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Introduction: The development of digital technology and upgrading of
consumer service demand have led to profound changes in the supply chain,
gradually forming a supply chain ecosystem and transforming inter-enterprise
cooperation into ecological cooperation. Amidst complex international
landscapes and industrial transformation, the role of government has garnered
significant attention. Thus, enhancing ecological cooperation in the supply
chain during the new development stage and clarifying the government's role
constitute critical research topics.

Methods: We analyze strategies of governments, suppliers, and manufacturers
using a three-party evolutionary game model. The ideal event is defined
within this model, and key influences on the dynamic evolutionary process are
examined. A sensitivity analysis of selected parameters is rigorously conducted.

Results: Our findings demonstrate that: (1) The government significantly
promotes ecological cooperation among supply chain enterprises and can
adjust system equilibrium by modulating the subsidy coefficient and regulatory
costs. (2) Greater eco-sensitivity enhances advantages in eco-cooperation.
(3) Establishing reasonable compensation fees between enterprises ensures
effective eco-cooperation. (4) Acompany'’s cost investment in eco-cooperation
critically influences its engagement in such collaboration.

Discussion: The study confirms the government’s pivotal role in facilitating
supply chain ecological cooperation through policy instruments. Eco-sensitivity,
inter-firm compensation mechanisms, and cost investments are identified as
decisive factors for successful collaboration. Sensitivity analysis further validates
the robustness of these parameters in shaping evolutionary outcomes.

ecological cooperation, evolutionary game, supply chain, ecosystem government
supervision, supply chain management
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1 Introduction

Industry 4.0 has had profound economic and social impacts
on the society [1]. Supply chain changes have been prompted
by the emergence of new digital technologies such as big data,
artificial intelligence, and cloud computing. In addition, supply
networks are facing greater challenges than ever before as a
result of the COVID-19 pandemic [2]. The concept of supply
chain ecosystems is increasingly attracting the attention of scholars
worldwide [3]. Supply chain members are gradually breaking
away from the original linear up- and downstream relationships
and developing into a supply chain ecosystem. The supply chain
ecosystem is similar to the business ecosystem in that each member
of the system is closely related to the ecosystem as a whole. The
system is a community composed of a large number of mutually
supportive and interdependent supply chains that are closely
connected and collaborate in mutually beneficial partnerships for
joint value creation [4]. Ecological cooperation has emerged as
a new model of collaboration between companies and is now
widely applied.

The government, which is a vital component of both
the economy and society, has a significant influence on how
policies are made and how the business climate is regulated.
Governments worldwide are making continuous efforts to improve
the competitiveness of their supply chain companies. A number
of policies have been introduced in recent years to promote the
development of the supply chain in China.

Under the new reality of supply chain development and the
government’s policy phase-out, we propose a specific model that
defines the dynamic interaction between suppliers, manufacturers,
and governments where suppliers and manufacturers face strategies
(ecological or non-ecological cooperation) and governments also
have an either/or strategy (supervision or non-supervision). The
game between subjects in this study must consider time because
of the subjects’ behavior. To investigate the unilateral evolutionarily
stable strategy (ESS) and the ESS of systems, we construct a three-
party evolutionary game model and use evolutionary game theory
as an analysis tool. Then, we design an ideal scenario and examine
its affecting variables in light of the decision-making behavior. This
study contributes to the development of policies that organizations
and administrations can implement to enhance and advance their
supply chains.

This study will address the following key issues. (1) Is there
a game equilibrium point in this model, and what does the
evolutionary path look like? (2) What are the key factors that
influence the subjects' decisions? (3) What is the role of the
government in the model, and what policies can the government
adopt to facilitate ecological cooperation among enterprises?

The article is structured as follows: Section2 reviews
the literature, Section 3 builds the evolutionary game model,
Section 4 analyzes the model, Section5 provides numerical
simulations, and Section 6 presents conclusions and implications.

2 Literature review

This paper aims to determine how to promote eco-cooperation
among supply chain enterprises and how the government can foster
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such cooperation through active regulation by constructing a three-
way evolutionary game model. The development of theories such
as business ecosystems and supply chain ecosystems provides a
reference and expands the possibilities for ecological cooperation
among supply chain enterprises. This literature review will address
the following aspects.

2.1 Evolutionary game model of a supply
chain

Evolutionary game theory originated from population
biology. In contrast to classic game theory, it integrates dynamic
evolution process analysis with bounded rationality among players.
Evolutionary game theory concentrates on the evolutionary process
and evolutionary stable states in the model. Given its alignment
with real-world dynamics, it has become an important research
tool for the study of dynamic game problems. It has been widely
applied to studying various aspects of the supply chain. First,
regarding the number of game subjects, evolutionary games in
the supply chain are mainly studied as two- and three-party
games. Xiong etal. (2023) used the evolutionary game model to
analyze the stable evolutionary strategies of logistics enterprises in
collaborative transportation applying blockchain technology [5].
Long etal. (2021) used a three-party evolutionary game model
to study green sensitivity in the green supply chain [6]. Second,
we focus on the use of evolutionary game for cooperation among
supply chain members. Yu et al. (2022) built an evolutionary game
model based on the relationship between agricultural product
suppliers and urban residents in the financing system [7]. Gu et al.
(2019) built an evolutionary game theory model to examine NREI
company cooperation in reverse logistics operations [8]. Huang
etal. (2023) constructed a tripartite evolutionary game model of
government, dealers, and ginger farmers under asymmetric price
transmission and explored the impact of the target price insurance
on the stabilization strategy of the tripartite evolutionary game [9].
Third, we consider the case of government regulation in the study
of supply chain evolutionary games. Sun et al. (2019) investigated
a two-tier supply chain’s green investment plan for manufacturers
and material suppliers under a government subsidy structure [10].
Mahmoudi, R. and Rasti-Barzoki, M. (2018) employed evolutionary
game theory to simulate how supply chain participants might
perform under various government scenarios [11]. Cheng and
Cheng (2023) used prospect theory and mental accounting theory
to analyze the decision-making behavior of the public and private
sectors in PPP project supervision, revealing the impact of factors
like perceived costs, penalties, reference points, and risk exposure
on their proactive behavior [12].

2.2 Supply chain ecosystem and ecological
cooperation

There have been recent significant advances in digital supply
chain innovations which have been driven by the rapid evolution
of technologies such as artificial intelligence (AI), blockchain, the
internet of things (IoT), and digital twins. These innovations have
been extensively studied in high-impact journals, focusing on
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their potential to enhance supply chain resilience, sustainability,
and operational efficiency. One major area of research has been
the integration of AI and machine learning (ML) for predictive
analytics and decision-making. For example, Zhang et al. (2024)
demonstrated how Al-powered demand forecasting models could
significantly reduce uncertainties in volatile markets, particularly
in the post-pandemic era [13]. The adoption of digital twins has
gained momentum, with researchers exploring their potential for
simulating and optimizing supply chain operations. For instance,
Ivanov etal. (2024) developed a digital twin-based model for
supply chain risk management which allows firms to simulate
disruptions and test mitigation strategies in a virtual environment
[14]. Sustainability remains a critical theme, with studies focusing on
how digital innovations can support green supply chain initiatives.
A notable contribution by Kumar et al. (2024) examined the use of
IoT and big data analytics to monitor and reduce the environmental
impact of supply chain activities, particularly in the manufacturing
sector [15]. Jacobides, M. G. etal. (2018) expanded existing
research by analyzing ecosystem development mechanisms and their
distinctions from traditional governance structures [16]. According
to Ron Adner, the ecosystem is the multilateral coalition of parties
necessary for a focal value offer to become a reality [17]. Business
ecosystems serve as a strategic framework for interorganizational
collaboration, driving competitive advantage and innovation [18].
At present, academic research on business ecosystems is gradually
maturing, and more scholars are beginning to focus on the field of
supply chain ecosystems. From a theoretical research perspective,
David Jr and Ketchen J et al. (2014) described a supplier ecosystem
as a collection of interdependent and coordinated businesses that
face some of the same adaptive difficulties and work together to
develop and maintain a sourcing base that gives them a competitive
edge [19]. Letaifa, S. B. (2014) revealed the difficult transition from
the supply chain to the ecosystem, using the multidimensional
definition of value-ecosystemic value and employing lifecycle theory
to identify the different stages of the evolution of value-creation
and value-capture processes in an ecosystem [20]. Liu et al. (2022)
converted evolutionary stable strategies (ESSs) into the ideal ESS
by adjusting certain parameters, and they provided suggestions
for the platform to induce its supplier to choose ecological
cooperation [21]. From a practical application perspective, Liu
etal. (2021) investigated ecological cooperation patterns between
logistics platforms and suppliers through a business ecosystem
lens, employing evolutionary game theory to model multi-period
interactions [22]. Yan etal. (2022) examined the elements that
impact the adoption of the circular supply chain in the smart
logistics ecological chain using a case study approach with four
chosen instances, identifying five such factors [23].

2.3 Summary of literature review

In summary, evolutionary game analysis has emerged as a
powerful tool in supply chain research, offering insights into
dynamic interactions and decision-making processes among various
stakeholders. Depending on the research focus, evolutionary game
models have been applied to study the behavior of suppliers,
A
significant portion of the reviewed literature explores cooperation

manufacturers, platforms, consumers, and governments.
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mechanisms between suppliers and manufacturers, highlighting
the importance of collaborative strategies in enhancing supply
chain efficiency and sustainability. Additionally, several studies
have incorporated the role of government policies, examining how
regulatory interventions, subsidies, and incentives influence the
strategic choices of supply chain participants.

In recent years, the concept of supply chain ecosystem has
gained traction among scholars, reflecting a shift from traditional
linear supply chain models to more interconnected and collaborative
frameworks. Ecological cooperation, characterized by symbiotic
relationships and value co-creation among ecosystem participants,
has become a cornerstone of supply chain management in the digital
economy. This form of cooperation introduces new dynamics such
as shared resources, joint innovation, and collective resilience, which
distinguish it from conventional inter-enterprise collaboration.
Despite these theoretical advancements, the literature remains
fragmented in systematically modeling ecological cooperation
within these ecosystems.

To address this gap, this article employs a three-party
evolutionary game model involving suppliers, manufacturers, and
the government. This framework not only captures the dynamic
interactions among these key stakeholders but also integrates the
unique features of ecological cooperation, such as resource sharing,
innovation synergy, and regulatory influence. By grounding the
model in the theoretical foundations of supply chain ecosystems,
this study aims to provide a nuanced understanding of how
ecological cooperation can be fostered and sustained in the context
of evolving market and regulatory environments. Furthermore,
the inclusion of the government as a strategic player allows for an
exploration of how policy interventions can shape the trajectory of
ecological cooperation, offering valuable insights for both academia
and practice.

3 Evolutionary game model

3.1 Problem descriptions and basic
assumptions

This study investigates factors affecting ecological cooperation
among supply chain enterprises and government supervision
mechanisms, focusing on a two-tiered supply chain composed
of upstream suppliers and downstream manufacturers. The
government will supervise cooperation due to data security and
the stable operation of the market. The two-tiered supply chain
comprises populations of upstream suppliers and downstream
manufacturers, alongside local governments with finite regulatory
capacity. Evolutionary game theory analyzes time-dependent
dynamics and incorporates players' learning mechanisms in
strategic interactions. Building on evolutionary game theory,
this study investigates the interaction mechanisms of tripartite
behavioral strategies.

Assumption 1: The three participants—government, upstream
boundedly
rational, learning from each others strategic decisions and

suppliers, and downstream manufacturers—are

gradually altering their behavioral patterns until reaching
equilibrium.
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To take advantage of open
their

competencies from firm centricity to ecosystems [24]. The

innovation opportunities,
organizations are changing strategy, emphasis, and
behavior of firms transforms from traditional competitive to
more social and ecosystemic [20]. In this study, suppliers and
manufacturers can choose to engage in ecological cooperation or
not. If the suppliers and manufacturers both choose “non-ecological
cooperation’, the profits of the suppliers and manufacturers are
U, and U,, respectively. When the suppliers and manufacturers
choose “ecological cooperation,” they need to pay extra costs
(C;,1: suppliers 2: manufacturers) because of the adjustment of
the company’s own business due to the cooperation, and these
costs will cut their final profits. Enterprises face both opportunities
(e.g., technological innovations) and risks (e.g., market volatility) in
ecological cooperation. The net benefits comprise two components:
(1) innovation gains from intra-supply chain collaboration and
(2) risk-adjusted returns from enhanced market competitiveness.
We assume that the total generated ecological resources are N
(including sharing data, information, technology, and others) when
enterprises choose “eco-cooperation.” The innovation benefits will
be affected by the ecological sensitivity of enterprises (a;,1: suppliers
2: manufacturers), which represents the ability of companies to
transform shared resources to their benefit through ecological
cooperation. The risk-based returns (U) will be shared by the
suppliers and manufacturers, and the allocation coefficient is J.

If only one party (either suppliers or manufacturers) actively
engages in ecological cooperation, the passive party may obtain
speculative gains through free-riding but is contractually obligated
to compensate the active party (amount F) for cost subsidies.

Assumption 2: We assume that the party not cooperating
ecologically has access to all the data resources shared by the
other party at the time of cooperation, but the speculative gain
is determined by the speculative coefficient due to limitations in
resources, technology, hardware equipment, efc. The cumulative
gain is R; (R; = r;N, 1: suppliers 2: manufacturers) and r, < a,,r, <
a,.

The two pure tactics available to governments are supervision
and non-supervision. In the case of supervision, governments set
a subsidy coefficient (7,0 << 1) for the extra costs incurred by
enterprises’ eco-cooperation and an integrated penalty (D) for
speculative data theft and information leakage, which is also widely
used in theliterature [12, 25]. These need to pay a certain supervision
cost (C,) by making policies. In return, supervision can bring extra
benefits (S) to governments, including economic benefits and social
reputation.

Assumption 3: Eco-collaboration is characterized by joint value
creation and aims at maximizing overall benefits, although, in
practice, a firm’s emphasis on value capture may hinder ecosystemic
value creation [17]. This study assumes that enterprises aim to
maximize their revenues. Governments pursue social and economic
benefits, including green development and industrial upgrading.
Table 1 lists the corresponding payoff parameters for the
three parties, and the interactive behavioral strategies and game
relationships among the three parties are illustrated in Figure 1.
The assumptions in this study encapsulate key characteristics
of contemporary supply chain ecological cooperation: the
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bounded rationality of participants mirrors the gradual, trial-
and-error strategic adjustments observed in industries undergoing
sustainability transitions (e.g., automotive manufacturers phasing
in circular economy initiatives); the cost-sharing and speculative
penalty mechanisms align with practical arrangements in sectors
like electronics, where supply chain contracts enforce environmental
cost allocation; the government’s hybrid subsidy-penalty framework
reflects common structures in global green manufacturing incentive
programs (e.g., proportional subsidies for eco-innovation coupled
with tiered penalties for regulatory violations); the differentiation
in ecological sensitivity coeflicients captures real-world disparities
in technological absorption capacity across industries (e.g., varying
efficiency in adopting digital green technologies between high-tech
and traditional manufacturing). These design elements enable the
model to balance theoretical abstraction with empirical relevance,
particularly in addressing modern challenges such as collaborative
innovation and data security governance in digitally-driven
supply chains.

3.2 Payoff of the three parties

We let x(0<x<1) and 1-x represent the percentages of
the suppliers that adopt the “ecological cooperation” strategy
and the “non-ecological cooperation” strategy, respectively.
Similarly, the proportions of manufacturers adopting the “ecological
cooperation” strategy and the “non-ecological cooperation” strategy
are (0 <y <1) and 1 -y, respectively. In addition, z(0 <z < 1) and
1 — zare the proportions of the governments that choose supervision
and non-supervision, respectively.

According to these descriptions, there are eight strategy
profiles; Table 2 displays a reward matrix for all players using various

strategies.

4 Evolutionary game model analysis

4.1 Equilibrium analysis of the evolutionary
game model

The expected benefits of the suppliers adopting the “ecological
cooperation” and “non-ecological cooperation” strategies are set as
V. (Equation 1) and V_, (Equation 2), respectively, and the average
expected payoff is set as V_ (Equation 3).

V.=y(z(U, +a;N+8U-C, +nC))+(1-2)(U, +a, N+5U-C)))
+(1=-)(z(U +F-C,+nC)+(1-2)(U, +F-C))) (1)

Vi =y(z(U -F+r N-D)+(1-2)(U -F+rN))+(1-y)
x (U;z+ U, (1-72)) (2)

V.=xV . +(1-x)V_, (3)

Similarly, the expected payoffs when the manufacturers
choose the ecological cooperation and the non-ecological
cooperation strategies are set as V, (Equation 4) and Vi_,
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TABLE 1 Definitions of relevant parameters.

Parameters | Definition

U; Initial benefits of enterprises (1: upstream suppliers 2:
downstream manufacturers)

Additional market ecological benefits that will be allocated
by the upstream suppliers and downstream manufacturers

8 Allocation coefficient of additional market ecological
benefits by upstream suppliers (0 < § < 1)

Ecological sensitivity of the enterprise in supply chain
(0<a; <1, 1: upstream suppliers 2: downstream
manufacturers)

Total generated ecological resources when enterprises
choose “eco-cooperation”

Government’s subsidy coefficient for the costs incurred by
enterprises when they choose the “eco-cooperation”
strategy (0 <m<1)

Extra costs of enterprises choosing “eco-cooperation” (1:
upstream suppliers 2: downstream manufacturers)

Extra costs caused by formulating supervision policies

Initial benefits for government when enterprises choose
“eco-cooperation” both

Initial benefits for government when upstream suppliers
choose “eco-cooperation” and downstream manufacturers
choose “non-ecological cooperation”

Initial benefits of the government when upstream suppliers
choose “non-ecological cooperation” and downstream
manufacturers choose “eco-cooperation”

w, Initial benefits for government when enterprises choose

“non-ecological cooperation” both

N Extra benefits for government of supervision

Compensation fee paid by the passive company to the active
company when active collaboration is unilateral

Speculative return coefficient (1: upstream suppliers 2:
downstream manufacturers) (0 < r, < 1)

Penalty from government when enterprises default on

cooperation

(Equation 5), respectively, and the average expected payoff is set
as 7}, (Equation 6).
V, = x(z(Uy+a, N+ (1-8)U-C, +7C,) + (1 -2)
X (Uy+a,N+(1-8)U-C,))+(1-x)(2(U, + F-C, +nC,))

+ (1 -2)(U,+F-C,)) (4)
Vi, =x(z(Uy = F+1r,N-D)+(1-2)(U, - F+1,N)) + (1 -x)
x (Uyz+ U,(1 -2)) (5)
Vy=yV,+ 1=V, (6)
Frontiers in Physics
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In addition, the expected payoffs of the governments selecting
the “supervision” and “nonshortision” strategies are set as V,
(Equation 7) and V,_, (Equation 8), respectively, and the average
expected payoff is set as V, (Equation 9).

V‘.{=x(y(W1+S—Cg—7TC1 —71C2)+(1—)1)(W2+S—Cg—7'tC1 +D))

+(1=)(y (W3 +S-C=nC, + D)+ (1-p)(W,+S-C,))  (7)
Vi =x(Wiy+ Wy1=p) +(1-x)(Wiy+ Wy(1-y))  (8)
V,=zV,+(1-2)V,_, 9)

According to Assumption 1, the chances x, y, and z of the
suppliers, manufacturers and governments adopting the “ecological

cooperation,
change dynamically over time f. As a result, the derivative of

‘ecological cooperation,” and “supervision” strategies

their respective timing probability can be used to mathematically
define the growth rate of the three strategies—F(x), F(y), F(z). The
replicator dynamics equations of the suppliers, manufacturers, and
the government are given as follows (Equations 10-12):

F) = B = (V- T) =5 -0(V, - V1)

=x(1-x)(F-C,—rNy+a; Ny+8Uy+Dyz+nC,z) (10)

dy —
Fi) = 2 =1V, = V)) =50 -9(V, = V1)
=y(1=y)(F-C, —r,Nx+a, Nx+ (1 - 8)Ux + Dxz + nC,2)
(11)

F(z) = % =2(V,-V,)=201-2)(V,- V,_,)

=z(1—z)(S—Cg+Dx+Dy—ﬂC1x—71C2y—2ny) (12)

4.2 Stability analysis of the three-party
evolutionary game model

4.2.1 Progressive stability analysis of unilateral
behavior strategy

Given the characteristics of ESS and the stability theorem for
differential equations, if the derivative of the replication dynamic
e 0) and

dx
F(x) =0, the evolutionary entity has reached an evolutionarily

equation at the equilibrium point is less than 0 (

stable strategy.

Proposition 1:

(1) Ifz= Z* _ F-C,-r;Ny+a, Ny+0Uy

~CoDy , then no matter what the value x
o
is, F(x) = 0, the suppliers’ strategies will not change over time,

and all behavioral tactics are consistent.

Ifz+z = F*Crhi’éw
—C-

two stable points x=0 and x =1, which means that the

(2) and F(x) = 0, then we can obtain
suppliers’ strategy will be stabilized in a state of strict
ecological/non-ecological cooperation.

Proof of Proposition 1. Based on Formula 10, we know that
dF(x)
dx

(1-2x)(F-C, -1, Ny+a,Ny+38Uy+ Dyz+nC,z)

frontiersin.org


https://doi.org/10.3389/fphy.2025.1544607
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Luan et al. 10.3389/fphy.2025.1544607
Additional
supervision costs
Co
v
Supervision(z)
N
& %,
& %
& Z
P
N O
& 05@%
& %
Y %
2/
additional costs Cy additional costs C,
Additional market ecological benefits(U)
v Total generated ecological resources when enterprises v
Ecological - choose “eco-cooperation”(N) o Ecological
cooperation(x) £ cooperation(y)
Non-ecological Non-ecological
cooperation(1-x) cooperation(1-y)
FIGURE 1
Interaction strategy behavior and game relationships among payoffs for the three parties.

TABLE 2 Payoff matrix of the three parties.

Parties

governments

Supervision z

Non-supervision
1-z

Ecological cooperation U +a,N+8U-C, + U +a,N+6U-C,
y nC, U,+a,N+(1-8)U-C,
U,+a,N+(1-8)U- w,
C, +7nC,
Suppliers Ecological cooperation x Manufactures Wy +S8-C,—nC, —nC,
Non-ecological U +F-C +nC, U +F-C,
cooperation U,-F+r,N-D U,-F+n,N
1-y Wy+8-C,—nC +D w,
Ecological cooperation U -F+r N-D U, -F+rN
y U, +F-C,+nC, U,+F-C,
. W;+S8-C,-nC,+D W,
. Non-ecological s
Suppliers . Manufactures
cooperation 1 —x A
Non-ecological U, U,
cooperation U, U,
1-y Wy+8-C, w,

LetG,(z) =F—-C, —r;Ny+a, Ny+ 38Uy + Dyz+ nC,z,and nC, +
Dy > 0; therefore, G, () is a linear increasing function of z,

dF

1. When z* <z<1, Gi(z)>0; at this time, d(;)| . >0 and
.
% . < 0. Therefore, x = 1 is an ESS, and the suppliers tend
.

to choose ecological cooperation.

2. When 0<z< z*,Gl(z) <0, at this time, dl;:‘) |x_0 <0 and
% - 0. Therefore, x = 0 is an ESS, and the suppliers tend

to choose non-ecological cooperation.

Frontiers in Physics

The replicator dynamics phase diagram of the suppliers
is shown in Figure 2a.

Proposition 2:

_ 0 _ F-C,—r,Nx+a, Nx+(1-6)Ux
1) If z=2"= N

F(y) = 0,and the m:nilfacturers’ strategies will not change with
the evolution of time, and all behavior strategies are stable.
@) If Z#:ZO _ F—Cz—rzl\i):szz_I;I;c;(l—é)Ux
obtain two stable poirzlts y=0and y = 1, which means that the

, then no matter what y is,

and F(y) =0, then we can
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0.5 —

X

0<z<z2f,z—0

/<z<l,x > 1

0.5
(a)Suppliers

“0.5

0.5 —

y<y<lz—=0
O<y<y,z—1
0.5

0.5 N 0
(c)Governments :

FIGURE 2
(a) Suppliers. (b) Manufacturers. (c) Governments. The replicator
dynamics phase diagram of the three parties.

manufacturers’ strategy will be stabilized in a state of strict
ecological/non-ecological cooperation.

Proof of Proposition 2. Based on Formula 11, we know that

dE(y)
d_y =(1-2y)(F-C,—1,Nx+a, Nx+ (1 - 6)Ux + Dxz + nC,z).

Let G,(z) = F- C, —r,Nx+ ay, Nx + (1 - §)Ux + Dxz + nC,z, and
nC, + Dx > 0; therefore, G,(z) is a linear increasing function of z,

Frontiers in Physics

10.3389/fphy.2025.1544607

1. When 2’ <z<1, G,(2) >0; at this time, dl;—(yy)| >0 and
y=0

dF(y)
dy y=1
tend to choose active cooperation.

< 0. Therefore, y = 1 is an ESS, and the manufacturers

2. When 0<z< zO,GZ(z) > 0,atthistime, dS—S')| <0 and
y=0
dl;—ﬁf/) > 0. Therefore, y = 0 is an ESS, and the manufacturers
y=1

tend to choose passive cooperation.

The replicator dynamics phase diagram of the manufacturers
is shown in Figure 2b.

Proposition 3:
$-Co+Dx-nCyx

M) Ity=y = 7C,-D+2Dx
the governments’ strategies will not change with the evolution

, then no matter what z is, F(z) = 0, and

of time, and all behavior strategies are stable.

(2) If y+ * _ §-Ce+Dx-nCix
Yy = 7C,~D+2Dx

two stable points z=0 and z=1, which means that the

government’s strategy will be stabilized in a state of strict

and F(z) =0, then we can obtain

supervision/non-supervision.

Proof of Proposition3. Based on Formulal2, we
know that
dF(z)
e (1- 22)(5 = Cy+ Dx+Dy-nCyx—nCyy - 2ny)

Let G;(y) =S-C,+ Dx—nCix+(D-nC,-2Dx)y, and we
know 0<x <1, so D—nC, —2Dx < 0; therefore, G;(y) is a linear
decreasing function of y,

1. When y* <y<1,G5(») <0, at this time, dZ(ZZ) |Z70 <0 and
dl;—(zz) >0 Therefore, z = 0 is an ESS, and governments tend
to choose non-supervision.

2. When 0<y <y*,G3(y) >0, at this time, dl;(zz) |Z_0 >0 and
% . < 0. Therefore, z = 1 is an ESS, and governments tend

to choose supervision.

The replicator dynamics phase diagram of the governments
is shown in Figure 2c.

To improve the accessibility of the evolutionary game theory
(EGT) framework, we will augment the replicator dynamics
and stability analysis with intuitive explanations tailored to
interdisciplinary readers. For instance, the derivation process will
be contextualized through a simplified analogy comparing strategy
evolution to biological population dynamics (e.g., cooperative
behaviors as “mutualistic symbiosis” in ecosystems). Key stability
conditions will be accompanied by numerical examples, such as
calculating equilibrium thresholds using hypothetical cost-benefit
ratios (e.g., “if a manufacturer’s eco-investment exceeds 15% of
marginal profits, defection becomes dominant”). Additionally,
a step-by-step walkthrough of phase diagram interpretation
will be embedded, illustrating how parameter variations shift
equilibrium states—mirrored by real-world scenarios like tightening
data security regulations altering governmental supervision
thresholds.

4.2.2 Calculation of equilibrium points of the
tripartite evolutionary game model

The replicator dynamics equations of the three parties
under their respective strategies have been expressed, and to
obtain a stable strategy for the dynamic system, we let three

frontiersin.org


https://doi.org/10.3389/fphy.2025.1544607
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Luan et al.

TABLE 3 Eigenvalues of the Jacobi matrix.

Equilibrium points

Eigenvalue 1

10.3389/fphy.2025.1544607

Eigenvalue 2 Eigenvalue 3

E;(0,0,0) AN =-C+F N=-C+F A =$-C,

E,(0,0,1) N = -C,+F+nC, = -C,+F+nC, N =C-S

E;(0,1,0) M =-C+F-rN+a,N+dU N=C,-F A =8-C,+D-nC,
E,0,1,1) M\ =-C +F-rN+aN+8U+D+nC, \=C,-F-nC, \}=C,-S+nC,-D
E4(1,0,0) \N=C-F M=F-C,-r,N+a,N+(1-8)U M =8-C,—nC,+D
Eg(1,0,1) A =C,-F-nC, M= -C+F-rN+a,N+(1-8)U+D+nrC, \g=C,+nC,~S-D
E,(1,1,0) M =C-F+rN-a N-8U N=C,-F+r,N-a,N-(1-8)U A} =$8-C,-nC, -nC,
E4(1,1,1) A\y=C,—F-D+rN=-a N-8U-nC, A\ =C,-F-D+nN-a,N-(1-8)U-nC, kg:Cg—S+ﬂCl+rtC2

TABLE 4 Local stability analysis of the equilibrium point.

Equilibrium points  Eigenvalues Eigenvalue symbol Stability
E,(0,0,0) A\ =-C+F Unsure Uncertain
N=-C,+F Unsure
N=8- G, Unsure
E,(0,0,1) \y=-C,+F+nC, Unsure Uncertain
A =-C,+F+nC, Unsure
A= C,-S Unsure
E;(0,1,0) M=-C +F-rN+aN+dU Unsure Uncertain
N=C,-F Unsure
)\g =§-Cy+D-nC, Unsure
E,0,1,1) A\y=-C +F-rN+a N+3U+D+nC, Unsure Uncertain
N =C,-F-nC, Unsure
A} =C,=S+nC,-D Unsure
E;(1,0,0) \=C,-F Unsure Uncertain
M =F-C,-r,N+a,N+(1-8)U Unsure
A=5- C,—nCy+D Unsure
E((1,0,1) )\é = Cl -F-nC, Unsure Uncertain
A=-Cy+F-1r,N+a,N+(1-8)U+D+nC, Unsure
A\ =C +nC -S-D Unsure
4
E,(1,1,0) M=C -F+rN-a N-6U Unsure Uncertain
AE=C,-F+rN-a,N-(1-8)U Unsure
AN=s- C,—nC, - nC, Unsure
Eg(1,1,1) A\y=C,—F-D+rN=-a N-8U-nC, Unsure Uncertain
\N=C,—-F-D+rN-a,N-(1-8)U-nC, Unsure
A\ =C —S+nC, +nC, Unsure
g
§-Cy+D-nC,  C,~F+r,N-a,N—-(1-8)U S-C, C,-F
formulas equal 0: 1, —= L L0, 1=~
q ( S’ c 71DC2+CD ’ nCy+D ), ( nC,-D’ " nC,
—CgtD-71 C,—F+r,N-a;N-6U F-C F-C,
— — — g 2 1 1 1 2 1
F(x) = 0,E(y) =0,F(z) =0 (e b 74D ) N-a,N-(1-0)U° r,N—ulN—tSU’O)’ and
F-C+nC, F-C,+nC,

This means that the system will no longer evolve, and
we can obtain eight pure strategies, which are E,(0,0,0), E,(0,0, 1),

E5(0,1,0), E4(0,1,1), E5(1,0,0), E4(1,0,1), E,(1,1,0), Eg(1,1,1), and
(0, &F)

six mixed which are
> 1C,-D’ 7C,

strategies,

Frontiers in Physics

N aN-U-5UD’ rN-aN-U-D" 1). Because evolutionarily stable
strategies (ESSs) emerge only in pure strategies [26], mixed strategies
are rejected first, which is widely used by scholars [12, 27].

The stability of the equilibrium points can be obtained by

analyzing the Jacobi matrix [28]. According to the stability
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TABLE 5 Local stability analysis of the equilibrium point under the conditions of S > C, + nC; + nC; and F > max{C; - nC;}.

Equilibrium points = Eigenvalues

E,(0,0,0) A\ =-C+F
N=-C+F
N =8-C,

Eigenvalue symbol Stability

+ Unstable point

E,(0,0,1) A\ =-C +F+nC,
= -C,+F+nC,

N=C,-$

+ Saddle point

E;(0,1,0) \y=-C,+F-rN+a N+6U
N=C,-F

A =8-C,+D-nC,

+ Saddle point

Unsure

E,(0,1,1) \y=-C +F-rN+a,N+8U+D+nC,
AN =C,-F-nC,

\}=C,~S+nC,-D

+ Saddle point

Unsure

E5(1,0,0) M=C-F
M=F-C,-r,N+a,N+(1-8)U

M =5-C,~nC,+D

- Saddle point

E4(1,0,1) A\=C,—F-nC,
\N=-Cy+F-nrN+a,N+(1-8)U+D+nC,

\;=C,+1C =§-D

- Saddle point

E,(1,1,0) N =C,—-F+rN-a N-6U
N=C,-F+r,N-a,N-(1-0)U

A} =8§-C,-nC, -nC,

- Saddle point

E4(1,1,1) 4=C —F-D+rN-a N-8U-nC,

A
1;=C,—-F-D+r,N-a,N-(1-8)U-nC,
)\§=Cg7$+ncl+7rcz

- ESS

analysis of Lyapunov, the details of the Jacobi matrix are

as follows (Equation 13):

OF(x) 9F(x) 0F(x)
0x 9y dz ap  ap a3
JF(y)  oF oF
J(x,y,2) = Em 381) a(zy) =l a9 apn a3
0F(z) 0F(z) 0F(z) az; a4z 4

ox ay 0z
(13)
Each element of the Jacobi matrix can be expressed

as follows (Equation 14):

[(a,, = (1-2x)(F-C, - R/Ny+a,Ny+3Uy+ Dyz+nC,z)

a;, =x(1-x)(D-RN+a, N+ dU)

a3 =x(1 -x)nC,

a,, =y(1=y)(D-R,N+a,N+(1-96)U)

1 a5, = (1=-2y)(F-C, = RyNx +a, Nx+ (1 - 6) Ux + Dxz + nC,z)
ay3 = y(1 - y)nC,
as; = 2z(1-2z)(D—-nC, —2Dy)
as, = 2(1 - 2z)(D - nC, — 2Dx)

L a33 = (1 —Zz)(S— Cg+Dx+Dy—nCix— rrCZy—Zny)

(14)
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Only the eight pure points are considered since the equilibrium
solution of the tripartite evolutionary game is a stringent Nash
equilibrium [27]. Under different local equilibrium points, the
eigenvalues of the Jacobi matrix are shown in Table 3. For the three-
party evolution game, according to the Jacobi matrix’s local stability
criterion, if and only if the eigenvalues are all less than 0 is the
equilibrium point a stable point; when the eigenvalues are all more
than 0, then the equilibrium point is an unstable point; when one
or two eigenvalues are more than 0, then the equilibrium point is a
saddle point. We need to determine the positive and negative values
of all eigenvalues.

According to Assumptions2 and 3, we know that if the
suppliers and manufacturers choose to eco-cooperate actively,
then for the suppliers, its innovation benefits can outweigh its
speculative gains (i.e., 7, N < a; N), and for the manufacturers, r,N <
a, N. Because of the numerous parameters selected, we are unable
to determine the positivity or negativity of the majority of the
eigenvalues of the equilibrium points in Table 4, and we are unable
to assess the evolutionary stability approach using Fridman’s stability
judgment method for the Jacobi matrix [28]. Additionally, the
Jacobi matrix has opposite eigenvalues, and these may interfere
with each other. For example, \J = — A2 makes it impossible for
E;(0,1,0),E,(0,1,1) to be an ESS simultaneously. As a result, none of
the three participants' behavioral methods had a completely stable
central point [27]. It can be used in conjunction with computer
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TABLE 6 Local stability analysis of the equilibrium point under the conditions of S < C; and F > max{C;}.

Equilibrium points  Eigenvalues Eigenvalue symbol Stability

E,(0,0,0) A\ =-C+F + Saddle point
N=-C,+F +
N=8- -

E,(0,0,1) A\ = -C +F+nC, + Unstable point
= -C,+F+nC, +
N=C,-$ +

E;(0,1,0) Ay=-C +F-rN+a N+8U + Saddle point
)‘§ =G- -
A =S- C,+D-nC, Unsure

E,(0,1,1) A\y=-C +F-rN+a,N+8U+D+nC, + Saddle point
AN =C,-F-nC, -
A= C,—S+nC, - Unsure

E4(1,0,0) \M=C-F - Saddle point
M=F-C,-r,N+a,N+(1-8)U +
A=5- C,—nCy+D Unsure

E4(1,0,1) A\=C,—F-nC, - Saddle point
A=-C+F-rN+a,N+(1-8)U+D+nC, +
)\3 C +7'rCl S-D Unsure

E,(1,1,0) N =C,-F+rN-a N-6U - ESS
A=C,-F+r,N-a,N-(1-8)U -
A} =8§-C,-nC, -nC, -

E4(1,1,1) Ay=C -F-D+rN-a N-8U-nC, - Saddle point
1;=C,—-F-D+r,N-a,N-(1-8)U-nC, -
)\§=Cg—s+nC1+nC2 +

TABLE 7 Different initial parameter values for satisfying the different conditions.

ESS Conditions Parameters values
a; ‘ a, C ‘ C, n | n
Case 1 E(1L,1,1) | $>C,+7nC, +nC,and F>C,-2C; | 08 | 06 | 6 5 02 | 03 | 8 5 05 | 45 | 4 03 |8 |1
Case 2 E(1,1,0) | $<C,andF>C, 08 06 6 5 02 | 03 | 8 5 05 | 7 4 03 | 2 | 3

simulation to assess the alliance’s multiple players' evolutionary
stability.

Proposition 4: When §> C,+7C, +C, and F > max{C; - nC},
then Eg4(1,1,1) is the only ESS point where the suppliers and
the manufacturers choose ecological cooperation actively and
government supervision, respectively.

Proof of Proposition 4.

When F > max{C; ~nC;} and S > C, + nC; + nC,, we can obtain
all of the eigenvalue symbols in Table 5. Only the eigenvalues of
Eg¢(1,1,1) are greater than zero, and Eg(1,1,1) is the only ESS point.

Proposition 4 indicates that when the compensation fees are
greater than the costs of the company under the condition that
the government subsidizes the cost of the enterprise and the
government obtains positive returns, then the evolutionary and
stable strategy will be Eg(1,1,1)). The subsidy coefficient 7 is a
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variable that governments can adjust. The egulhbrlum condition can
we obtain

ol
o be expr [ <n
also be expressed as max c Crc,”

the first conclusion: when the governments sub51dy coefficient can
g

Ci— S-C,
be reasonable enough (max{ c } << o
l

the suppliers and manufacturers will eventually choose to eco-

=) under supervision,

operate actively, and the government will supervise.

Proposition 5: When S$<C, and F> max{C}, E;(1,1,0) is
the only ESS point where the government does not supervise
cooperation, and the suppliers and the manufacturers choose
ecological cooperation actively.

Proof of Proposition 5

When S§<C,
the eigenvalue symbols in Table 6. Only the eigenvalues
of E,(1,1,0) are greater than zero, and E,(1,1,0) is the
only ESS point.

and F> max{C}, we can obtain all of
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FIGURE 3
(a) Eg(1, 1, 1). (b) E5(1, 1, O). The evolutionary trajectories of players at the ESS.

Proposition 5 indicates that when the compensation
fees F are greater than the costs of company C; under
the condition that the

regulation, the suppliers and the manufacturers will also

government is not involved in

choose ecological cooperation, and the evolutionary stable  cooperation.

Frontiers in Physics 11

strategy will be E,(1,1,0). Therefore, we can obtain the
second conclusion: when the government does not supervise,
suppliers and manufacturers need to negotiate a reasonable
compensation fee to guarantee the smooth progress of ecological
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FIGURE 4
(a) x. (b) y. (c) z. (d) xyz. The evolution path under different initial probabilities.

5 Numerical simulations of the
tripartite evolutionary game

In this section, we use a numerical simulation to observe
the progression of the ESS and analyze the impact of parameter
variations on tripartite behavioral dynamics in this model. To
characterize the evolutionary path, we use MATLAB R2022a to
numerically simulate the dynamic evolution trajectory from the
initial state to the equilibrium state. With reference to previous
studies [10] and repeated discussions with relevant industry experts
and scholars, and in an effort to be able to derive generalizable
conclusions, we adjusted the initial simulation data. Given the
distinct constraint conditions in Propositions 4, 5, we assign two
distinct sets of initial parameter values. The parameter values reflect
relative rather than absolute magnitudes (Table 7).

5.1 The evolutionary trajectories of players

The values for Cases 1 and 2 satisfy the constraints of
Propositions 4 and 5, respectively. Figure 3 displays the trends of
change for the two scenarios, developed over 50 iterations from
various initial strategy combinations. From the simulation results
in Figure 3a, it is evident that the system only has one evolutionary
stable strategy combination (ecological cooperation, ecological
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cooperation, supervision) at this time, which is consistent with the
conclusion of Proposition 4. Figure 3b shows that the system has
only one evolutionary stabilization point (ecological cooperation,
ecological cooperation, and non-supervision) under the constraints
of Proposition 5, which also verifies the conclusion of Proposition 5.

Given that the initial probabilities of the three parties, x(), y(t),
and z(t), are distributed at random distributions between [0, 1],
the path evolution of the three-party game system with different
initial probabilities is first examined. The specific analysis will be
performed with the values of Case 1 (Eg(1,1,1)) as an example.
We set the initial probability of x,y,z to 0.2, 0.5, or 0.7; as time
t changes, the probabilities of x,y,z in Figure 4 tend to stabilize.
The findings in Figure 4 demonstrate that when the conditions are
met, the ESS point is (1,1,1) irrespective of the initial probability
combination of the three-game subjects' strategies. Therefore, the
conclusion from Proposition 4 can be verified. We can also obtain
the third conclusion from Figure 4. The larger the initial probability
of three subjects, the shorter the time for the system to reach a
stable state.

5.2 Parameter sensitivity analysis

Theoretically, we hold that companies can modify their own
strategies to promote ecological cooperation and mutually beneficial
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FIGURE 5
(a) a;. (b) a,. Decisions of the three parties influenced by different ecological sensitivities (a;).

outcomes. Governments may also be able to successfully carry out
their regulatory duties at the same time, increasing the legitimacy of
government and encouraging social and economic transformation.
Consequently, we will concentrate more on the effects of changing
various elements on the equilibrium of the evolutionary game
in what follows. According to the above analysis, the ecological
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sensitivity (a;), compensation fee (F), and allocation coefficient (&)
for enterprises and the subsidy coeflicient (1) and extra costs (Cg)
for the government are chosen as the primary parameters for the
sensitivity analysis. All initial probabilities in this section are set as
0.5, meaning that x(0) = y(0) = z(0) = 0.2. The parameter values are

also set in case 1, for example.
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5.2.1 Ecological sensitivity (a;)

All other parameters in this analysis are kept constant,
except for ecological sensitivity (g;). The different values of g,
are listed in Figure 5, and the analysis findings are also displayed.

According to Figure 5a, when a, increases from 0.5 to 0.9, x
increases, y decreases, and g, finally stabilizes at 1. This indicates
that with increasing ecological sensitivity (a,), suppliers can obtain
more innovation benefits from ecological cooperation and have
greater absorption capacity for resources generated by ecological
cooperation; at the same time, manufacturers are at a disadvantage.
The same analysis can be used for Figure 5b, but the situation is
reversed. In this process, the change trends of z are not sensitive.

In practice, this situation is understandable. When upstream
suppliers have keen market insight and the ability to absorb the data,
information and other kinds of resources generated in ecological
cooperation for their own benefit, suppliers will have a stronger
willingness to carry out ecological cooperation. The same is true
for downstream manufacturers. Eco-cooperation is not a zero-
sum game; all members can enjoy the resources generated by
eco-cooperation. This paper argues that the innovation benefits of
eco-cooperation depend on the eco-sensitivity (a;) of enterprises,
which is closely related to their own capabilities. When other
conditions remain unchanged, the strength between partners is
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comparable, which is more conducive to the realization of ecological
cooperation.

5.2.2 Compensation fee (F)

In this section, the parameters in the evolution model are held
except for the compensation fee (F), which is set to 2, 5, and 8. The
results are shown in Figure 6.

It is obvious from Figure 6a that under the condition that
Proposition 4 is satisfied, the value of F affects the decisions of the
suppliers and manufacturers when the other parameters are taken
constantly. It may be that under certain conditions, suppliers and
manufacturers will tend to refrain from eco-cooperation when F
is less than a particular value, and their strategies will stabilize in
eco-cooperation when it is greater than this particular value. In
contrast, governments are not sensitive. An increase in F will cause
the conversion from E,(0,0,1) to Eg(1,1,1). When F is different, the
graphs of x,,z with time are illustrated in Figures 6b—d.

In reality, compensation fees are an effective means of securing
business-to-business cooperation. Since enterprises need to invest
certain costs in advance when they choose to carry out ecological
cooperation and will open certain enterprise resources to partners,
when free-riding behavior occurs, enterprises will suffer economic
losses. Setting compensation fees in cooperation will effectively put
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(a) C,. (b) C,. Effect of C; on the suppliers’ decisions and effect of C, on the manufacturers’ decisions.

financial pressure on partners, reduce the speculative behavior of
enterprises and enhance their confidence in carrying out ecological
cooperation. Consequently, fair remuneration rates can encourage
collaboration between manufacturers and suppliers.

5.2.3 Extra costs of the enterprises (C;)

The other parameters in the model are kept constant, and the
results of x and y are shown in Figure 7 by changing the values of C;
and C,.
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As shown in Figure 7a, the willingness of suppliers to engage
in eco-cooperation gradually decreases as the extra cost increases;
when the cost is higher than a specific value, suppliers choose not to
engage in eco-cooperation. The same is true for the manufacturers,
but the difference is that the cost threshold for whether the
manufacturers engage in eco-collaboration is lower than that of
the suppliers (Figure 7b). This phenomenon is related to the initial
parameter settings. In addition, a comparison of Figures 7a and b
shows that when other parameters are constant, the suppliers
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The decisions of the three parties influenced by different allocation coefficients (8).

will stabilize faster than the manufacturer if the costs invested in
achieving eco-cooperation are the same.

Whether companies choose to engage in eco-cooperation
is closely related to its costs in practice. In our initial value
setting, upstream suppliers have an information and resource
advantage over downstream manufacturers (a, > a,), so it is not
difficult to explain why upstream suppliers have a greater tolerance
for costs than downstream manufacturers. Both suppliers and
manufacturers will take longer to achieve eco-cooperation as its
cost continues to increase, or they may even eventually choose
not to do so.

5.2.4 Allocation coefficient (9)

The parameters of the game model are fixed, except for the
allocation coefficient (8), which is set to values of 0.8, 0.5, and 0.2
to study the sensitivity of this parameter. Figure 8 shows the results.

With the increase in the allocation coefficient, x increases, y
decreases, and finally stabilizes at 1. In this process, governments
are not sensitive enough. The allocation coefficient (§) determines
the level of common risk-based benefits that suppliers and
manufacturers receive as a result of improved overall supply chain
market competitiveness when they engage in ecological cooperation.
According to Figure 8, a balanced distribution of common benefits
among partners will facilitate a faster realization of ecological
cooperation.

Thus, as the allocation coefficient increases, upstream suppliers
can gain more benefits from ecological cooperation, but downstream
manufacturers may decrease their willingness to participate in
ecological cooperation because they are at a disadvantage in the

Frontiers in Physics

16

distribution of benefits. This is in line with reality. We also know
that changes in this single factor do not affect the choice of this
three-party strategy.

5.2.5 Subsidy coefficient (n)

According to Proposition 4, the equilibrium condition of
5-C

g

i < C+C,

parameters are fixed, we will study the effect of the change in the

; when other

Eg(1,1,1) is expressed as max{c’c—_F}<

government subsidy coefficient () on the strategy choices of the
three subjects (Figure 9). According to the initial value setting of case
1, the government subsidy coefficient is 0.4, 0.6, and 0.8.

According to Figure 8, the government is more sensitive to
the subsidy factor than suppliers and manufacturers. When 7 >
C;TC’Z(O.64), as 7 increases, z first increases and then decreases to
eventually stabilize at 0. When 7 satisfies the above constraint, the
changes in x and y are roughly the same and finally stabilize at 1.
With increasing 7, the equilibrium point will change from Eg(1,1,1)
to E,(1,1,0). To more intuitively represent the effect of the change in
pi on X, ¥, z, the results are shown in Figures 9b-d.

In general, the subsidy coefficient is an important factor
that influences government decisions and determines the cost of
government incentives for firms to cooperate ecologically. The
government’s cost subsidy to enterprises will effectively reduce the
cost of enterprise eco-cooperation, which is a direct means of
encouraging cooperation. However, the government also needs to
consider its input-output effect, and a reasonable subsidy coefficient
will achieve a win-win situation for all three parties.
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(a)pi. (b)x. (c)y. (d)z. Decisions of the three parties influenced by different subsidy coefficients (n).

5.2.6 Extra costs of government (C,)

To analyze the sensitivity of the extra costs of government (C,),
the other parameters in this model are fixed. The extra costs of the
government (Cg) are set to different values, as shown in Figure 10.

Under the numerical conditions of case 1, changing the value
of C, will mainly affect the government’s decision-making and
have little effect on the suppliers and manufacturers. As shown in
Figures 10a and d, z eventually stabilizes at 1 when C, gradually
increases from 1 to 4. However, after C, is greater than or equal to
5, z increases and then decreases and eventually tends to 0 as time
increases. The gradual increase in C, causes the system equilibrium
point to change from Eg(1,1,1) to E,(1,1,0). In addition, according
to Figures 10b and c, all else being equal, the suppliers and
manufacturers will achieve ecological cooperation more quickly
with low government regulatory costs.

In practice, governments will incur additional costs in active
regulation to establish policies of incentives and penalties and
other administrative expenses. According to the above analysis,
government costs (C,) are among the most important factors that
influence the government decisions. When these costs are too high,
the willingness of the government to actively regulate will decrease,
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and the lack of cost subsidies from the government will also affect
enterprises’ decisions. Reasonable government costs will contribute
to the sound development of the whole system.

6 Conclusions and implications
6.1 Main conclusions

This paper examines the mechanism by which supply chain
companies carry out ecological cooperation, taking into account a
two-level supply chain composed of suppliers and manufacturers
that is regulated by the government, against the backdrop of
the development of the digital economy and business ecosystem.
Using evolutionary game theory, we build a three-party model
involving suppliers, manufacturers, and the government. The
model is grounded in literature review and calibrated through
empirical validation. We also analyze the stability of each party’s
strategy choice and the stability of the system equilibrium strategy
combination. We draw several theoretical and practical findings
from our investigation.
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(1) In this study, there are two ideal game equilibrium points:
E,(1,1,0) and E¢(1,1,1). Governments play an important role
in promoting ecological cooperation among supply chain
companies, and setting a cost subsidy factor is an effective
means to promote eco-cooperation; however, the cost of
spending for this purpose is an important consideration
for the government to actively regulate. When there is
no government regulation, if enterprises want to achieve
ecological cooperation with their partners, they need to
set reasonable compensation fees and allocation coefficients
between each other to guarantee the benign development of
eco-cooperation, while their ability and the costs of conducting
ecological cooperation are also important influencing factors
that affect their strategy choice. The specific implications will
be described in detail below.

(2) A company’s ecological sensitivity represents its ability to
absorb the benefits of innovation from eco-cooperation and
needs to be enhanced as it develops; the higher the eco-
sensitivity is, the more advantageous it is in eco-cooperation.

(3) Setting a reasonable compensation fee is an effective
means of ensuring that eco-cooperation is carried out;
it will reduce the speculative behavior of enterprises
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(4)

(5

~

7)

and ultimately influence supplier and manufacturer
decisions.

A company’s cost investment in eco-cooperation is an
important influencing factor on whether it engages in eco-
collaboration. High costs increase the time needed to achieve
ecological cooperation between suppliers and manufacturers;
when a certain amount of time is exceeded, companies choose
not to ecologically cooperate. In addition, upstream suppliers
are more tolerant of costs than downstream manufacturers.
Reasonable benefit allocation coeflicients will contribute to
ecological cooperation.

The government can influence the equilibrium of the whole
system by adjusting the subsidy coeflicient and the cost of
regulation. If the subsidy coefficients are set appropriately to
control the cost of regulation, a win-win situation for all three
parties can be achieved.

An optimal strategy set that may ultimately be achieved, given
a random initial probability distribution among suppliers,
manufacturers, and governments, is {ecological cooperation,
ecological cooperation, and supervision}. Additionally, the
system will attain a steady state more quickly when the initial

probability is higher.
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6.2 Policy recommendations

(1) Governments should actively regulate supply chain ecological
cooperation by tailoring interventions to market contexts. In
strictly regulated markets (e.g., EU electronics), fixed subsidies
(e.g., 30% of eco-certification costs) should be combined
with escalating penalties for data misuse (e.g., 2%-5% of
annual revenue). In developing economies, phased supervision
is desirable—initial tax incentives for voluntary cooperation
(e.g, 10% R&D deductions) transitioning to mandatory
blockchain-tracked audits once digital infrastructure matures.
Clear policy frameworks must balance standardization with
flexibility to ensure that technological innovations like green
manufacturing translate equitably across industries into tax
revenues and social benefits.

(2) When adopting non-specialized supervision, collaboration
mechanisms should be contextualized. For technology-
driven sectors (e.g., renewable energy), Al-powered contract
platforms should be co-developed with industry alliances
to dynamically adjust revenue-sharing coefficients based
on real-time market data (e.g., carbon credit prices). In
fragmented traditional sectors (e.g., textiles), centralized data
hubs managed by trade associations should be established
to enforce standardized compensation fees (e.g., 15% of
speculative gains) while mitigating monopoly risks. Cross-
sector benchmarks should account for disparities in digital
readiness, particularly in monitoring information security
across globalized supply networks.

6.3 Limitations and research outlook

While this study provides valuable insights into the dynamics of
ecological cooperation within supply chain ecosystems, it has certain
limitations that open avenues for future research. First, this research
focuses on a two-tier supply chain involving upstream suppliers
and downstream manufacturers. Future studies could expand this
scope by incorporating more complex and realistic scenarios, such
as multi-tier supply chains or cross-industry collaborations to better
reflect the intricacies of real-world supply chain ecosystems.

Furthermore, certain limitations in parameter settings should
be acknowledged. The current model assumes static interaction
parameters, which may oversimplify real-world dynamics where
factors like evolving trust levels, asymmetric information sharing,
and time-dependent technological compatibility significantly
influence cooperation outcomes. Additionally, the fixed subsidy-
penalty ratios and ecological sensitivity coefficients do not fully
capture how regulatory frameworks or innovation capabilities
might shift across different industry contexts or economic cycles.
These constraints could affect the generalizability of equilibrium
predictions, particularly in sectors with rapid technological
disruption or volatile policy environments. Future iterations could
address these gaps by incorporating adaptive parameter mechanisms
and scenario-based sensitivity testing to better reflect the temporal
and contextual complexities of supply chain ecosystems.

Third, this study employs an evolutionary game approach,
which assumes full interaction among participants. However,
as highlighted recently (e.g., Li, X., etal, 2024), incomplete

Frontiers in Physics

19

10.3389/fphy.2025.1544607

and asymmetric interactions have become a critical area of
research [29, 30]. Future work could explore scenarios where
information is imperfectly shared or where participants have
varying levels of influence and decision-making power. This would
align with real-world conditions where supply chain actors often
operate under constraints such as limited information or unequal
bargaining power.

Finally, integrating prospect theory and risk preference into
the evolutionary game framework could offer new perspectives on
how firms make decisions under uncertainty. This approach would
allow researchers to explore how risk attitudes and behavioral biases
influence the evolution of cooperation strategies in supply chain
ecosystems.

In conclusion, addressing these limitations and exploring these
future directions will not only enhance the theoretical foundations
of supply chain ecosystem research but also provide practical
guidance for fostering sustainable and resilient supply chain
collaborations in an increasingly complex and uncertain global
environment.
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