. mathematics

Article

Research on the Behavioral Strategies of Manufacturing
Enterprises for High-Quality Development: A Perspective on
Endogenous and Exogenous Factors

Yonggiang Su 10, Jinfa Shi 2*

check for
updates

Academic Editor: David Carfi

Received: 13 August 2025
Revised: 25 September 2025
Accepted: 1 October 2025
Published: 2 October 2025

Citation: Su, Y.;Shi,J.; Zhang, M.
Research on the Behavioral Strategies
of Manufacturing Enterprises for
High-Quality Development: A
Perspective on Endogenous and
Exogenous Factors. Mathematics 2025,
13,3165. https://doi.org/10.3390/
math13193165

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Manman Zhang 3

School of Management Engineering, Henan University of Engineering, Zhengzhou 450007, China;
suyongqiang0104@163.com

School of Management and Economics, North China University of Water Resources and Electric Power,
Zhengzhou 450046, China

School of Mathematics and Statistics, North China University of Water Resources and Electric Power,
Zhengzhou 450046, China; zhangmanman@ncwu.edu.cn

Correspondence: shijinfa@ncwu.edu.cn

Abstract

High-quality development highlights the importance of environmental protection and
green low-carbon development. The high-quality development of the manufacturing in-
dustry is not only the key content for achieving green transformation, but also an important
cornerstone for building a modern national industrial system. Current research focuses on
companies and governments, ignoring the important value of suppliers and consumers.
As a result, existing mechanisms have failed to deliver the desired results. This paper
constructs an evolutionary game model involving manufacturing enterprises, local gov-
ernments, suppliers, and consumers, and systematically analyzes the strategy selection
process of the four participating populations. On this basis, the impact of exogenous and
endogenous factors on the evolutionarily stable strategy is studied at the microscopic
level using numerical simulation methods. The results show that (1) increasing any of the
endogenous factors, such as innovative capability, organization building, and industrial
resources, can accelerate the evolution of manufacturing enterprises evolve to smart up-
grade strategy. (2) Increasing any one of the exogenous factors, such as policy environment,
industrial cooperation, and market demand, can accelerate the rate at which manufacturing
enterprises choose to adopt the strategy of smart upgrade. The purpose of this paper is to
provide a theoretical reference for the behavioral strategies of manufacturing enterprises,
and to provide a realistic reference for local governments to build a mechanism to promote
the high-quality development of the manufacturing industry.

Keywords: manufacturing industry; endogenous and exogenous factors; four-party
evolutionary game; behavioral strategy; high-quality development

MSC: 91A22

1. Introduction

In the context of the profound changes in the global economic landscape and the
continuous surge of technological innovation, the high-quality development of the manu-
facturing industry [1], as the cornerstone of the national economy, has become a focal point
for countries. Especially in China, As the economy shifts towards deep optimization and
efficient growth, comprehensive innovation and intelligent upgrading of the manufacturing
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industry become particularly crucial [2,3]. High-quality development (hereinafter referred
to as HQD) is a new development model proposed by the Chinese government [4,5]. Its
essence is efficient, fair, and green sustainable development with the goal of achieving a
better life [6,7]. High-quality development of manufacturing industry (hereinafter referred
to as HQDMI) refers to a high-level sustainable development that, under the guidance of
the new development concepts, achieves low input of production factors, high efficiency
in resource allocation, strong strength in quality improvement, excellent ecological and
environmental quality, and good economic and social benefits throughout the entire process
of production, manufacturing and sales [8,9]. The transformation of this development
model is not only in line with the trend of global economic development [10,11], but also
an inevitable requirement for China’s economic transformation and upgrading. As a new
development model, the HQDMI is affected by both endogenous and exogenous factors.

In the research on endogenous factors in HQDMI, scholars mainly focus on factors
such as innovative capability, industrial resources, and organization building. The three
endogenous factors not only profoundly affect HQDMI, but also constitute the key driving
force for its development. Specifically, (1) innovative capability is the core driving force
for the HQDMILI. In the context of increasingly fierce global competition, the improvement
of innovative capability can help the manufacturing industry achieve technological break-
throughs and industrial upgrading [12]. In the study on the impact of innovative capability
on HQDMI, Han and Ren [13] and Liu and Wang [14] found that innovation elements are a
major factor in the HQDMI. The stronger the innovative capability, the more conducive it is
to shortening the innovation cycle. (2) Organization building is an important guarantee for
the HQDMI. An efficient and flexible organization structure and management system can
help enterprises quickly respond to market changes and improve operational efficiency [15].
In the study on the impact of organization building on the HQDMI, Mathieu [16] found that
organization capacity and corporate cultural willingness have an impact on the successful
strategic transformation of the manufacturing industry. Meanwhile, the research of Hu
and Hu [17] further elucidates the unique soft resources such as organization building
within enterprises, which have crucial strategic significance for promoting sustainable
development of enterprises. Therefore, organization building such as human capital,
style building, and corporate culture have a significant promoting effect on the HQDML
(3) Industrial resources are the material foundation for the HQDMI. Rich industrial re-
sources help reduce production costs and improve product quality for enterprises. In
the study of the impact of industrial resources on manufacturing enterprises, Pang [18]
believes that a reasonable industrial structure can optimize resource allocation, enhance
the synergistic effect of the industrial chain, and promote the HQDMI; Song [19] asserts
that the HQDMI is frequently constrained by a fragile industrial foundation. Therefore, as
key industrial resource elements, the industrial foundation and industrial structure exert a
profound influence on the achievements of the HQDMI.

In the research on exogenous factors in HQDMI, scholars mainly focus on policy
environment, industry cooperation, and market demand. They believe that these three
types of exogenous factors also play an irreplaceable role in HQDMI. Specifically, (1) the
policy environment is an important support for the HQDMI. A fair, just, and transparent
policy environment helps stimulate the innovation vitality of enterprises. Local govern-
ment should improve relevant regulations, strengthen intellectual property protection,
and provide strong guarantees for the HQDMI [20]. In the study of the impact of pol-
icy environment on the HQDMI, the scholar Shao [21] believes that legal and financial
business environments can promote the HQD of enterprises; Zhang and Yao [22] found
that industrial policies have a promoting effect on the HQDMI and are an essential main
driving force; Liang [23] believes that industrial greening and green industrialization are
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the directions of industrial transformation, and a diversified and balanced open system is
an important driving force for the HQDMI. Therefore, a supportive policy environment can
reduce the transaction costs of enterprises, improve the collaborative efficiency of indus-
tries, and enhance the benefits of manufacturing enterprises actively participating in HQD.
(2) Industrial cooperation is a key link in HQDMILI. Strengthening industry cooperation with
international partners can help achieve deep integration of industrial and supply chains,
and enhance the overall efficiency and competitiveness of the manufacturing industry. In
the study of the impact of industry cooperation on HQDMI, Song and Yang [24] believe
that the modernization of the industrial chain and supply chain is an important driving
force for promoting HQD and driving the conversion of kinetic energy; Zhang [25] believes
that under spatial heterogeneity, industrial agglomeration can promote the upgrading of
manufacturing structure and promote HQD of industries. Guo [26] found through research
that intelligent technology has an important impact on promoting industrial structure
transformation and upgrading, and achieving HQD. Therefore, enhancing the level and
depth of industrial cooperation can significantly promote the modernization process of
cooperation mode; Improving the level of industrial digitization can promote industrial
development towards high-end, intelligent, and green development, ultimately acceler-
ating the HQDMI. (3) Market demand is the fundamental driving force for the HQDMI.
Closely monitoring the changing trends in global market demand can help manufacturing
enterprises adjust their product structure and market strategies in a timely manner to
meet market demand. Facing with the comprehensive impact of various endogenous and
exogenous factors, in order to adapt to environmental changes, manufacturing enterprises
will gradually adjust their own strategies and corporate behavior. Market demand has
a promoting effect on enhancing the core competitiveness of enterprises. Qi et al. [27]
found that customer participation demand provides impetus for the development of the
manufacturing industry in the digital economy; Subin et al. [28] believe that a competitive
orientation helps companies develop new products and services that are different from
those of competing companies. Therefore, expanding market demand can increase the
degree of market competition, force enterprises to pursue core technological progress to
enhance market competitiveness, and bring external impetus for HQD to enterprises.

Along with the involvement of endogenous and exogenous factors, the HQDMI also
involves the mutual influence of multiple stakeholders such as manufacturing enterprises,
local governments, suppliers, and consumers. Only by comprehensively and deeply consid-
ering these endogenous and exogenous factors, and fully coordinating the comprehensive
role of the four stakeholders, can the manufacturing industry truly achieve high-quality
and sustainable development.

In the above process, various factors interact with each other and subjects constrain
each other. In order to adapt to complex environmental changes, manufacturing enterprises
must dynamically adjust their own strategies and corporate behavior, gradually achieving
HQD. Therefore, the HQDMI is a dynamic evolution process. The evolutionary game
model [29,30] provides an important tool for the dynamic evolution analysis of systems.
Based on evolutionary game theory, comprehensively analyzing the behavior strategy
selection of various groups in the process of HQDMI, clearly understanding the evolution
mechanism of HQDMI, comprehensively grasping the internal laws of HQDMI have
become important issues that urgently need to be solved at this stage.

After reviewing the existing literature, we found that there are still certain limitations
in the current research on the evolution mechanism of HQDMI. Firstly, current research
on HQDMI mainly focuses on two party games (such as government and enterprises [31],
leading enterprises and follower enterprises [32], and enterprises and the public [33]) and
tripartite games (such as the study of the tripartite game between follower enterprises,
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leading enterprises, and local governments [34], as well as the study of the tripartite game
between government, firms and the public [35]). Obviously, the study of evolutionary game
strategies among the four stakeholder populations of local government, manufacturing
enterprises, suppliers, and consumers is of greater theoretical significance than the analysis
of evolutionary games between two and three parties. Thus, it is an urgent problem to
explore the game relationship and equilibrium stable strategy of manufacturing enterprises,
local government, suppliers and consumers in HQDMI system. Secondly, both endogenous
and exogenous factors constitute a complex system that affects the HQDMI. Only by fully
considering and reasonably utilizing these factors can the HQDMI be achieved. However,
existing research mostly focuses on studying it from a single factor perspective. How to
scientifically analyze the evolution mechanism of the strategic influence of participating
entities in the HQDMI from the perspective of the comprehensive effects of endogenous
and exogenous factors is also an important issue that this article needs to solve. Thirdly,
in the process of constructing game theory models, researchers mostly assume that all
participants have perfect judgment and predictive ability. Obviously, this condition of
complete rationality and complete information is difficult to achieve. Especially in the
HQDM], involving dynamic behavioral strategy choices from multiple stakeholders, the
likelihood of participants being completely rational is almost zero. The results of research
based on incorrect assumptions are inevitably unreliable. Therefore, how to achieve the
evolutionary game of HQDMI based on bounded rationality is an urgent problem that
needs to be solved in this study.

Based on the limitations of the aforementioned research, the primary research ques-
tions of this paper are as follows: (1) how to scientifically judge the stable strategy of
the four-party evolutionary game among manufacturing enterprises, local governments,
suppliers, and consumers in the HQDMI? (2) How to scientifically analyze the evolutionary
mechanism of the impact of endogenous and exogenous factors on the strategies of partici-
pating entities in the HQDMI? (3) How to scientifically understand the behavioral evolution
and evolutionary stability strategies of game entities such as local governments, manufac-
turing enterprises, suppliers, and consumers under bounded rationality conditions?

In comparison with existing research, the contributions of this paper are as follows:
Firstly, this study utilizes the population evolution theory and bounded rationality theory
to analyze the effects of both endogenous and exogenous factors on party strategies. It is
hypothesized that the strategies utilized by the participants on the HQDMI are a result of
both collaborative learning and competitive dynamics. This observation is consistent with
the intrinsic characteristics of an ecological population and the coevolutionary dynamics
of the environment. Secondly, in line with the context of China’s HQD and enterprise
production practices, this study provides a systematic analysis of the dynamic evolution
characteristics of participants’ behavioral strategies. The analysis takes into account a wide
range of exogenous and endogenous factors, including innovative capability, organization
building, industrial resources, market demand, policy environment, and industrial cooper-
ation. Thirdly, this study employs two complementary research methodologies, namely
evolutionary game theory and numerical simulation, to investigate the evolutionarily stable
strategies within a four-party evolutionary game involving manufacturing enterprises,
local governments, suppliers, and consumers. The current study aims to examine the
dynamics of these strategies in various scenarios. The findings of the present study offer
valuable insights into the evolutionary mechanism that drives participants” behavioral
strategies on the HQDMI, thereby providing theoretical support for the HQDMI.

The paper is organized as follows. Section 2 delves into the core of the problem,
proposes the basic assumptions of the model, and constructs a benefit matrix. By solving
the evolutionary stability strategy, this section provides a detailed analysis of the stability
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of the equilibrium point. Section 3 focuses on the simulation experiments of the model,
which verified its effectiveness and applicability through numerical simulations. Section 4
proposes a facilitation mechanism for HQDMI and provides management insights. Section 5
outlines the conclusions and limitations.

2. Problem Description and Model Assumptions
2.1. Research Methods and Framework

Evolutionary game theory is an interdisciplinary research method that combines game
theory with biological evolutionary theory [36]. Evolutionary game theory embodies the
concept of bounded rationality not by assuming that participants are “irrational,” but
by redefining rationality through a dynamic adaptation process that replaces one-shot
optimization. It views equilibrium as an emergent outcome that gradually arises through
long-term learning, trial and error, and evolution. This framework significantly enhances
the explanatory power for long-term dynamic processes in real-world societies, such as
institutional evolution, the formation of cultural norms, and behavioral strategies, thereby
providing a solid foundation for studying strategic interactions among boundedly rational
agents. In this study, tools such as the replicator dynamic equation are employed to
describe the diffusion of strategies within a population. Through trial and error and
learning, strategies are gradually optimized, eventually leading to a dynamic equilibrium.
Evolutionary game theory is widely used to study the evolution of corporate strategies
in market competition. Enterprises continuously adjust their strategies to adapt to the
external environment in competition, ultimately forming a stable strategic pattern, similar
to the survival of the fittest in natural selection [37]. The overall research framework of this
study is shown in Figure 1.

Local
governments

Game participants

Model assumptions and
payoff matrix construction

Manufacturing
enterprises ﬁ ﬁ

Replication of dynamic

System simulation

Assigning values to parameters

equation construction Dl scus Sion
ﬂ ﬂ and
Single subject strategy stability Initial probability simulation COHCIUSIOI]
analysis analysis

ﬁ l

endogenous and exogenous

ilibri lysi 5 . .
Biysiizin e {tam ExEl s factors simulation analysis

Figure 1. Overall research framework.

2.2. Problem Description

In the evolution of manufacturing towards HQD, there are four key stakeholders
involved: the local government, manufacturing enterprises, suppliers, and consumers.
Given the diverse interests and demands of all parties, the success of the manufacturing
industry in achieving HQD largely depends on the outcome of the game between these
four parties. The four parties will adjust their behavior based on subjective judgments of
economic interests, and choose strategies from the perspective of maximizing their own
interests under bounded rationality, thus forming a complex game relationship as shown
in Figure 2. The strategy selection analysis of all parties involved is as follows:

(1) For local governments, there game strategies can be divided into two behavioral
choices: strict supervision and lax supervision. When opting for a strict supervision strategy,
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the government’s relevant measures can promote consumer behavior by offering subsidies,
tax incentives, and other incentives to manufacturing enterprises pursuing smart upgrades,
while rewarding cooperating suppliers to advance HQDML. If local governments adopt lax
supervision, the development of manufacturing enterprises will follow the basic laws and
principles of the market economy.

Local
governments

Supervision
Accept oversight

“g?)%cr
Manufacturing S’f%;’f?/
enterprises (‘017
Q@"e@:‘?qz,ﬂ/
8,7 s

Recognition level

Product performance

Suppliers

Figure 2. The relationship of game participants.

(2) For manufacturing enterprises, their game strategies can be divided into two
behavioral choices: smart upgrade and extensive development. When they choose a smart
upgrade strategy, the enterprise will shift towards the high-end of the global value chain,
gain good brand value, enhance market competitiveness, and thus obtain excess returns if
manufacturing enterprises tend to adopt a more conservative participation strategy, namely
extensive development. Under this strategy, enterprises rely on resource consumption,
labor, and capital investment to drive development, representing an extensive development
strategy. The strategy chosen by manufacturing enterprises depends on whether the
expected benefits of smart upgrade are greater than those of extensive development.

(3) For suppliers, their game strategy can be divided into two behavioral choices:
positive cooperation and negative cooperation. When choosing a positive cooperation
strategy, suppliers need to enhance their abilities in product quality control, product cost
control, and technological innovation to increase consumer recognition of their products.
On the contrary, it will be punished by manufacturing enterprises and even lead to the
breakdown of cooperative relationships.

(4) For consumers, their game strategies can be divided into two behavioral choices:
green consumption and traditional consumption. As the ultimate experiencer of HQDMI,
consumers’ green consumption [38] decisions are influenced by various factors, including
government subsidies, product quality of enterprises, and after-sales service. The changes
in these factors will directly affect consumers’ consumption behavior. When the benefits
brought by green consumption are higher than traditional consumption [39], consumers
are more inclined to choose green consumption strategies; On the contrary, traditional
consumption strategies will be chosen.
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Based on the above basic understanding, in the game process of HQDMI, a total
of 16 strategy sets were generated under the influence of the four participating entities
(as shown in Figure 3). This paper employs evolutionary game theory to investigate
the behavioral strategies and their influencing factors among four participant groups:
local governments, manufacturing enterprises, suppliers, and consumers. (Behavioral
strategies refer to the decision-making process through which participants in a strategic
environment adjust their actions based on predictions of other participants” behaviors,
aiming to maximize their own interests.)

To reflect the dynamic characteristics of decision sequences in the real world, this
paper employs timeline diagrams to clarify the order of decisions, as shown in Figure 4.

Local governments Manufact‘uring Suppliers Consumers Strategy set(a,b,c,d)
enterprises
Resiioe Green consumption (1,1,1,1)
cooperation Traditional consumption
Smart upgrade 4 (1,1,1,0)
Negative < Green consumption (1,1,0,1)
cooperation .. .
Strict supervision Traditional consumption (1,1,010)
Positive < Green consumption (1’0’1’1)
i
Extensive cooperation Traditional consumption (1,0,1,())
development ;
P Nzt < Green consumption (1,0,0,1)
Setpee Traditional consumption (]_,0,0,0)
Positive Green consumption (0,1,1,1)
cooperation < 01.1.0
Traditional consumption
Smart upgrade & 0L
Negative < Green consumption 0,1,0,1)
Lax supervision Ceopeaiey Traditional consumption (0,1,0,0)
Positive < Green consumption 0,0,1,1)
Extensive CEEEEEn Traditional consumption (0,0,],O)
development g
P N Green consumption (0,0,0,1)
Cooperation Traditional consumption (O ,0,0 ,O)
Figure 3. Strategy scenarios in the game.
Phase One: Phase Two: Smart Positive Green
Government | Manufacturing Upgrade | Phglsle Tl?el;ee' cooperalion | ppase Four: Consump‘mn‘ Virtuous circle
supervision and Enterprise CollaIl))lc)J ration Market Feedback of the system
management Decision-Making
A
Extensive Negative Traditional
Development cooperation \ consumption
Feedback

Figure 4. Decision timeline.
2.3. Model Assumptions

Assumption 1. The evolution of HQDMI can be comprehended as a dynamic process wherein
strategies are consistently adapted by four primary stakeholders: local governments, manufacturing
enterprises, suppliers, and consumers, operating within a distinct environmental framework. The
strategic adaptations exhibited by individuals within a population can be understood through the
application of the replicator dynamics equation, which shares similarities with the fundamental
principles of biological evolution. In the context of the evolution of HQDMI, participants in the
game engage in competitive interactions while also acquiring knowledge from each other, thus having
the ability to modify their strategies. Therefore, the decision-making process of the game subject is
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characterized by a dynamic and continuous nature, necessitating ongoing adjustments. G represents
local governments, E represents manufacturing enterprises, S represents suppliers, and C represents
consumers. Individuals within the four-party population exhibit bounded rationality. In the course
of the game, four participants engage in a repeated game with a finite number of iterations.

Assumption 2. Due to the current low level of the HQDMI, a longer period of government
support and guidance is needed to promote the long-term sustainable development of the manu-
facturing industry. The tax revenue when local governments choose lax supervision is recorded
as rg. For local governments, when manufacturing enterprises undergo smart upgrades, they will
gain socioeconomic benefits, which is denoted as Rg. It is worth noting that this paper aggregates
the government’s multidimensional objectives into a comprehensive ‘benefit” indicator. Therefore,
R should be understood as a holistic benefit encompassing economic, social, and political benefits.
The cost incurred by local governments in raising awareness of the HQD among manufacturing
enterprises, suppliers, and consumers, as well as in optimizing the policy environment, is recorded
as Ig. The cost of the smart upgrade subsidy provided by local governments is recorded as Hgp. The
incentive cost provided by local governments to encourage suppliers to choose positive cooperation
strategies is recorded as Hgg. Local governments stimulate consumption and release green consump-
tion demand through subsidies, with the subsidy cost recorded as Hgc. The coefficient representing
the increase in socioeconomic benefits resulting from the smart upgrade of manufacturing enterprises
is denoted as &, where 6 > 1.

Assumption 3. In order to prevent “free-riding” behavior between manufacturing enterprises and
suppliers, the establishment of supply chain contracts and penalty mechanisms can motivate long-
term cooperation between them. In other words, when manufacturing enterprises have an incentive
to “free-riding” and choose extensive development, suppliers will induce manufacturing enterprises
to choose smart upgrade through contractual agreements. Thus, if manufacturing enterprises choose
the extensive development strategy, it will incur a loss due to the contractual agreement in the
case of positive cooperation by suppliers, the loss cost is recorded as Lg. When suppliers have an
incentive to “free-riding” and do not positively collaborate, manufacturing enterprises will induce
suppliers to positive cooperation through contractual agreements. Thus, if suppliers choose the
extensive development strategy, they will incur a loss due to the contractual agreement in the case of
smart upgrade by manufacturing enterprises, the loss cost is recorded as Lg.

Assumption 4. When manufacturing enterprises adopt the “extensive development” strategy,
the initial benefit to the enterprise is recorded as rg; If manufacturing enterprises adopt the “smart
upgrade” strategy, it needs to invest in innovative capability, organization building, and industrial
resources. The costs of these investments are denoted as I14, Ioc, and Irr, respectively, where
Itg >0, Ioc > 0, and Irg > 0. When manufacturing enterprises choosing the strategy of “smart
upgrade”, they will move toward the high-end of the global value chain, build a strong brand value,
enhance market competitiveness, and ultimately gain economic benefits, which are recorded as Rg.
Since the levels of innovative capability, organization building, and industrial resources vary among
individual manufacturing enterprises in the population, it is necessary to analyze the impact of
different values of these factors on the stability of the evolutionary equilibrium. The three parameters,
namely innovative capability, organization building, and industrial resources, are recorded as €, T,
and y, respectively, where e, T, u € (0,1). Further, (1 — €)1 4 implies that the higher the factor of
innovative capability of manufacturing enterprises, the lower the required inputs for innovative
capability. (1 — 7)Ioc implies that the higher the factor of organization building of manufacturing
enterprises, the lower the required inputs for organization building. Lastly, (1 — u)Ir implies that
the higher the factor of industrial resources of manufacturing enterprises, the lower the required
inputs for industrial resources.

Assumption 5. HQDMI is also constrained by exogenous factors, such as the policy environment,
industrial cooperation, and market demand. The government provides support for the HQDMI
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by optimizing the policy environment and implementing industrial policies [40]. Therefore, the
benefit obtained by manufacturing enterprises from choose the “smart upgrade” strateqy, when
local governments strictly supervise, is recorded as Ryg. Through industrial cooperation, suppliers
enhance Internet information technology services for the HQDMI, promote the development of
industrial resource agglomeration, and improve the modernization of industrial chain and supply
chain. Thus, when suppliers positively cooperate, the benefit obtained by manufacturing enterprises
from choosing the “smart upgrade” strategy is recorded as Ryc; The change in consumer attitudes
and the upgrading of consumer demand also provide a greater market space and development
potential for the HQDMI. Thus, the benefit obtained by manufacturing enterprises from choose the
“smart upgrade” strateqy, when consumers engage in green consumption, is denoted as Ryp.

Assumption 6. Given the differences in policy environments exhibited by different individuals
within the local government population, in order to further explore the impact of changes in policy
environment variables on the stability evolution equilibrium of the HQDMI system, this paper
takes policy environment as the core variable and sets it as 0. At the same time, considering the
uneven level of industrial cooperation among individual suppliers, in order to analyze the impact of
changes in different levels of industrial cooperation on the stability evolutionary equilibrium, we
take industrial collaboration as another key variable and set it as ¢. Furthermore, given the diversity
of individual consumption demands within the consumer population, in order to evaluate the impact
of changes in market demand on the stability evolutionary equilibrium, we take market demand as a
key variable and set is as ¢, where 6, ¢, € (0,1). This aims to comprehensively understand how
changes in various exogenous factors affect the evolutionary equilibrium stability of the HQDMI
system through precise parametric analysis. Further, OR 1 implies that the more favorable the policy
environment, the greater the benefit to manufacturing enterprises when they choose the “smart
upgrade” strategy; ¢Rjc implies that the closer the industrial cooperation, the greater the benefit to
manufacturing enterprises when they choose the “smart upgrade” strategy;, YRyp implies that the
higher the market demand, the greater the benefit to manufacturing enterprises when they choose
the “smart upgrade” strategy.

Assumption 7. The initial benefit when suppliers adopt the negative cooperation strategy is
denoted as rg; the economic benefit when suppliers choose the positive cooperation strategy is
denoted as Rg. The cost of inputs when suppliers choose the positive cooperation strategy is denoted
as Is. When consumers adopt the green consumption strategy and suppliers choose the negative
cooperation strategy, suppliers will receive extra income, denoted as Hs. When suppliers adopt
the positive cooperation strategy and consumers choose the traditional consumption strategy, the
suppliers incur a cost of loss, denoted as Sg.

Assumption 8. The initial benefit when consumers choose the traditional consumption strategy is
denoted as r¢; the direct benefit when consumers choose the green consumption strategy is denoted
as Re. The cost of inputs when consumers choose the green consumption strategy is denoted
as Ic. When suppliers choose the positive cooperation strategy, consumers who choose the green
consumption strategy will receive green benefits, denoted as C1. When manufacturing enterprises
choose the “smart upgrade” strategy, consumers who choose the green consumption strategy will
receive green benefits, denoted as Cj.

Assumption 9. Suppose the probability that local governments implement strict supervision is
x (x € [0,1]), and the probability that local governments implement lax supervision is (1 — x).
Suppose the probability that manufacturing enterprises adopt smart upgrade is y (y € [0,1]), and
the probability that manufacturing enterprises adopt extensive development is (1 — y). Suppose
the probability that suppliers adopt positive cooperation is z (z € [0,1]), and the probability that
suppliers adopt negative cooperation is (1 — z). Suppose the probability that consumers adopt green
consumption is m (m € [0,1]), and the probability that consumers adopt traditional cooperation is
(1—m).
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Based on the above assumptions, the parameters of the four-party evolutionary game
model are presented in Table 1.

Table 1. Parameter settings.

Subjects Parameters Descriptions
R The benefits obtained by the government when manufacturing
G enterprises choose “smart upgrade” strategy
. The initial benefits of the government when manufacturing enterprises
G choose “extensive development” strategy
Ig Cost by local governments in enhancing the policy environment
H Subsidies offered by local governments to manufacturing enterprises
Local governments CE who choose “smart upgrade” strategy
H Rewards offered by local governments to suppliers who choose
GS positive cooperation strategy
H Subsidies offered by local governments to consumer s who choose
Ge green consumption strategy
s The coefficient of increased benefits for the government due to the
choice of “smart upgrade” strategy by manufacturing enterprises
'E Initial benefit of manufacturing enterprises
Rg Benefits to manufacturing enterprises for smart upgrade
Iia The investment by manufacturing enterprises on innovative capability
Ioc The investment by manufacturing enterprises on organization building
IR The investment by manufacturing enterprises on industrial resources

Benefits gained by manufacturing enterprises adopting the smart
Ry upgrade strategy when local governments adopt the strict

Manufacturing enterprises supervision strategy

Benefits gained by manufacturing enterprises adopting the smart
Rpc upgrade strategy when suppliers adopt the positive
cooperation strategy

Benefits gained by manufacturing enterprises adopting the smart
Rmp upgrade strategy when consumers adopt the green
consumption strategy

Contractual losses incurred by manufacturing enterprises that adopt
L the extensive development strategy when suppliers adopt the positive
cooperation strategy

rs Initial benefit of suppliers
Rs Benefits to suppliers for positive cooperation
Is Costs to suppliers for positive cooperation
Added benefits incurred by suppliers that adopt the negative
. Hg cooperation strategy when consumers adopt the green
Suppliers consumpti
ption strategy

Loss costs incurred by suppliers that adopt the positive cooperation
strategy when consumers adopt the traditional consumption strategy

Contractual losses incurred by suppliers that adopt the negative
Ls cooperation strategy when manufacturing enterprises adopt the smart
upgrade strategy
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Subjects Parameters Descriptions
rc Initial benefit of consumers
R The direct benefit when consumers adopt the “green
¢ consumption” strategy
Ic The cost when consumers adopt the “green consumption” strategy
Consumers 5 X » —
C The benefits of adopting a “green consumption” strategy for
! consumers when suppliers choose a “positive cooperation” strategy
The benefits of adopting a “green consumption” strategy for
(@) consumers when manufacturing enterprises choose the “smart
upgrade” strategy
Variables Descriptions

€ Factor of innovative capability

T Factor of organization building

U Factor of industrial resources

0 Factor of policy environment

¢ Factor of industrial cooperation

P Factor of market demand

X The probability of local governments adopting the “strict

supervision” strategy
The probability of manufacturing enterprises adopting the “smart

Y upgrade” strategy

z The probability of suppliers adopting the “positive

cooperation” strategy
" The probability of consumers adopting the “green

consumption” strategy

2.4. Model Construction

Based on the above assumptions, the game payoff matrix is shown in Table 2.

Table 2. The payoff matrix.

Manufacturing . Consumers
Local Governments Ent . Suppliers
nterprises Green Consumption m Traditional Consumption 1—m
bﬂ1:5RG*HGE*HGs*HGC*IG . ay = 0Rg — Hge — Hgs — I
. . 1 = Reg +0Rg + ¢Ric + $Rmp + Hee— » = Re +0Rig + {Ric + Hee—
Positive ccz)operatlon (1 _ S)IM _ (1 _ T)IOC _ (1 _ H)IJR (1 _ s)I,A _ (1 _ T)IOC - (1 _ V)IIR
c1=Rs+ Hgs — Is c2 =Rs+ Hgs — Is — Ss
di =Rc+C+Cy+ Hge — Ic dy =rc
Smart upgrade y
a3 = 0Rg — Hge — Hoc — I ay = 0Rg — Hge — I
Negati b3 = Rg + 0Rje + YRyp + Hee + Ls— by = RE+60Rig+Hge+Ls — (1 —¢)l1a
egative 7 - e 1 1
€00 . _ (1 S)I[A (1 T)IOC (1 ]I)IIR (1 T)IOC (1 ]I)IIR
. - peration1 — z o ¢

Strict supervision c3 =rs+ Hs—Lg cg=r1s—Ls

x d3 = Rc + Hoc +C — Ic dy =rc
a5 =rg — Hes — Hoe — I a6 =G — Heos — I
Positive bs =rg — Lg bs =rg — L
cooperation z 5 =Rs+ Lg+ Hgs — Is ¢ =Rs+ Lg+ Hgs — Is — Sg

Extensive ds = Rc + Hoc +C1 — Ic 6 =rC

development1 —y a7 = r¢ — Hoe — Ig ag =rc —Ig
Negative b; =rg bg =rg
cooperation1 — z c; =rs+ Hs Cg =Ts

d; = Rc + Hge — Ic
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Table 2. Cont.

Manufacturing . Consumers
Local Governments Enterprises Suppliers - — -
p Green Consumption m Traditional Consumption 1—m
a9 = Rg ( ) ay = Rc( )
s . b‘J:RE‘FC'RICJ"lpRMD* 1—¢)lja bio =Rg+¢Ric — (1 —¢e)1a—
Positive czoperatlon —(1=D)Ioc — (1 — ) Ir (1—7)loc — (1 —p)lir
9 =Rs —Is c1p = Rg — Is — Ss
dg=Rc+C1+C,—Ic dip =rc
Smart upgrade y
a1 = Rg ( ) ap = R(G )
: byt = RE+9¢YRmp +Ls — (1 —¢€)I1a by =Rg+Ls—(1—¢)lja—
coo Igfagteil:)lr‘ﬁ -z ~(1=7)loc — (1= )i (1=7)loc — (1= u)lir
Lax supervision P cn1 =715+ Hs —Ls cip =rs—Lg
1_y diy1=Rc+C—Ic dip =7c
a3 =71G g =716
Positive b3 =rg— Lg bis =rg — Lg
cooperation z ci3=Rs+Lg—1Is ¢4 =Rg+Lg—1Is—Ss
Extensive diz=Rc+C—Ic dig =rc
development 1 —y s — 1o e — 1o
Negative bis = rg b =rE
cooperation1 — z c15 =15 + Hs Cl6 =715
dis =Rc —Ic dis = rc

2.5. Solving the Stable Strategy Equilibrium Solution
2.5.1. Constructing the Payoff Expectation Functions

Let Ug and U, represent, respectively, the expected returns of “Strict supervision”
and “Lax supervision” for local governments. In accordance with Table 2, the payoffs of
the local governments with the two distinct behavioral strategies are herein described:

Uc = yzmay +yz(1 —m)ay +y(1 — z)maz +y(1 —z)(1 — m)as + (1 — y)zmas+

1
(1= = mlag + (1= )1 = 2may + (1= =)A=y
Ug = yzmag +yz(1 — m)ayg +y(1 — z)many +y(1 —z)(1 — m)ary + (1 — y)zmaiz+ @)
(1-y)z(1 =m)ayy + (1 —y)(1 = z)mars + (1 —y)(1 — 2)(1 — m)ase
The average return of the local governments is denoted as Ug showed as follows:
UG =xUg+ (1-— X)UG/ 3)

Let Ug and U}, represent, respectively, the expected returns of “Smart upgrade” and
“Extensive development” for manufacturing enterprises. In accordance with Table 2, the
payoffs of the manufacturing enterprises with the two distinct behavioral strategies are
herein described:

U = xzmby + xz(1 — m)by + x(1 — z)mbz + x(1 — z) (1 — m)by + (1 — x)zmbg+ @)
(1—=x)z(1—=m)byo+ (1 —x)(1 —z)mby; + (1 —x)(1 — 2)(1 — m)by,
Up = xzmbs 4 xz(1 — m)bg + x(1 — z)mby + x(1 — z)(1 — m)bg + (1 — x)zmby3+

(1—x)z(1 —=m)byg+ (1 —x)(1 —z)mbys + (1 — x)(1 —2)(1 — m)byg ©)

The average return of the manufacturing enterprises is denoted as Ur showed
as follows:

Ug =yUp+ (1 —y)Ug’ (6)

Let Ug and U{ represent, respectively, the expected returns of “Positive cooperation”
and “Negative cooperation” for suppliers. In accordance with Table 2, the payoffs of the
suppliers with the two distinct behavioral strategies are herein described:

Us = xymey + xy(1 —m)cy + x(1 — y)mes + x(1 — y) (1 — m)ce + (1 — x)ymeco+

(1 - x)y(1 - m)eo + (1— 1) (1 - y)mers + (1 —x) (1 — ) (1 — m)erg @
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U = xymez + xy(1 —m)cy + x(1 — y)mey + x(1 — y) (1 —m)cg + (1 — x)ymey +

(®)
(1 =x)y(1 =m)erz + (1= x)(1 = y)mess + (1 = x)(1 = y)(1 = m)cis
The average return of the suppliers is denoted as Usg, shown as follows:
Us :ZUS+(1—Z)US/ (9)

Let Uc and U(. represent, respectively, the expected returns of “Green consumption”
and “Traditional consumption” for consumers. In accordance with Table 2, the payoffs of
the consumers with the two distinct behavioral strategies are herein described:

Uc = xyzdy + xy(1 —z)ds + x(1 — y)zds + x(1 — y) (1 — z)d7 + (1 — x)yzdo+

10
1-x)y(1—2z)dn+ 1 —x)1—y)zdiz+ (1 —x)(1—y)(1—2)dss (10)
Up = xyzdy + xy(1 — z)dg + x(1 — y)zde + x(1 — y) (1 — z)dg + (1 — x)yzdqo+
(11)
(1 =x)y(1 =2)diz + (1 = x)(1 = y)zdrs + (1 = x)(1 = y) (1 = 2)dse
The average return of the consumers is denoted as U showed as follows:
UC =mlUc + (1 - m)UC’ (12)

2.5.2. Model Analysis

In accordance with the principles of evolutionary game theory, the four participating
populations will adjust their strategies multiple times to achieve maximum expected
returns [41]. When the returns of a strategy exceed the average returns of the gaming system,
the strategy will gradually evolve and develop within the system [42,43]. Replication
dynamics equation is commonly used to establish models and analyze the dynamic process
of strategy evolution. It describes the relationship between the rate of change in strategy
frequency over time and strategy returns in the form of differential equations [44—46].

Analysis of Evolutionarily Stable Strategy of Local Governments

According to Equations (1)~(3), the replicator dynamic equation for local governments
can be as follows:

F(x) = % = x(Ug — Ug) = x(1 —x)(Ug — Ug") =x(1 — x)[y((6 = 1)Rg — Hgg) — mHge — zHgs — Ig] ~ (13)

By taking the derivative of F(x), we can obtain the following:

dF(x)
dx

= (1-2x)[y((6 =1)Rg — Hgg) — mHgc — zHgs — Ig] (14)

According to the stability theorem and properties [47], based on Equations (13)~(14),

when F(x) = dx/dt =0, and dF (x)/dx < 0, the solution is the stable strategy equilibrium

y((‘s_l)RG_I;IGE)_mHGC_IG'
GS

When z = z*, F(x) = 0, and all x are evolutionarily stable strategies. This means that

solution. From F(x) = 0, we can obtain: x = 0, x = 1, and z* =

the strategy of local governments remains unchanged over time. When z < z*, we can
dF(x)/dx >0, x=0
dF(x)/dx <0, x=1
“strict supervision” strategy is the evolutionarily stable strategy of local governments.
dF(x)/dx <0, x=0
dF(x)/dx >0, x=1
rium solution, i.e., the “lax supervision” strategy is the evolutionarily stable strategy of

obtain: . It follows that x = 1 is the equilibrium solution, i.e., the

When z > z*, we can obtain: . It follows that x = 0 is the equilib-
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local governments. Based on the aforementioned analysis, the evolutionary phase diagram
of local governments can be obtained, depicted in Figure 5.

Y y Y

( Ty z z Ty z
X x,/ X
z=2z% z<z* z>z*

Figure 5. Evolutionary phase diagram of local governments.

From Figure 5, the volume of Ty represents the probability of local governments
choose the “strict supervision” strategy. The volume of Ty represents the probability
of local governments choose the “lax supervision” strategy. After calculation, it can
be obtained:

bl y((6 —1)Rg — Hgg) — mHge — I ORc — Hgg — 2mHgc — Rg — 21
T :// y dydx = 15
Res — Hep —2mHee — R — 21
Txozl—Tx1:1—5 ¢ — Hge —2mHgc — Rg G (16)
2Hgg

Proposition 1. The probability of local governments choosing the strict supervision strategy is
positively related to the socio-economic benefits resulting from the smart upgrade of manufacturing
enterprises; the probability of local governments choosing the strict supervision strategy is negatively
related to subsidies for manufacturing enterprises, incentives for suppliers, subsidies for consumers,
and the cost of inputs to the policy environment. The proofs of the corollaries are included in
Appendix A.

Analysis of Evolutionarily Stable Strategy of Manufacturing Enterprises

According to Equations (4)~(6), the replicator dynamic equation for manufacturing
enterprises can be as follows:

F(y) = % =y(Ug — Ug) = y(1 —y)(Ug — Ug")
=y(1 —y)[x(Hgg + 0R[g) +z(Lg — Ls + Rc) + mpRyp+ (17)
(e—=1)Ia+ (t—1)Ioc + (4 —1)I1r + Rg + Ls — 7]

By taking the derivative of F(y), we can obtain the following:

dl;i(y) = (1 —2y)[x(Hgg + 0R;g) +z(Lg — Ls + {Ryc) + mypRyp+

4 (18)
(e=1)Ia+ (t—1)Ioc+ (4 —1)I1r + Rg + Ls — 1]

According to the stability theorem and properties, based on Equations (17)~(18),
when F(y) = dy/dt =0, and dF (y)/dy < 0, the solution is the stable strategy equilibrium

solution. From F(y) = 0, we can obtainn y = 0, y = 1, and
mt = X(HGE+9RIE)+Z(LE*L5+§RIC)+(8*11%11A+(T*1)10c+(ﬂ*1)11R+RE+Ls*YE When m — m*
o ~¥Rmp ) - ’

F(y) = 0, and all y are evolutionarily stable strategies. This means that the strategy
of manufacturing enterprises remains unchanged over time. When m < m*, we can ob-
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. It follows that y = 0 is the equilibrium solution, i.e., the

. JAF(y)/dy <0,y =0
tain: {dF(y)/dy>0, -

“extensive development” strategy is the evolutionarily stable strategy of manufacturing

aF(y)/dy >0, y = 0. It follows that y = 1 is
dF(y)/dy <0, y=1

the equilibrium solution, i.e., the “smart upgrade” strategy is the evolutionarily stable strat-

enterprises. When m > m*, we can obtain: {

egy of manufacturing enterprises. Based on the aforementioned analysis, the evolutionary
phase diagram of manufacturing enterprises can be obtained, as shown in Figure 6.

T\o """" y T, y / y
x X X

m<m* m>m*

m=m*

Figure 6. Evolutionary phase diagram of manufacturing enterprises.

From Figure 6, the volume of Ty represents the probability of manufacturing en-
terprises choose the “extensive development” strategy. The volume of T,; represents
the probability of manufacturing enterprises choose the “smart upgrade” strategy. After
calculation, it can be obtained:

_ 1 x (Hgg + 0Rg) + z(Lg — Ls + ¢Ryc) + (e = 1) 1o + (T — 1)Ioc + (4 — 1)I1r + Rg + Lg — rE}dxdy
0
IPR
_ 2(1—8)11A+2(1—T)Ioc+2(1—V)IIR— (Hge —2(z —1)Ls — 2rg + ORjg + Rg +2z(ERjc + L)) (19
2YRmp
Ty =1-Ty
— 1 _ 20=9)lia+2(1=1)loc+2(1-p) lir—(Hge —2(2—1)Ls —2rp +R g +Re+22(Ric +LE)) (20)

2pRmp

Proposition 2. The probability that manufacturing enterprises choose the smart upgrade strategy
is positively related to the subsidies provided by local governments to the manufacturing industry,
the benefits gained by the enterprises choose smart upgrade, and the contractual losses incurred
when the enterprise engages in extensive development. The probability of manufacturing enterprises
choosing smart upgrade strategy is negatively related to the input cost of innovative capability,
organization building, and industrial resources, contractual loss resulting from suppliers’ negative
cooperation, and the initial benefits. The proofs of the corollaries are included in Appendix A.

Analysis of Evolutionarily Stable Strategy of Suppliers

According to Equations (7)~(9), the replicator dynamic equation for suppliers can be
as follows:

F(z) =% =2(Us—Us)=2(1-2)(Us — Us') 1)
z(1—z)[xHgs + y(Ls — Lg) +m(Ss — Hs) + Rs + Lg — Is — Ss — ]
By taking the derivative of F(z), we can obtain the following:

dF(z)
dz

= (1 -2z)[xHgs +y(Ls — Lg) + m(Ss — Hg) + Rg + Lg — Is — Sg —rs] ~ (22)
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F(m)

According to the stability theorem and properties, based on Equations (21)~(22),
when F(z) = dz/dt =0, and dF(z)/dz < 0, the solution is the stable strategy equilibrium

solution. From F(z) = 0, we can obtainn z = 0, z = 1, and
mt = X(HGE+9RJE)+Z(LE*LerCRIc)+(€:¢11%Zg+(ffl)loc+(}4*1)11R+RE+LS*YE_ When x = x*,

F(z) = 0, and all z are evolutionarily stable strategies. This means that suppliers’ strat-
dF(z)/dz>0,z=0
dF(z)/dz<0,z=1
It follows that z = 1 is the equilibrium solution, i.e., the “positive cooperation” strat-

egy remains unchanged over time. When x > x*, we can obtain: {

egy is the evolutionarily stable strategy of suppliers. When x < x*, we can ob-
. dF(z)/dz<0,z=0
tain: .
dF(z)/dz>0,z=1
“negative cooperation” strategy is the evolutionarily stable strategy of suppliers. Based on

It follows that z = 0 is the equilibrium solution, i.e., the

the aforementioned analysis, the evolutionary phase diagram of suppliers can be obtained,
illustrated in Figure 7.

y y y

ES
x=x* X>X

ES
x=x* xX>X

Figure 7. Evolutionary phase diagram of suppliers.
From Figure 7, the volume of T, represents the probability of suppliers choose the

“negative cooperation” strategy. The volume of T; represents the probability of suppliers
choose the “positive cooperation” strategy. After calculation, it can be obtained:

Ls—Lg)+m(Ss—Hg)+ Rs+ Lg —Is —Sg — 15

1 p1y(
T.o = Jy Jol ~Hes |dydz s
. 215+2mH572L57L5+21’572R5 +255—2m55 ( )
o 2Hgs

215 —|—2mH5 - 2LE - LS =+ 21’5 - ZRS + 285 - 2m85

T,.=1-Ty=1-
z1 z0 2HGS

(24)

Proposition 3. The probability that suppliers choose the positive cooperation strategy is positively
related local governments incentives, contractual losses experienced by manufacturing enterprises
in the case of extensive development, contractual losses incurred by suppliers in the event of negative
cooperation, and economic benefits in the case of positive cooperation. The probability that suppliers
choose the positive cooperation strategy is negatively related to input costs, excess benefits accrued by
consumers, initial benefits, and loss costs. The proofs of the corollaries are included in Appendix A.

Analysis of Evolutionarily Stable Strategy of Consumers

According to Equations (10)~(12), the replicator dynamic equation for consumers can
be as follows:

dm

I = m(uC —Uc) = m(l — m)(llc — Uc/) = m(l — m)[xHGc +]/C2 4+2zCy+ R —Ic — rc] (25)
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By taking the derivative of F(m), we can obtain the following:

% = (1 — Zm)[xHGc + }/Cz 4+2zCi+Rc—Ic — rc] (26)

According to the stability theorem and properties, based on Equations (25)~(26),

when F(m) = dm/dt =0, and dF (m)/dm < 0, the solution is the stable strategy equilibrium

XHGC+ZC1 'ERC_IC_VC .
-2

When y = y*, F(m) = 0, and all m are evolutionarily stable strategies. This means

solution. From F(m) = 0, we can obtain: m = 0, m = 1, and y* =

that the strategy of consumers remains unchanged over time. When y > y*, we can

. JdF(m)/dm >0, m =0
obtain: {dF(m)/dm <0, m=1
“green consumption” strategy is the evolutionarily stable strategy of consumers. When
dF(m)/dm <0, m=0
dF(m)/dm >0, m=1
solution, i.e., the “traditional consumption” strategy is the evolutionarily stable strategy

. It follows that m = 1 is the equilibrium solution, i.e., the

y < y*, we can obtain: { . It follows that m = 0 is the equilibrium

of consumers. Based on the aforementioned analysis, the evolutionary phase diagram of
consumers can be obtained, illustrated in Figure 8.

Y

T /

— ¥ <y* *
y=y Y=y y>y
Figure 8. Evolutionary phase diagram of consumers.

From Figure 8, the volume of T,y represents the probability of consumers choose
the “traditional consumption” strategy. The volume of T,,; represents the probability of
consumers choose the “green consumption” strategy. After calculation, it can be obtained:

1 1 xHge +2zCy+Re — Ic —rc 2l — G fZ(XHGC*T’CJch)
Tho = dzdm = 27
w=[ [ - |dzdm 2 (27)
Tml —1_ Tmo —1_ 2IC - Cl - 2(xHGC —rc+ Rc) (28)

2C,

Proposition 4. The probability of consumers choosing green consumption strategies is positively
related to green benefits, consumption subsidies, and direct benefits of green consumption. The
probability of consumers choosing green consumption strategies is negatively related to initial
benefits and costs of green consumption. The proofs of the corollaries are included in Appendix A.

2.5.3. System Equilibrium Analysis

Equilibrium points are not always evolutionarily stable strategies, because evolution-
arily stable strategies must also have the ability to resist errors or biases that arise from
bounded rationality. In other words, they must be able to return to a stable state after
a perturbation. In order to study the evolutionarily stable strategies of the players, the
stability of the equilibrium point of the evolving system can be determined using a method
called partial asymptotic stabilization for the Jacobi matrix [48]. Based on the replicator
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)

I3 =z(1-2z)(Ls — Lg)
)
)

T34 =2z(1—2z)(Ss — Hs)

I'yy =m(1—m)Hgc
Ty =m(l-m)C,
T43 = T}’Z(l m)C
Ty =(1-

dynamic equations of the game participants, i.e., Equations (13), (17), (21), and (25), the
Jacobi matrix of the game model is shown in Equation (29).

aF(x)/ax E)F(x)/ay BF(x)/az BF(x)/am 1"11 F12 F13 F14
J= oF(y)/ox 0F(y)/dy 0F(y)/oz oF(y)/om| _ |To1 Tz Tz Iy 29)
0F(z)/ox 0F(z)/dy 0F(z)/dz 0F(z)/dm Iyy T3 T33 Ty
aF(m)/ax 8F(m)/8y E)F(m)/az BF(m)/am T41 F42 T43 F44
Of which:

y((6 =1)Rg — Hgg) — zHgs — mHgc — Ig)
(6 =1)Rg — HgE)

Ty = (1 -2y x(HGE +9R1E) +Z(LE —Ls+ Q’R]c) + mypRyp + (8 — 1)IIA + (T — 1)Ioc + (]l - 1)IIR + Rp+Lg — ?’E)

Ty = (1-2x)(
T = x(1—x)(
I3 = x(1—x)(—Hgs)
I'g = x(1—x)(—Hgc)
T21 = y(1—y)(Hgg + ORjE)

)
Ia3 =y(1—y)(ALg — Ls + ¢Rjc)
Tay =y(1—y)(¥Rpm)
31 =z(1—z)Hgs

z

33 = (1 —2z)(xHgs +y(Ls — Lg) +m(Ss — Hs) + Rg + Lg — Is — S5 — 15)

2m)(xHGc +yCy+2zCy +Re — Ic — Vc)

To further assess the uniqueness of evolutionary stable equilibrium, a Jacobi test
is also conducted in this paper. Set the replicator dynamic equations F(x), F(y), F(z),
and F(m) are all equal to zero, multiple local equilibrium points of the evolutionary game
system can be solved. Since the stable solution in multiple population evolution games is a
strict Nash equilibrium, this paper draws on the literature [49] and adopts Lyapunov’s first
rule to analyze the stability of only 16 pure strategy equilibrium points. The eigenvalues
corresponding to the equilibrium points are presented in Table 3.

For the purpose of determining the stability of the 16 equilibrium points, this paper
introduces Lyapunov’s stability theory. According to the theory, the equilibrium point is
asymptotically stable when the eigenvalues of all Jacobi matrices are less than 0. Otherwise,
the equilibrium point is undesirable. Based on the characteristic values of equilibrium
points in Table 3, in the following cases, that is, when manufacturing enterprises choose
the smart upgrade strategy, its economic benefits are greater than the combined costs of
increased input and initial benefits (i.e., Rg > (1 —¢&)Ij4 + (1 — T)Ioc + (1 — p)I1r + 7E).
When suppliers choose the positive cooperation strategy, its economic benefits are greater
than the sum of its initial benefit, input cost, and loss cost (i.e., Rg > Is + Sg + rs), and
when consumers choose the green consumption strategy, its benefits are greater than the
sum of input cost and initial benefit (i.e., Rc > Ic + r¢). According to the range of values
for each parameter in the expression. There are four equilibrium points that may evolve to
be evolutionarily stable strategies, namely E11(0,1,0,1), E13(1,1,0,1), E15(0,1,1,1), and
E16(1,1,1,1), as can be seen in Table 4.
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Table 3. Eigenvalues of the equilibrium points.

Equilibrium
unointu M A2 As A
E1(0,0,0,0) —Ig AE+Ls AS+ L AC
Ez(O, 0,0, 1) —Hge — Ig AE+ Ls + IPRMD AS+ Lg 4+ Ss — Hs —AC
E3(0,0,1,0) —Hgs — Ig AE+LE+§R1C 7(AS+LE) Ci+AC
E4(0,1,0,0) (6 —1)Rg — Hge — Ig —(AE +Ls) AS + Lg Cy+AC
E5(1,0,0,0) I AE + Ls + Hge + 0R g AS + Hgs + Lg Hge + AC
E6<0,0,1,1) —Hgs — Hge — I AE+LE+€ch+lpRMD —(AS+LE+55—H5> —(C-l +AC)
E7(0,1,1,0) (6 —1)Rg — Her — Hgs — Ig —(AE+ Lg + &Ryc) —(AS+Ls) Ci+C+AC
Eg(l,l,0,0) 7((571)R67HGE716) *(AE+HGE+9R[E+L5) AS + Hgs + Ls Hge + G+ AC
Eg(l,o,o,l) *(*HGC*IG) AE+HGE+9RIE+1/JRMD+LS AS + Lg + Hgs + Ss — Hg 7(Hcc+AC)
Em(l,O,l,O) —(—Hcs —IG) AE + Hgg + 0Rjg + ¢Rjc + Lg —(AS+LE+H(;5) Hge + G + AC
E11(O,1,0,1) (571)1{@ — Hgeg — Hge — I *(AE+¢RMD+L5) AS + Ls + Ss — Hs 7(C2+AC)
E1(1,1,1,0) —((6 =1)Rg — Hgg — Hes — Ig) —(AE+ Hgg + 0Rg + {Ric + Lg) —(AS +Hgs + L) Hee +C +Ci +AC
E13(1,1,0,1) *((‘5*1)RG*HGE*HGC*IG) 7(AE+HGE+9R[E+1/)RMD+L5) AS+ Hgs + Ls + Ss — Hg 7(HGC+C2+AC)
E14(1,0,1,1) —(—Hgs — Hoc — Ic) AE + Hge + 0Rie + {Ric + ¢Ryp + L —(AS+ Hgs + Ss — Hs) —(Hge 4+ C1+AC)
Ei5(0,1,1,1) (0 =1)Rg — Hge — Hgs — Hoe — Is —(AE+ Lg +&Ric + ¢Rump) —(AS+Ls + Ss — Hg) —(C+ G+ AC)
E]é(l,l,l,l) *((5*1)1{6*HGE*HGS*HGC*IG> 7(AE+HGE+9R]E +§R1c+l[1RMD+LE) 7(AS+H05+L5+557H5) 7(Hcc+C2+C1+AC)
Note: AE = (e —=1)[ja + (T — 1)loc + (4 — 1) 1r + Rp — 7, AS = Rs — Is — Sg — 15, AC = Rc — Ic —rc.
Table 4. Stability analysis of the evolutionary game among local government, manufacturing enter-
prises, suppliers and consumers.

Equilibrium Point M Ap A3 Ay Stability and Condition Ideality
E1(0,0,0,0) — + + + Unstable point Undesirable
E»(0,0,0,1) - + + - Unstable point Undesirable
E5(0,0,1,0) — + — + Unstable point Undesirable
E4(0,1,0,0) + — + + Unstable point Undesirable
E5(1,0,0,0) + + + + Unstable point Undesirable
E¢(0,0,1,1) - + + - Unstable point Undesirable
E;(0,1,1,0) + — - + Unstable point Undesirable
Es(1,1,0,0) + — + + Unstable point Undesirable
E9(1,0,0,1) + + + — Unstable point Undesirable
E10(1,0,1,0) + + — + Unstable point Undesirable
E11(0,1,0,1) + — + — ESS (Condition 1) Undesirable
E»(1,1,1,0) + — . + Unstable point Undesirable
E15(1,1,0,1) + - + - ESS (Condition 2) Undesirable
E14(1,0,1,1) + + + — Unstable point Undesirable
E15(0,1,1,1) + + — ESS (Condition 3) Undesirable
E16(1,1,1,1) + — + — ESS (Condition 4) Desirable

Note: Condition 1: (§ —1)Rg < Hgg + Hge + Ig, Ls + Ss + AS < Hg; Condition 2: (6§ —1)Rg > Hgg +
Hge + Ig, Hgs + Ls + Ss + AS < Hg; Condition 3: (5 - 1)Rc < Hge + Hgs + Hgc + Ig, Ls + Ss + AS > Hg;
Condition 4: ((5 — 1)RG > Hgg + Hgs + Hge + Ig, Hgs + Lg + Sg + AS > Hg.

By combining Tables 3 and 4, the eigenvalues of equilibrium points E11(0,1,0,1),
E13(1,1,0,1), E15(0,1,1,1), and E16(1,1,1,1) are analyzed. We can observe that the signs
of the eigenvalue A 1 for E14(1,1,1,1), E11(0,1,0,1), and E15(0,1,1,1) are opposite, and the
signs of the eigenvalue A 3 for E14(1,1,1,1), E11(0,1,0,1), and E13(1,1,0,1) are also oppo-
site. This means that if equilibrium points E14(1,1,1,1) and E11(0,1,0,1) are evolutionarily
stable strategies, then equilibrium points E13(1,1,0,1) and E15(0,1,1,1) are not, and vice
versa. By comparing these four equilibrium points, only equilibrium point E14(1,1,1,1) is
the optimal outcome. In this scenario, local governments adopt the “strict supervision”
strategy, manufacturing enterprises adopt the “smart upgrade” strategy, suppliers adopt
the “positive cooperation” strategy, and consumers adopt the “green consumption” strategy.
This scenario is in line with the strategic requirement of the HQDMI. Therefore, this paper
focuses on this scenario. When the equilibrium point Eq4(1,1,1,1) is the evolutionarily
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stable strategy, all of its eigenvalues must be negative. Thus, the model needs to include
sets of inequalities as constraints, which are shown in Equation (30).

—((6 =1)Rg — Hge — Hgs — Hgc — I) < 0
—(AE+ Hgg + Lg + R + &Ryc +l[JRMD) <0
—(AS+ Hgs+Ls+Ss—Hg) <0
—(Hcc+C2+C1+AC) <0

(30)

3. System Simulation Analysis

Based on the system stability analysis, this study conducts scientific initial assignment
processing for key variables in the HQDMI evolutionary game model. In order to obtain
the initial values for the evolutionary simulation, we estimated them by reviewing policies
and regulations, China Bureau of Statistics, China Manufacturing Development Research
Report, field research and the existing literature [50-52], and finally compiled the parameter
values in Table 5. Using MATLAB 2018b, the data in Table 5 are used as input parameters,
and the simulation results of the system can be obtained by running the game model.

Table 5. Simulation initial values.

Re 16 Ic  Hge Hgs Hge 9 re Iia Ioc Ik Rig Rice Rmp Rg Lg  Rs
15 10 2 2 1 0.5 2 10 8 3 5 5 6 8 20 2 13
rg Is Hg Sg Lg R¢ re Ic C (@) € T U 0 ¢ P

7 3 4 5 2 30 17.5 12 1.5 2 0.2 0.2 0.2 0.2 0.2 0.2

3.1. The Impact of the Innovative Capability Factor on the System

In this paper, the impact of the innovative capability factor € on the stability of the
evolutionary equilibrium is studied. The system is simulated with the variables of the
innovative capability factor and the initial probability, while keeping other parameters
unchanged. When the initial probabilities of the game participants, denoted as x, y, z,
and m, are at low, medium, and high levels, we can assume the initial probabilities to be
0.3, 0.5, and 0.7 for the sake of generality. The factor of innovative capability variable is
analyzed separately for three scenarios: low, medium, and high levels. The innovative
capability factor is assumed to be ¢ = 0.2, ¢ = 0.5, and ¢ = 0.8 in order to analyze the
impact of different scenarios on the strategies of the evolutionary game. The evolution of
the replication dynamics system is shown in Figure 9.

From Figure 9, we can observe that at low initial probabilities (i.e, x =y =z = m = 0.3),
increasing the innovative capability factor enhances the speed of local governments’ evolution
to the “strict supervision” strategy. It also accelerates the speed of manufacturing enterprises’
evolution to the “smart upgrade” strategy. Additionally, the increase in the innovative
capability factor has a positive impact on the speed of evolution for both suppliers and
consumers. The system ultimately stabilizes at equilibrium point E14(1,1,1,1). Namely,
local governments choose the “strict supervision” strategy, manufacturing enterprises choose
the “smart upgrade” strategy, suppliers choose the “positive cooperation” strategy, and
consumers choose the “green consumption” strategy. With a medium initial probability
(ie, x =y = z = m = 0.5), increasing the factor of innovative capability enhances the
speed at which local governments evolve to the strict supervision strategy. Additionally, the
speed at which manufacturing enterprises evolve to the smart upgrade strategy increases
significantly, and the speed at which consumers evolve to the green consumption strategy
accelerates further. However, there is almost no increase in the speed at which suppliers
evolve to the positive cooperation strategy. The system ultimately stabilizes at equilibrium
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point E14(1,1,1,1). With a high initial probability (i.e., x = y = z = m = 0.8), increasing
the factor of innovative capability has little (or no) impact on the evolutionary speed of
local governments, suppliers, and consumers. However, it does improve the speed at
which manufacturing enterprises arrive at a stabilization strategy. The system ultimately
stabilizes at equilibrium point E14(1,1,1,1). It can be seen that increasing the factor of
innovative capability has a positive impact on the choice of the smart upgrade strategy for
manufacturing enterprises.
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Figure 9. The impact of € on the strategy evolution of the game parties.

Figure 9 shows that innovative capability is a crucial factor that influences the smart
upgrade of manufacturing enterprises. Enhancing innovative capability helps manufac-
turing enterprises choose smart upgrade strategy. The reasons are as follows: from the
perspective of manufacturing enterprises, this paper assumes that individual enterprises
within the population of manufacturing enterprises have varying levels of innovative capa-
bility. When manufacturing enterprises have a higher level of innovative capability, it can
not only reduce the cost of investment in innovation, but also improve the efficiency of new
product development, enhance the core competitiveness of the enterprise, and upgrade
the industrial structure. Thus, regardless of the level of the initial probability, increasing
innovative capability enables manufacturing enterprises to choose smart upgrade.
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3.2. The Impact of the Organization Building Factor on the System

In order to analyze the impact of the organization building factor T on the stability of
the evolutionary equilibrium, the system is simulated with the organization building factor
and the initial probability as variables, while keeping other parameters unchanged. When
the initial probabilities of the game parties, denoted as x, y, z, and m, are at low, medium,
and high levels, we can assume the initial probabilities to be 0.3, 0.5, and 0.7 for the sake
of generality. The factor of organization building variable is analyzed separately for three
scenarios: low, medium, and high levels. The organization building factor is assumed to
be T = 0.2, T = 0.5, and T = 0.8 in order to analyze the impact of different scenarios on the
strategies of the evolutionary game. The evolution of the replication dynamics system is
shown in Figure 10.
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Figure 10. The impact of T on the strategy evolution of the game parties.

From Figure 10, we can observe that at low initial probabilities (ie, x =y =z = m = 0.3),
increasing the organization building factor enhances the speed of local governments’ evolution
to the “strict supervision” strategy. It also accelerates the speed of manufacturing enterprises’
evolution to the “smart upgrade” strategy. Additionally, increasing the organization building
factor enhances the speed of the suppliers’ evolution to the “positive cooperation” strategy.
It also accelerates the speed of consumers’ evolution to the “green consumption” strategy.
The system ultimately stabilizes at equilibrium point E14(1,1,1,1). With a medium initial
probability (ie., x =y = z = m = 0.5), increasing the factor of organization building enhances
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the speed at which local governments evolve to the strict supervision strategy. Additionally,
the speed at which manufacturing enterprises evolve to the smart upgrade strategy increases
significantly. However, the increase in the organization building factor has little (or no) impact
on the rate of evolution of suppliers and consumers. The system ultimately stabilizes at
equilibrium point E14(1,1,1,1). With a high initial probability (i.e., x =y =z = m = 0.8),
increasing the factor of organization building has little or no impact on the evolutionary speed
of local governments, suppliers, and consumers. However, it does improve the speed at
which manufacturing enterprises arrive at a stabilization strategy. The system ultimately
stabilizes at equilibrium point E16(1,1,1,1). It can be seen that increasing the factor of
organization building has a positive impact on the choice of the smart upgrade strategy for
manufacturing enterprises.

Figure 10 shows that organization building is an important factor influencing the
smart upgrade of manufacturing enterprises. Enhancing the level of organization building
in the enterprise can help manufacturing enterprises to choose smart upgrade strategy.
The reasons are as follows: From the perspective of manufacturing enterprises, this paper
assumes that individual enterprises within the manufacturing population have different
levels of organization development. It suggests that when manufacturing enterprises have
a higher level of organization building, manufacturing enterprises can not only reduce
investment costs but also improve organization efficiency and management efficiency. This
higher level of organization building also makes them more adaptable to the requirements
of HQD. Thus, regardless of the level of the initial probability, increasing organization
building enables manufacturing enterprises to choose smart upgrade strategy.

3.3. The Impact of the Industrial Resources Factor on the System

In order to analyze the impact of the industrial resources factor y on the stability of
the evolutionary equilibrium, the system is simulated with the industrial resources factor
and the initial probability as variables, while keeping other parameters unchanged. When
the initial probabilities of the game parties, denoted as x, y, z, and m, are at low, medium,
and high levels, we can assume the initial probabilities to be 0.3, 0.5, and 0.7 for the sake
of generality. The factor of industrial resources variable is analyzed separately for three
scenarios: low, medium, and high levels. The industrial resources factor is assumed to
be y = 0.2, u = 0.5, and u = 0.8 in order to analyze the impact of different scenarios on the
strategies of the evolutionary game. The evolution of the replication dynamics system is
shown in Figure 11.

From Figure 11, we can observe that at low initial probabilities (i.e., x =y =z = m = 0.3),
increasing the industrial resources factor can enhance the speed at which local governments
evolve to a strict supervision strategy and the speed at which manufacturing enterprises evolve
to a smart upgrade strategy. At the same time, increasing the industrial resources factor en-
hances the evolutionary speed of suppliers and consumers. The system ultimately stabilizes at
equilibrium point E14(1,1,1,1). With a medium initial probability (i.e., x =y = z = m = 0.5),
increasing the industrial resources factor enhances the speed at which local governments
evolve to the strict supervision strategy and the speed at which manufacturing enterprises
evolve to the smart upgrade strategy. However, the speed of evolution of suppliers and
consumers is not significantly enhanced. The system ultimately stabilizes at equilibrium point
E6(1,1,1,1). With a high initial probability (i.e., x = y = z = m = 0.8), increasing the factor
of industrial resources has little (or no) impact on the evolutionary speed of local governments,
suppliers, and consumers. However, it does improve the speed at which manufacturing
enterprises arrive at a stabilization strategy. The system ultimately stabilizes at equilibrium
point Ej4(1,1,1,1). It can be seen that increasing the factor of organization building has a
positive impact on the choice of the smart upgrade strategy for manufacturing enterprises.



Mathematics 2025, 13, 3165

24 of 35

Probability
(=1
wn

Probability
n

=y=7=m=0.7 yi=0.8

. . . I . | 0 . . I . . I 1 I

Probability
(=]
wn

0.8 1 12 1.4 1.6 1.8

(5]

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time Time

()
S

(a) Local governments (b) Manufacturing enterprises

.
=)
T

%
T

—6—C x=y=z=m=0.3 ;=0.2
——C x=y=z=m=0.3 p=0.5
——C x=y=z=m=0.3 p=0.8
—e—C x=y=z=m=0.5 =0.2
——C x=y=z=m=0.5 =0.5
——C x=y=z=m=0.5 ;=0.8
C x=y=z=m=0.7 1=0.2
C x=y=z=m=0.7 4=0.5
C x=y=z=m=0.7 1=0.8

I
9

=N

Probability
&

I
e
i

——S x=y=z=m=0.7 1=0.8

I
e
w

o
i8]
T
.

. . . . 0 . . L .

0.5

1.5

2 25 3 3.5 4 0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2

Time Time

(c) Suppliers (d) Consumers

Figure 11. The impact of y on the strategy evolution of the game parties.

Figure 11 shows that industrial resources are a significant factor influencing the smart
upgrading of manufacturing enterprises. Improving the level of industrial resources for
enterprises helps manufacturing enterprises to choose the smart upgrade strategy. The
reasons for this are as follows: From the perspective of manufacturing enterprises, this study
assumes that individual enterprises within the population of manufacturing enterprises
have different levels of industrial resources. When manufacturing enterprises have higher
industrial resources, they can not only reduce investment costs at the industry resource
level, but also improve the rationalization and advancement of the industrial structure [53].
Therefore, increasing the industrial resources available to manufacturing enterprises will
encourage them to choose the smart upgrade strategy.

3.4. The Impact of the Policy Environment Factor on the System

In order to analyze the impact of the policy environment factor 6 on the stability of
the evolutionary equilibrium, the system is simulated with the policy environment factor
and the initial probability as variables, while keeping other parameters unchanged. When
the initial probabilities of the game parties, denoted as x, y, z, and m, are at low, medium,
and high levels, we can assume the initial probabilities to be 0.3, 0.5, and 0.7 for the sake
of generality. The factor of policy environment variable is analyzed separately for three
scenarios: low, medium, and high levels. The policy environment factor is assumed to
be # = 0.2,0 = 0.5, and 6 = 0.8 in order to analyze the impact of different scenarios on the
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strategies of the evolutionary game. The evolution of the replication dynamics system is

shown in Figure 12.
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Figure 12. The impact of 0 on the strategy evolution of the game parties.

From Figure 12, we can observe that at low initial probabilities (ie, x =y =z = m = 0.3),
increasing the factor of the policy environment can significantly enhance the speed of evolution
of local governments choosing the strict supervision strategy and manufacturing enterprises
choosing the smart upgrade strategy. Furthermore, it can also enhance the speed of evolution
of suppliers choose the positive cooperation strategy and consumers choose the green con-
sumption strategy. The system ultimately stabilizes at equilibrium point E14(1,1,1,1). With
a medium initial probability (i.e., x = y = z = m = 0.5), increasing the policy environment
can enhance the speed of evolution for local governments that choose the strict supervision
strategy, as well as the speed of evolution for manufacturing enterprises that choose the
smart upgrade strategy. However, the speed of evolution of suppliers and consumers is not
significantly enhanced. The system ultimately stabilizes at equilibrium point E14(1,1,1,1).
With a high initial probability (i.e., x = y = z = m = 0.8), increasing the factor of the
policy environment has little (or no) impact on the evolutionary speed of local governments,
suppliers, and consumers. However, it does improve the speed at which manufacturing
enterprises arrive at a stabilization strategy. The system ultimately stabilizes at equilibrium
point E16(1,1,1,1). It can be seen that increasing the factor of the policy environment has a
positive impact on the choice of the smart upgrade strategy for manufacturing enterprises.
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Figure 12 shows that improving the policy environment can effectively incentivize
manufacturing enterprises to smart upgrade. The policy environment is crucial for man-
ufacturing enterprises to effectively engage in HQD. A favorable policy environment
not only alleviates the additional burden of environmental regulations on manufacturing
enterprises’ smart upgrade but also enhances the stability of the business environment
and the efficiency of enterprises. By providing a favorable policy environment that in-
volves improving infrastructure, promoting transparency, enhancing public services, and
implementing suitable industrial policies, among other actions, it is possible to enhance
the quality of factor supply for HQDMI and improve resource allocation efficiency [54].
Therefore, improving the policy environment is an important aspect of the HQD process in
the manufacturing industry. The government should take effective measures to provide a
favorable development environment for manufacturing enterprises [55].

3.5. The Impact of the Industrial Cooperation Factor on the System

In order to analyze the impact of the industrial cooperation factor ¢ on the stability of
the evolutionary equilibrium, the system is simulated with the industrial cooperation factor
and the initial probability as variables, while keeping other parameters unchanged. When
the initial probabilities of the game parties, denoted as x, y, z, and m, are at low, medium,
and high levels, we can assume the initial probabilities to be 0.3, 0.5, and 0.7 for the sake of
generality. The factor of industrial cooperation variable is analyzed separately for three
scenarios: low, medium, and high levels. The industrial cooperation factor is assumed to
be ¢ =0.2,¢ = 0.5, and ¢ = 0.8 in order to analyze the impact of different scenarios on the
strategies of the evolutionary game. The evolution of the replication dynamics system is
shown in Figure 13.

From Figure 13, we can observe that at low initial probabilities (ie, x =y =z = m = 0.3),
increasing the factor of the industrial cooperation can significantly enhance the speed of
evolution of local governments choosing the strict supervision strategy and manufacturing
enterprises choosing the smart upgrade strategy. Furthermore, it can also enhance the speed
of evolution of suppliers choose the positive cooperation strategy and consumers choose the
green consumption strategy. The system ultimately stabilizes at equilibrium point E14(1,1,1,1).
With a medium initial probability (i.e.,, x = y = z = m = 0.5), increasing the industrial
cooperation factor can enhance the speed of evolution for local governments that choose the
strict supervision strategy, as well as the speed of evolution for manufacturing enterprises
that choose the smart upgrade strategy. However, the speed of evolution of suppliers and
consumers is not significantly enhanced. The system ultimately stabilizes at equilibrium point
E16(1,1,1,1). With a high initial probability (i.e., x = y = z = m = 0.8), increasing the factor
of industrial cooperation enhances the evolutionary speed of arrival stabilization strategies
for manufacturing enterprises. However, it has no impact on the evolutionary speed of local
governments, suppliers, and consumers. The system ultimately stabilizes at equilibrium
point E14(1,1,1,1). It can be seen that increasing the factor of the industrial cooperation has a
positive impact on the choice of the smart upgrade strategy for manufacturing enterprises.

Figure 13 shows that industrial cooperation has a positive impact on the strategic
choices of manufacturing enterprises. Increasing the level of industrial cooperation can
effectively incentivize manufacturing enterprises to choose the smart upgrade strategy in
the HQDMI. This is because the associated industries create mutual demand, which allows
for the “integration effect” and “scale effect” of the industrial chain. This can increase the
total revenue of the entire industrial chain and enhance the overall level of development in
the manufacturing industry within the region. Therefore, the establishment of an industrial
cooperation mechanism is an important measure for the HQDML
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Figure 13. The impact of ¢ on the strategy evolution of the game parties.

3.6. The Impact of the Market Demand Factor on the System

In order to analyze the impact of the market demand factor ¢ on the stability of the
evolutionary equilibrium, the system is simulated with the market demand factor and
the initial probability as variables, while keeping other parameters unchanged. When the
initial probabilities of the game parties, denoted as x, y, z, and m, are at low, medium, and
high levels, we can assume the initial probabilities to be 0.3, 0.5, and 0.7 for the sake of
generality. The factor of market demand variable is analyzed separately for three scenarios:
low, medium, and high levels. The market demand factor is assumed tobe ¢ = 0.2, p = 0.5,
and ¢ = 0.8 in order to analyze the impact of different scenarios on the strategies of the
evolutionary game. The evolution of the replication dynamics system is shown in Figure 14.
=0.3),
increasing the factor of the market demand can significantly enhance the speed of evolution

From Figure 14, we can observe that at low initial probabilities (ie, x =y =z =m

of local governments choosing the strict supervision strategy and manufacturing enterprises
choosing the smart upgrade strategy. Furthermore, it can also enhance the speed of evolution
of suppliers choose the positive cooperation strategy and consumers choose the green con-
sumption strategy. The system ultimately stabilizes at equilibrium point E16(1,1,1,1). With a
medium initial probability (i.e., x =y = z = m = 0.5), increasing the market demand factor
can enhance the speed of evolution for local governments that choose the strict supervision
strategy, as well as the speed of evolution for manufacturing enterprises that choose the

smart upgrade strategy. However, the speed of evolution of suppliers and consumers is not
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significantly enhanced. The system ultimately stabilizes at equilibrium point Ey4(1,1,1,1).
With a high initial probability (i.e., x = y = z = m = 0.8), increasing the factor of the market
demand enhances the evolutionary speed of arrival stabilization strategies for manufacturing
enterprises. However, it has no impact on the evolutionary speed of local governments,
suppliers, and consumers. The system ultimately stabilizes at equilibrium point E16(1,1,1,1).
It can be seen that increasing the factor of the market demand has a positive impact on the
choice of the smart upgrade strategy for manufacturing enterprises.
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Figure 14. The impact of i on the strategy evolution of the game parties.

Figure 14 shows that market demand has a significant impact on the strategic choices
of manufacturing enterprises. Increasing demand for environmentally friendly products
can effectively encourage manufacturing enterprises to choose the smart upgrade strategy.
The reasons for this are as follows: in the context of the new era’s development, there is a
trend of transitioning from primarily fulfilling basic needs to gradually adjusting to the
upgrading and diversification of consumption needs [56]. This requires manufacturing
enterprises to continuously provide consumers with high-quality products and services
in order to meet the diverse needs of environmentally conscious consumption. Due to
the greater market potential of green consumption and the possibility of increased profits,
manufacturing enterprises can generate substantial additional revenue by producing and
developing green products. At this stage, obtaining excess profits serves as a crucial
incentive for manufacturing enterprises to choose the smart upgrade strategy. Therefore,
green consumption is a crucial driving force for promoting the HQDML. It is of great
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significance to strengthen the promotion and education of green consumption concepts,
raise consumers’ awareness of green consumption, and encourage the market demand for
green transformation. This will enable manufacturing enterprises to smart upgrade and
subsequently change their development concepts, methods, and structures.

4. Discussion
4.1. The Promotion Mechanism of the HQDMI

This paper deeply explores the internal mechanism that promotes the HQDMI under
different stages, and shows it visually through Figure 15. This figure clearly illustrates that
the implementation of a series of measures by the four participating populations at different
stages of HQDMI can enhance the competitive advantage of the manufacturing industry.
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Figure 15. Promotion mechanism for the HQDMI at different stages.

In the initial stage of HQDMI, for enterprises, due to technological upgrades and
cost control difficulties, they often face the dilemma of overspending on investment and
insufficient returns. To address this issue, the government can guide enterprises to smart
upgrade through economic incentives (such as land discounts, tax reductions) and indus-
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trial policies. Specifically, through the construction of a dual-track system of incentive
mechanisms and punitive tax policies, the aim is to stimulate the innovative vitality of
enterprises and promote the transformation of intelligent production; at the same time, tax
measures are implemented for high-energy-consuming enterprises, so as to use economic
leverage to promote the transformation of their production modes to low-carbon, environ-
mentally friendly and high-efficiency. For suppliers, the government can promote their
technological transformation and environmental improvement through tax incentives, and
build an information platform to facilitate supply and demand docking and optimize the
supply chain. For consumers, the government can implement consumption incentives to
guide them to form healthy, rational, and green consumption concepts, promote market
demand growth and consumption upgrading, and expand market space for enterprises.

In the development stage of HQDMI, as manufacturing enterprises continue to im-
prove innovative capability, optimize organization building and strengthen industrial
resources integration capabilities, the products or services they provide will experience
a comprehensive and profound quality transformation process. This process not only
enriches the intrinsic value of the product, but also significantly enhances the added value
experience offered to consumers. Consumer demand, as the core element of market feed-
back, will actively act on this process, forming a positive incentive and support for the
continuous progress of manufacturing enterprises, and building a virtuous circle. At this
time, the government should continue to strongly support enterprise technology research
and innovation to reduce investment costs. In addition, suppliers also play an important
role in this stage, actively promoting the efficient allocation of industrial and supply chain
resources, so as to maximize the efficiency and benefits of manufacturing enterprises.

In the mature stage of HQDMI, the government should establish an efficient regu-
latory system that not only establishes and promotes industry standards, but also takes
mandatory measures to encourage enterprises to smart upgrade. In this process, the
government flexibly utilizes market mechanisms and intangible resource leverage, re-
duces direct fiscal subsidies, and instead strengthens the core position of the market in
resource allocation, promoting a profound transformation from “policy-driven innova-
tion” to “market-demand-led innovation” and promoting the sustained prosperity and
upgrading of the manufacturing industry.

4.2. Managerial Insights

Firstly, improve incentives and publicity. On the one hand, local governments cur-
rently provide less incentive for manufacturing enterprises to smart upgrade, resulting
in higher cost for manufacturing enterprises to choose smart upgrade strategies. Local
governments can improve the incentive effect by increasing subsidies or implementing
tax relief and other diversified means to reduce the cost of manufacturing enterprises, so
as to encourage them to choose smart upgrade strategies. For manufacturing enterprises
that adopt extensive development strategies, local governments can formulate appropriate
restrictive measures. For example, local governments can implement negative incentives by
imposing environmental taxes and other measures, so as to force manufacturing enterprises
to evolve into smart upgrade strategies. On the other hand, to maximize the potential
benefits of HQDMI, local governments should guide and incentivize manufacturing enter-
prises to take the plunge and ensure their smart upgrading. In a competitive market, smart
upgrading can continuously improve market competitiveness and sustainability.

Secondly, it can be observed from the analysis of the evolutionary path that various
supervisory measures need to be implemented at different stages to facilitate the HQDMI.
To achieve this goal, it may also be necessary for the relevant departments of local govern-
ments to implement a series of effective supervision systems. These systems will enhance
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innovative capability, industrial resources, and organization building in the manufacturing
industry. These regulatory systems should be able to promptly adapt their methods in
response to changes in the system’s condition and establish an efficient regulatory frame-
work for HQD. The government should fully recognize the important role of upstream
suppliers and downstream consumers in promoting HQDMI. Actively encourage and
guide manufacturing enterprises to smart upgrade. Encourage suppliers to positively
collaborate and stimulate consumers’ potential for green consumption.

Thirdly, it is urgent to promote HQDMI. The government plays a crucial role in
promoting HQDMI by formulating reasonable regulations and policies. This encourages
manufacturing enterprises to smart upgrade. At the level of industrial policy, there is
an urgent need for local governments to introduce and strengthen laws and regulations.
Additionally, at the implementation level, it is necessary to gradually establish and improve
mechanisms for assessing, supervising, incentivizing, and distributing benefits as guaran-
tees. These measures will effectively stimulate the enthusiasm, initiative, and creativity of
manufacturing enterprises.

Finally, manufacturing enterprises should strive to build a multi-party HQD network
with upstream suppliers, downstream consumers, and relevant government agencies.
This network should involve multiple parties and aim to establish strong interactions
and cooperative relationships. The goal is to promote the effective flow of knowledge,
technology, and resources within the network and to reach a consensus on HQD cooperation
in the manufacturing industry.

5. Conclusions and Limitations
5.1. Conclusions

The manufacturing industry plays an indispensable key role in promoting techno-
logical innovation capabilities and fostering stable economic growth. Its high-quality
development is not only the core pillar for building a modern economic system and real-
izing a new development pattern, but also the top priority for economic transformation,
upgrading, and prosperous development. However, in the HQDMI system, the knowledge-
based game among populations is not only related to the survival and development of
individuals, but also affects the evolution of HQDMI system. This paper studies the
problem of behavioral strategies selection in the HQDMI system from the perspective
of population evolutionary game theory. The four-party evolutionary game model and
numerical simulation model were constructed successively to analyze the influence of
factors such as innovative capability, organization building, industrial resources, policy
environment, industrial cooperation, and market demand on the stability on the evolu-
tionary equilibrium stability and evolutionarily stable strategies of the HQDMI. Based on
theoretical and simulation analysis, the following conclusions are drawn:

(1) Theoretical analysis shows that, based on different situations, the game situation
among local governments, manufacturing enterprises, suppliers and consumers is different,
and the HQDMI system stabilizes in different strategies after repeated games. They are:
@ {Lax supervision, Smart upgrade, Negative cooperation, Green consumption}; 2) {Strict
supervision, Smart upgrade, Negative cooperation, Green consumption}; @ {Lax super-
vision, Smart upgrade, Positive cooperation, Green consumption}; (@ {Strict supervision,
Smart upgrade, Positive cooperation, Green consumption}. By comparing the characteristic
values of these four equilibrium points, it is found that only the fourth situation is the best
result, which also meets the strategic requirements of the HQDML

(2) The simulation model further found that whether by enhancing the level of en-
dogenous factors or increasing the level of exogenous factors, it can effectively improve
the evolution speed of manufacturing enterprises to the smart upgrade strategy, and the
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system ultimately tends to a stable state E14(1,1,1,1). In this state, local governments are
stable in the strict supervision strategy, manufacturing enterprises are stable in the smart
upgrade strategy, suppliers are stable in the positive cooperation strategy, and consumers
are stable in the green consumption strategy. This combination of strategies constitutes a
stable pattern of coordinated development.

(3) In the high-quality development system of the manufacturing industry, the four
participating entities exhibit significant heterogeneity in their response efficiency to key
influencing factors and in the evolutionary paths of their strategic behaviors converging
towards a stable state. The simulation results indicate apparent differences in the rate of
strategic evolution among the entities. Ranked from highest to lowest evolution rate, the
order is: manufacturing enterprises, local governments, consumers, and suppliers.

5.2. Limitations

This study provides insights into the mechanism of equilibrium strategy formation
in the HQDMI system, which consists of manufacturing enterprises, local governments,
suppliers and consumers. It also examines the impact of changes in endogenous and
exogenous factors on the evolutionarily stable strategy of the system. Although this study
provides insightful analysis and practical recommendations for government policy makers
and corporate management, it is important to point out that it has certain limitations:

First, endogenous and exogenous factors may have mixed effects on the HQDMI
system. In this study, we have investigated the effects of exogenous and endogenous factors
on the HQDMI system separately. Nevertheless, we do not analyze whether the exogenous
and endogenous factors have a mixed effect on the HQDMI system. In future research, we
will try to collect data through questionnaires and set up interaction variables using an
econometric regression model to determine the mixed effects of endogenous and exogenous
factors on the HQDMI. Second, the model employed in this study does not account for
the internal decision-making processes of the government as a complex system, such as
the time delays caused by inter-departmental coordination and legislative procedures.
Future research could incorporate institutional factors such as political consultation. Finally,
the analysis in this paper is based on relatively idealized assumptions, and at this stage,
numerical simulations have been conducted using only partial empirical data from China.
In subsequent research, more comprehensive and detailed case data can be collected
through systematically designed questionnaires, thereby yielding more systematic and
universally applicable conclusions.
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Appendix A

Proof of Proposition 1. Calculating the first-order partial derivatives of Ty with respect
to Rg, I, Hge, Hgs, and Hgc, respectively, we can obtain: F(Ty)/d(Rg) =6 —1>0,
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F(Txl)/d<IG) =-2<0, F(Txl)/d(HGE) = —Hgp <0, F<Txl)/d(HGS) = —2Hgs < 0,
and F(Txl)/d(Hcc) = —2mHgc <0.Q.E.D. O

Proof of Proposition 2. Calculating the first-order partial derivatives of T;; with re-
spect to Hgg, Rig, Ric, Rmp, Re, Le, I1a, loc, 1ir, Ls, and, respectively, we can ob-
tain: F(Ty1)/d(Hge) > 0, F(Ty1)/d(Rig) > 0, F(Ty1)/d(Ric) > 0, F(Ty1)/d(Rmp) > O,
F(Ty1)/d(Rg) > 0, F(Tyn)/d(Lg) > 0, F(Tyn)/d(I1a) < 0, F(Tpn)/d(loc) < O,
F(Ty1)/d(I1r) <0, F(T,1)/d(Ls) <0,and F(T,1)/d(rg) <0.Q.E.D.O

Proof of Proposition 3. Calculating the first-order partial derivatives of T,; with re-
spect to Hgs, Lg, Ls, R, Is, Hg, Ss, and, respectively, we can obtain: F(T,;)/d(Hgs) > 0,
F(Ta)/d(Lg) > 0, F(T.)/d(Ls) > 0, F(T.)/d(Rs) > 0, F(T.y)/d(Is) < 0,
F(T,x)/d(Hs) <0, F(T,1)/d(Ss) <0,and F(T,;)/d(rs) <0.Q.E.D. [

Proof of Proposition 4. Calculating the first-order partial derivatives of T,,; with
respect to C1, Ca, Hge, Re, r¢, and, respectively, we can obtain: F(Ty)/d(C;) > 0,
F(Ty1)/d(C2) > 0, F(Ty1)/d(Hge) > 0, F(Ty1)/d(Re) > 0, F(Tyn)/d(rc) < O,
and F(Ty;1)/d(Ic) < 0.Q.E.D.OJ
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