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ARTICLE INFO ABSTRACT

Keywords: The purpose of this study is to expand and deepen research in the field of safety production,

Digital context explore the role of enterprises as decision-making entities in safety production, analyze the role of

:a?ty ;g;mzatw“ different types of decision-making behaviors in the process of enterprise safety production, and
afety

provide certain theoretical guidance for multi-agent decision-making in safety production. By
summarizing and comparing the existing dual system of supply chain safety management, this
study proposes dividing supply chain safety management into the two categories of safety or-
ganization and safety research and development (safety R&D) in the context of digitalization.
Differential equations are established to describe a two-level supply chain safety management
problem including manufacturers and suppliers. The research results show that, compared with
the Nash equilibrium, when there are strong manufacturers involved in safety management
cooperation, the manufacturer’s safety R&D subsidy to suppliers improves the total revenue of the
supply chain. When the manufacturer’s safety organization supervision efficiency is high, the
Stackelberg equilibrium is lower. It is a Pareto improvement for the manufacturer to supervise the
supplier’s safety organization to the Nash equilibrium. In the case of dual safety cooperation in
the supply chain, when there are strong manufacturers, R&D subsidies have a crowding out effect
on the safety organization cooperation. Finally, based on the example analysis, relevant sug-
gestions are put forward for supply chain safety management.

differential game

1. Introduction

Economic globalization has brought about a refinement of the division of labor in society, deepening the links between upstream
and downstream enterprises and forming an intertwined supply chain network. However, the rapid development of information
technology and profound changes in the external environment make it difficult for these complex and sophisticated organizational
systems to resist various impacts from both internal and external sources, as well as any link containing unpredictable risks. In
addition, once the risks occur, a knock-on effect will be triggered, causing an incalculable negative impact on the core reputation of the
supply chain. This, in turn, will give rise to safety management problems [1].
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Supply chain safety issues not only pose a threat to the safety of employees and consumers in the supply chain, but they also inhibit
the sustainable development of enterprises in the supply chain, especially small- and medium-sized enterprises (SMEs). The techno-
logical changes brought about by Industry 4.0 bring important opportunities for process safety and environmental protection [2].
Digitization is an important component of the upgrading of chemical safety. The intelligent process planning assisted by deep learning
and decision algorithms based on artificial intelligence bring important opportunities for safety management, which can significantly
improve production efficiency and reduce safety risks [3-5]. For example, BASF, a pioneer in the digitization of chemical companies,
has provided a model for the safe and smooth operation of chemical plants by enabling “R&D + production + supply chain building”
through emerging technologies, such as 5G [6].

On June 19, 2020, BASF signed a cooperation agreement with Guangzhou Auto New Energy’s smart eco factory to explore digital
solutions for the automotive industry. By providing a customized digital platform and training opportunities for GAC New Energy’s
employees, BASF has improved the efficiency and safety of GAC New Energy’s paint shop production, reduced the frequency of op-
erators’ close contact with spray paint and had a positive impact on the employees’ occupational health. The partnership is also part of
BASF’s “1 + 3" corporate social responsibility program. Since 2006, the company has been collaborating with Chinese suppliers on
environmental protection, occupational health and safety, and production safety through technical support, safety training, and
business coaching. By encouraging its suppliers to practice social responsibility, BASF has strategically reduced operational risks in the
supply chain, both upstream and downstream. The reputation of the supply chain has also been improved and has thus become an
important tool used by BASF to improve its global competitiveness and achieve a win-win situation [7].

Profound changes in the policy environment and the continuous development of science and technology have led to a constant
change in the elements and boundaries of safety management systems. Identify different safety management concepts based on
existing research, this paper summarizes two typical binary safety management systems. One system is based on the different char-
acteristics of the supply chain’s upstream and downstream, dividing the safety management area into internal supply chain safety
management and external supply chain safety management [8]. The other system distinguishes between employees and managers,
dividing the safety management area into employee safety management and leadership safety management [9].

Internal supply chain safety management comes down to collaboration and control within the company and is the basis upon which
the safety of production and continued operation are ensured. Successful internal supply chain safety management requires cooper-
ation and coordination between the procurement and supply chain within the company [10]. Internal supply chain safety management
can be defined from a behavioral perspective as defensive and responsive, this mainly focuses on quality management and has a
positive relationship with safety performance [11]. The former is a control-based approach, which regulates potential problems in a
company’s operations before they arise. This is mainly achieved by regulating elements such as product production standards,
employee operating practices and the company’s production environment, with the aim of reducing the occurrence of safety problems
from an institutional perspective. The latter is an innovative means of improving the existing standardized management processes and
norms, according to changes in the external institutional environment. In this way, the quality of safety management is continuously
improved and can quickly adapt to changes in the external environment [12]. External supply chain safety management emphasizes
vertical cooperation between the upstream and downstream of a supply chain. Studies have also shown that vertical cooperation
between the upstream and downstream of a supply chain significantly improves the quality of supply chain safety [13]. In terms of
degree, vertical cooperation between supply chain members can be divided into two stages, namely synergy and sharing. Safety
synergy focuses on the management of processes and elements between upstream and downstream companies in the supply chain. This
synergistic management deepens supply chain safety cooperation and improves the quality of safety management [14]. Supply chain
information sharing refers to taking the initiative to seamlessly connect the information of all elements of upstream and downstream
enterprises in the supply chain through the Internet, the Internet of Things, and other technical means. The ultimate aim is to build a
three-dimensional, all-round supply chain safety management cooperation mechanism. Under the information sharing mechanism,
moral hazard and adverse selection problems will be effectively curbed, providing a good foundation for the core reputation of the
supply chain [15,16].

The boundaries of safety management are judged through individual behavior, while employee safety behavior in the organization
presents the two dimensions of active and passive. Passive safety behavior is mainly reflected in safety compliance, i.e. consciously
complying with safety rules and regulations at work and developing good safety behavior habits [17]. Active safety behavior consists
of safety participation and safety communication. Safety participation refers to employees taking the initiative to improve their own
safety skills and to take the initiative in the daily safety organization [18]. Safety communication refers to employees taking the
initiative to communicate with each other to identify safety risks and reduce the chances of accidents through communication [19].
Leadership safety behavior is similar to employee safety behavior and can also be summarized as passive safety behavior and active
safety behavior. In recent years, there has been an increase in the importance attached by business leaders to safety management in
their enterprises, largely out of concern for accountability. This is a passive behavior, and managers very often do not have a deep
understanding of the connotations of safety management [20]. Active safety management, on the other hand, requires managers to
have a professional knowledge base and rational decision-making ability. They must also be able to identify in advance possible risk
points in the production process, so as to prevent problems before they occur [21].

The rapid development of science and technology and the profound changes in the policy environment have led to new features in
safety management. The traditional safety management model is mainly an experience-based management model that focuses on
summing up the lessons learned from the past to formulate safety regulations. This model lacks the innovation in management thinking
and safety technology needed to meet the needs of the rapid development of the modern economic situation. The traditional safety
management model can be defined as a form of safety organization, brought about through operational, governance and compliance
learning through experience [22]. The model mainly includes defensive measures in internal supply chain safety management, safety
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synergy in external supply chain safety management, safety compliance in employee safety behavior and passive safety management in
leadership safety behavior. Compared to the traditional safety management model, the scientific safety management model should
emphasize innovative thinking and highlight safety management in innovative digital contexts. This can be regarded as safety R&D,
which refers to organizations and individuals giving full play to their initiatives and adopting new technologies and methods to
promote scientific safety management and information-based safety management [23].

In practical cases, suppliers’ lack of management and innovation resources often leads to a low level of safety management. Vertical
cooperation is required in the supply chain to improve the efficiency of safety management. On April 24, 2013, a serious accident
occurred in a garment factory premises in Bangladesh, resulting in the death of more than one thousand people. Following the ac-
cident, some of Europe’s leading garment companies, trade unions and Bangladeshi factory owners signed a “Fire and Building Safety
Agreement”. Under this agreement, core companies in the supply chain are required to independently monitor and report safety
matters to suppliers in Bangladesh. Any suppliers who breach the agreement may be shut down. After the agreement was signed, safety
facilities and conditions in Bangladeshi factories have improved considerably, and the accident rate has decreased [24]. Accordingly,
the first question posed by this study is, under what circumstances is it more efficient for safety organizations to work together?

Earlier, this paper talked about BASF’s improved safety R&D through supply chain cooperation. However, the opposite case is
emerging in the automotive industry. For example, CATL is the world’s leading supplier of batteries for new energy vehicles, with a
recent market capitalisation of over $143.5 billion. Schneider Electric help CATL build an advanced green and intelligent factory to
expand the lithium battery application market. In 2021, two consecutive explosions at CATL subsidiaries caused serious reputational
damage to the company. The cause of the explosions was used lithium batteries catching fire in the slag stacking workshop. Based on
the above cases, this study finds that cooperation does not always have a positive impact on the level of safety. Interestingly, strong
alliances, such as the one between CATL and Schneider Electric, do not achieve the desired goal of cooperation. Now, a second question
is asked: under what circumstances is safety R&D cooperation efficient?

Safety management practices in the supply chain are sometimes accompanied by safety organization and safety R&D cooperation.
Intuitively, dual cooperation appears to be more efficient. However, transaction cost theory states that dedicated asset investment by
one party in a collaboration may lead to opportunistic behavior by the other party. This belief is also supported by empirical studies
[25]. Referring to studies related to R&D that is subsidized government enterprise cooperation, one can find that government R&D
subsidies can have a squeezing out effect on firms’ R&D investments. This dual internal and external cooperation behavior does not
produce a 1 + 1 = 2 effect [26]. Given that, in secure R&D cooperation, if a manufacturer gives R&D subsidies to a supplier, the R&D
subsidies are in the form of financial or technological inputs. This R&D subsidy is clearly a dedicated asset input. A third question can
therefore be asked: in the presence of dual safety cooperation in a supply chain, do R&D subsidies have a crowding-out effect on safety
organization cooperation?

The remainder of this paper is structured as follows: Section 2 reviews the relevant literature. Section 3 presents the main model
formulation and analyzes the state function of the level of supply chain safety. Section 4 discusses supply chain differential decision-
making for supply chain Nash equilibrium, Stackelberg secure organizational cooperation, Stackelberg secure R&D cooperation, and
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Stackelberg dual cooperation, respectively. In Section 5, a numerical sensitivity analysis is conducted to explore the factors that in-
fluence supply chain safety cooperation. Finally, the study’s conclusions are drawn in Section 6.

2. Literature review

We use VOSviewer to map research topic keywords and obtain Fig. 1. We focus on two major areas in our research review: supply
chain safety management technology and supply chain safety management models (see Fig. 2).

In recent years, the emergence of Industry 4.0 technology in the field of supply chain management has had a positive impact on
corporate social responsibility and safety. Wassink (2020) analyzed how Industry 4.0 technology promotes safety in the oil and gas
industry [27]. Wu (2023) found that digital technology can effectively improve the effectiveness of employee safety management and
stakeholder loyalty in the cold chain logistics industry [28]. Molero (2019) studied the hazardous goods transportation industry and
found that the use of digital technology can effectively reduce safety accidents [29]. Foreman (2023) explores the application of big
data in the field of occupational safety and health [30]. Kirkels (2022) discussed the fire safety issues caused by electric vehicles in the
EU region, and the article suggests that safety risk standards should be established to improve battery technology [31]. Zhang (2022)
found that intelligent mines can effectively meet the needs of green, safe, and automated coal mining [32]. Edirisinghe (2019)
introduced how intelligent construction sites can achieve real-time safety management of construction sites [33].

According to Fig. 3. Regarding the hot topic of supply chain security management, scholars have adopted various research models
to enrich the research in this field. The method of conducting in-depth interviews and conducting questionnaire surveys is an
important tool for studying organizational behavior. Relevant literature has affirmed the role of safety factors in the supplier selection
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Fig. 2. PRISMA flowchart for supply chain safety management technology.
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Fig. 3. PRISMA flowchart for supply chain safety management model

process of core enterprises through questionnaire surveys [34,35]. Further research has employed structural equation modeling tools
to empirically analyze the relationship between safety production and sustainable development of the supply chain [36,37]. Game
theory is a commonly used tool in supply chain management research. Previous studies have analyzed through game theory tools how
procurement companies can exert influence on suppliers, thereby reducing the risk of suppliers violating corporate social responsibility
[24,38]. Yang (2021) found that core enterprises can improve the overall security level of the supply chain through revenue and cost
sharing contracts [39]. Given the many uncertainties in safety management, the levels of a firm’s safety and reputation exhibit a
dynamic process of change. Differential games can reveal the dynamic process of changes in firms’ behavioral strategies over time;
such games have also become an important research tool in the field of supply chain safety management. Some scholars have applied
differential equations to carve out safety levels or brand goodwill to optimize food safety problems [40,41].

In summary, compared with existing literature on supply chain safety management, this paper has two main features. Firstly,
considering the dynamic change characteristics of supply chain safety management, this paper attempts to introduce the differential
game approach to study safety management decisions in the supply chain. Secondly, in order to systematically analyze the advantages
and disadvantages of various supply chain safety management behaviors, this paper distinguishes and divides supply chain safety
management behavior into the two categories of “safety organization” and “safety research and development”. To explore how to
establish an optimal coordination mechanism for supply chain safety management, various safety management strategies in the up-
stream and downstream of the supply chain under Nash and Stackelberg are analyzed. The goal is to achieve improvement in the
effectiveness of supply chain safety management.
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3. Basic model

Differential game is a commonly used continuous time dynamic optimization research tool in the field of management, suitable for
studying supply chain safety production management strategies under dynamic changes. In this paper, a two-level supply chain is
developed that includes manufacturers Z and suppliers G. The assumption is that there are two strategies for manufacturers and
suppliers in the safety management process, with safety organization focusing on process management and safety R&D focusing on
goal orientation. It is further assumed that the utility generated by the joint safety management of manufacturers and suppliers is
distributed by the lead manufacturer, who gives the suppliers a share of the utility of 5,6 € (0,1), a constant that is predetermined,
while the manufacturer receives the remaining share of 1—§. The manufacturer’s monitoring of the supplier’s production process
results in the manufacturer incurring monitoring costs of C(G;), at which point the supply chain safety management utility increases,
proportional to the coefficient of ¢ with the impact of the manufacturer’s safety organization monitoring on the supply chain safety
management utility. The manufacturer subsidizes the supplier’s safety R&D, and the subsidy reduces the supplier’s safety at a rate of 6,
0 € (0,1). This article first lists the main parameters and symbols through Table 1:

Members in the supply chain manage safety through both R&D input and management process control. The costs of effort for supply
chain safety organization, safety R&D and safety organization regulation are as follows (Eq. (1)):

C(R,) =R C(R) =R (M) =M cM) =M c(6.) =BG <)

The core of safety management is safety R&D. The level of safety in a digital context is determined by the company’s safety R&D
efforts. According to the classical NA model on reputation, the safety level is also a dynamic change process, similar to reputation.
Therefore, safety level can also be expressed as a state function (Eq. (2)) [42].

S(1) =aR(1) + pR.(1) — yS(1) @

where S(t) denotes the safety level at time t and the initial safety level.
The total utility of safety management can be seen as a function of safety R&D and safety organization and is proportional to the
safety level (Eq. (3)).

U(1) = eM, (1) + nM(1) + xS(1) 3

Assuming that the manufacturer’s and the supplier’s discount rates are the same and positive, both of them aim for an optimal
safety management strategy that maximizes their own utility.

In this paper, based on the above assumptions, the objective functions of the supplier and the manufacturer are obtained, according
to the construction method of the differential game (Eq. (4)):

+oo

Jo(Ry(1), M, (1)) = / e {8[em, (1) +nM.(0) +750)] ~ER2 ~ M2 far

+00
LM = [ {10 [eMy )+ 0+ 250)] R ~Em2 par @
0
Table 1
Symbol description.
R; Safety R&D effort, safety regulation effort and safety R&D subsidy rate
M; Safety organization effort
S(t) Safety level
U(t) Supply chain safety management utility
C(R;) Safety R&D effort cost
C(M;) Safety R&D effort cost
C(Gy) Cost of safety organization supervision
Wi Cost of effort impact factor
P Discount rate
a Coefficient of supplier’s influence
B Impact factor of manufacturer safety R&D on safety level
y Degradation rate of safety level

™

Coefficient of impact of manufacturer safety organization on the utility of supply chain safety management

Coefficient of influence of manufacturer safety organization regulation on the utility of supply chain safety management
Coefficient of influence of manufacturer safety organization regulation on the utility of supply chain safety management
Coefficient of impact of safety level on utility function

Manufacturer’s share of utility gained by a given supplier

Cost of manufacturer oversight on supplier improvement

Manufacturer’s rate of subsidy to suppliers for safety R&D

TN R | =




B. he et al. Heliyon 10 (2024) e26471

4. Model solving
4.1. The nash differential game scenario

In the case of the Nash game, the manufacturer and the supplier independently decide on their own safety organization and safety
R&D efforts. On that basis, they each determine the strategy that maximizes their own respective utilities.

Theorem 1. In the Nash non-cooperative game case, the static feedback Nash equilibrium of the manufacturer and supplier is (Eq.

(5)):
| o1y (O axb 1 ply (=0 (1—8xp
(M R,') = Qs’m(pﬂ))(Mz R ( Hy ’uz(p+r)) ®

Proving (Eq. (6)):

PV, (S) = max {8[eMy (1) + nM.(1) +75(1)] — IR —E2M2 4V, (8) [aR, + BR. — 15(1)] }

My R 2 2
V.(8) = {1 = DM 0) 1)+ £5(0)] 2R ~5oM2 4V, ()R, + .~ 15(0)] | ©

Derivation of the HJB equations for safety organization and safety R&D, respectively, leads to (Eq. (7)):

Substituting into the HJB equation, we obtain (Eq. (8)):

52 (1— o) (V) & (aV, BV,
oV :5[—+7+x5 e 0T Ly (e s
¢ Hs Hy 2y 2u; N\ Hy

562 (1 — 8 2V (1=8P . (a*V, BV,
/)Vz:(l—é){i-&-( )i +xS} V) (=8 +V2<a—g+ﬂ—‘—ys) ®
Hs Hy 2u, 2u, H Hy

From the above equation, a linear function with respect to S is a solution of the HJB equation (Eq. (9)):

Ve=aS+a,
V/, = a;S +ay (9)
With substitution (Eq. (10))
52 2 S(1 =96 2 2.2 2
p(alS+a2)=(6)(—ya1)S+—g+u a‘a”  paa;
2u, Hy 24 Hy
(1 =87 6(1-68)& pa® aa;
plasS+ay)=[(1—-06)y —yas)]S + + + +— (10)
(@ 3= ) o) 2, H3 2u, My
One can obtain (from Eq. (11) and (12)):
@ — x5 o et 5(1— o) N 15 225(1 =8
YT 2om o 2uplp+y) mplp 1)
_(=op (=88 (1-9 @r(1-85 (1-8'%F
ptr’ Pis 2 o+’ 2(p+1)p
- ( 20 >S+ 5 8(1 —o)m? 18t 726(1 —8)p°
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vie {(1 _6)’1s+ (1 -95)oe n (1= +azxz(1 - 5)5Jr (1-08)°28
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e ays (1—0o)n p(1— 5))()
M, R, M, RN ==, : ) 12
(M, R, ) (ﬂ; mp+7) He mpty) ()

Theorem 2. The supplier’s safety organization effort is directly proportional to the coefficient of influence of the supplier’s safety
organization on the supply chain safety management utility and the manufacturer’s share of utility gained by the given supplier. The
manufacturer’s safety organization effort is proportional to the coefficient of influence of the manufacturer’s safety organization on the
supply chain safety management utility and inversely proportional to the manufacturer’s share of utility gained by the given supplier.
The supplier’s safety R&D effort is directly proportional to the coefficient of the effect of the safety level on the utility function and the
share of utility gained by the manufacturer given the supplier, and the effort is inversely proportional to the rate of the degradation of
the safety level. The supplier’s safety R&D effort is directly proportional to the coefficient of the effect of the safety level on the utility
function and inversely proportional to the share of utility gained by the manufacturer, given the supplier and the rate of the degra-
dation of the safety level. The proof process can be found in Eq. (13).

M, ' oR,'

. 7
Proving : 5 >0, PR

oR,'
74

oR,'
4

oR,'
oy

OR.!
<O’T}<O (13)

oM, oR,'
< .9k

>0 < %%

<0, >0, >0,

4.2. The stackelberg game situation under the manufacturer’s safety organization supervision

In order to maintain the reputation of the supply chain, the manufacturer, as the dominant firm, monitors the safety organization of
its suppliers. The manufacturer’s monitoring behavior is assumed to incur safety regulation costs, while the total utility of safety
management can be seen as a function of safety organization, safety R&D and safety regulation efforts (Eq. (14)).

U(1)" =eMy(t) + nM.(t) + G (1) + 2S(1) (14)

At the same time, the cost of safety supervision is: C(G,) = 0.5u5G,*:

In the Stackelberg game, the supply chain strategy becomes a manufacturer-led decision system. The manufacturer first decides on
its safety R&D, safety organization and safety regulation efforts. The supplier then decides on its own strategy after observing the
manufacturer’s strategy. A backward induction approach can be used. The optimal control strategy of the supplier is solved first (Eq.

(15)):

PV(8) = max{B[eM, (1) + (1) +28(0)] —EIR =M 4V, () [k, + R, ys<r>]} 15)

The safety R&D and safety organization efforts to maximize the solution strategies (Eq. (16)):

(anRx) = <§ w) (16)
Hy Wy

Under the Stackelberg game, the manufacturer formulates its own optimal strategy, based on the expected decisions of its suppliers.
On this basis, the manufacturer’s HJB equation is (Eq. (17)):

PV.(S) = mff{(l — 8) [eM, (1) + 1M (1) + ¢G. (1) +xS(1)] — %Rzz - %Mf - %Gf +V,(S)[aR, +BR. — yS(1)]} 17)

Substituting this into the above equation (from Eq. (18) and (19))

RACE ‘ﬁ}’,%e’f{ (1-9) B%: M (1) + 9 G-(1) +zS(t)} R -EMI =BGV (S) QZ%(S)H}RZ B ys(l)} } w
Jields : (M, R,, G.) = ((1 wLNAL (5)7 (1- 5)ﬂ> (19)
Hy Ha Hs

Substituting this into pV,(S),pV,(S), one can see from the previous section that the linear function of S is the solution of the HJB
equation. The utility situation can be obtained through the HJB equation (Eq. (20)):
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From this, the optimal effort level of Stackelberg equilibrium can be obtained (Eq. (21)):

de ays  (1=8n (1 -6)xp (1—6)11>

T ) ) E] (21)
e +y)  w Tp+r) s

(Mgzng27MzzvR:23 G? ) = (

Theorem 3. In the case of the manufacturer’s safety regulation of suppliers and the manufacturer’s own safety organization, safety
R&D effort and the supply chain’s safety organization, the safety R&D effort does not change under the Stackelberg game, compared to
the Nash game. In contrast, the manufacturer’s safety regulation effort is directly proportional to the coefficient of impact with the
manufacturer’s safety organization on the supply chain safety management utility; the effort is also inversely proportional to the share
of utility gained by the manufacturer, given the supplier.The proof process can be found in Eq. (22).

9G.  0G,

PI'OViIlg : (Mg2$R327M127R22) = (MglﬁRglszl}Rzl)' 0’7 65

>0,

<0. (22)

Theorem 4. In a Stackelberg equilibrium with manufacturer safety regulation, the supplier’s utility is the same as in the Nash

equilibrium. Meanwhile, the manufacturer’s utility is greater than in the Nash equilibrium when ¢ > and less than in the Nash

equilibrium when ¢ < J. The total supply chain utility also depends on the marginal coefficient of the manufacturer’s safety regulation.

Pareto improvement is achieved when the total utility of the supply chain is higher than the Nash equilibrium, and vice versa when the

total utility of the supply chain will be lower than the Nash equilibrium.The proof process can be found in Eq. (23).
(1-6)°(pn—n*) _(1—6)’n(2p —n)

Proving : V.2 - V.! =V, — V' = o = o (23)

The first question is demonstrated here. Specifically, the coefficient of influence of manufacturer safety organization supervision on the
utility of supply chain safety management determines the efficiency of safety organization cooperation, and the scientific means of organiza-
tional supervision lead to improved supply chain utility under safety organization cooperation. For example, Uniqlo has improved the operating
conditions of its Indonesian suppliers through various and effective means [43]. The improvements have played a positive role in improving the
safety level of suppliers and brand reputation.

4.3. Stackelberg process under the manufacturer’s safety R&D subsidy

Manufacturers have an incentive to subsidize their suppliers’ safety R&D practices, in order to improve the performance of their
components. Assume that the manufacturer subsidizes the supplier’s safety R&D at a rate of 0. The decision problem evolves into a
Stackelberg non-cooperative game.

Under the Stackelberg game, the supply chain strategy becomes a manufacturer-led decision system. The manufacturer first decides
its own safety R&D, safety organization and safety regulation efforts. Then, after observing the manufacturer’s strategy, the supplier
decides on its own strategy. A backward induction approach can be used. The optimal control strategy of the supplier is solved first (Eq.
(24):

pV(S) = ;;:'f}g;{é [eM, (1) + M. (1) + xS(1)] — % (1-0)R, — %Mg“r 24

V, (S)[aR, + BR. — rS(1)] }

Maximize safety R&D and safety organization efforts by the strategy (Eq. (25)):

_ (8e aV,(s)
o) = (3275 =

In the Stackelberg game, manufacturers formulate their optimal strategies based on the expected decisions of suppliers. On this
basis, the manufacturer’s HJB equation is (Eq. (26)):
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pV.(S) :%’f{(l —9) {S?MMZU)HS(O} _%Rzz —% 2 —%(%) +
3 1 (26)
. { av, (8)

v pr =0}

Taking the derivative yields Eq. (27):

o= (LD )

(27)
Substituting this into pV,(S), pV,(S) (Eq. (28)):
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Under the Stackelberg game, the manufacturer formulates its own optimal strategy, based on the expected decisions of its suppliers.
On this basis, the manufacturer’s HJB equation is (Eq. (29)):

V- (ﬁ)s PG )L G A ) i
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The optimal level for the Stackelberg equilibrium can thus be obtained as follows (Eq. (30)):
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Theorem 5. The manufacturer’s safety organization effort and safety R&D effort, and the supplier’s safety organization effort did not
change when the manufacturer gave the supplier R&D subsidies, compared to the Nash equilibrium and when the manufacturer
regulated only the safety organization. Meanwhile, the supplier’s safety R&D effort increased. The proof process can be found in Eq.
(3D).

Proving : (M,*,M,*,R*) = (M,*,M,”,R?) = (M,",M,",R."),R,’ >R,>=R,' 3D

Theorem 6. In the case where the manufacturer gives the supplier a safety R&D subsidy, the supplier’s utility is greater than that in
the Nash equilibrium, and the manufacturer’s safety organization is regulated. Meanwhile, the manufacturer’s utility, the total utility
of the supply chain, and the Nash equilibrium are related to the size of the manufacturer’s utility. When & < 2 — v/2, the manufac-
turer’s utility is greater than that in the Nash equilibrium. When & > 2 — /2, the manufacturer’s utility is less than in the Nash
equilibrium. At the same time, when & > 2 — v/2, the total supply chain utility is greater than in the Nash equilibrium, and when & <

21/2 — 2, the total supply chain utility is less than that in the Nash equilibrium. When ¢ > %
; -

2,2
utility is lower than the manufacturer’s safety organization regulation; when ¢ < 7“5‘;:‘ ns((;f[(lzfﬁ )
. —
ps?y28(2v2 —2-8)
2pn(p+1)*(1-9)°
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+ 3, the manufacturer’s
+ 3, the manufacturer’s utility is
higher than the manufacturer’s safety organization regulation. Also, in the case where ¢ > + 1, the total supply chain’s

utility is lower than the manufacturer’s safety organization regulation, and in the case where ¢ < + 3, the total supply
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chain’s utility is higher than the manufacturer’s safety organization regulation.The proof process can be found in Eq. (32).
Proving:

2¢2,.2 2¢2,2
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Theorem 6 answers the second question. Specifically, strong alliances do not improve supply chain performance, and a strong manufacturer
working with a weak supplier on safety R&D would be more efficient. Directly contrary to what happened to CATL earlier, Aotearoa, a power
supply supplier with a market capitalisation of just over $3 billion, has worked intensively with domestic automotive giant BYD. As a result,
Aotearoa’s safety management has been well recognized as the only nuclear safety-grade high-frequency switching power supply provider in the

country.

4.4. The situation under the manufacturer’s simultaneous safety organization supervision and safety R&D subsidy strategy for suppliers

In order to maintain the reputation of the supply chain, the manufacturer, as the dominant firm, will supervise the safety orga-
nization of its suppliers. The manufacturer’s supervisory behavior is assumed to incur safety supervision costs, while the total utility of
safety management can be seen as a function of safety organization, safety R&D and safety supervision efforts (Eq. (33)).

U()" =eM,(t) + qM.(1) + G (1) + xS(1) (33)

Simultaneously, the cost of safety supervision is: C(G;*) = %Gz*z.

At the same time, in order to improve the performance of the component, the manufacturer has an incentive to subsidize the safety
R&D practices of suppliers. Suppose that the manufacturer subsidizes the supplier’s safety R&D at a rate of §*. The decision problem
evolves into a Stackelberg non-cooperative game. Under the Stackelberg game, the supply chain strategy becomes a manufacturer-led
decision system. The manufacturer first decides on its own safety R&D, safety organization, safety regulatory effort and safety R&D
subsidy rate. Then, after observing the manufacturer’s strategy, the supplier decides its own strategy. A backward induction approach
can be used. The optimal control strategy of the supplier is solved first.

The objective function of the supplier is (Eq. (34)):

PV (S) = max{é[eMg(t) FML(0) +xS(0)] — (1 - 00)R,? - %Mgz +V,(S) [aR, + BR. — 7S(1)] } (34)

Mg.Ry 2

Maximize safety R&D and safety organization efforts for solving strategies (Eq. (35)):

(o av, (8)
oe2) = (i ) 9

Under the Stackelberg game, the manufacturer formulates its own optimal strategy, based on the expected decisions of its suppliers.
Substituting the above equation, the manufacturer’s HJB equation is (Eq. (36)):

'

vy (S)
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A derivation of the above gives the manufacturer’s safety organization effort, safety R&D effort, safety regulation effort, and safety
R&D subsidy rate (Eq. (37)):

(1\/[/‘47&47 G2479*) _ <(1 - 5)'77/7‘4- (5)7 (1- 5)’77 1— Q) (37)
Hy Ha Hs 2

Substituting this into pV,(S), pV,(S) (Eq. (38)):

11
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(38)

From this, the optimal effort level of the Stackelberg equilibrium can be obtained (Eq. (39)):

(M4R4M4R4 G40*)—<§ V2ays (1*5)'7(1*5))(/5(1*5)’71_£>
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(39)

Theorem 6: When the manufacturer provides both the supplier safety organization supervision and the safety R&D subsidy, the
manufacturer’s safety organization effort and safety R&D effort, and the supplier’s safety organization effort do not change. This is
compared to the Nash equilibrium and when the manufacturer gives only the supplier safety organization supervision. Meanwhile, the
supplier’s safety R&D effort increases, compared to the Nash equilibrium and when the manufacturer gives only the supplier safety
organization supervision. The supplier’s safety R&D effort was the same as when the manufacturer only gave the supplier a safety R&D
subsidy. The proof process can be found in Eq. (40).

Proving (M,*,M,*,R.*) = (M, M,*,R.’) = (M;>, M,>,R.*) = (M,',M,",R."),R,* =R, > R,>* =R, (40)

Theorem 7. When the manufacturer gives both safety organization supervision and safety R&D subsidies to the supplier, the supplier’s utility
is the same as when the manufacturer gives only safety R&D subsidies to the supplier. In addition, the supplier’s utility is greater than in the case
of the Nash equilibrium and when the manufacturer gives only safety organization supervision to the supplier. The total utility of the supply chain
is greater than the case when the manufacturer only gives the supplier the safety R&D subsidy.

Theorem 8. The manufacturer’s utility is greater than that in the Nash equilibrium when ¢ > W
1

in the Nash equilibrium when ¢ < % 3. When 8 < 2— v/2, the manufacturer’s utility is greater than when the
1

manufacturer only gives supervision to the supplier safety organization. When § > 2 — /2, the manufacturer’s utility is less than the

> p502y28(3— 3\/_+\/_6
2pn(p+)* (1-9)°

+ 3, the supply chain’s total utility is

+ 1, and less than that

situation in which the manufacturer is only supervised by the supplier’s safety organization. When ¢

supply chain’s total utility is greater than in the Nash equilibrium. When ¢ < %W
. —

+ 3, the

less than in the Nash equilibrium.The proof process can be found in Eq. (41).
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Theorem 8 answers the third question. Specifically, two different scenarios emerge for the constraint on manufacturer safety
regulation to make the supply chain Pareto-improved. This is relative to the Nash equilibrium under the dual cooperation model,

compared to the single cooperation model. The crowding-out effect occurs when & > izﬁ and the constraints are more stringent.

Meanwhile, § < %ﬁ and the constraints are relatively weaker when the efficiency of safety organization cooperation is increased. The

12
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crowding-out effect occurs when the constraints are more stringent, while the constraints are relatively weaker when the efficiency of
safety organization cooperation is increased. This finding also suggests that there is a squeezing-out effect under dual safety coop-
eration in the presence of a strong manufacturer, where external R&D subsidies become dependent on the supplier and thus lack in
organizational management [44].

5. Numerical analysis and simulation

In game theory research, using MATLAB tools for numerical simulation can better visualize model conclusions and provide
empirical basis for subsequent policy research [45]. This section provides validation of manufacturers and suppliers in different safety
management game scenarios. To obtain the simulation data, it is assumed here that: p =0.1,¢ =0.3,5 =0.2,y =0.6,4; = 0.1,4, =
0.2,u3 =0.1,u4 =02,45 =0.1,0 = 0.4, = 0.3,y = 0.8. Then, the utility of the manufacturer, the supplier and the whole supply
chain system under various different game scenarios can be fitted using Matlab. The results are shown in Figs. 4, 5, 6, 7, and 8.

Fig. 4 shows that manufacturer regulation of supplier safety organizations does not increase supplier utility. In addition, supplier
utility is only increased when manufacturers subsidize safety R&D for suppliers.

Figs. 5 and 6 show that the coefficient of the distribution of safety management utility and the coefficient of the influence of
manufacturer safety organization regulation determine the total utility under different games. When the manufacturer is more
powerful and the safety organization regulation is more efficient, the total utility at the Nash equilibrium is the lowest, and the total
utility with both safety organization regulation and safety R&D subsidy is the highest. Finally, the total utility under safety organi-
zation regulation is greater than the total utility under the safety R&D subsidy.

Fig. 7 and Fig. 8 show that, when the manufacturer is relatively weak and the safety organization supervision efficiency is low, the
total utility of the Nash equilibrium is the highest, and the total utility of safety organization supervision and safety R&D subsidies is
the lowest. Also, the total utility under the safety organization supervision is smaller than that under the safety R&D subsidies.
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Fig. 5. Comparison of manufacturers’ benefits when the supplier ratio is 0.1 and the safety organization coefficient is 0.9.
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Fig. 6. Comparison of manufacturers’ benefits when the supplier ratio is 0.9 and the safety organization coefficient is 0.1.
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Fig. 7. Comparison of total revenue of supply chain when the supplier ratio is 0.1 and the safety organization coefficient is 0.9.
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Fig. 8. Comparison of total revenue of supply chain when the supplier ratio is 0.9 and the safety organization coefficient is 0.1.
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In order to achieve Pareto improvement in safety management cooperation between manufacturers and suppliers, for one thing,
strong manufacturers should provide safety cooperation opportunities. In addition, manufacturers should improve the efficiency of
safety organization and supervision, and fully explore the level of safety cooperation between the upstream and downstream of the
supply chain.

6. Conclusion

This paper proposes a binary safety management system, highlighting an innovative perspective in the context of information
technology development. In addition, two safety management tools are defined: safety organization and safety research and devel-
opment. The dynamic change characteristics of the safety level are considered, and differential games are applied to analyze the
optimal safety management decision in the supply chain under four different game scenarios. The results show that the coefficient of
the distribution of safety management utility and the coefficient of the influence of the manufacturer’s safety organization regulation
determine the total utility under different games. Also, when the manufacturer is more powerful and the safety organization regulation
is more efficient, the total utility under the safety cooperation between the manufacturer and supplier can reach Pareto improvement.

This paper’s contributions are mainly in two aspects. The theoretical contribution is the definition of a new binary system of safety
management, which helps to better characterize safety management tools under new technological conditions and policy environment.
The dynamic equilibrium of supply chain safety management is described through differential games, and new ideas are provided for
the research related to supply chain safety management. The practical contribution is the provision of a reference for the decision
making of safety management cooperation behavior in the supply chain. To be specific: 1) The core manufacturer’s safety organization
regulation plays an important role in raising suppliers’ awareness of social responsibility; strong regulation will also improve the safety
level of the whole supply chain. This also provides a basis for multinational corporations to help developing country suppliers improve
their safety production environment. For example, retailers such as Primark and H&M have signed safety production agreements in
Bangladesh factories to help suppliers improve work safety conditions in Bangladesh [46]. 2) In supply chain safety cooperation, one
partner is often required to be dominant, and a strong manufacturer is often better able to guarantee the execution of safety coop-
eration. Some globally renowned industry leaders are willing to provide technology to improve clean production and safety to their
suppliers in developing countries in order to demonstrate their corporate social responsibility. For example, Dow Chemical promotes
process safety technology to Chinese suppliers, improving the intrinsic safety level of the Chinese chemical industry [47].3) In safety
R&D cooperation, the R&D subsidies provided by a strong dominant firm will have a crowding-out effect, due to insecure R&D
cooperation. This will reduce the efficiency of cooperation due to the subsidies’ asset-specific nature. Therefore, manufacturers can
provide indirect support to suppliers in supply chain safety R&D cooperation by building R&D platforms and licensing technologies.
This will help to reduce the crowding-out effect of dual cooperation. This also provides a solution for the global promotion of safety
production technology in high-risk industries.

This paper still has some shortcomings. There are more factors that influence corporate safety management behavior, and the
model assumptions could be enriched. Further research could consider a case where the state function is non-linear under multiple
influencing factors. Supply chain safety management cooperation between multiple manufacturers and suppliers could also be
considered.
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