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ARTICLE INFO ABSTRACT
Keywords: In the contemporary context, both the upgrading of the industrial structure and the imple-
Evolutionary game mentation of environmentally sustainable practices within the regional economy have emerged as

Industrial structure upgrading
Regional economy
Green development

central avenues for achieving quality development. This study examines the strategic behavior of
local governments, capital, and people through the construction of a tripartite evolutionary game
model. Subsequently, six different evolutionary stable strategy (ESS) are subjected to a compre-
hensive analysis. Finally, the parameters influencing the strategic decisions of each party are
meticulously examined through simulation. The results of this study can be summarized as fol-
lows: First, it is shown that under appropriate conditions, all three entities support the scenario of
stable development prospects associated with industrial structure upgrading (1, 1, 1). Second, the
strategic choices made by capital and people depend on several factors, including existing profits,
future benefits, and the costs associated with transformation. At the same time, local governments
show a propensity to adopt incentive strategies. Ultimately, the research underscores the pro-
nounced impact of future benefits, transformation costs, and the probability of success in in-
dustrial upgrading on all stakeholders, shaping their evolutionary trajectories and results. In
particular, the probability of successful industrial structure upgrading exerts the greatest influ-
ence on evolutionary trajectories, while the possibility of government imposing carbon taxes and
initial willingness primarily determine the evolutionary trajectory. This paper attempts to provide
a new perspective on industrial structure upgrading and green development of the regional
economy by combining evolutionary game theory and scenario analysis methods to promote the
process of industrial structure upgrading and sustainable development.

1. Introduction

China’s economic landscape has entered a new phase marked by a transition from rapid growth to higher-quality growth. A primary
goal of the government is to facilitate the advancement of industrial structure, aiming at sustainable development within regional
economies. Upgrading the industrial structure is the key to China’s transformation and development [1]. Comprehensively
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implementing a strategy of regional coordinated development, consolidating the foundation of regional development, rationalizing
regional economic relations, and promoting sustainable regional economic development are basic requirements and integral parts of
quality development. Upgrading the industrial structure involves increasing the proportion of low-carbon or zero-emission ecological
productivity in the regional economy and transforming resource-based industries into new sectors, such as the cultural tourism in-
dustry [2].

The upgrading of the industrial structure involves the progression from a lower to a higher configuration. Specifically, it involves a
continuous shift of the national economic focus toward the tertiary sector, along with the expansion of the scale of tertiary industry,
leading to the transformation of a low-value-added, labor-intensive industrial chain into a high-value-added counterpart [3].
Developing the industrial structure is a prerequisite for achieving high-quality economic growth [4]. Therefore, at this stage, the
transition from a resource-dependent economy to a cultural and tourism-oriented industry emerges as a key avenue for effectively
facilitating the advancement of industrial structure [5]. Reflecting on the strategies for realizing this course of action plays a key role in
realizing the high-quality growth of China’s regional economy. In addition to upgrading the industrial structure, sustainable devel-
opment is imperative in the current context of socio-economic progress. The Chinese government has adopted a “carbon peaking and
carbon neutrality” strategy, which requires the country’s economy to make an environmentally friendly transition [6]. Shifting from a
resource-dependent economy to a cultural tourism-oriented industry can not only facilitate the advancement of the industrial structure
of the regional economy but also lead to the ecologically sound transformation of the regional economy [7,8]. As a result, the real-
ization of high-quality development in China’s regional economy, along with the improvement of industrial structure and the pursuit
of sustainable development, takes on profound significance [9].

While upgrading the industrial structure is of paramount importance for the current stage of China’s economic development, it is
discouraging that under the system of “Chinese-style decentralization” and “promotion tournament” for officials, local governments
lack the motivation to effectively implement environmental management and promote local industrial upgrading [10]. Driven by
self-interest, local governments may prioritize short-term gains at the expense of environmental and industrial upgrading opportu-
nities. While relying on resources to drive economic development is relatively easy due to mature resource extraction and processing
technologies and a well-developed industrial chain, the transition to cultural tourism requires substantial investment with minimal
short-term economic returns [11]. From a capital perspective, investment in the cultural tourism industry requires significant capital,
lacks experience, carries inherent risks, and does not guarantee stable returns comparable to those from investments in resource-based
industries. In addition, local people face the challenge of changing long-established habits that span decades or even centuries.
People’s production methods, work styles, and even aspects of daily life such as medical care and education are closely tied to
resource-based industries. As a result, there is a degree of resistance to the transformation and upgrading of the industrial structure.

Shanxi Province in China serves as a typical example [12]. The province exhibits a high proportion of secondary industry, a limited
and sluggish share of tertiary industry, and a significant lack of coordination in the development of these three sectors, which manifests
in the province’s industrial structure. With its heavy reliance on the coal industry, Shanxi Province lacks alternative industries to
ensure stable economic development. As a major coal-producing region, Shanxi is projected to produce 1.19 billion tons of raw coal in
2021, supplying 43.56 million tons of coal to 16 provinces and cities [13]. This coal-dependent growth trend is evident. The secondary
industry, particularly coal and other heavy industries, remains the primary driving force behind Shanxi’s economic development [14].
However, in recent years, several factors have contributed to the decline in the growth rate of non-coal GDP in Shanxi Province., while
other major provinces across the country have experienced steady and continuous socioeconomic development [15]. Consequently,
Shanxi Province finds itself in an uncomfortable position regarding its development. Furthermore, the long-term mining, trans-
portation, and utilization of coal resources have given rise to deep-rooted conflicts. This type of development, characterized by rapid
growth in a single economy followed by a decline due to its limitations, now poses the greatest obstacle to Shanxi Province’s economic
progress [16]. On the other hand, Shanxi Province boasts abundant cultural and tourism resources, encompassing numerous historical
and cultural sites [17]. Its geographical location in the transition zone between the second and third steps of the Chinese economic
ladder, characterized by a topography of “two mountains sandwiched by a river,” has resulted in the creation of many scenic spots [18,
19]. The province possesses a wealth of both natural and humanistic landscapes, indicating promising prospects for the development of
the cultural tourism industry [17]. Many regions in China face similar circumstances to Shanxi, thereby making the upgrading of the
industrial structure of resource-based economies and achieving high-quality regional economic development a focal point of attention.

Based on the above background, in this context, it is crucial to explore the evolutionary stable strategy (ESS) adopted by various
stakeholders, including local governments, capital, and the general public, following a comprehensive evolutionary game. This
research aims to identify the key factors influencing ESSs, thereby facilitating the achievement of industrial structure upgrading in
resource-based regional economies, enabling local governments, investors, and the public to maximize their respective interests, and
promoting high-quality regional economic development and sustainable regional growth. In line with our research objectives, this
study seeks to address the following three questions: (i) What methods can accurately assess the benefits and drawbacks experienced
by local governments, capitals, and the general people within the framework of the tripartite evolutionary game model? How can we
appropriately formulate the payment matrix to reflect these dynamics? (ii) How can we analyze the asymptotic stability of all three
parties involved? What equilibrium strategies can we observe among them, and under what circumstances can these strategies be
realized? (iii) To what extent do certain crucial parameters influence the outcomes and evolutionary trajectories in this context?

To address these questions, this paper initially presents a set of rational assumptions to effectively characterize the benefits and
costs associated with local governments, capitalists, and the general public, considering the actual circumstances. Then, the payment
matrix is constructed and dynamic equations are formulated within the framework of the evolutionary game model. A comprehensive
analysis is then performed to investigate the asymptotic stability of the three parties and the asymptotic stability of the evolutionary
stable strategies (ESSs) under various stability conditions. Finally, numerical simulations are performed to investigate the ESSs and to
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identify the key parameters that impact the results, such as the costs associated with changing the lifestyles and production methods of
individuals and capitalists, government subsidies, future benefits to the people, immediate benefits to capitals in the resource-based
and cultural tourism industries, and initial willingness. These simulations provide theoretical insights and serve as a valuable reference
for all stakeholders seeking optimal strategies.

This paper makes notable contributions to the existing literature in two key areas. First, it addresses the pressing issues of industrial
upgrading and sustainable development in regional economies in the Chinese context. In particular, it analyzes the dynamic interplay
between local governments, capitalists, and the public. Second, this research extends the use of the evolutionary game model. To our
current understanding, this is the first instance in which the evolutionary game model is used to examine the tripartite decision-making
process related to industrial structure upgrading in Chinese provinces heavily reliant on resource-based industries. By investigating the
asymptotic stability demonstrated by the three parties and identifying Equilibrium Strategy Selections (ESSs) under different stability
conditions, along with analyzing the impact of crucial parameters on outcomes and evolutionary paths, this paper provides invaluable
theoretical guidance to all stakeholders. The aim is to facilitate the transition to industrial upgrading and promote sustainable
development in regional economies. Ultimately, the goal is to achieve a stable strategy in which all parties support industrial
upgrading and maximize their respective benefits throughout the process.

2. Literature review

In light of the aforementioned objectives, this paper conducts a review of the existing literature on industrial structure upgrading
for regional economic green development and evolutionary game models.

2.1. Industrial structure upgrading

Most current studies on industrial structure upgrading and green development of regional economies are based on empirical
research methods. Regarding the significance of industrial structure upgrading, scholars widely agree that it is crucial to approach it
scientifically and accurately in line with economic development [20-22]. Researchers have approached this issue from different
perspectives. There is a correlation between technological progress bias, industrial restructuring, and the dynamics of regional in-
dustrial economic growth [20]. Technological progress plays a role in promoting industrial restructuring, and different technologies
have different effects on industrial restructuring and upgrading [23]. Industrial structure upgrading involves reducing carbon emis-
sions without sacrificing economic development [24]. Positive effects on industrial structure upgrading are observed in the pilot
projects of low-carbon cities [21]. Financial development and China’s foreign direct investment contribute to promoting industrial
structure upgrading [25]. The development of green finance is closely related to the strengthening of the tertiary sector, which plays an
important role in industrial structure upgrading [26]. In addition, the development of the digital economy facilitates industrial
structure upgrading and helps achieve green development in regional economies [27].

Some scholars mainly study the influence of policies, regulations, and government management on industrial structure upgrading
and green development in regional economies. Governments implement relevant policies to promote industrial structure upgrading,
with economic measures being particularly effective [22]. The level of government management varies among Chinese provinces,
resulting in different approaches to achieving industrial structure upgrading. As a result, government management cannot be
generalized [28,29]. Environmental regulations set by governments can promote technological reform and industrial upgrading to
facilitate the green development of regional economies [30], but the impact of industrial upgrading depends greatly on the man-
agement goals pursued [31]. Local government policies, especially those aligned with business interests, can better support regions in
upgrading their industrial structures, although the effects may vary from region to region [1]. The interaction of local government
management also influences industrial structure upgrading to varying degrees, with a positive effect observed mainly in economically
developed regions due to regional disparities [32]. Financial disparities between different local governments may hinder the smooth
process of industrial structure upgrading [33].

2.2. Evolutionary game theory

Evolutionary game theory came to prominence in the 1990s, merging classical game theory with Darwin’s biological theory of
evolution. Unlike traditional game theory, evolutionary game theory doesn’t assume perfect rationality or complete information.
Rather, it views entities as participants with limited rationality who engage in processes of learning, strategic adaptation, and repeated
interactions to optimize their respective interests [34]. In addition, evolutionary game theory places a strong emphasis on dynamic
equilibrium and is a valuable framework for examining interactions within complex systems while tracing the evolutionary paths of
individual strategies [35,36].

This theory has been widely applied to decision-making processes within political parties. Scholars have conducted game analyses
focusing on the relationship between central and local governments. They have observed that local governments are often less
motivated in these games, particularly in the context of environmental monitoring systems [37]. In the area of smart manufacturing,
researchers have developed evolutionary game models to study the interactions between the government and manufacturing firms.
They have studied the effects of government subsidies and penalties on incentives for firms to adopt smart manufacturing practices
[38]. To study the interplay between enterprise investment and employee behavior, researchers have constructed a two-sided
evolutionary game model that takes into account the security investments made by enterprises and the corresponding behaviors of
employees. This model enhances the accuracy of corporate decision-making by evaluating the costs and benefits associated with safety
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investments [39]. Similarly, in the field of developing high-quality manufacturing industries, scholars have formulated a three-party
evolutionary game model involving the local government, leading enterprises, and follower enterprises. They have analyzed the in-
fluence of various factors, such as initial probability and innovation capability, on the results of this game [40]. Similarly, another
study established a three-party evolutionary game model involving local governments, power companies, and coal companies to
explore the evolutionary path of cleaner production in the context of coal overcapacity. In the area of supervision, one study intro-
duced the role of whistleblowers and constructed a three-way evolutionary game model involving regulators, firms, and whistle-
blowers. This model simulated two ideal evolutionary stability points and revealed a significant correlation between whistleblowing,
management, and supervision [41].

2.3. Literature gaps

After a comprehensive review of the existing literature, we identified four major gaps. First, in the area of industrial upgrading,
most studies predominantly use empirical methods to analyze the impact of specific local government policies. However, the intricate
interplay of policies involving stakeholders has received very little attention. Moreover, the use of evolutionary game methods for
modeling, simulation, and analysis remains relatively unexplored territory. Second, current scholarship on industrial upgrading fo-
cuses primarily on comparative analyses across regions, with little attention paid to the specifics of individual provinces heavily
dependent on resource-based industries. Third, despite the widespread use of evolutionary game theory in the context of multi-party
decision-making for supervisory purposes, the incorporation of this model into the domain of industrial structure upgrading remains
conspicuously absent from the literature. Fourth, a significant proportion of the existing studies are limited to the examination of the
interaction between the levels of government and business enterprises, with limited attention paid to the public perspective. Para-
doxically, the role of the public in shaping industrial upgrading is crucial and warrants greater study. Moreover, the study of the
success rate of industrial upgrading as an influential benchmark remains underrepresented in scholarly discourse.

To address these gaps, this paper makes two important contributions. First, it provides an insightful analysis of the reality of in-
dustrial restructuring in Shanxi Province, a prominent resource-based industrial region in China. It thoroughly examines the roles
played by the local government, capitalists, and the general public in this process. Second, this paper pioneers the application of the
evolutionary game model to investigate the challenges of industrial structure upgrading and regional economic green development in a
specific Chinese province. The analysis delves deeply into the asymptotic stability of each participant and the stability of the
Evolutionary Stable Strategies (ESS) under various conditions. This is achieved through the formulation of hypotheses, the con-
struction of payoff matrix, and the establishment of replicated dynamic equations. Furthermore, numerical simulations are conducted
to explore the six ESS scenarios and identify the key parameters that affect the evolutionary results and trajectories. By providing
policy insights, this study aims to promote the support of industrial structure upgrading and green development among all stake-
holders, thus maximizing the benefits for all parties involved.

3. Methodology
3.1. Basic assumptions

The main drivers of regional industrial upgrading and green development are the support and decisions of the main actors of the
social economy: the capitalists. However, it is important to recognize that the government also plays an important role in this process
as an environmental creator. By implementing an “incentive” strategy, the government provides policy guidance and financial support
to facilitate the transition from resource-based industries to the development of the cultural tourism sector, thus promoting the stable
growth of the regional economy. In addition, the active cooperation of the public is crucial to the realization of industrial upgrading, as
it requires a change in work and lifestyle. Alternatively, if the government adopts a " non-incentive " strategy, the development of
capitalists and individuals takes place within the framework of market forces. In the context of the evolutionary game, participants
exhibit limited rationality and undergo dynamic evolution, reflecting the decision-making behavior of individuals and the influence of
the external environment.

Fig. 1 illustrates the interaction between the local government, capital, and the people, as discussed in previous analyses. Given the
multi-stage and dynamic nature of regional industrial structure upgrading, this paper adopts a hybrid mechanism perspective to study
the dynamic evolutionary game involved. Based on this approach, the following hypotheses are formulated to guide the research.

Assumption 1. The evolutionary game of industrial structure upgrading involves three key parties: the local government, capital,
and the people. It is postulated that in this study, local government, capital, and people at all levels are assumed to be uniform, which
means there is no significant heterogeneity among them. In terms of upgrading the industrial structure and high-quality development
of the regional economy, local governments serve as the main leaders and managers of this development. At the same time, the
profitability of capital investments follows a relatively long cycle, which allows them to make continuous adjustments in response to
prevailing circumstances. At the same time, changes in the lifestyles and work patterns of the population involve a longer-term process.
Individuals tend to make strategic adjustments in response to the economic landscape, employment status, and prospects of industries.
All parties involved adhere to the assumption of finite rationality, learning from each other, imitating each other, and evolving within
the game process to maximize their interests [42].

Assumption 2. The local government’s strategy set consists of {incentive, non-incentive}. The incentive strategy involves the
adoption by the local government of policies and the allocation of resources aimed at encouraging the active participation of both
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Fig. 1. The relationship and strategy set between the players.

capitalists and the general population in the effort to improve the industrial structure. The probability that the local government
chooses the incentive strategy is denoted as x (x € [0,1]), while the probability that it chooses the discourage strategy is 1 — x.
Similarly, the capitalist’s strategy set includes {support, non-support}. The support strategy indicates that the capital will invest and
operate in the cultural tourism industry with a probability denoted as y (y € [0, 1]). Conversely, the capital’s probability of choosing the
non-support strategy is 1 — y. The strategy set for the people is set to {positivity, non-positivity}, where the positive strategy means the
active adoption of lifestyle and work style changes to facilitate the upgrading of the regional industrial structure and promote green
development. The probability of choosing the positivity strategy is denoted by (z € [0, 1]), while the probability of choosing the non-
positivity strategy is 1 — z. Given the complex nature of industrial upgrading and regional economic green development, the potential
for failure is an important consideration. Therefore, this paper introduces the variable " a" to represent the probability of successful
industrial structure upgrading.

Assumption 3. If the local government chooses the incentive strategy, it will receive future benefits from green development,
denoted by F;. If the industrial structure upgrading is successful, the government can receive credibility, tax, and performance benefits
from both the capital and the people, denoted by Ry and R;3, respectively. In this scenario, should the capitalist choose the support
strategy, the government will enable the capitalist to proceed accordingly. Conversely, if the capitals choose the non-support strategy,
the government will impose a carbon tax with a probability represented by b, denoted by S. Similarly, if the people choose the pos-
itivity strategy, the government will provide them with subsidies, denoted as C;3. On the other hand, if the government adopts the non-
incentive strategy and allows an increased reliance on resource-based industries in the regional economy, it will suffer a loss of
credibility and accountability from higher-level entities, denoted by P;.

Assumption 4. If the capital chooses the non-support strategy, the current income is equal to the income generated by the resource-
based industry, denoted as Ry; . In this case, the industry must emit a greater amount of carbon and is obligated to pay a carbon trading
fee, represented by M;. Conversely, if the capital chooses the support strategy, the current income comes from the cultural tourism
industry, denoted as Ry;. At this point, the capital is entitled to future income from green development, denoted as F,, but due to the
shorter development time of the culture and tourism industry, it requires an up-front investment, denoted as C»; .

Assumption 5. If people choose the non-positivity strategy, they will be employed by resource-based companies and earn Rs;.
Conversely, if people choose the positivity strategy, they will work in the culture and tourism industry and earn Rsz. Given the
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Table 1
Description of parameters in the evolutionary game model.
Parameters Description
a Probability of success in upgrading industrial structures
F Future benefits of industrial structure upgrading for local government
Ri2 Government benefits from capital when choosing incentive strategies
Cia Government subsidies for capital
b Probability of the government collecting a carbon tax
S The amount of carbon tax collected by the government
Ris Government benefits from the people when choosing incentive strategies
Cis Government subsidies for people
P, Government receives punishment from higher levels of government and loss of credibility when it chooses non-incentive strategy
R The current income of the capital to operate the cultural tourism industry
F, Future income of capital after industrial structure upgrade
Co Transformation costs paid by capital when choosing support strategy
Ro1 Current income of resource-based industries operated by the capital
M; Carbon trading fees when capital choose non-support strategy
R3z Current income of the people in the cultural tourism industry
F3 Future income of people after industrial structure upgrade
Cs The cost to the people for changing the way they live and work
R3 Current people’s income in resource-based industries
x Probability of local government choosing the incentive strategy
1- x Probability of local government choosing the non-incentive strategy
y Probability of capital choosing the support strategy
1-y Probability of capital choosing the non-support strategy
z Probability of people choosing the positivity strategy
1- 2 Probability of people choosing the non-positivity strategy

increasing importance of the culture and tourism industry in the future, the people will receive the future benefit F3. However, there is
a cost associated with the transition from their old way of living and working, denoted as Cs.

Each of the notations and their respective meanings are shown in Table 1.

3.2. Evolutionary game model

The payoff matrix of local government, capital and people is shown in Table 2.
Assuming that the expected utility of the incentive strategy of the local government is U;1, the expected utility of the non-incentive
strategy of the local government is U;2, and the average expected utility is U;, as equations Equation 1, Equation 2 and Equation 3,

then:

Uy =yz(aFy + Rz +Ri3 — Cio — Ci3) +y(1 —2)(Ri2 — Ci2) + (1 — y)z(bS + Ri3 — Ci3)+

(1 =y)(1 = 2)(bS + aF\) = 2yzaF\ + YRy — yC1z + zRi3 — 2Ci3 + bS + aFy — ybS — yaF\ — zaF (1)

U = yz(—=P1) +y(1 = 2)(=P1) + (1 = y)z(=P1) + (1 = y)(1 = 2)(=p1) = —P 2

Uy =xUy + (1 —x)Up, 3)

The replicated dynamic equation of local government G(x) is Equation (4):

G(X):%ZX(UH —U]):x(l 7)C)(U|] — U[z)

de 4

= x(1 —x)(2yzaF) +yRi» — yCi2 + zR13 — zCy3 + bS + aF, — ybS — yaF, — zaF, + P)

Assuming that the expected utility of the support strategy of the capital is Us;, the expected utility of the non-support strategy of the
capital is Us,, and the average expected utility is U,, asEquation 5, Equation 6 and Equation 7, then:

Uy =x2(Ryy +aF, + Ci1p — G, — Coy) +x(1 —2)(Rpy + aF> + Ci, — G, — Cyy)
+(1=x)z(Rp+aF,+Ci, —C,— Cy)+(1—x)(1 —2)(Rp +aF>, + Cio — G, — Cyy)

Un =x2(Ry1 — M) — bS) +x(1 — 2)(Ray — My — bS) + (1 = x)z(Ryy — M)
+(1=x)(1 —2)(Ryy — My) = —xbS+ Ryy — M,

= Xclz +R22 +(1F2 — C21 (5)

(6)

Up = yUn + (1 = y)Un @)

The replicated dynamic equation of capital S(y) is Equation (8):
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Table 2
Payoff matrix of local government, capital and people.
Stakeholders People
Positivity (z) Non-positivity
(1-2)
Local government Incentive (x) Capital side Support (y) aFy + Ri2 + Riz — C12 — Cy3, Ry2 — Cia,

Roz + aFz + C12 — Ca, Roz + aFz + Cia — Ca,
Ci3+Raz + aF3 — C3 Rs1

Non-support bS+ Ry3 — Ci3, bS + aF,,

1-y
Ro1 — My — bS, Ro1 — My - bS,
Ci3+ R3z + aFs Rs
— C3

Non-incentive Capital side Support (y) — Py, — Py,
(1-x

Roz + aF — Ca, Roz + aFy — Cx,
R3x + aF3 — C3 Rs1

Non-support — Py, — Py,

1=y
Ro1 — My, Ro1 — My,
R3z + aF3 — C3 Rs1

d
S(Y):d_};:Y(UZI —Uy)=y(1 —y)(Un — Un) ®
= y(l 7y)(xC12 +R22 +L1F2 — C21 +xbsz21 +M1)

Assuming that the expected utility of the positivity strategy of the people is Us;, the expected utility of the non-positivity strategy of
the people is Us,, and the average expected utility is Us, as Equation 9, Equation 10 and Equation 11, then:

U31 :xy(C13 +R32 +L1F3 — C3) er(l 7y)(C13 +R32 +11F3 - C3)
+(1 7x)y(R32 +aF; — C3) + (1 *x)(l 7y)(R32 +aF; — C3)
= )CC]} +R32 +dF3 - Cg(g)

Usy; = xyR3; +x(1 — y)Rs; + (1 —x)yR3; + (1 — x)(1 — y)R3; = Ry, (10)

Us =zUs + (1 — 2)Ux (11)
The replicated dynamic equation of capital N(z) isEquation 12:

dz
N(Z):E:Z(Uzl —U;):Z(l —Z)(U;l —Uzz) (12)
= Z(l —Z)(XC13 +R32 +11F3 — C3 —R31)

To further explore the concept of evolutionarily stable points in the tri-partite game, let’s consider the following set of simultaneous
equations Equation 13:

dx
G(x) :a:x(U“ —U,)=x(1—-x)(Uy, — Un) =x(1 —x)(2yzaF, + yRi2 — yC12 + zR13 — z2C13 + bS + aF| — ybS — yaF, — zaF, + P;) =0
d
S(y) :d—f:y(u21 —Uy) =y(1 =) (Ut — Up) =y(1 =) (xC1 + Ry + aF5 — Cyy +xbS — Ry +M;) =0
dz
N(z) :E:Z(Uﬂ —Us)=2z(1—2)(Usi —Us) =2z(1 —2)(xCi13+R3p +aF3; —C3 —R3;) =0

13

From the above simultaneous equations, the evolutionary stable points of local government, capital, and people are obtained:
E (07070)’ EZ(O',Ov 1)’ E3(07 170)7 E4(07 171)5 E5(17070>) E6(1707 1)’ E7(17170)’ E8(1171) and E9(Xj‘.1yk7 Zﬁ): where E9(X’L 7)’%72%) satisfies the
following simultaneous Equation (14):

2yzaF1 +yR12 7yC12 +ZR13 sz13+bS+aF] 7be7yaF1 *leFl +P1 =0

xCu +R22 +aF2—C21+be—R21+M1 =0 (14)
xCi3+Rypp+aF; —C3—R;1 =0



F. Hu et al. Heliyon 9 (2023) 20729

4. Evolutionary stability analysis
4.1. Asymptotic stability analysis of the three parties

4.1.1. Asymptotic stability analysis of local government

According to the stability theorem of the replicated dynamical equation, if the following two conditions G(x) = 0 and G (x) < 0 are
satisfied, x is the evolutionary stable point, where G'(x) = (1 — 2x)[2yzaF; + (Riz — C12 — bS — aF1)y + (Ri3 — C13 — aF1)z + bS +
aF, + Pi]. The strategy evolution diagram of the local government is shown in Fig. 2.

Let G(x) =0,thenx =0,x =1,andy = ’bszgglflllgz’fgleggfa}fl).

1) Wheny = 7”52;;‘;1;;11:81{213513&}?1), G(x) = 0 is always satisfied. The stability remains constant regardless of the value x takes within

the given interval, ensuring that the local government’s strategy remains unchanged over time.

2) When 0 <y < 25 o hisfio s af)  9yzqF, + (Rip —C12 —bS—aFy)y + (Ri3 —Ci3 —aF1)z +bS+aFy + Py <O holds. By
substituting x = 0 and x = 1 into G'(x), and obtaining G'(0)<0, G'(1)>0. It follows that x = O represents the evolutionary stable
point. This implies that as the probability of capital choosing to support industrial upgrading steadily decreases below a certain
threshold, the probability of the government choosing the incentive strategy gradually decreases as well. Eventually, the gov-

ernment will choose the non-incentive strategy.

3) When B difisfis G dhi) oy <1, 2yzaF; + (Riz —Ci2 —bS —aFy)y + (Ris —C13 —aF1)z + bS + aFy +P; >0 holds. Bysub-
stituting x = 0 and x = 1 into G/(x), and obtaining G'(0)>0, G'(1)<0. It follows that x = 1 represents the evolutionary stable point.
This means that as the probability that capital will support the upgrading of the industrial structure exceeds a certain threshold and
continues to increase, the probability that the government will opt for the incentive strategy will correspondingly increase. Ulti-
mately, the government will choose the incentive strategy.

4.1.2. Asymptotic stability analysis of capital

According to the stability theorem of the replicated dynamical equation, if the following two conditions S(y) = 0 and S (y) < 0 are
satisfied, y is the evolutionary stable point, where S'(y) = (1 — 2y)[(C12 + bS)x + Raa + aF; — C21 — Ra1 + Mj)]. The strategy evo-
lution diagram of the capital is shown in Fig. 3.

C12 +bS > 0 is satisfied. Let S(y) = 0, theny =0,y =1, and x = W.

1) When x = SatRa Re dfo My 5(y) — 0 is always satisfied. The stability remains constant regardless of the value y takes within the
given interval, ensuring that the capital’s strategy remains unchanged over time.

2) When 0 < x < W, (C12 +bS)x +R2p +aFy —C21 —Ra1 +M7) < 0 holds. Bysubstitutingy = 0 and y = 1 into S’ (y), and
obtainingS’' (0)<0, S’ (1)>0. It follows that y = 0 represents the point of evolutionary stability. This means that as the probability of
the local government choosing the incentive strategy falls below a certain threshold and continues to fall, the probability of capital
choosing the support strategy gradually decreases. Eventually, capital will choose the non-support strategy.

3) When W < x <1, (C12 +bS)x +Raz +-aF, —Ca1 —Ra1 +M;) > 0 holds. By substituting y = 0 and y = 1 into S'(y), and

+
obtaining S'(0)>0, S'(1)<0. It follows that y = 1 represents the point of evolutionary stable point. This suggests that once the
probability of the local government choosing the incentive strategy surpasses a specific threshold and continues to rise, capital will
increasingly choose the support strategy. Eventually, capital will choose the support strategy.

z
1

1 1
y y

1 1

X X
_ -bS-aFy-Pi-z(Ry5-Cy3-aFy) bS—aFy—Pi— 2Ry =C—aF) _ | (_—bS—aF,— Py~ z(Ry3 i3~ aFy)
2zaF, + Ry5-C15-bS-aF; 2zaF, + Ry — Cy5 — bS — aF; - : 2zaFy; + Ry; — Cy5 — bS — aF,

Fig. 2. Phase diagram of strategy evolution of the local government.
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Fig. 3. Phase diagram of strategy evolution of the capital.

4.1.3. Asymptotic stability analysis of people

According to the stability theorem of the replicated dynamical equation, if the following two conditions N(z) = 0 and N (z) < 0 are
satisfied, z is the evolutionary stable point, where N (2) = (1 — 22)(xC13 + Rs2 + aF3 — C3 — Rg1). The strategy evolution diagram of
the people is shown in Fig. 4.

Let N(z) =0,thenz =0,z =1, and x :%f:“%.

1) Whenx = %f;“%, N(z) = 0 is always satisfied. The stability remains constant regardless of the value z takes within the given
interval, ensuring that the people’s strategy remains unchanged over time.

2) When 0 < x < Q*&lc’if:”%, xC13 + R3y + aF3 — C3 — R3; < 0 holds. By substituting z = 0 and z = 1 into N'(z), and obtaining N’
(0)<0, N'(1)>0. It follows that z = 0 represents the evolutionary stable point. This indicates that as the probability of the local
government choosing an incentive strategy falls below a certain threshold and keeps falling, the probability of the people choosing
a positivity strategy gradually decreases. Finally, people will choose the non-positive strategy.

3) When C”R“C’if;“ﬁ < x <1, xC13 + R3y + aF3 — C3 — R3; > 0 holds. By substituting z = 0 and z = 1 into N'(z), and obtaining N’
(0)>0, N'(1)<0. It follows that z = 1 represents the evolutionary stable point. This suggests that the probability of the local
government choosing the incentive strategy rises above a certain threshold and continues to rise, the probability of the people
choosing the positivity strategy increases accordingly. Eventually, the people choose the positivity strategy.

4.2. Stability analysis of tripartite evolutionary game system
According to Friedman [43], The determination of the Evolutionarily Stable Strategy (ESS) within the game can be achieved by

analyzing the local stability of the Jacobian matrix. In this paper, we present the Jacobian matrix associated with the evolutionary
game model of industrial structure upgrading as follows(Equation 15):

1 Z 1 z 1 =
1 1 1
y y y
1 1 1
x x x
x:C3+R31—R32—aF3 0<X<C3+R31—R32—aF3 C3+R31—R32—aF3<x<1
Ci3 Ci3 Ci3

Fig. 4. Phase diagram of strategy evolution of the people.
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dG(x) 9G(x) 0G(x)
ax ay 0z
_[9sG) a5k as»)

/= ax ay 0z
AdN(z) ON(z) ON(z)
dx ay 0z
(1 = 2x)(2yzaF; + YRy — yCiz + zRy3 — zCy3 + bS + aF; — ybS — yaF, — zaF; + P;) x(1 = x)(Ry2 — Cy2 — bS — aF; + 2zaF,) x(1—x)(2yaF; + Ry3 — Cy3 — aFy)
= y(1 = y)(Cyz2 + bS) (1= 2y)(xCyz + Ryz + aF; — Cyy + xbS — Ryy + My) 0 (15)
z(1-2)Cy3 0 (1 —22)(xCy3 + R3; + aF3 — C3 — R3;)
(15)

In the asymmetric evolutionary game, it is appropriate to focus merely on the stability of pure strategy equilibria. Thus, we will discuss
the stability of eight equilibrium points: E; (0, 0,0), E2(0,0, 1), E5(0,1,0), E4(0,1,1), Es(1,0,0), Es(1,0,1), E;(1,1,0), and Eg(1,1,1).
The hybrid strategy equilibrium Ey is not considered an Evolutionarily Stable Strategy (ESS). According to Lyapunov’s stability theory
[43-45], an equilibrium point qualifies as an ESS only if all eigenvalues of the Jacobian matrix are negative. If the sign of all ei-
genvalues of the Jacobian matrix can be determined, and there is at least one positive eigenvalue, the equilibrium point is considered
unstable; otherwise, it is classified as a saddle point. The eigenvalues of the Jacobian matrix can be calculated by substitution of the
eight equilibrium points into the matrix, as shown in Table 3.

4.2.1. Scenario 1 :

When Cy2 > Ry2 + Py, Ryy + aFy > Co1 + Ro1 + My, and C3 + R31 < R3z + aFs, the negative values of all eigenvalues in the Jacobian
matrix for the evolutionary sta-ble point E3(0,1,0) indicate that E3(0,1,0) is an ESS. This suggests that i) when the government
subsidies for capital is higher than the sum of the government benefits from capital and the government punishment from higher levels
of government; ii) when the sum of the current income of the capital from cultural tourism industry and future income of capital, is
higher than the sum of transformation costs paid by capital, the current income of the capital from resource-based industry, carbon
trading fee; iii) when the sum of the current income of the people in the cultural tourism industry, future income of people is higher
than the sum of the cost to the people for changing, current people’s income in resource-based industries, (Non-incentive, Support,
Non-positivity) is the ESS.

4.2.2. Scenario 2 :

When Ci2 + Ci3 > aF1 + Riz + Ris+ P1, Rao + aF2 + My > C21 + Ra1, and Rse + aFs > Cs3 + Rsp, the negative values of all ei-
genvalues in the Jacobian matrix for the evolutionary stable point E4(0, 1,1) indicate that E4(0, 1, 1) is an ESS. This suggests that i)
when the sum of government subsidies for capital, government subsidies for people is higher than the sum of future benefits for local
government, government benefits from capital, government benefits from the people, government punishment from higher govern-
ment; ii) when the sum of the current income of the capital from cultural tourism industry, future income of capital, carbon trading

Table 3
Eigenvalues of the Jacobian matrix.
Equilibrium Eigenvalue 1 Eigenvalue 2 Eigenvalue 3 Stability Stable conditions
points
E1(0,0,0) bS+ aFy + P, R3y + aF3 — C3 — Ra3; Unstable
Roz + aFy — C1 — Ro1 + My
E»(0,0,1) Ri3— Ci3+ bS+ Py — R3y — aF3+ C3+ R3; Unstable
Ray + aFy — Co1 — Rop + My
E3(0,1,0) Riz— Ci2+ P1 R3z + aF3 — C3 — Ra; ESS Ci2 >Riz+Pr
— Ry — aF2+ Co1 + R + My Ry + aFz > Co1 + Ro1 + My
C3+ R31 > Rz + aFs
E4(0,1,1) aF; + Ri2 — C12+ Ryz — — Rgp — aF3+ C3+ R3 ESS Ci2+ Ci13 > aF1 + Ri2 + Ry +
Ci3+ Py — Roy — aFy+ Co1 + Roy — My Py

Roy + aFz + My > C21 + Ra1
R3z + aF3 > C3+ Ra;

E5(1,0,0) —bS—aF1 - Py Ci3+ R3a + aF3 — C3 — ESS C21 +Ra1 > C12 + Roz + aF2 +
Ci2+ Rap + aFy — Co1 + bS — R31 bS+ M;
Ro1 + M C3+ R31 > Ci3+ Raz + aF3
E6(1,0,1) —Ri3+ Ci3—bS— P — C13 — R32 — aF3 + ESS Ri3+bS+ Py > Ci3
Cy2+ Ros + aFy — Co1 + bS — Cs+ R31 C21 + Ra1 > Ci2+ Rog + aFy +
Ro1 + My bS+ M;
Ci3 + R3a+ aFs > C3+ R3;
E;(1,1,0) —Ria+Ci2— Py C13+ R3z + aF3 — C3 — ESS Riz+ P1 > Ci2
— Ci2— Ryp — aFy + C1 — bS+ Ry Ci2+ Ry + aFy + My > Cx +
Ro1 — M Ro
C3+ Rs1 > Ci3+ Rz + aF3
Eg(1,1,1) —aFy —Riz+ Ci2— Riz + — Ci3— Rypz — aF3 + ESS aF1 + Riz2+ Ris+ Py > Ciz +
Cizs— P, —Ci2— Ry — aFy + C1 — bS+ C3+ Ra; Ciz
Ry — M, Ci2 + Ryy + aFy + bS+ M; >
Co1 + Rn

Ci3+ Rz + aF3 > C3+ Ry

10
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fees, is higher than the sum of transformation costs paid by capital, the current income of the capital from resource-based industrys; iii)
when the sum of current income of people from cultural tourism industry, future income of people, is higher than the sum of cost to the
people for changing, current income of people from resource-based industry, (Non-incentive, Support, Positivity) is the ESS.

4.2.3. Scenario 3 :

When Ca; + Ra; > Ci2 + Rag + aFa + bS + M; and Cs + R3; > Ci3 + Rsa + aFs, the negative values of all eigenvalues in the Jaco-
bian matrix for the evolutionary stable point E5(1,0,0) indicate that Es(1,0,0) is an ESS. This suggests that i) when the sum of
transformation costs paid by capital, the current income of the capital from resource-based industry is higher than the sum of gov-
ernment subsidies for capital, the current income of the capital from cultural tourism industry, future income of capital, carbon tax,
carbon trading fees; ii) when the sum of cost to the people for changing, current income of people from resource-based industry, is
higher than the sum of government subsidies for people, current income of people from cultural tourism industry, (Incentive, Non-
support, Non-positivity) is the ESS.

4.2.4. Scenario 4 :

When R;3 + bS+ P; > Ci3, Ca1 + Ra1 > Ci12 + Rog + aFa + bS+ Mi, and Ci3+ Rsz + aFs > C3 + Rs;, the negative values of all
eigenvalues in the Jacobian matrix for the evolutionary stable point E¢(1,0, 1) indicate that E¢(1, 0, 1) is an ESS. This suggests that i)
when the sum of government benefits from the people, carbon tax, government punishment from higher government is higher than
government subsidies for people; ii) when the sum of transformation costs paid by capital, the current income of the capital from
resource-based industry is higher than the sum of government subsidies for capital, the current income of the capital from cultural
tourism industry, future income of capital, carbon tax, carbon trading fees; iii) when the sum of government subsidies for people,
current income of people from cultural tourism industry, future income of people is higher than the sum of cost to the people for
changing, current income of people from resource-based industry, (Incentive, Non-support, Positivity) is the ESS.

4.2.5. Scenario 5 :

When R;z2 + P; > Cig, Ci2 + Raa + aFs + My > Ca1 + Rop, and Cs + R3; > Ci3 + Rsz + aFs, the negative values of all eigenvalues in
the Jacobian matrix for the evolutionary stable point E; (1,1, 0) indicate that E;(1, 1, 0) is an ESS. This suggests that i) when the sum of
government benefits from capital, government punishment from higher government is higher than the sum of government subsidies for
capital; ii) when the sum of government subsidies for capital, the current income of the capital from cultural tourism industry, future
income of capital, carbon trading fees, is higher than the sum of transformation costs paid by capital, the current income of the capital
from resource-based industry; iii) when the sum of cost to the people for changing, current income of people from resource-based
industry is higher than the sum of government subsidies for people, current income of people from cultural tourism industry,
future income of people, (Incentive, Support, Non-positivity) is the ESS.

4.2.6. Scenario 6 :

When aF; + Riz2 + Ri3+ P; > C12+ Ci3, Ci2 + Raa + aFa+ bS+ M; > Ca1 + Rop, and Ci3 + Rsz + aFs > Cs + R, the negative
values of all eigenvalues in the Jacobian matrix for the evolutionary stable point Eg(1,1,1) indicate that Eg(1,1,1) is an ESS. This
suggests that i) when the sum of future benefits for local government, government benefits from capital, government benefits from the
people, government punishment from higher government is higher than the sum of government subsidies for capital, government
subsidies for people; ii) when the sum of government subsidies for capital, the current income of the capital from cultural tourism
industry, future income of capital, carbon trading fees, carbon trading fees is higher than the sum of transformation costs paid by
capital, the current income of the capital from resource-based industry; iii) when the sum of government subsidies for people, current
income of people from cultural tourism industry, future income of people is higher than the sum of cost to the people for changing,
current income of people from resource-based industry, (Incentive, Support, Positivity) is the ESS.

5. Numerical simulation

5.1. Expanding on the preceding analysis, this section investigates how different parameters impact the stability of industrial structure
upgrading. To conduct a comprehensive investigation of the evolutionary dynamics among the three players, numerical simulations are
utilized. Data collection and parameter settings

In this study, we used MATLAB 2020a software for conducting numerical simulations. These simulations were crucial in visualizing
the iterations of the players’ strategies, allowing for a quantitative analysis of their interactions. Through these simulations, we observe
how the strategies change at each stage under different parameter values. In setting the initial parameters for the model, we followed
two essential principles: Firstly, we reflected real-world conditions, and secondly, we took into account the logical relationships among
the parameters. Subsequently, we explain the parameters for each scenario, highlighting their connections and dependencies based on
these principles.

The Chinese government is strongly committed to achieving the goals of “carbon neutrality” and “carbon peaking,” making green
development and industrial upgrading key strategies in various regions of China. With a high probability of success, industrial
upgrading is assigned a value of 0.7, denoted by the parameter “a". This paper estimates the probability of successful industrial
upgrading to be 70 %, in line with the prevailing economic development trends in Shanxi, China. This estimate is substantiated by
combining the historical practices of the Shanxi provincial government with research findings on enterprise development. Similarly,
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Table 4

Parameters for different scenarios.
Parameters a F Riz Ci2 b S Ris Ci3 Py
Scenario 1 0.7 40 10 60 0.6 30 60 45 10
Scenario 2 0.7 40 10 60 0.6 30 60 55 10
Scenario 3 0.7 40 10 45 0.4 30 60 55 10
Scenario 4 0.7 40 10 45 0.4 30 60 55 10
Scenario 5 0.7 40 30 50 0.6 30 60 35 10
Scenario 6 0.7 40 30 50 0.6 30 60 40 10
Parameters Ry Fy Co1 Ry M, R32 F3 Cs Rz
Scenario 1 40 80 50 60 20 40 60 60 60
Scenario 2 40 80 50 60 20 60 90 60 60
Scenario 3 40 50 80 70 15 40 40 60 60
Scenario 4 40 50 80 70 15 40 60 60 60
Scenario 5 30 50 70 70 15 40 60 60 60
Scenario 6 30 50 70 70 15 40 70 60 60

the government is inclined to implement a carbon tax on resource-based enterprises, leading to the selection of 0.6 for parameter “b".
At present, the mechanism for collecting a carbon tax is still relatively nascent. Nevertheless, there is a significant probability that the
government will impose a carbon tax on resource-dependent enterprises. Therefore, setting the probability at 60 % is considered
reasonable and prudent. Analysis of publicly available data from the Shanxi government shows that the current revenue generated by
resource-based enterprises is about twice that of the cultural tourism industry [46]. As a result, parameter " Ry;" is set equal to 2
multiplied by " Ry2". Considering the need for significant investment in the cultural tourism industry, the cost is approximately equal to
the annual revenue of the resource-based enterprises. Therefore, " C2;" can be considered approximately equal to " Ry;". The annual
production of coal and other resources in Shanxi is about 100 million tons, and based on carbon trading prices, " M;" is set at 15.
According to the statistics, it can be seen that cultural tourism companies offer two-thirds of the salary of resource-based companies.
Therefore, according to the data comparison [47], " Rs;" has a value of 60, while " R35" has a value of 40. Since it is difficult to quantify
the cost of people’s adaptation to new work and lifestyle, " Cs" was set at 60, representing one year’s salary in resource-based com-
panies. Shanxi Province’s historical reliance on resource-based enterprises for economic growth has had a lasting impact on the
prevailing lifestyles and work patterns of its population. As a result, the transformation process is particularly challenging, warranting
a rational decision to equate it with one year of people’s income. The result of upgrading the industrial structure and green devel-
opment of the regional economy is definitely stable to good, so in this paper, the future benefits that can be obtained are slightly larger
than the current ones, so the values of "F;", " F," and " F3" are 40, 50 and 70, respectively. It is important to note that simulated systems
progress in virtual time t, not in real time.

In light of the above considerations, certain parameters were rounded to improve the feasibility of performing numerical simu-
lations. The parameter settings for various scenarios are presented in Table 4, taking into account real-world conditions and the
recommendations of experts interviewed during the study.

5.2. The dynamic evolutionary paths

Scenario analysis plays a crucial role in exploring the varying impacts of potential factor developments in different political and
economic contexts. It enables the quantification of the trajectory required to achieve future goals of industrial upgrading and regional
economic green development. The following text presents numerical simulations for six scenarios in the evolutionary game, providing
valuable insights into the evolutionary process of each scenario.

5.2.1. Scenario 1

Using the stability conditions calculated for Scenario 1, numerical simulations are run with different parameter values. Fig. 5A
shows the increasing probability of the capital choosing a support strategy, while the probability of the local government and the
people choosing a positive strategy decreases. The initial condition of 0.5 is assigned to all three parties. To evaluate the stability of the
equilibrium point E5(0, 1, 0) in the evolutionary model, a loop is used in MATLAB software to simulate different initial strategies for the
three players, generating random x, y, and z points. The decision dynamics in the three-player evolutionary game are depicted in
Fig. 5B, which shows several colored lines that eventually converge to E3(0, 1, 0). Specifically, in this scenario, the local government is
required to provide substantial subsidies to facilitate the development of the cultural tourism industry, while the benefits of the people
adopting positive lifestyle changes are outweighed by the associated costs. Consequently, only the capital support the upgrading of the
industrial structure. At this point, all parties recognize the potential for improved results by increasing the benefits to the people and
reducing government expenditures.

5.2.2. Scenario 2

As shown in Fig. 6A, with an initial condition of 0.5 for all three players, the probability of the capital choosing a support strategy
and the people choosing a positive strategy steadily increases, while the probability of the local government choosing an incentive
strategy decreases. To evaluate the stability of the equilibrium point E4(0, 1, 1) in the evolutionary model, MATLAB software is used to
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Fig. 5. Evolutionary equilibria in the scenario 1. (A) Evolutionary trajectories of three players in the scenario 1. (B) Evolution process of the ESS.

simulate different initial strategies cyclically by generating random x, y, and z points. Fig. 6B illustrates the decision trajectories in a
three-player evolutionary game, represented by multiple colored lines that ultimately converge to E4(0,1,1). In this particular sce-
nario, the local government must provide substantial subsidies to facilitate the development of the cultural tourism industry by both
the capitalists and the population, while its benefits remain comparatively low. At this point, all three parties recognize that greater
cooperation with the government can lead to better results.

5.2.3. Scenario 3

As shown in Fig. 7A, with an initial condition of 0.5 for each of the three parties, the probability of the government choosing an
incentive strategy steadily increases, while the probability of the capital and the people choosing a positive strategy decreases. To
determine the stability of the equilibrium point Es(1, 0, 0) in the evolutionary model, different initial strategies for the three players are
simulated by cyclically generating random x, y, and z points using MATLAB software. Fig. 7B illustrates the decision trajectories in a
three-player evolutionary game, represented by multiple colored lines that ultimately converge to Es(1,0,0). Specifically, in this
scenario, the government fails to effectively facilitate the industrial structure upgrade for both capital and the people, as the costs
associated with adopting a positive strategy outweigh the benefits. At this point, recognizing the necessary conditions for promoting
industrial structure upgrading and acknowledging the importance of green development may lead to more favorable results.

5.2.4. Scenario 4
As shown in Fig. 8A, with an initial condition of 0.5 for each of the three parties, the probability of the capital to choose a support
strategy decreases, while the probability of the local government and the people choosing an aggressive strategy increases. To
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Fig. 6. Evolutionary equilibria in the scenario 2. (A) Evolutionary trajectories of three players in the scenario 2. (B) Evolution process of the ESS.
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Fig. 7. Evolutionary equilibria in the scenario 3. (A) Evolutionary trajectories of three players in the scenario 3. (B) Evolution process of the ESS.

determine the stability of the equilibrium point E(1, 0, 1) in the evolutionary model, different initial strategies for the three players are
simulated by cyclically generating random x, y, and z points using MATLAB software. Fig. 8B illustrates the decision trajectories in a
three-player evolutionary game, represented by multiple colored lines that ultimately converge to E¢(1,0,1). Specifically, in this
scenario, the local government allocates substantial resources to achieve industrial upgrading and promote green development, while
the people choose an active strategy due to the potential for greater benefits. However, the capital does not support the strategy,
mainly because of the significant costs associated with the transformation and the comparatively higher profits for resource-based
enterprises. Consequently, the three stakeholders recognize that increasing transformation subsidies and future benefits to capital
may lead to more favorable results.

5.2.5. Scenario 5

As shown in Fig. 9A, with an initial condition of 0.5 for each of the three parties, the probability of the local government and the
capital choosing a supportive strategy increases, while the probability of the people choosing a positivity strategy decreases. To
evaluate the stability of the equilibrium point E(1, 1, 0) in the evolutionary model, different initial strategies for the three players are
simulated by generating random x, y, and z points in a loop using MATLAB software. Fig. 9B illustrates the decision trajectories in a
three-player evolutionary game, represented by multiple colored lines that ultimately converge to E;(1,1,0). Specifically, in this
scenario, the local government and capital establish a more favorable state, while the people choose a non-positivity strategy due to
lower returns. At this point, the three parties recognize that the improvement of the industrial structure cannot neglect the partici-
pation of the people. They recognize the importance of the people’s positive strategies for achieving stable and high-quality industrial
structure upgrading and facilitating green development. As a result, they consider enhancing the benefits provided to the people,
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Fig. 8. Evolutionary equilibria in the scenario 4. (A) Evolutionary trajectories of three players in the scenario 4. (B) Evolution process of the ESS.
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Fig. 9. Evolutionary equilibria in the scenario 5. (A) Evolutionary trajectories of three players in the scenario 5. (B) Evolution process of the ESS.
which could lead to better results.

5.2.6. Scenario 6

As shown in Fig. 10A, with an initial condition of 0.5 for each of the three parties, the probability of all parties choosing a sup-
portive strategy increases. To determine the stability of the equilibrium point Eg(1,1,1) in the evolutionary model, different initial
strategies for the three players are simulated by cyclically generating random x, y, and z points using MATLAB software. Fig. 10B
illustrates the decision trajectories in a three-player evolutionary game, represented by multiple colored lines that ultimately converge
to Eg(1,1,1). Specifically, in this scenario, all three parties have positive attitudes and strategies toward upgrading the industrial
structure, resulting in a more favorable equilibrium state in the three-party game. Each party demonstrates a willingness to create an
optimal production and living environment conducive to green development and sustainable progress while securing its own benefits.

It is important to note that although the capital and the people eventually choose a support and positivity strategy, they initially
choose a non-support and non-positivity strategy. This hesitation stems from the realization that changing industrial structure and
lifestyles entails costs and requires an adjustment period, commonly referred to as the pre-change deliberation phase.

To enable a comprehensive comparative analysis of the six scenarios, the evolutionary trajectories of the three participants have
been systematically organized and presented together in Fig. 11A, B, 11C, 11D, 11E and 11FF). This arrangement enhances the
accessibility for comparing the evolutionary trajectories across the different scenarios.
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Fig. 10. Evolutionary equilibria in the scenario 6. (A) Evolutionary trajectories of three players in the scenario 6. (B) Evolution process of the ESS.
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5.3. Sensitivity analysis of key parameters

Sensitivity analysis is performed to evaluate parameters that significantly affect the system and thus determine its sensitivity to
variations in these parameters. This study utilizes numerical simulations to assess the impact of crucial parameters on the evolutionary
outcomes and trajectories of the tripartite Evolutionarily Stable Strategy (ESS). Parameters namely the probability of success in
upgrading industrial structures (a), probability of the government collecting a carbon tax (b), government subsidies for capital (Ci2),
government subsidies for people (C13), the cost to the people for changing the way they live and work (C3), transformation costs paid
by capital when choosing support strategy (Ca1 ), future income of people after industrial structure upgrade (Fs), Current income of
resource-based industries operated by the capital (R ), the current income of the capital to operate the cultural tourism industry (Raz),
and the initial willingness (xo, Yo, 20) are selected. The initial parameters are selected to meet the conditions specified in Eg(1,1,1).
Consequently, the following discussion focuses on analyzing the impact of these parameters on the evolutionary results and trajectories
of the local government’s incentive strategy, the capital’s support strategy, and the people’s positivity strategy.

5.3.1. The dynamic impact of the parameter a

When “a” takes values of 0.5, 0.6, 0.7, and 0.8, with all other parameters held constant, the effect of “a" on evolutionary results and
paths is shown in Fig. 12A, B and 12C. Generally speaking, the evolutionary stable point Eg(1,1,1) will evolve into Es5(1,0,0) as a
decreases. For local governments, variations in parameter “a" do not significantly affect their strategy choices. They consistently
choose incentive strategies and higher values of “a" to speed up their decision-making process. On the other hand, both capital and the
people are significantly affected by changes in “a". A lower value of “a" causes capital to choose a non-support strategy, while a lower
value of “a" causes people to choose a non-positivity strategy. Notably, changes in “a" have a more pronounced effect on the people
compared to the capital. In other words, for identical values of “a", the people consistently reach a stable strategy faster.

5.3.2. The dynamic impact of the parameter b

When b takes values of 0.4, 0.5, 0.6, and 0.7, with all other parameters held constant, the effect of “b" on evolutionary results and
paths is shown in Fig. 13A, B and 13C. The variation in the b-value does not have a greater impact on the local government and the
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Fig. 13. Impact of b on evolutionary results and trajectories. (A) Evolution of local government. (B) Evolution of capital. (C) Evolution of people.

people. However, a higher b-value leads to faster attainment of stabilization strategies by both the government and the population. In
the case of capital, a decrease in the b-value undermines their commitment to choosing a support strategy. A lower b-value implies
lower costs for capital that choose to non-support strategy, leading to increased hesitancy in their decision-making process.

5.3.3. The dynamic impact of the parameter Cs

When Cj3 takes values of 40, 55, 60, and 75, with all other parameters held constant, the effect of " C3" on evolutionary results and
paths is shown in Fig. 14A, B and 14C. In general, it can be expected that the evolutionarily stable point Eg(1,1,1) will evolve into
E7(1,1,0) as Cs increases. The impact of changes in C; on strategy choice is minimal for local governments and funders. The only
discernible effect is that a higher C3 value leads to a slower evolution in their decision-making process. Conversely, for the people, C3
has a negative impact on their choice of positivity strategy. When C3; < 60, the people choose positivity strategy, but higher values of
Cs hinder their evolution. When C3 > 75, people tend to choose the non-positivity strategy. In particular, the costs associated with
changing lifestyles do not affect the decisions of the government and capital, while higher costs tend to bias the people toward keeping
the status quo.

5.3.4. The dynamic impact of the parameter Ci2

When C; takes values of 30, 40, 50, and 60, with all other parameters held constant, the effect of " C;2" on evolutionary results and
paths is shown in Fig. 15A, B and 15C. In general, it can be expected that the evolutionarily stable point Eg(1,1,1) will evolve into
Eg(1,0,1) as Cy» decreases. Changes in C;; have a modest effect on the strategic choices of the government and the public, with a
higher Ci leading to a slower evolution. In particular, C; has a stronger effect on the government than on the public. Conversely, for
capital, variations in C;, significantly influence their propensity to choose support strategies. When C;5 < 40, capital chooses a non-
support strategy, and smaller Cy5 values result in faster evolution. Conversely, when C;2 > 50, capital chooses to support strategy, and
higher C;, values correspond to a faster rate of evolution. It is worth noting that C;, represents the government’s subsidy to the
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Fig. 15. Impact of Cy, on evolutionary results and trajectories. (A) Evolution of local government. (B) Evolution of capital. (C) Evolution of people.

capital’s support strategy, which influences the capital’s strategic choices to some extent, but not the people’s strategic choices. The
government, aiming at green regional economic development, considers C;» as a cost it is willing to bear, so changes in C;» only
marginally affect its strategy choice.

5.3.5. The dynamic impact of the parameter Cy3

When C;3 takes values of 30, 35, 40, and 45, with all other parameters held constant, the effect of " C;3" on evolutionary results and
paths is shown in Fig. 16A, B and 16C. In general, it can be expected that the evolutionarily stable point Eg(1,1,1) will evolve into
E7(1,1,0) as Cy3 decreases. Changes in c13 have minimal impact on the government and capital, with a lower C;3 speeding up their
rate of evolution. Conversely, changes in C;3 have a positive effect on people’s choice of positivity strategy. Higher C;3 values increase
the probability that the people choose positivity strategy and accelerate their evolution, while lower C;3 values tend to steer the people
towards non-positivity strategies. Since C;3 represents the government’s subsidy to the people, its impact on the government’s strategy
choice is relatively insignificant due to the government’s goal of achieving green development and the relatively modest subsidy
provided to the people. However, subsidies are of paramount importance to the well-being of the people, and thus the value of C;3
significantly influences the strategy choices of the people, which affects their quality of life.

5.3.6. The dynamic impact of the parameter Co;

When Cy; takes values of 50, 60, 70, and 80, with all other parameters held constant, the effect of " C;" on evolutionary results and
paths is shown in Fig. 17A, B and 17C. In general, it can be expected that the evolutionarily stable point Eg(1,1,1) will evolve into
E6(1,0,1) as Co; increases. Changes in Cz; have minimal impact on the government and the people, resulting in a longer time to reach
their evolutionary stable point when C»; is smaller. For capital, however, changes in C2; negatively affect their choice of support
strategy. A smaller Cy; value increases the probability of choosing a support strategy and accelerates its evolution. Conversely, when
C21 > 80, the capital chooses a non-support strategy. Notably, C2; represents the transition costs incurred by the capital in choosing the
support strategy, and thus its impact on the government and the people is not great. Within a certain range, C2; causes hesitation
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among capitalists and may even cause them to revert to the non-support strategy due to the diminished benefits associated with higher
costs.

5.3.7. The dynamic impact of the parameter Fs

When F3 takes values of 50, 60, 70, and 80, with all other parameters held constant, the effect of " F3" on evolutionary results and
paths is shown in Fig. 18A, B and 18C. In general, it can be expected that the evolutionarily stable point Eg(1,1,1) will evolve into
E7(1,1,0) as F5 decreases. Changes in F3 have minimal impact on the government and capital, while a higher F5 value accelerates their
evolutionary process. Conversely, for the people, changes in F3 have a positive effect on their tendency toward positivity strategy. A
higher f3 value increases the probability of choosing a positive strategy, accelerates the evolutionary speed, and reduces the hesitation
time. Only when F3 < 50, the people will choose the non-positivity strategy. In particular, F5 represents the future gains that the people
can achieve by choosing positivity strategy and thus has very little effect on the strategic choices of the government and the capital. The
people attach greater importance to future gains, as they can motivate changes in lifestyle and work practices if appropriately
incentivized.

5.3.8. The dynamic impact of the parameter Ry

When Ry, takes values of 50, 60, 70, and 80, with all other parameters held constant, the effect of " Ry;" on evolutionary results and
paths is shown in Fig. 19A, B and 19C. In general, it can be expected that the evolutionarily stable point E8(1, 1, 1) will evolve into
Ee(1, 0, 1) as Ry increases. Changes in Ry; have minimal impact on the government and the population, while higher values of Ry,
accelerate their pace of evolution. Conversely, for the capital, changes in Ry; negatively affect their tendency to choose support
strategy. A smaller Ry; increases the probability that the capital will choose a support strategy and accelerates its evolutionary speed.
Once Ry; > 80, the capital refrains from supporting the strategy. In particular, Ry; represents the benefits that the capital derives from
the resource-based industry. When Ry is too high, the capitalist finds it difficult to give up these benefits, which hinders his support for
the upgrading of the industrial structure and green development.

5.3.9. The dynamic impact of the parameter Rao

When Ry, takes values of 10, 20, 30, and 40, with all other parameters held constant, the effect of " Ry," on evolutionary results and
paths is shown in Fig. 20A, B and 20C. In general, it can be expected that the evolutionarily stable point Eg(1,1,1) will evolve into
Ee(1,0,1) as Ry decreases. For the government and the people, the impact of changes in Ry, is minimal, while lower values of Ry,
accelerate their evolutionary progress. Conversely, for capital, changes in Ry, have a positive effect on their choice of support strategy.
When Rz, > 30, capital chooses support strategy, thus accelerating evolution when Ry is greater. Conversely, when Ry, < 20, capital
choose the non-support strategy, and a faster evolution speed when Ry, is smaller. In particular, Ry, represents the income earned by
capital in the cultural tourism industry. Although the upgrading of industrial structure and green development should prioritize social
benefits and prospects, the current income also affects the capital’s decision.

5.3.10. The dynamic impact of initial willingness

Fig. 21A, 21B and 21C illustrate the effect of initial willingness on evolutionary results and trajectories by setting x, =
0.3,0.5,0.7,0.9, yo = 0.3,0.5,0.7,0.9, and 2y = 0.3, 0.5, 0.7, 0.9 while holding other parameters constant. The figure shows that the
evolutionarily stable point Eg(1,1,1) remains constant despite variations in initial willingness. This implies that the evolutionary
outcomes are not directly impacted by initial willingness. However, it does have an effect on the evolutionary trajectories, suggesting
that although the final stable state remains unchanged, the approach to this state may differ depending on the initial willingness
values. Stronger initial willingness promotes the choice of incentive strategies for local governments, accelerating the evolutionary
process. Similarly, for capital and the people, stronger initial willingness promotes the choice of support and positivity strategy and
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reduces the time required to reach evolutionary stable point. Initial willingness exerts a greater influence on capital than on the people,
while its influence on the government is relatively minimal.

6. Policy implications

The upgrading of industrial structures is a key prerequisite for achieving sustainable development. The active participation strategy
of enterprises and individuals plays an important role in this transformation process. The results of this study show that several key
factors influence industrial structure upgrading and green development, namely the costs associated with changing the lifestyles and
production methods of both people and capital, government subsidies, future benefits for people, current benefits for capital engaged
in resource-based and cultural tourism industries, and the probability of success in industrial structure upgrading. Consequently, this
paper presents the following policy implications.

The government should actively strengthen the promotion of high-quality development in the cultural tourism industry, and
effectively stimulate and mobilize the enthusiasm, initiative and creativity of investors to invest in this sector. To encourage investors
to adopt a “support” strategy, the government should introduce stricter subsidies and penalties. Differentiated financial subsidies
should be provided based on the characteristics of investors and enterprises, while punitive measures should be imposed on non-
compliant enterprises to strengthen their inclination toward the “support” strategy. In addition, the government should create a
conducive environment for upgrading the industrial structure and engage in cooperative efforts. This is especially important in
resource-based regions that rely mainly on traditional industries. It is imperative to accelerate the transformation of government
functions by emphasizing innovation within the government system, adapting to the needs of regional industrial transformation and
upgrading, and shifting government management from a regulatory focus to a service-oriented approach, while maintaining the
decisive role of the market in resource allocation [48].
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The government should establish a comprehensive subsidy information application and disclosure system. This system should
facilitate comprehensive monitoring by investors and the public, reduce information asymmetry among the three stakeholders, and
effectively deter speculative practices. By improving the government’s credibility and strengthening its macro-control capabilities,
such measures can be implemented.

Capital should improve its investment structure by gradually shifting its investment focus from traditional labor-intensive and
resource-based industries to high-tech industries as well as cultural and tourism industries [49]. This shift should be accompanied by
efforts to promote energy conservation and emission reduction, and ultimately promote new competitive advantages within the in-
dustry. Attention should also be paid to the clustering effect of investment and to improving the efficiency of industrial investment.

All stakeholders should prioritize managing the relationship between future development and current risks. This involves
expanding the benefits associated with future development while mitigating the risks associated with transformation in the present. It
is crucial to strengthen the commitment of both capital and people to the transformation process. In addition, effective measures
should be taken to provide all necessary guarantees and promote a high level of innovation throughout the industrial upgrading
process.

7. Conclusions, limitations and research directions
7.1. Conclusions

To address the crucial issue of industrial upgrading, this research uses an evolutionary game model to investigate the Evolutionarily
Stable Strategies (ESSs) of local governments, capital, and the people. After an analysis of the asymptotic stability demonstrated by
each individual player and the overall stability of the three-player evolutionary game system, we have identified six distinct ESSs, each
associated with specific stability conditions. We then perform numerical simulations to elucidate the impact of these six ESSs and the
key parameters on the tripartite ESS. The main results of this study can be briefly summarized as follows.

With regard to the six ESSs and their stable conditions, this study identifies six ESSs and their corresponding stable conditions.
When local governments choose incentive strategies, both capital and the people tend to support upgrading the industrial structure and
promoting green development in the regional economy respectively. However, their specific strategy choices depend on their
respective benefits and payoffs.

The choice of capital strategy depends on a comparative analysis of transition costs versus immediate benefits. More precisely,
given that the immediate benefits of the capital’s transition to the culture and tourism industry are smaller, coupled with the
incurrence of additional transition costs, the importance of future benefits and government subsidies becomes pronounced. On the one
hand, it is incumbent upon the government to provide the capital with multifaceted support, especially in the form of economic aid, to
ensure that the financial burden is eased throughout the process of improving the industrial structure [50]. The capital can make
further use of political support to secure financial assistance in the initial stages of industrial structure improvement [51]. Conversely,
both the government and capital should strengthen investment and development in the cultural and tourism sectors, and cultivate a
favorable socio-economic environment conducive to the ecologically conscious development of the regional economy [52]. By
improving the quality of scenic attractions, cultural events, and tourism services, a diverse array of attractions can be established,
thereby exerting a magnetic attraction for increased tourist traffic and investment [53]. In addition, such initiatives will increase the
future income of capital engaged in the development of the cultural and tourism industries, thus promoting a favorable development
outlook for the structural transformation of the sector.

People’s choice of strategies depends primarily on government subsidies and anticipated benefits. The transition to a greener
regional economy promises not only a better living environment but also a healthier working environment. Therefore, when sub-
stantial government subsidies and future benefits are available, people tend to adopt positive strategies. Therefore, the government
must step up its incentive efforts, including increased financial subsidies and the establishment of more enticing career development
initiatives for those working in the cultural tourism sector. In addition, concerted efforts by both the government and capital investors
are needed to disseminate information and facilitate promotional campaigns that highlight the lasting benefits of upgrading the in-
dustrial structure, along with the associated environmental benefits [54]. This concerted approach is designed to generate public
enthusiasm for proactive involvement in the development of the cultural and tourism industries. It is incumbent upon government
agencies and investors alike to promote the robust development of the cultural and tourism sector and to continually refine its pro-
spective economic benefits [55].

The study identified the impact of pivotal parameters on both evolutionary results and trajectories. The costs associated with the
adoption of altered lifestyles and production methods by people and capital, government subsidies, prospects for individuals, and
immediate gains for capitalists in both resource-dependent and cultural tourism industries stand out as pivotal factors influencing
evolutionary outcomes and trajectories. However, the probability that the government will implement a carbon tax and its initial
willingness to do so only affect evolutionary trajectories. The probability of carbon tax implementation and the initial predisposition of
the three stakeholders do not influence the evolutionary result but rather influence the evolutionary trajectory to varying degrees. In a
holistic sense, the government should seek to minimize the costs associated with adopting positive strategies by increasing the direct
economic subsidies to both the capital and the people. At the same time, serious efforts should be made to promote the upgrading of the
industrial structure. This is especially important for realizing high-quality economic development and weaning the regional economy
from its dependence on resource-oriented sectors, especially the coal industry, thus promoting green regional development along with
improved production and lifestyle paradigms [56,57]. These aspirations for a healthier lifestyle and environment unite all stakeholders
[58]. The convergence of economic and environmental gains has a significant impact on future returns. In particular, the probability of
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success in upgrading the industrial structure is the key factor shaping the strategic choices of all entities. Consequently, the formation
of a comprehensive collaborative framework among local governments, capital, and the people becomes imperative. Such cooperation,
backed by enhanced resources and support, will increase the confidence and motivation of capital and the people, thus increasing their
commitment to the endeavor. Ultimately, this synergy will culminate in more lucrative future gains, thereby improving both the
success rate and the benefits of industrial structure upgrading.

7.2. Limitations

This study examines the strategic behavior within a regional industrial upgrading framework involving local governments, capital,
and people. It also examines the impact of relevant variables on the equilibrium of the system. However, this study has certain
limitations.

First, it operates under a relatively idealized premise, assuming the autonomy of local governments, capitalists, and the general
public as stakeholders. However, real-world dynamics encompass a spectrum of stakeholders, including the central government and
civil society organizations, making it difficult for this paper to capture the entirety of this diverse spectrum.

Second, this study only models and analyzes the overarching scenario within Shanxi Province, and overlooks the potential in-
fluence of cultural differences and geographical characteristics inherent to individual cities on the process of upgrading industrial
structure. Different regions may differ in their adoption of upgrading strategies due to factors including historical context, available
resources, and their existing industrial base.

Finally, industrial structural upgrading encounters influence not only internal system dynamics but also external conditions
encompassing the global landscape and economic cycles. Unfortunately, this paper does not consider the implications of changes in the
international environment.

7.3. Research directions

An upcoming research objective is to explore methodologies for constructing a more comprehensive model that incorporates the
interests of multiple stakeholders within the complex framework of the real world. At the same time, attention will be paid to the
integration of technical factors, including industrial innovation and the digital transformation of the culture and tourism sector.

In addition, China is currently undergoing a period of industrial upgrading, which brings new challenges all the time. This inherent
complexity hinders the construction of real-time model simulations. Therefore, the future research path requires sustained attention to
formulating real-time systems that exploit the synergy of data mining, machine learning, and related technologies.

The socio-cultural and environmental dynamics of different cities, including cultural values and the cultivation of human capital,
exert a substantial influence. Future research could delineate the impact of these aspects on decisions and strategies for industrial
upgrading.

The greening of regional economies and concomitant industrial upgrading are often shaped by cross-regional and international
factors. One avenue for future investigation lies in exploring the interconnectedness of elements such as global supply chains and
international trade policies and their impact on intra-regional decision-making and development outcomes.
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