has

o — Tt Patla _ €T+ pallar (1 +0) + €patjan — (¢ + w)(r +0) — ol
sl — 7 Sz — 7 aS3 - PO sdr

r+o (r+u)(r+o)

T €ty +c(r+ o)
by = —F =Fr > 77 bsz = pol
sl 7’+0" 52 (T+]x[)(7’+0’)’ s3 PO sprs
oo T F Pl _ €7 £ ps(a1(r + 0) +ens) + w(r +0) o — pol
sl 7"|‘0’ 7 S. (T+]/l)(r+0') 7 s3 P S§Ss
ds1 =0, dsy = T ’ dsz = P015g~

r+u
O

The cost-sharing contract between the platform and the government allows the plat-
form’s optimal matching effort to admit the government’s marginal profits. It is obvious
that the platform’s optimal matching effort is greater than that of the decentralized decision-
making without cost-sharing contract. This is due to the fact that as the emergency resource
sharing market expands, the government gains more profits from it and put more subsidies
to the platform. Similarly, the cost-sharing contract between the platform and the demander
allows the demander’s optimal matching effort to admit the platform’s marginal profits.
However, we cannot figure out whether the demander’s optimal effort increases or not
from the result directly, as the demander has to pay the commission fee to the platform
whether there is contract or not.

In this sense, the cost-sharing agreements encourage the demander and the platform
to implement resource sharing activities of emergency supplies, thereby fulfilling their
corporate social responsibilities. It is worth noting that, compared to the case without
cost-sharing contract, the government’s and the supplier’s optimal efforts remain the same.
Different from the dynamic of the government, the supplier’s optimal effort does not
change since it does not provide or receive subsidy from or to the other parties. In spite of
that, the government-led cost-sharing contract does not undermine its own profit.

For the sensitivity analysis of the key parameters, the readers can refer to Table 5.
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Table 5. Sensitivity analysis of key parameters.

Ps Pa Ms1 Hs2 Hg1 Wa2 w € g O Uz Uy Us Ug
D’ - S = = /7 /N SN N N = = =
P - — — — — = = /N N = N = =
S8 Y N T
A e
Jim E[x* (£)] Y A A A A A Y
Him E[G*(1)] S0~ N N N Y Y Y

N represents positive influence, \ represents negative influence, — represents no influence, ~ represents

not clear.

Proposition 3. (1) The expectation and variance of the emergency resource sharing level are

AS A5
E()] =eMxo— —te M+ 1,
() Loy S
p? ¢ 2ut Aipz t 2ut
Var[XS( )] — 7)(0 (efl’l e H ) + 2;/[2 (1 2@7““ +€ H )
s ASPZ
. s _ =1 . s |
Jim E[x*(t)] = . Jim Var[x®(t)] 22

where A] = AMD® + A P° + A35° + A4 A°.
(2) The expectation and variance of the CSR goodwill are

A5 +ex’

E[G*(t)] = e " (Go + x0) + (1—e"),

52 —ot —20t (A; + €X5)52
= S (Gotxo) (et = e ) ST

lim E[G*(1)] = P22 €M 242805 + g8
t—o0 o 4]/[20_2

Var[G®(t)] (1 —2e7 7t 4 672‘”),

,  lim Var[G®(t)]
t—o0

where A, = y1D® + 2 P° + 35°.

The cooperative attitudes primarily rely on the government’s and the platform’s
willingness. Meanwhile, the supplier is unlikely to reject the Stackelberg game, assuming
they possess the rationality to acknowledge its advantages. Considering the optimal
matching efforts D", D® and the subsidy ¢, they should observe

pr = (i +p)er) (7t + patjaz) + M (r + 0) (patjr —w —€)

0,
ug(r + 1) (r +0) g
DS — (y1(r + ) + €M) (7mg + 271y + patian) + A (r + ) (panjan — w +¢)
= >0,
2ug(r +p)(r+0)
(MmO +p) +er)(panar + a + 27p) + A (r + ) (patiar + ¢ — w)

0<y=— <1,

(71 (r + p) + err)(panaz + 704 + 271p) + A1 (r + 0) (Patian — 3¢ — w)

Ty (Y2 (r 4 p) + €A2) + Aa(c — 27y ) (r + 0)
0 < gp = — Vi

T (Y2 (r 4+ p) + €Aa) + Ao (c +2mg) (r + 0)

that comes
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(v1(r +p) +eM) (g + pattaz) + M (r + ) (pattar — ©)

@ M(r+0) /
w < 1) +e) (7 + pattaz +271p) + A1 (r + o) (patian + )
A(r+0) '
(71(r + p) + €M) (g + patjaz — 27p) + M (r + ) (patgan — 3c)
w > .
M(r+0)
Setting
W, — max{o, (71 (r+ ) + €M) (7t + pattar — 27p) + M (r + 0) (Parar — 3c) }
/\1 (1’+0’)
W, = max{ (n(r+p) +eM)(a+ paaz) + A (r+ ) (patia — €)
M(r+0)
(v3(r + p) + €A3) (7q + 7p + patjaz) + As(r + 0) (705 + patjar) }
As(r+0) ’
w has the following relation:
Wi <w < Ws. (37)

7. Comparative Analysis and Numerical Simulations
7.1. Comparative Analysis

Above, we discussed three emergency resource sharing strategies. Next, we compare
and analyze the obtained results. To save space, we only present the complete proof of the
first corollary.

Corollary 1. The optimal efforts in each models have the following relations:
D¢ > D® > D",
P > ps > pP",
5> 8 =49",
A > AP =AM
Proof. The optimal matching efforts for the demander are

(y1(r + ) +err) (g + 7 + 75 + pattaz + psts2) + A1 (r + ) (7Tg + paniar + pshis1)

D¢ =

ug(r+0)(r+p) '
pr - (it p) +eM) (7 + patan) + M (r +0) (patian —w —¢)
ug(r+p)(r+0) '
ps — (Mt ) +eM) (s + 27y + patiaz) + M(r +0) (patiin — w +¢)
2ug(r+p)(r +0) '

It is clear that D¢ > D®, D¢ > D". Hence, we only have to consider D° > D". On the basis
of (37), we obtain
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DS — D"

Pt =

PS

P =

5 =

5 =

s =

5¢—-5"

_ (4 ) +eM) (=7 +27p = patjaz) + M (r + ) (=patjan +3¢ + w)

2uy(r+u)(r+0)
_ 4+ p) +eM) (=7 + 27 — patjaz) + M (r + ) (=paijar +3¢) M(r+o)w
2uy(r+p)(r+0) 2uy(r+u)(r+0)
- (y1(r + ) + €M) (=74 + 271y — panaz) + A (r + o) (—patgar + 3c)
2uy(r+u)(r+0)
N Mo (nmr+p) +er) (g + pattan — 27tp) + A1 (r + ) (paniar — 3¢)
2uy(r+ p) M(r+0)
=0.

The optimal matching efforts for the platform are

(y2(r + ) +eAa)(7tg + 7y + 75 + patfaz + psts2) + A2 (r + ) (g + patiar + pstis1)
up(r+0o)(r+u)

7

Ty (Y2 (r + p) 4+ €Aa) + Ao(c +2mg ) (r + 0)
2u,(r+ 1) (r + )

7

Tty (v2(r + ) + €Az) + cAa(r + o)
up(r+u)(r+o)

It is obvious that P > P° > P".
The optimal matching efforts for the supplier are

(73(r + p) + €As) (7tq + 7tp + 705 + patiaz + psts2) + Az (r + ) (7Tg + pattar + pshis1)
us(r+o)(r+u)

(v3(r + p) +€A3) (s + pstisa) + A3(r + o) (psiis1 + w)
us(r+o)(r+u)

(v3(r + p) +€A3) (s + pstisa) + A3(r + o) (psiis1 + w)
us(r+o)(r+mu) '

7

7

It is clear that S° = S". Here, we only have to verify S° > 5§". Based on Constraint (37), we

have

(va(r +p) +€A3) (g + 7p + patiaz) + As(r + o) (7tg + panar) A3(r + 0w

us(r +0)(r + ) Cus(r+o)(r+p)
- (va(r +p) +€A3) (7mq + 7p + patiaz) + As(r + o) (7tg + panar)
us(r+0)(r + )
_ M(r+o) (v3(r + p) +€A3) (g + 7p + pattaz) + As(r + o) (7g + panar) _0
us(r+o)(r+mu) As(r+0) ’

The optimal regulation efforts for the government are
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_ €M7t + 70 + T + Patla + pstys2) + Aa(r +0) (g + patjan + pstis)
ug(r+0)(r+p)

AC
s _ 7-[8}\4
ug(r+p)’
7Tg/\4
ug(r+p)’

At =

Itis evident that A > A% = A". [

The cooperative game shows the highest optimal efforts. Comparing the Nash non-
cooperative game with the government-platform-led Stackelberg game, although the plat-
form’s and government’s optimal effects remain the same by introducing a cost-sharing
contract, the others tremendously increase.

Corollary 2. The optimal performance values have the following relations:

Vi (G x) < Vi(Gx),
Vy (G, x) < Vy(Gx),
VIH(G, x) < VE(Gx),
Ve (G, x) < VZ(G, x)-

Compared to the Nash non-cooperative game, the government-platform-dominated
game maximizes the benefits for each participant. Additionally, this model enables Pareto
improvement and is self-executing. Under the government-platform-dominated game
model, the overall system value is clearly higher than that of the Nash non-cooperative
game, since V' + V) + V' + Vi < Vi+ V5 + V7 + V5. This result indicates a fair cost-
sharing contract may serve as an incentive.

Corollary 3. The expectation and variance of the CSR goodwill and the idle emergency resource
sharing level have the following relations

lim E[GS(1)] > lim E[GS(t)] > lim E[G"(1)],

t—00 t—o0 t—o0
: c : S : n .
tlingo Var[G(t)] > tlingo Var[G*(t)] > tlgngo Var[G" (t)];

lim E[x“ (1)) > Jim E[¢(6)] > lim E[x"(£)],

t—00

; c ; S : n
Jim Var[x“(t)] > lim Var[x*(t)] > lim Var[x"(t)].

The cooperative game exhibits the most significant expected emergency resource
sharing level and CSR goodwill among the three models. Nevertheless, it possesses the
highest risk level. In contrast to the Nash non-cooperative game, the government-platform-
led game derives higher CSR goodwill and emergency resource sharing level. It also results
in increased volatility. Consequently, firms must embrace greater risks to sustain elevated
profits. Consequently, manufacturing businesses may choose different games based on risk
tolerance. A firm inclined towards high risk may choose the cooperative game. Conversely,
persons averse to risk may favour the Nash non-cooperative game, while those inclined
towards moderate risk may prefer the Stackelberg game.
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7.2. Numerical Simulations

This part offers numerical simulations for the three models discussed above and
presents a straightforward comparison.

Realistic parameter values in China can be drawn from current data across various
sectors. Regarding Corporate Social Responsibility (CSR), large manufacturing, energy,
and technology enterprises typically contribute significant efforts, with moderate to high
CSR impact coefficients ranging from 0.4 to 0.6 [61]. The decay rate ¢, which represents
the natural decline in CSR goodwill over time, typically ranges between 0.05 and 0.1 for
most industries, reflecting a slow natural loss of goodwill without further CSR efforts.
The diffusion coefficient ¢ values of 0.1 to 0.2 could serve as a baseline for industries
with stable and consistent CSR practices where goodwill volatility is relatively low. This
range suits sectors such as financial services or consumer goods, where CSR initiatives are
well-established, and goodwill shifts are moderate and predictable [61]. For emergency
supply chains, the natural decay rate of emergency supplies u varies between 0.1 and 0.3,
depending on the perishability of the goods [62], while the diffusion coefficient p related
to resource sharing can be set between 0.2 and 0.4 to account for moderate volatility [63].
The potential market size a in sectors like logistics and healthcare can range from 10 to
100, reflecting China’s large and growing market. At the same time, marginal revenues for
suppliers and demanders typically fall between 1 and 10 [64]. Government policies also
play a crucial role, with subsidies for platforms and enterprises —¢, {,-ranging from 0.2 to
0.6 to support emergency response and CSR initiatives [65].

Based on the above discussion and the parameter chosen of [45], the parameters
are set to ps = 4,p; = 5 uy = 0.1, up = 0.15,us = 0.1, Ug = 02,a = 10,751 = 0.9,
N2 = 12,151 = 17,150 = 15,0 =05,0 =02,w =5,c =3, =04,u =02,r =02,
c=016=01A =021 =025A7A3 = 03,14 =03,717 = 03,72 = 04,73 = 0.3,
Y4=02,15 =715 =715 = T1g = 1.

In all three models, the idle emergency resource sharing level and CSR goodwill
increase with time t and ultimately attain a stable state, as illustrated in Figure 2. The
cooperative model yields the highest level, while the Nash non-cooperative model yields
the lowest level. The result of the Stackelberg primary—secondary model is located in
the middle.

T T
15 -—— model ¢ 15 -=——=-model ¢

model n

model

Xt

Figure 2. The trajectory of the idle emergency resource sharing level (a) and the CSR goodwill (b).

Figures 3 and 4 show the demander, platform, supplier, and government profits of the
Nash non-cooperative model and Stackelberg primary—secondary model.
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Figure 3. The demander’s value (a) and platform’s value (b) in Model n and Model s.
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Figure 4. The supplier’ value (a) and government’s value (b) in Model n and Model s.

Figure 5 demonstrates the comparison result of the total profit of the system under
the three models. In the initial moment, the total profit under the cooperative game falls
behind the Stackelberg primary-secondary game, where the participants are not likely to
form a community of interest. This shows that free market-oriented decision-making is
better than that of the ideal centralized decision-making in the early stage of post-disaster
emergency resource sharing progress. As time goes by, the total profit of the cooperative
game eventually moves ahead of the others.

T
4200 - model ¢
model n

4000 -
model s

3800

Vi

3600

3400 -

3200 ¢

3000 -

Figure 5. The total value of the supply chain in the three models.

In the cooperative game, the total value exhibits rapid growth at the beginning,
while the total values of the other models increase at a slower rate. Regardless, applying
cooperative games to real life presents many challenges because of benefit distribution
and players’ non-rationality. However, the government-platform-led Stackelberg game
maximizes the entire system’s profit, emergency resource sharing level, and CSR goodwill.

We summarized Figures 2-5 below; the readers can refer to Table 6.
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Table 6. Summary of the values.
Viotal Va Vy Vs Va Xt Gt
model n v v v v
model s
model ¢ v v v

v represents the highest value.

Figures 6 and 7 depict the impacts of the resource usage fee w and commission fee c
on the idle emergency resource sharing level and the CSR goodwill in the Stackelberg and
Nash non-cooperative models. As we can see, the resource usage fee w diminishes the idle
emergency resource sharing level as well as the CSR goodwill in the Nash non-cooperative
game model while they are barely affected in the Stackelberg model. For the commission
fee ¢, it undermines the idle emergency resource sharing level and the CSR goodwill in
Nash non-cooperative game model. Oppositely, these two indexes are promoted in the
Stackelberg primary-secondary model. Thus, in order to keep an active emergency resource
sharing market, the government should encourage the enterprises to cooperate with each
other with a fair cost-sharing contract.

I WV\/\/\MW\"/WV\’W’ 20

N
o

Vi
Vi

Figure 6. The impact of w on the CSR goodwill and the idle emergency resource sharing level (a) in
Model n, (b) in Model s.

30
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Figure 7. The impact of ¢ on the CSR goodwill and the idle emergency resource sharing level (a) in
Model n, (b) in Model s.

In spite of the idle emergency resource sharing level and CSR goodwill, it is also
necessary to examine the values of the supplier and platform since the demander has to
pay commission fee c to the platform and resource usage fee w to the supplier. According
to Figures 8 and 9, the commission fee ¢ and resource usage fee w decrease the value of the
demander and increase the values of the platform and supplier. Compared to the Nash
non-cooperative model, the value of each player is higher in the Stackelberg model.
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Figure 9. The impact of ¢ on the demander’s and platform’s profits (a) in Model n, (b) in Model s.

Although the commission fee ¢ and resource usage fee w have different impacts on
the values of players, the commission fee enhances the total value while the resource
usage fee diminishes the total value (see Figure 10). Therefore, to enhance the emergency
resource sharing level and keep an active emergency resource sharing market, it is better to
distribute more profit to the platform. However, the government should also pay attention
to avoiding rent-seeking and the monopoly of it.

T T T
® model n 1 600 ]
700 model's
550 F
650 - 500
600 b = 45j
[l |
550 "y vaess S A g 400
ettt il ] bl e PICSICIRSIEIRSS
® model n 1
500 - *e*** 350
F model s
. 1 1 1 . . 1 1 1 .
1.0 1.5 2.0 25 3.0 1.0 1.5 20 25 3.0
c w
(a) (b)

Figure 10. The impacts of ¢ (a) and w (b) on the total value in Model n and Model s.

We summarized Figures 6—10 below; the readers can refer to Table 7.
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Table 7. The performance comparison between the cooperative and non-cooperative models.

model n

G(t)
x(t)
\Z
Vs
17
Vfotal

VAR AVAVEI RS

model s

G(t)
x(t)
Vi
Vs
Vl”
Vtotul ~

N R
NN NN NN | e

/" represents positive influence, “\, represents negative influence, ~ represents not clear.

8. Discussion

This paper offers distinct but complementary perspectives on resource allocation and

decision-making under uncertainty, enhancing the practical and theoretical understanding
of resource utilization.

@

@)

®)

Practical implications for decision-makers:

The study provides a flexible framework for government agencies and platforms to dy-
namically adjust resource-sharing strategies in real time, responding to unpredictable
shifts in supply and demand during post-disaster recovery.

Implementing real-time adjustments requires accurate, up-to-date data on supply and
demand, which might not be readily available in post-disaster environments. Data
infrastructure may be damaged, making it difficult for decision-makers to obtain the
information needed for dynamic resource sharing. Second, multiple stakeholders,
including governments, private companies, and NGOs, need to coordinate their efforts
in a fast-paced environment. Achieving seamless collaboration, particularly across
different sectors and regions, presents significant logistical challenges.

Therefore, investment in disaster-resilient communication infrastructure and pre-
established coordination protocols can help overcome these obstacles, ensuring that
accurate information is available and decision-making processes are streamlined.

By modeling centralized and decentralized decision-making, the approaches empower
decision-makers to evaluate the benefits of collaboration versus competition, helping
them optimize resource allocation based on situational needs.

The decision to implement centralized or decentralized strategies can be complex and
depends on the context. For example, centralized models might work better in regions
with strong government control, while decentralized models may be more effective
in regions with strong private sector involvement. The challenge lies in assessing
which model works best under specific disaster scenarios. Governments can create
hybrid models that offer flexibility, combining the strengths of both centralized and
decentralized approaches.

The game models offer valuable insights into government regulation and intervention
strategies, showing how subsidies or leadership roles can effectively coordinate efforts
among private sector actors, enhancing overall system resilience.

Government interventions, such as subsidies or regulations, need to strike a balance
between incentivizing resource-sharing without creating dependencies or inefficien-
cies. Excessive regulation could stifle innovation, while too little oversight might lead
to free-riding or monopolistic behaviors. On the other hand, offering subsidies to
encourage collaboration in resource sharing requires substantial funding, which might
not be sustainable in the long run, especially for governments with limited resources.
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A phased approach to subsidies, where incentives decrease over time, can encourage
self-sustainability. Additionally, governments can foster public—private partnerships
to share the financial burden of maintaining robust resource-sharing systems.

Theoretical implications for scholars:

(1) This research contributes to applying stochastic differential games in emergency manage-
ment, highlighting the role of uncertainty and randomness in decision-making processes.

(2) By integrating three distinct game-theoretic models, the study provides a more com-
prehensive framework for understanding interactions between various players in a
post-disaster context, allowing future researchers to extend these models to other
uncertain environments.

(3) The findings encourage further exploration into collaborative decision-making models
and how they impact sustainability, resource efficiency, and long-term recovery in
uncertain and dynamic environments.

The scalability of the model across different types of disasters and national contexts
presents several challenges and considerations. The model, as described in the article,
primarily focuses on post-disaster resource allocation and CSR (Corporate Social Respon-
sibility) dynamics. Different types of disasters—such as natural disasters (earthquakes,
hurricanes), human-made disasters (industrial accidents, terrorist attacks), or health crises
(pandemics)—present varying demands for resource sharing, logistical coordination, and
stakeholder engagement.

(1) Varying Resource Needs: Different disasters require vastly different types of resources.
For instance, in a pandemic, medical supplies and healthcare resources are critical,
while in a natural disaster like a hurricane, food, shelter, and infrastructure repair
materials may take precedence. The model may need adjustments to account for the
specific resources and supply chain needs of each disaster type.

(2) Response Timelines: Some disasters, like earthquakes, demand immediate and urgent
responses, while others, such as pandemics, unfold over a longer period. The model
may require modifications to address the varying time scales and urgency associated
with different types of crises.

(3) Unpredictability and Scope: Natural disasters like earthquakes or floods tend to be
geographically constrained, while pandemics are global in scope. The scalability of
the model must account for both localized and wide-scale impacts, ensuring flexibility
in resource distribution across multiple regions and time zones.

To address the above challenges, the model can incorporate disaster-specific customiza-
tion by adjusting resource prioritization and timeline variables based on the unique needs
of each crisis. For example, in health emergencies, the model could focus on healthcare
resources, while in natural disasters, it could emphasize logistical support and infrastruc-
ture repair. Additionally, a flexible classification system for resources can be introduced,
allowing decision-makers to adapt quickly to the evolving demands of different disaster
scenarios. This flexibility can enable the model to function more effectively, regardless of
the type or scale of the disaster.

For the scalability of national contexts, the current work assumes a degree of coordina-
tion between government bodies, private entities, and platforms in a disaster management
scenario. However, the nature of these relationships and the extent of governmental
involvement vary widely across different national contexts.

(1) Differences in Governance: In countries with strong centralized governments, such
as China or Saudi Arabia, the model’s centralized decision-making processes may be
more effective. However, in decentralized democracies like the United States or India,
where local governments and private entities play significant roles, the model may
need to incorporate more decentralized decision-making mechanisms.

(2) Regulatory Environments: National regulatory frameworks differ, impacting how
CSR initiatives, resource sharing, and subsidies are implemented. In some coun-
tries, stringent regulations may make it difficult to mobilize private sector resources
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quickly, while in others, a lack of regulation might lead to uncoordinated or inefficient
resource allocation.

(3) Economic and Social Contexts: The availability of financial resources for subsidies,
the level of technology adoption, and the culture of public—private collaboration
vary greatly across countries. Developing countries may face greater challenges in
implementing technologically driven platforms for resource sharing or in providing
subsidies to incentivize CSR-driven resource distribution.

To address the challenges of scaling the model across different national contexts, a hy-
brid approach can be implemented that accommodates both centralized and decentralized
decision-making frameworks. This allows the model to adapt to countries with varying
governance structures, ensuring effectiveness in both hierarchical and participatory sys-
tems. Additionally, the model can be customized to align with local regulatory frameworks,
enabling governments to apply either strict oversight or more flexible self-regulation based
on their national context. Promoting international cooperation and technology transfer,
particularly for developing countries, can also help enhance the model’s effectiveness in
resource-limited settings, fostering cross-border resource sharing and capacity building.

The model’s assignment of matching efforts (e.g., D(t), P(t), S(t) for each player)
is simplified by assuming a homogeneous impact. This assumption may overlook the
variability that exogenous factors, such as technology adoption or resource accessibility,
could introduce to each player’s efforts. In reality, these external factors can significantly
influence the effectiveness and allocation of matching efforts across players. For further
extension, we could consider introducing variable influence coefficients, i.e.,

D(t) = apD(t), P(t) =apP(t), S(t)=asS(t),

where ap, ap, ag are coefficients reflecting the impact of technology or resource availabil-
ity for each player. For example, if a player has high technology adoption or superior
resource access, their matching effort would be more effective, and thus a higher coeffi-
cient could be applied. These coefficients can be determined based on empirical data or
industry benchmarks, with higher values indicating greater efficacy in effort due to better
external conditions.

Moreover, in cooperative game strategies, the players’ efforts often exhibit interactive
or synergistic effects, where one player’s effort enhances or supports the efforts of another.
To make the model more realistic and applicable, it could be extended with additional
terms that capture these interdependencies.

(1) Adding Synergistic Terms: To reflect how one player’s effort can positively or nega-
tively influence another’s, the model could incorporate synergistic terms that account
for the mutual reinforcement or dependency of efforts. For example, let us assume
efforts D(t), P(t), S(t) are exerted by different players, including cross-terms

BopD(t)P(t), BpsP(t)S(t), PBpsD(t)S(t),

where Bpp, Bps, Bps are coefficients capturing the synergistic or complementary im-
pact of one player’s effort on another. Positive values indicate synergy, while negative
values could capture competition or interference.

(2) Introducing a Combined Effort Term for Joint Contributions: A combined term rep-
resenting a joint contribution of efforts can be introduced to model situations where
players pool resources or synchronize strategies. This term could be denoted as J(t), a
weighted combination of each player’s effort

J(£) = apD(t) + apP(t) + asS(t),

where ap, ap, ag are weights representing each player’s contribution to the joint effort.
This combined term () can then be included in the main equations as an additional
factor affecting outcomes, reflecting how collective efforts influence results.
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The model assumptions outlined in this research provide a structured foundation for

analyzing the sustainable allocation of idle emergency resources in post-disaster manage-
ment. However, extending the discussion to real-world challenges and limitations can
highlight some critical considerations that may affect the model’s applicability and results.

@

@)

®)

@)

©)

Rationality of Players: In reality, the assumption of full rationality is often unrealistic.
Decision-makers, especially in emergency situations, may be driven by incomplete
information, bounded rationality, or emotional responses such as urgency and fear.
Stakeholders may lack the time or resources to make fully informed decisions, lead-
ing to suboptimal outcomes. This assumption may limit the model’s application
to real-world situations, where human behavior can deviate from rationality. The
model’s predictions may be overly optimistic regarding optimal resource allocation
and collaboration.

Dynamic Progress of Emergency Supplies: While the assumption of dynamic progress
is sound, in reality, supply chains are often constrained by logistical bottlenecks, in-
frastructure damage, and unpredictable external factors (e.g., weather, transportation
breakdowns). Emergency supplies may not always reach their intended targets ef-
ficiently, regardless of the matching efforts. The assumption may overestimate the
players’ ability to influence supply levels. If logistical challenges are not fully ac-
counted for, the model’s results might be overly optimistic regarding the impact of
matching efforts on resource allocation.

Influence of CSR Goodwill: CSR goodwill, while important, may not always translate
directly into economic benefits, particularly in crisis situations where immediate
needs often take priority over long-term reputation. Furthermore, CSR initiatives
can vary significantly in effectiveness depending on cultural and regional contexts.
Some stakeholders may not prioritize CSR to the extent the model assumes. The
model assumes that CSR goodwill has a direct and measurable impact on demand
and supply chain behavior, but in practice, this effect may be weaker or harder to
quantify. This can reduce the model’s predictive power in situations where CSR is not
a strong influencing factor.

Cost Functions and Effort Levels: In practice, the relationship between effort and cost
may not always be convex. For example, some economies of scale could reduce costs
with increased effort, while in other situations, diminishing returns may set in more
quickly than expected. Moreover, financial constraints in post-disaster scenarios can
limit the willingness or ability of players to invest in efforts, no matter the potential
return. The model may overestimate the players’ ability to scale efforts if financial
or logistical constraints are more severe than predicted. The cost-benefit analysis in
real-world settings might not align perfectly with the convex cost structure assumed
in the model.

Cross-Network Externalities and Cooperation: In practice, the external overflow
effects generated by resource sharing and CSR may be more complex than assumed.
Not all shared resources directly translate into market demand. For example, some
types of shared resources might only create significant external benefits under specific
conditions or in certain markets, while in other contexts, the effect could be minimal
or nonexistent. If the real-world external overflow effects are not as strong as assumed,
the model may overestimate the growth in market demand. This could lead to overly
optimistic predictions, especially regarding how quickly resource sharing and CSR
can stimulate demand.
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9. Conclusions

This paper provides a novel approach to dynamic resource allocation in post-disaster
settings by utilizing three stochastic differential game models to account for uncertainty.
These three models—Nash equilibrium, cooperative game, and Stackelberg game—offer
distinct but complementary perspectives on resource allocation and decision-making under
uncertainty. By modeling the interactions between key players—demanders, platforms,
suppliers, and the government—each approach enhances decision-making in resource
utilization by incorporating randomness and dynamic feedback into the process.

(1) Nash equilibrium ensures that each actor maximizes their benefit, essential for under-
standing decentralized decision-making in competitive environments.

(2) The cooperative game model fosters collaboration between players, demonstrating
how coordinated efforts can lead to optimal resource sharing and increased system-
wide benefits.

(38) The Stackelberg game provides insights into hierarchical decision-making, where lead-
ers (such as the government) set strategies that followers (such as suppliers and deman-
ders) react to, allowing for more efficient control and regulation of emergency resources.

This study offers a framework for managing resource sharing in post-disaster envi-
ronments by integrating these three approaches. It enhances the flexibility and robust-
ness of resource allocation decisions in the face of uncertainty. The models” ability to
adapt to changing conditions and incorporate stochastic elements into decision-making
is crucial for improving real-time resource management. Decision-makers can refine
their post-disaster response strategies by adopting these models to forecast potential chal-
lenges in real-time resource allocation, helping to balance efficiency with fairness during
emergency management.

Future research could explore how bounded rationality and behavioral factors alter
decision-making processes and resource outcomes in real-world crises. Expanding the
framework to account for heterogeneity and adaptive behaviors can provide a more com-
prehensive understanding of how decisions are made under uncertainty, further enhancing
the practical applications of this model. On the other hand, this framework can be used
to study other disaster types or dynamic systems, applying the principles of stochastic
differential games to complex supply chains or sustainability challenges.
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