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To effectively grasp the interactive evolution mechanism of relevant entities in the process of competitive neutrality and reveal the impact of the implementation effect of the principle of competitive neutrality on the evolution path of the game system is the key to guiding the development of the government, industry associations and enterprises with reasonable policies. The equilibrium point of the game is analyzed by the four-party evolutionary game model, and the influence of the change of relevant parameters on the evolution result of the game system is further simulated by numerical simulation. The results show that the central government supervision plays an important role in guiding the strategy selection of different game players. By raising the penalty standards for non-neutral competitive behavior of market players and increasing the non-neutral penalty for local governments, the system can evolve faster to the ideal state of “loose supervision by the central government, neutral implementation by local governments, strong supervision by industry associations, and active cooperation by enterprises.” Therefore, to improve the execution effect of competitive neutrality, the central government shall formulate a reasonable regulatory system, and to maximize inspire the enthusiasm of local government, industry associations and enterprises, to promote stability in the sustainable development of the market.
Keywords: competitive neutrality, four-party game, numerical simulation, evolutionary game, simulation analysis

1 INTRODUCTION
The Report of the 20th National Congress of the Communist Party of China stressed that China should promote high-level opening-up and steadily expand the opening-up of rules, regulations, management and standards. Competitive neutrality as a regulation principle, policy orientation, order state or related institutional arrangement. Adhering to the principle of competitive neutrality is an important way to protect the equality of property rights and legitimate interests of various forms of ownership. However, in recent years, the participation of industry associations has gradually increased. For example: In 2021, the Health Bureau of a certain county in Hunan reached an agreement with Sinopharm Holding Company to issue mandatory targets for drug procurement by county public medical institutions, severely restricting fair competition in the drug market. Afterwards, the Medical Association specially organized personnel to actively publicize the Anti-Monopoly Law, the Implementation Rules of the Fair Competition Review System and other legal and policy provisions to the public to maintain a fair market environment. The relevant subjects of my country’s competitive neutrality principle are expanding from the traditional three parties to four parties. This article establishes a four-party competitive neutral dynamic game model of the central government-local government-industry associations-enterprises to explore the interactive relationship between the various subjects in the system, which is of great significance for promoting the coordination of the interests of all parties and improving the implementation effect of the principle of competitive neutrality.
In recent years, domestic and foreign scholars have conducted a large number of in-depth studies on the connotation and logical construction of competitive neutrality, which mainly involve four aspects: First, the universal practical research on competitive neutrality, which mainly explores the general rules of a country’s practice of competitive neutrality [1–4]. and practices [5–7]. The second is research on the application of competitive neutrality in specific countries, such as developing countries [8], Australia [9], India [10], China [1, 7, 11], etc. The third is research on the application of competitive neutrality in specific industries and fields, such as banking and securities industries [12], telecommunications networks [13–15], and public-private cooperation fields [16–18], domestic scholars have paid a lot of attention to the application of competitive neutrality in the reform of state-owned enterprises ([19]; Smith et.al., 2023). The fourth is the research on the application of competitive neutrality in international economic and trade rules, which mainly introduces the competitive neutrality rules in relevant economic and trade agreements and studies how China responds [20–22]. In addition, domestic and foreign scholars have conducted a large number of in-depth studies on the implementation process of the principle of competitive neutrality based on game theory (Wang and Liu [23–25]). First, regarding the game between the government and enterprises [26], established a complete information dynamic model of local governments and tobacco enterprises to study the impact on the development of the local tobacco industry under the conditions of local government’s protective taxation [27]. Constructed a “dual capability” game model of the competitiveness of large enterprises and found that government regulation and rent-seeking exist in society, and enterprises will allocate certain resources to obtain government support. Shi [28] constructed a two-level supply chain for game analysis and found that the government cannot effectively supervise the final product and downstream enterprises. The second is about the game between the central and local governments. Wang et al. [29] believe that the positive and negative external effects generated by competition between neighboring local governments are more sensitive, and both the central government and local governments are highly sensitive to the intensity of punishment. The third is about the game between local government, central government and enterprises [30]. found that by adjusting relevant parameters, enterprises can escape from a bad state and evolve into a good state. Wang and Liu [23] found that increasing the severity of penalties imposed by the central government on local governments can increase the enthusiasm of enterprises.
By reviewing previous research findings, it can be observed that many scholars have conducted in-depth studies on the interactive relationships among the participants involved in the implementation of the competition neutrality principle, as well as the influencing factors. The research focus has predominantly centered on the two-party or three-party game between the central and local governments, industry associations, and enterprises. However, the reality of competition neutrality involves a complex system of interactions among multiple entities. Solely investigating the two-party or three-party game relationships may lead to incomplete research results. In light of this, placing the central government, local government, industry associations, and enterprises simultaneously within a unified framework can compensate for the shortcomings of previous research and comprehensively analyze the dynamic evolution process of different participants’ strategic choices during the implementation of competition neutrality.
This paper constructs a four-party evolutionary game model of central government-local government-industry association and enterprise under the evolution effect of competitive neutrality, analyzes the evolutionary stable strategies under different circumstances, and uses numerical simulation to simulate the influence of the change of each parameter on the game system, so as to provide theoretical basis and policy reference for our country to improve the implementation effect of the competitive neutrality principle.
2 CONSTRUCTION OF THE FOUR-PARTY EVOLUTIONARY GAME MODEL: CENTRAL GOVERNMENT—LOCAL GOVERNMENT—INDUSTRY ASSOCIATION—ENTERPRISE
2.1 Problem description and basic model assumptions
Under the background of China’s high-level opening up, the introduction of the competition neutrality principle by the government will exert a positive coercive effect, facilitating the better achievement of economic development goals. The central government, by formulating competition neutrality policies, mandates subordinate governments to implement measures to improve the local business environment. Due to the limited regulatory capacity of the central government, it is possible for local governments to vigorously support state-owned enterprises and restrain other ownership enterprises to seek private interests, leading to the potential loss of a fair competitive market environment.
Driven by the goal of maximizing profits, enterprises may choose to passively cooperate with the implementation of policies. Simultaneously, industry associations, as a service platform to communicate the relationship between government and enterprises, will spontaneously supervise local governments’ non-neutral treatment of all enterprises, thus influencing the utility levels of both central and local governments and the profits of all enterprises. To address this issue, this study constructs a four-party game model of competition neutrality effects with government participation, and the logical relationship among the game participations is depicted in Figure 1.
[image: Flowchart showing relationships among Central Government, Local Government, Industry Association, and Enterprises. Arrows indicate directions such as protection, reliance, obedience, service, and communication. Central Government supervises Local Government and protects Enterprises. Local Government obeys and supervises impartially. Industry Association provides active service, and Enterprises communicate and coordinate.]FIGURE 1 | Logic relationships of multi-participant competition neutrality effect game model.
To construct a game model to build a game model among stakeholders based on the principle of competition neutrality, the central government, local governments, industry associations and enterprises interact and influence each other, the following basic assumptions are proposed following the aforementioned context.
Assumption 1:. Selecting the central government, local government, industry associations, and enterprises as the game players. The probability of strong supervision by the central government is x, and the probability of weak supervision is 1-x; The probability of local government treating enterprises neutrally is y, and the probability of non-neutral treatment is 1-y; The probability of industry association actively supervising the behavior of government and enterprises is z, and the probability of passively supervising the behavior of government and enterprises is 1-z; The probability of enterprises actively cooperating with the government is m, and the probability of passively cooperating with the government is 1-m; x, y, z, m∈[0,1]. Expanding to the entire societal group, each probability can be interpreted as the proportion of the entire group of game participants selecting a certain strategy. All four entities are risk-neutral, to maximize their interests.
Assumption 2:. Local governments choose to adopt the principle of competition neutrality, and fair treatment of all enterprises will bring them benefits Q. Adopting neutrality towards all enterprises requires more personnel and time, resulting in execution costs of C1, while adopting non-neutrality towards all enterprises results in execution costs of C2; Since the supervision of industry associations is closely related to government-enterprise relations when local governments issue relevant policy documents, the industry associations actively communicate to bring benefits, which are denoted as T. The cost of active supervision is C3, and the cost of passive supervision is C4. The supervisory effectiveness of industry associations indirectly affects the decision-making behavior of enterprises. Some enterprises, upon seeing industry association supervision, are willing to spend more effort to actively cooperate, incurring additional costs of C5; After the central government issues policy guidance documents, the cost of strict supervision is C6, while the cost of lenient supervision is C7.
Assumption 3:. The local government actively adhering to the competition neutrality principle convey a signal of fair treatment to all enterprises, making enterprises willing to cooperate and winning the trust for the central government. The positive effects brought to enterprises and the central government are B1 and B2 respectively. The local government treat all enterprises in a non-neutral way and falsely cooperate with the policies of the central government, which brings negative effects to enterprises and the central government, denoted as N1 and N2 respectively.
Assumption 4:. If the central government supervises local governments before they treat all enterprises in a non-neutral way, stops all unfair behaviors in time, and punishes local governments and relevant trade associations, assuming that the penalties imposed by the central government on local governments and trade associations are F1 and F2 respectively, it can effectively avoid the non-neutral treatment of local governments and reduce social losses.
Assumption 5:. When the non-neutral treatment behavior of local governments is publicly exposed throughout society if all enterprises continue to actively cooperate with the implementation of higher-level requirements, then the reputational loss incurred by the local governments due to questioning is denoted as R1, and the reputational loss incurred by industry associations due to the inability to communicate and provide services promptly is denoted as R2. If all enterprises choose to passively cooperate, resisting non-neutral behavior through means such as strikes, the reputational loss incurred by the local governments is denoted as R3, and the reputational loss incurred by industry associations is denoted as R4.
According to the above assumptions, the payoff matrix for the four-game players can be obtained as shown in Table 1.
TABLE 1 | Payoff matrix of four-party game stages between central government, local government, industry association, and enterprises.
[image: A complex decision matrix showing strategy selection for enterprises under different government regulations. Columns include central government strict and lax regulations with local government neutral and non-neutral treatments over one year. Rows display enterprise cooperation levels—positive or negative—through industry associations with active or passive supervision. Outcomes are marked by variables like B, C, N, Q, F, T, R, each denoting different costs or benefits under specified conditions.]2.2 Replication dynamic equation construction
2.2.1 Replication of dynamic equations for the central government
The expected payoff of the central government is denoted as EX, where EX1 represents the expected payoffs when the central government enforces strict supervision, and EX2 represents the expected payoffs when the central government adopts lenient supervision.
[image: Mathematical expression showing an equation for \( EX_1 \). It includes terms like \( yzm(B_2 - C_6) \), \( yz(1-m)(B_2 - C_6) \), and additional components involving variables \( y, z, m, N_2, C_7, F_1, F_2 \), and \( N_2 \), rearranged and simplified into a final expression using algebraic operations.]
[image: Mathematical expression showing expanded terms and simplification for \( EX_2 \). The terms include variables \( y, z, m \) and constants \( B_2, C_7, N_2 \). The expression undergoes several steps, rearranging, and eventually simplifying to \((B_2 + N_2)y - C_7 - N_2\).]
According to the above equations, the replication dynamic equation [image: Certainly! Please upload the image or provide a URL, and I'll generate the alternate text for you.] of the central government is as follows:
[image: Mathematical equations showing functions \( F(x) \) and \( F'(x) \). \( F(x) = \frac{dx}{dt} = x(EX_1 - EX) = x(1-x)(EX_1 - EX_2) \) is expanded into multiple terms involving variables \( C_7, C_6, F_1, F_2, y, z \). \( F'(x) = (2x-1)[(C_7 - C_6 + F_1 + F_2)yz + (F_1 + F_2)y] + (C_7 - C_6 + F_1 + F_2)z - (C_7 - C_6 + F_1 + F_2) \).]
According to the stability theorem of differential equations, the conditions that the central government must satisfy to choose strict regulation to achieve stability is:
[image: Mathematical expression showing \( F(x) = 0 \) and \( F'(x) < 0 \), indicating that the function \( F(x) \) has a zero with a negative derivative, suggesting a decreasing function at that point.]
When [image: Equation showing \( y = y_0 = \frac{(C_7 - C_6 + F_1 + F_2)(1 - z)}{(C_7 - C_6 + F_1 + F_2)z + F_1 + F_2} \).], [image: Derivative equation showing the first derivative of function F with respect to x, denoted as F prime of x, equals zero.], the stability strategy cannot be determined; When [image: The image shows an equation: zero is less than y is less than y sub zero, equaling the fraction with numerator open parenthesis c sub seven minus c sub six plus f sub one plus f sub two close parenthesis open parenthesis one minus z close parenthesis, and the denominator open parenthesis c sub seven minus c sub six plus f sub one plus f sub two close parenthesis z plus f sub one plus f sub two.], to ensure [image: Derivative notation \( F'(x) < 0 \) indicating that the function \( F(x) \) is decreasing at the point \( x \).], we should choose strict supervision strategy, otherwise we should choose loose supervision strategy.
2.2.2 Replication of dynamic equations for the local government
The expected payoff of the local government is denoted as EY, where EY1 represents the expected payoffs when the local government adopts competition neutrality, and EY2 represents the expected payoffs when the local government passively adopts non-competition neutrality.
[image: An equation expressing \( EY_1 \) in terms of multiple variables: \( xz \), \( m \), \( Q \), \( C_1 \), \( xz(1-m) \), \( x(1-z)m \), and others, involving various combinations and the operation of addition.]
[image: Mathematical equation for expected value \(E(Y_2)\). It comprises multiple terms with variables \(x\), \(z\), \(m\), \(C_1\), \(C_2\), \(F_1\), and \(R_1\). Each term includes combinations of these variables, joined by addition and subtraction.]
[image: Mathematical equation for expected value: \( EY = yEY_1 + (1-y)EY_2 \). It expands with terms involving variables and constants like \( R_1 \), \( R_3 \), \( F_1 \), \( C_2 \), \( C_1 \), \( R_3 \), \( U \), and others with products and sums.]
According to the above equations, the replication dynamic equation [image: It seems like there was an error in uploading the image. Please try again by attaching the image file, and I will help you with the alternate text.] of the local government is as follows:
[image: Mathematical equations showing \( F(y) = \frac{dy}{dt} = y(EY_1 - EY) = y(1-y)(EY_1 - EY_2) \). Then, an expression involving \( \gamma(y - 1) \) and a complex function continues with terms in brackets involving variables like \( R_1, R_x, F_i, xz, xm, zm \), and constants \( C_1, Q \). The derivative \( F'(y) = (1 - 2y) \) is shown below.]
According to the stability theorem of differential equations, the conditions that the local government must satisfy to choose strict regulation to achieve stability is:
[image: The mathematical expression shows \( F(y) = 0 \) and \( F'(y) < 0 \).]
When [image: Mathematical equation for \(m = m_0\) as a fraction. The numerator is \((F_1 - R_s)x(z - 1) + R_x(z - 1) + C_1 - C_2 - Q\). The denominator is \((R_1 - R_s)(1 - x)(1 - z)\).], [image: Equation showing F prime of y equals zero.], the stability strategy cannot be determined; When [image: Mathematical expression showing an inequality for m, where zero is less than m which is less than m subscript zero, defined as the fraction with numerator R subscript two times open parenthesis one minus y close parenthesis plus C subscript four minus C subscript three, and denominator open parenthesis F subscript two minus R subscript two close parenthesis times open parenthesis y minus one close parenthesis.], to ensure [image: Derivative of function \( F(y) \) is less than zero, indicating it is decreasing.], we should choose competitive neutral strategy, otherwise we should choose non-competitive neutral strategy.
2.2.3 Replication of dynamic equations for the industry association
The expected payoff of the industry association is denoted as EZ, where EZ1 represents the expected payoffs when the industry association actively supervises, and EZ2 represents the expected payoffs when the industry association passively supervises.
[image: Mathematical equation for expected value, \( EZ \), expressed as a sum of multiple terms, each involving variables \( x \), \( y \), \( m \), and constants \( C_S \) and \( T \). Terms include combinations of these variables multiplied by expressions like \( (T - C_S) \) and \( (-C_S) \).]
[image: Mathematical expression representing a complex equation for \( E Z_2 \) involving variables \( x \), \( y \), \( m \), \( T \), \( C_4 \), \( F_2 \), and \( R_2 \). The equation includes terms with products and differences of the variables.]
[image: Mathematical equation showing EZ equals z times EZ1 plus (1 minus z) times EZ2. It further expands to show multiple expressions involving the variables F2, R1, R2, x, y, z, C1, T, and a few others in a complex combination of multiplication and addition.]
According to the above equations, the replication dynamic equation [image: To generate alternate text, please upload the image or provide a URL to it. If there is specific context you want included, feel free to add a caption.] of the industry associations is as follows:
[image: Mathematical equations involving functions of z. The function \( F(z) = \frac{dz}{dt} = z(EZ_1 - EZ) = z(1 - z)(EZ_1 - EZ_z) \). Further expanding: \( = z(z - 1)[(F_2 - R_2)xy - (F_2 - R_2)x + R_2y + C_3 - C_4 - R_2] \). It also includes the derivative \( F'(z) = (2z - 1)[(F_2 - R_2)xy - (F_2 - R_2)x + R_2y + C_3 - C_4 - R_2] \).]
According to the stability theorem of differential equations, the conditions that the industry associations must satisfy to choose strict regulation to achieve stability is:
[image: Mathematical expression: \( F(z) = 0 \) and \( F'(z) < 0 \).]
When [image: Equation showing \( x = x_0 = \frac{R_2(1-y) + C_4 - C_3}{(F_2 - R_2)(y-1)} \).], [image: Mathematical expression displaying the derivative of F with respect to z, denoted as F prime of z, equals zero.], the stability strategy cannot be determined; When [image: The mathematical expression is an inequality and equation: zero is less than x and x is less than x sub zero. This equals the fraction with numerator R sub two times one minus y plus C sub four minus C sub three, and denominator F sub two minus R sub two times y minus one.], to ensure [image: The equation "F prime of z is less than zero" is shown, indicating that the derivative of the function F with respect to z is negative, suggesting a decreasing function at that point.], we should choose active supervision strategy, otherwise we should choose the negative supervision strategy.
2.2.4 Replication of dynamic equations for the enterprises
The expected payoff of the enterprise is denoted as EM, where EM1 represents the expected payoffs when the enterprises cooperate actively, and EM2 represents the expected payoffs when the enterprises cooperate passively.
[image: Mathematical expression detailing the calculation of \( EM_1 \), involving variables \( x \), \( y \), \( z \), \( B_1 \), \( C_5 \), and \( N_1 \). The equation includes multiple terms with combinations of these variables, including products and differences, structured to show complex probability or statistical analysis.]
[image: Mathematical equation for EM, showing a complex expression involving variables x, y, z, B, and N, with combinations of multiplication and addition.]
[image: Mathematical expression displayed: \( EM = mEM_1 + (1 - m)EM_2 = (B_1 + N_t)y - C_s m - N_t \).]
[image: Function \( F(m) \) is defined as the derivative of \( m \) over time, resulting in \( m \) multiplied by the difference of \( EM_1 \) and \( EM \). This simplifies to \( m(1-m)(EM_1 - EM_2) \), equivalently \( m(m-1)C_5 \). The derivative \( F'(m) \) is given as \( (2m-1)C_5 \).]
When [image: If you have an image you need alt text for, please upload it. If you intended to describe mathematical expressions or need help with that, please provide more details or context.], [image: Equation depicting a derivative condition: F prime of m is less than zero.], then choose the active cooperation strategy.
3 ANALYSIS OF THE STABLE STRATEGY OF THE FOUR-PARTY EVOLUTIONARY GAME
3.1 Analysis of the equilibrium points
Let [image: A mathematical expression comprising a set of differential equations. The equations are: F(y) equals dy over dt and zero; F(z) equals dz over dt equals zero; F(m) equals dm over dt and zero.] We can get that the equation has 24 or 16 equilibrium solutions of pure strategies, which are (0, 0, 0, 0)(0, 0, 0, 1)(0, 0, 1, 0)(0, 0, 1, 1)(0, 1, 0, 0)(0, 1, 0, 1)(0, 1, 1, 0)(0, 1, 1, 1)(1, 0, 0, 0)(1, 0, 0, 1)(1, 0, 1, 0)(1, 0, 1, 1)(1, 1, 0, 0)(1, 1, 0, 1)(1, 1, 1, 0)and (1, 1, 1, 1), along with one mixed strategy point (x*, y*, z*, m*). Pointed out that the stable solutions in multi-population evolutionary games are strict Nash equilibria, and strict Nash equilibria must be pure strategies. Therefore, this study will analyze the stability of the pure strategy equilibrium points.
Based on the replicator dynamic equations of each game player, the Jacobian matrix J of the replicator dynamic system is obtained.
[image: Matrix \( J \) representing the Jacobian matrix. It is a four-by-four matrix with partial derivatives of \( F(x) \), \( F(y) \), \( F(z) \), and \( F(m) \) with respect to \( x \), \( y \), \( z \), and \( m \) for each corresponding row and column.]
3.2 Stability analysis of strategy combinations under strict regulation by the central government
When the central government adopts strict regulation, it satisfies the condition: [image: Mathematical inequality consisting of terms with variables y and z multiplied by expressions involving constants C sub 7, C sub 6, F sub 1, and F sub 2. The equation is less than zero.].The asymptotic analysis of the equilibrium points for the replicator dynamic system is presented in Table 2.
TABLE 2 | Asymptotic stability analysis of equilibrium points in the replicator dynamic system under strict regulation by the central government.
[image: A table displays equilibrium points, eigenvalues (λ₁, λ₂, λ₃, λ₄), signs of eigenvalues, and stability information. Eight equilibrium points with specific eigenvalues are listed. Notes explain notation: "U" for uncertain stability, "−" for negative, "+" for positive, and "×" for instability. Stability varies, indicated by "U" or "×".]As can be seen from the above table, there is a (1,0,0,0) pure strategic stability point, which means that the central government has strong supervision, local governments implement the principle of non-neutral competition, industry associations adopt loose supervision and enterprises maintain a negative cooperative attitude.
From the equilibrium point (1,1,0,0), it can be seen that when the central government chooses strict regulation as the stability strategy, the local government’s stability strategy is to adopt the principle of competitive neutrality to treat all enterprises, the industry association adopts the strategy of passive supervision, and the enterprises adopt a negative attitude to cooperate with the implementation of the policy. However, the choice of local governments is unstable. At this point, the central government can carry out appropriate loose regulation, give local governments and industry associations appropriate flexibility, encourage enterprises to actively participate, create a good atmosphere of competition and cooperation, and promote local governments to actively implement the principle of competition neutrality positively.
3.3 Stability analysis of strategy combinations under lenient regulation by the central government
When the central government adopts lenient regulation, it satisfies the condition: [image: The equation \((C_7 - C_6 + F_1 + F_2)yz + (F_1 + F_2)y + (C_7 - C_6 + F_1 + F_2)z - (C_7 - C_6 + F_1 + F_2) < 0\).] The asymptotic analysis of the equilibrium points for the replicator dynamic system is presented in Table 3.
TABLE 3 | Asymptotic stability analysis of equilibrium points in the replicator dynamic system under lenient regulation by the central government.
[image: Table showing equilibrium points with respective eigenvalues and stability. Columns include equilibrium point, lambda1 to lambda4, sign of eigenvalues, and stability. Entries list equations or values for each parameter with corresponding stability indicated by "U" or "×".]There exist two pure strategy stable points: (0,0,0,0) and (0,1,0,0). Among them, (0,1,0,0) indicates that the local government actively responds to the call of the central government and encourage equal competition among all enterprises in its jurisdiction. Industry associations and enterprises lag behind government departments in their understanding of policies, so they adopt a cautious and conservative attitude to cooperation. According to the stability theorem of differential equations, if the local government adopts the principle of competitive neutrality as a stable state, the conditions must be satisfied: [image: It seems there was an issue with the image input. Please upload the image file or provide a direct link to the image, and I will help you generate the alternate text for it.] and [image: The image shows the mathematical expression "F prime of y is less than zero".], in other words, fulfilling [image: The formula shows an inequality where \( m \) is less than a fraction. The numerator is \( R_2(1-y) + C_4 - C_3 \). The denominator is \( (F_2 - R_2)(y-1) \).].
(0,0,0,0) indicates that in the context of loose regulation by the central government, local governments, industry associations, and enterprises maintain a reserved attitude towards neutral competitive principles and are unwilling to actively cooperate in implementation. To avoid such situations, we should give full play to the communication and cooperation functions of government personnel and industry associations, along with effective publicity efforts, to build a positive image for the government and relevant parties, thereby avoiding the situation where (0,0,0,0) becomes a stable equilibrium point.
In the new era of the simultaneous development of diverse economic systems, overly lenient supervision by the central government is not conducive to the formation of an orderly and fair economic environment. To prevent local governments from adopting non-neutral competitive principles, which means unfair treatment of all enterprises, the central government departments can take measures of both rewards and penalties. This approach can encourage local government regulatory departments and relevant personnel from industry associations, who possess professional qualities and good integrity, to actively supervise and cooperate. It also assists various types of enterprises in understanding policies, thus making it a stable strategy.
4 SIMULATION ANALYSIS OF THE EVOLUTIONARY GAME
Based on the above analysis, to more visually observe the evolutionary paths of multi-party game players under different constraints and regulatory strategies and the impact on the evolution results, this paper uses MATLAB2018 to simulate the evolution trajectory of each game player and uses ode instruction to solve the replication dynamic equation.
4.1 Initial system simulation settings
Initially, it is assumed that the probabilities of the central government, local government, industry association, and enterprises choosing the strategies of strict regulation, neutral treatment, active supervision, and active cooperation are [0.5, 0.5, 0.5, 0.5] respectively. The horizontal axis represents time (t), and the vertical axis represents the probabilities (p) of the central government (x), local government (y), industry association (z), and enterprises (m) choosing their respective strategies. The initial parameter settings are shown in Table 4.
TABLE 4 | Parameter setting.
[image: Table with two sections labeled "Variables" and "Initial value." The first section lists Q, C₁ to C₅, C₆, C₇, and B₁, with values 8, 27, 2, 13, 10, 1, 10, 11, 1, and 20. The second section lists B₂, N₁, N₂, F₁, F₂, R₁, R₂, R₃, and R₄, with values 30, 12, 20, 5, 3, 10, 8, 15, and 25.]4.2 Impact of parameter changes on the system
4.2.1 Impact of central government regulatory costs
Setting C6 = {2, 6, 12}, the evolutionary process and outcomes of the four-party game players are illustrated in Figure 2.
[image: Three line graphs show satisfaction trends over time for Central Government, Local Government, Industry Association, and Enterprise. The graphs represent different scenarios labeled C=2.7, C=4, and C=7.7. In each graph, Central Government's satisfaction starts high and stabilizes quickly, while Industry Association steadily increases. Local Government and Enterprise remain low. Time is on the x-axis, and satisfaction is on the y-axis.]FIGURE 2 | The impact of central government regulatory costs on the evolutionary strategies of each party.
As shown in Figure 2, the level of central government regulatory costs not only affects the evolutionary trend of the central government’s strategies but also influences the evolutionary trends of the other three parties. When the regulatory costs of the central government increase, the probability of proactive supervision by industry associations gradually rises and tends to stabilize. Therefore, by raising the regulatory costs of the central government, it can not only stimulate the supervision efficiency of industry associations but also provide service communication to local governments and all enterprises.
4.2.2 Impact of local Government’s neutral competition policy
Setting R1 = {12, 25, 50}, R2 = {6, 15, 35}, the evolutionary process and outcomes of the four-party game players are illustrated in Figure 3.
[image: Three graphs show dynamic changes in system performance over time with different parameters (p1 = 2.2, p2 = 2.5, and p1 = 0.5, p2 = 0.5). Each graph compares the influence of control government, local government, industry association, and enterprise. The graphs illustrate the rise and stabilization of government influence, with varying slopes for each parameter setting. An inset in the third graph highlights a zoomed-in view of enterprise performance.]FIGURE 3 | The impact of local government's non-neutral competition policy on the evolutionary strategies of each party.
From Figure 3, it is evident that when non-neutral competitive behavior by local governments becomes public and results in a gradual increase in reputational losses for the central government and industry associations, the probability of active cooperation by enterprises will continuously decrease to zero, ultimately transitioning to passive cooperation and stabilizing. This indicates that enterprises can adjust their response to non-neutral treatment of various businesses by local governments based on the influence of the central government and industry associations in society. It is essential to maintain rationality, actively address various unfair situations, and create maximum social value.
4.2.3 Impact of industry association regulatory costs
Setting C3 = {2, 10, 25}, the evolutionary process and outcomes of the four-party game players are illustrated in Figure 4.
[image: Three line graphs show the strategic innovation diffusion for central government, local government, industry association, and enterprise over time. The first graph (C\_c=2) shows fluctuations in values, the second (C\_c=10) shows rapid diffusion followed by stabilization, and the third (C\_c=35) shows a slower diffusion rate before stabilization. Each line represents different organizations' influence, with the x-axis indicating time in SD and the y-axis indicating influence level.]FIGURE 4 | The impact of industry association supervision costs on the evolutionary strategies of each party.
From Figure 4, it can be observed that the level of supervision costs for industry associations has an impact on the intensity of central government regulation, the implementation of neutral policies by local governments, and the degree of cooperation by enterprises. When the supervision cost C3 = 2, the probabilities of the central government, local government, and enterprises gradually decrease to zero, with local governments and enterprises exhibiting a faster-declining trend. However, when the supervision costs C3 = 10 or C3 = 25, the probability of local governments adopting a neutral competition principle is significantly increased, benefiting both the central government and enterprises.
4.2.4 The impact of enterprises cooperating with neutral competition principles
Setting C5 = {2, 10, 25}, the evolutionary process and outcomes of the four-party game players are illustrated in Figure 5.
[image: Three line graphs compare the behavior of control, local government, industry association, and enterprise over time at C values of 0, 7, and 30. The Y-axis shows variable response, and the X-axis shows time. Each panel has a distinct C value, illustrating varying dynamics.]FIGURE 5 | The impact of enterprise cooperation costs on the evolutionary strategies of each party.
From Figure 5, it is evident that after observing industry association supervision, enterprises are willing to devote more effort to active cooperation. The level of additional cost C5 will affect the evolutionary trends of the central government, local government, and industry association. When the additional cost C5 = 1, the probabilities of the other three parties are all decreasing and finally approaching 0. When the additional cost C5 = 10, the probability of active supervision by industry associations gradually decreases to 0.2 and then remains stable. However, when the additional cost C5 = 25, the probability of the central government increases and eventually stabilizes at 1.
4.2.5 Impact of central government regulatory probability
Setting x = {0,0.8}, the evolutionary process and outcomes of the four-party game players are illustrated in Figure 6.
[image: Two 3D vector field graphs illustrate dynamic flow lines. The upper graph, labeled x=0, displays lines converging towards the origin. The lower graph, labeled x=0.8, shows similar flow patterns with a horizontal shift. Both use varied colors to represent different vectors.]FIGURE 6 | The impact of central government regulatory probability on the evolutionary strategies of each party.
Setting the probability of the central government’s participation in regulation x as x = 0 and x = 0.8 respectively, we explore the evolutionary paths of different strategies of local government, industry associations, and enterprises in three-dimensional space under the states of regulation and non-regulation by the central government, and conduct simulation analysis. The simulation results are shown in Figure 6.
From Figure 6, when x = 0, indicating that the central government does not regulate whether the local government effectively implements neutral competitive principles, various situations exist regarding the stable strategies of the local government under the influence of factors such as reputation loss. The industry associations are more inclined to maintain the existing government-enterprise relationship through passive supervision. When x = 0.8, indicating that the central government implements strict supervision and inspection mechanisms on the local government, although there is no stable strategy in the replicating dynamic equation system, if the central government regulatory department maintains a certain degree of regulatory probability, the probability of active supervision by the industry association will significantly increase and stabilize at active supervision. In this case, enterprises can maintain trust in both the local and central governments.
5 CONCLUSION AND RECOMMENDATIONS
5.1 Main conclusions
By establishing a four-way evolutionary game model of central government, local government, industry association, and enterprise, this paper analyzes the analyze the stable strategies under different situations and uses simulation analysis to examine the evolutionary paths of the impact of parameter changes on the system. The following conclusions can be drawn from the analysis:
	(1) Among the 16 pure strategy equilibrium points in the four-party evolutionary game system, there are a total of 4 conditionally stable points, while the remaining 12 equilibrium points are unstable under any conditions. These four conditionally stable points represent the possible strategic equilibrium of various stakeholders under the principle of competition neutrality. When the relative net income of a certain strategy in the strategy set is positive, related participants will be more inclined to choose this strategy.
	(2) Through numerical simulation analysis, it is found that increasing the punishment intensity of the central government towards the local government’s passive implementation of competition-neutral principles and enhancing the supervision of industry associations can not only boost the local government’s enthusiasm for implementing competition neutral principles but also increase the probability of industry associations actively supervising non-neutral competition behaviors of local governments and enterprises. Raising the punishment standards for non-neutral competition behaviors of market entities and increasing the penalties for non-neutral actions by local governments will have an impact on the strategic choices of local governments, industry associations, and enterprises, which would make the system evolve more rapidly toward the ideal state of “loose supervision by the central government, the neutral implementation by local governments, strong supervision by industry associations and active cooperation by enterprises.” However, excessively lenient central government regulation will hinder the game system from reaching a stable state, making it an ineffective governance model in the long run. Finally, recommendations for constructing the principle of competitive neutrality are proposed from the perspectives of central government, local government, industry associations, and enterprises.

5.2 Policy recommendations
Based on the research conclusions above, the following policy recommendations can be proposed:
For the central government, establishing a unified legal system and policies, strengthening supervision and law enforcement, and ensuring information transparency and openness are effective ways to punish unfair monopolies and unfair competition. By establishing a competition-neutral supervision mechanism, the central government can effectively reduce the inaction of local governments and the speculative behavior of industry associations. While implementing the relevant legal responsibilities of local governments, it actively promotes the combination of cloud computing, big data and artificial intelligence, reduces regulatory costs, and takes appropriate measures to solve social problems in a timely manner.
For local governments, they must actively implement central policies and create a level playing field. We will strictly implement the central government’s policies and regulations on competitive neutrality and avoid local protectionism and policy bias. We will treat all enterprises the same in terms of attracting investment and government procurement, and avoid favoring local enterprises or state-owned enterprises in support policies. At the same time, the approval process is simplified, business costs are reduced, and the overall level of the local business environment is improved.
For industry associations, it is necessary to maintain a neutral attitude, rationally view the commitments of local governments and enterprises, and play the role of middlemen. Encourage industry associations to actively learn the essentials of the principle of competitive neutrality and publicize popular science to enterprises and the public, formulate and promote industry self-discipline norms, and ensure that member enterprises comply with the principle of competitive neutrality. By coordinating the cooperation among members to jointly deal with the challenges of the industry, advocate fair competition, prevent monopoly and unfair competition in the industry, and ensure the sustainable and healthy development of the entire industry.
For enterprises, they need to abide by the law, abide by the national anti-monopoly law, anti-unfair competition law and other laws and regulations, establish and improve internal compliance mechanisms to ensure that they follow the principle of competitive neutrality in their daily operations. Actively feedback the problems encountered in competitive neutrality to the government and industry associations, undertake corporate social responsibility, actively participate in public welfare and social services, and establish a good corporate image.
In summary, by promoting fair competition among enterprises, the central government aims to improve the economic environment of the entire country to support sustainable development; by decentralizing power to local governments, improving the reward and punishment mechanism, and rewarding entities that actively create a fair competitive environment, Increase punishment for entities whose powers and responsibilities are not clear and allow unfair monopoly and unfair competition to occur, strictly examine the relationship between government and business, and urge local government departments to actively rectify; severely punish industry associations that passively supervise for the sake of profit, and punish speculative industry associations Supervise through fines, notifications and criticisms, severely crack down on non-neutral competition, and be responsible to society.
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Introduction: With the rapid development of China's pharmaceutical industry, issues of corruption and regulatory effectiveness have become increasingly prominent, posing critical challenges to public health safety and the industry's sustainable development.
Methods: This paper adopts a bounded rationality perspective and employs a game-theoretic evolutionary approach to establish a tripartite evolutionary game model involving pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies. It analyzes the stable strategies of the parties involved and the sensitivity of key parameters within this tripartite game system.
Results: The study reveals that adherence to health insurance regulations by pharmaceutical companies, refusal of bribes by third-party auditing organizations, and the implementation of lenient regulations by health insurance agencies can form an effective governance equilibrium. This equilibrium state contributes to reducing corruption in the pharmaceutical industry, balancing the interests of all parties, and promoting healthy industry development.
Discussion: Pharmaceutical companies must balance compliance costs against the risks of non-compliance benefits while maximizing profits; third-party auditing organizations need to choose between fulfilling their duties and accepting bribes, considering their economic benefits and professional reputation; health insurance regulatory agencies adjust their strategies between strict and lenient regulation to maximize social welfare. The paper suggests enhancing policy support, strengthening compliance supervision, improving audit independence, and adjusting regulatory strategies to optimize governance in the pharmaceutical industry. Additionally, the research highlights the role of collaborative efforts among the three parties in achieving sustainable governance. Furthermore, the study conducts a numerical simulation analysis to demonstrate the impact of various parameters on the evolutionary stability of the system, providing practical insights into the implementation of regulatory policies. This research offers new insights for policy formulation and governance in China's pharmaceutical sector, providing significant reference value for guiding the industry's sustainable development.
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1 Introduction

As China's economy continues to grow, the pharmaceutical industry has become a vital component of the national economy. However, the Chinese pharmaceutical sector has long been plagued by significant corruption issues, which not only undermine the efficacy and quality of medical services but also severely impact the healthy development of the industry and public trust in the entire medical system (1, 2). Corruption in the pharmaceutical industry includes, but is not limited to, bribery, illegal kickbacks, and the abuse of public office. These practices not only contravene legal provisions but also disrupt the fair allocation of medical resources. Similar challenges are faced globally by the pharmaceutical industry. For example, some major pharmaceutical companies in the United States have been fined heavily for illegal marketing practices, while incidents of bribery and fraud in medical procurement are common in some countries in Africa and South America (3–6). These corruption issues reflect the widespread nature of pharmaceutical industry corruption globally and the complex challenges it poses. Corrupt practices hinder medical innovation, equitable access to medical resources, increase the burden on public health systems, and diminish the effectiveness of treatments and patient satisfaction. For example, the bribery scandal involving GlaxoSmithKline in China in 2013 significantly impacted the company's ability to innovate and maintain market trust (3). Furthermore, a study by Mackey and Cuomo highlights how corruption in drug procurement processes in low- and middle-income countries leads to inequitable access to essential medicines, thereby increasing the public health burden (4).

China places high importance on combating commercial bribery in the pharmaceutical industry, enacting a series of laws and policy measures aimed at regulating the industry's order and promoting healthy development. For instance, the Anti-Unfair Competition Law of the People's Republic of China, enacted in 2018, explicitly prohibits commercial bribery and other unfair competition practices, with Article 8 specifically addressing the prohibition of commercial bribery, including any form of bribe given to a counterparty's staff for the purpose of securing business transactions (PRC Anti-Unfair Competition Law, 2018)1. The Drug Administration Law of the People's Republic of China, promulgated in 2019, enhanced drug approval and market supervision, with Article 39 requiring comprehensive documentation and transparency throughout the drug production, distribution, and usage processes, and Article 75 imposing stricter penalties for legal violations (PRC Drug Administration Law, 2019). The Anti-Monopoly Law, revised in 2022, strengthened regulation against potential monopolistic behaviors in the pharmaceutical industry, particularly through Article 17 which addresses the abuse of market dominance, promoting fair market competition (PRC Anti-Monopoly Law, 2022)2. The implementation of these laws and regulations provides legal and institutional support for corruption prevention and rectification in the pharmaceutical field, representing key measures to drive the continuous and healthy development of the industry.

However, relying solely on the formulation of laws and policies is insufficient; effective supervision and anti-corruption mechanisms are equally crucial. In the pharmaceutical industry, the complexity of supervisory entities, the diversity of regulatory tools, and the covert nature of the entities being regulated make supervision challenging. Therefore, understanding the interplay between policy, supervision, and governance is vital for enhancing regulatory standards in the pharmaceutical industry and effectively addressing corruption issues.

This study focuses on the three main stakeholders in China's pharmaceutical industry—pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies—as the core of the study. By analyzing the roles, interrelationships, and strategic interactions of these three parties in addressing corruption, the paper reveals their mechanisms of action and influencing factors in corruption within the pharmaceutical industry. Furthermore, the paper explores how improving the coordination and cooperation among these three parties and strengthening regulatory mechanisms can effectively tackle corruption in the pharmaceutical industry, promote its healthy development, and safeguard public interest. To achieve these objectives, this study adopts a bounded rationality perspective and employs a game-theoretic evolutionary approach. We establish a tripartite evolutionary game model involving pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies. The model analyzes the stable strategies of the parties involved and the sensitivity of key parameters within this tripartite game system.

In summary, this study aims to address the persistent and pervasive corruption issues in China's pharmaceutical industry, which threaten public health and the industry's sustainable development. By employing a game-theoretic evolutionary approach, we seek to explore the strategic interactions among key stakeholders—pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies—and identify stable anti-corruption strategies that can effectively mitigate corruption and promote industry growth. Through an in-depth analysis of the strategic interactions among pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies, this paper aims to provide theoretical insights and policy recommendations for resolving corruption issues in the pharmaceutical sector.



2 Literature review


2.1 Corruption in the pharmaceutical industry: historical context and modern challenges

Corruption in the pharmaceutical industry exhibits diversity and persistence, with a complex historical background. From the early days of unregulated competition in the drug market to the regulatory challenges of the modern globalized context, the industry has undergone significant transformations. Initially, the lack of effective regulatory mechanisms led to the proliferation of substandard and counterfeit drugs (7). Since the mid-20th century, as drug approval and market supervision systems were gradually established, the forms of corruption in the pharmaceutical industry became increasingly complex, involving drug price manipulation, falsification of clinical trial data, and inappropriate marketing practices (8). These practices not only endanger public health but also undermine the ethical standards and public trust in the pharmaceutical industry.

Currently, the pharmaceutical industry faces a more diverse and complex set of corruption challenges. Globalization has introduced problems with transnational drug supply chains, the highly competitive market environment, and increasingly complex drug approval processes, all of which provide fertile ground for corrupt practices (9–11). For example, some pharmaceutical companies exploit their market dominance to manipulate prices, or engage in opaque collaborations with doctors and medical institutions, influencing the promotion and use of drugs (3, 5). Additionally, the falsification of clinical trial data has become increasingly scrutinized in recent years, affecting the safety and efficacy of drugs and damaging the scientific credibility of the entire industry (8). Therefore, strengthening regulations, enhancing transparency, and intensifying the punishment of corrupt practices are key challenges currently faced by the pharmaceutical industry.



2.2 Governance of corruption issues in China's pharmaceutical industry

The causes of corruption in the pharmaceutical sector are complex, intertwining historical and contemporary factors, and exhibit both complexity and specificity. Corruption in this field spans various segments including drug distribution, medical examinations and treatments, equipment procurement, supply of consumables, and construction projects. It involves a complex array of personnel and a variety of corrupt practices, making investigations particularly challenging; thus, anti-corruption efforts in healthcare represent a prolonged battle (12, 13). For instance, the Changsheng Biotechnology vaccine scandal in 2018 revealed severe violations in the production of rabies vaccines, including the falsification of production test records and product release data, providing false information during regulatory inspections, and bribing relevant department officials (14, 15). In 2023, Xu Qingfeng, the director of the Guangdong Provincial Administration of Traditional Chinese Medicine, was arrested for accepting substantial bribes. During his tenure, he exploited his position to aid several pharmaceutical companies in matters of drug procurement and project approval, illegally profiting from these transactions (16).

The root causes of corruption in China's pharmaceutical industry primarily stem from an imperfect regulatory system, fierce market competition, and a cultural reliance on networking. These factors collectively create a fertile ground for corruption (17, 18): Regulatory bodies, lacking sufficient human and technical resources, struggle to effectively supervise the broad and complex pharmaceutical industry. The uneven enforcement of laws, combined with local protectionism, further weakens the deterrent power of regulations. Moreover, the high profits at stake drive companies to resort to illegal methods to gain competitive advantages in the fierce market (17, 18). Additionally, the deeply ingrained culture of relationships provides a covert social acceptance for such behaviors, contributing to the longstanding and complex nature of corruption within the industry (17).

In recent years, the pharmaceutical industry in China has made significant progress in anti-corruption efforts, reflecting the government's strong commitment to combating corruption. The government has not only revised laws and regulations such as the Drug Administration Law and the Anti-Unfair Competition Law, thereby strengthening the penalties for illegal activities, but it has also enhanced the regulatory system by increasing industry transparency and promoting public participation, systematically addressing and preventing corrupt practices. Additionally, the use of digital and information technology tools, such as electronic tracking systems and online monitoring platforms, has enhanced the government's ability to monitor the distribution of drugs and medical services in real time. This has increased the likelihood of detecting corrupt activities and raised the cost of non-compliance (19, 20). Furthermore, the rise of social media and online complaint platforms has strengthened public engagement, promoting policy transparency and public oversight of medical practices (21). However, despite notable advancements in anti-corruption within the pharmaceutical sector, challenges remain in ensuring comprehensive transparency and eradicating deep-seated corruption (22). Anti-corruption efforts in the pharmaceutical industry continue to be a crucial focus of the Chinese government's broader campaign against corruption (23).



2.3 Game theory in pharmaceutical research: theory and practice

Game theory, a mathematical framework for analyzing strategic interactions, plays a crucial role in the application within the pharmaceutical industry (24). Historically, the multifaceted stakeholder relationships in the pharmaceutical sector have constituted complex game scenarios, including pharmaceutical companies, regulatory bodies, healthcare providers, and consumers. While each participant pursues their respective interests, their decisions are influenced by the choices of others (25–27). The essence of game theory lies in analyzing the strategic choices and outcomes under these interactions. For example, the decisions of pharmaceutical companies regarding research and development and market strategies depend not only on market demand and competitor behavior but are also constrained by policies, regulations, and public opinion. Concepts such as Nash equilibrium are employed to explain the strategic choices of all parties in a stable state (28–30).

In practice, game theory is extensively used to guide policy-making and managerial decisions in the pharmaceutical industry. For instance, when government agencies formulate regulatory policies for the pharmaceutical sector, they consider the market behaviors and potential reactions of pharmaceutical companies, aiming to achieve optimal social welfare (31, 32). Similarly, pharmaceutical companies facing intense market competition and increasingly stringent regulatory demands use game theory to optimize their business strategies, ensuring sustainable development and compliance (33). The integration of theory and practice not only deepens our understanding of the dynamics within the pharmaceutical industry but also provides a scientific basis for formulating more effective industry regulations (34). This interdisciplinary approach increasingly demonstrates its importance and efficacy in addressing complex issues within the pharmaceutical industry (35).

To enhance the understanding of these dynamics, it is essential to consider the broader applications of game theory in related fields. For example, Hua et al. (36) conducted a game-theoretic analysis of pricing and cooperative advertising in a reverse supply chain for unwanted medications in households, which highlights the strategic interactions and potential cooperative strategies that can be applied to the pharmaceutical industry. Li and Ma (37) explored financial reforms and regional investment conflicts in China through a game-theoretic lens, providing insights into how regulatory changes can influence stakeholder behavior in the pharmaceutical sector (37). Additionally, Tat et al. (38) developed a mathematical model for pharmaceutical supply chain coordination, emphasizing the importance of reselling medicines in an alternative market, which can inform strategies to combat corruption and inefficiencies in the pharmaceutical supply chain. Wen and Zhou (39) examined the impacts of regional governmental incentives on the straw power industry in China, using game theory to understand the implications of policy incentives on industry practices, which can be analogously applied to understand the effects of regulatory incentives in the pharmaceutical industry. Finally, Zhu (40) analyzed the deterrent effects of severe penalties on corruption through a game-theoretic approach, providing valuable insights into the effectiveness of stringent anti-corruption measures in the pharmaceutical industry.



2.4 The role and challenges of third-party auditing organizations in the pharmaceutical industry

In the pharmaceutical industry, Third-Party Auditing Organizations play a pivotal role. These organizations are primarily responsible for conducting independent reviews of the financial statements and business operations of pharmaceutical companies to ensure compliance with relevant laws, regulations, and industry standards. Third-party audits are indispensable for protecting public interests and safeguarding the rights of investors and consumers. Through these audit activities, financial irregularities, governance deficiencies, and potential unethical behaviors within the pharmaceutical industry can be uncovered, assisting regulatory bodies in timely identifying and addressing industry issues (41).

However, Third-Party Auditing Organizations face numerous challenges in fulfilling their duties. Firstly, the complexity of the pharmaceutical industry makes the auditing process more technical and specialized. The intricate financial structures and business processes of pharmaceutical companies demand auditors not only have profound expertise but also require adaptability (42, 43). Secondly, conflicts of interest pose a significant challenge. For instance, some auditing organizations may struggle to maintain complete independence due to economic ties, which can lead to questions about the reliability of audit results. With the rapid transformations in the pharmaceutical sector, including new regulatory policies and technological advancements, auditing agencies are tasked with the critical responsibility of adapting to these changes and effectively carrying out their auditing roles (44, 45).




3 Evolutionary model assumptions and description


3.1 Model description

In this study, we employ an evolutionary game theory model to analyze the interactions and behavioral patterns of pharmaceutical companies, Third-Party Auditing Organizations, and Medical Insurance Regulatory Agency in China's pharmaceutical industry, particularly in addressing corruption issues. The model focuses on the strategic choices of each party under economic incentives and punitive mechanisms, as well as their impact on the safety of health insurance funds and industry governance. Specifically, the model quantifies the decision-making processes of each entity through a set of variables: pharmaceutical companies decide between compliance and non-compliance with health insurance regulations, weighing the benefits and costs associated with each state; Third-Party Auditing Organizations choose between performing their duties and accepting bribes, balancing the costs of audits against potential rewards or penalties; and Medical Insurance Regulatory Agency focus on formulating and enforcing regulatory policies to maximize social welfare and minimize losses to the health insurance fund. These variables interact to create a dynamic game environment where parties adjust their strategies in response to others' actions and changes in the external environment. Through this model, the study aims to reveal the equilibrium states under different strategic combinations and their potential impacts on governance in the pharmaceutical industry, providing theoretical support for the formulation of effective policies and countermeasures. All variables used in the model and their meanings are listed in Table 1.


TABLE 1 Variables and variable description.

[image: Table listing three game participants: Medical Insurance Regulatory Agency, Pharmaceutical Companies, and Third-Party Auditing Organizations. Each participant has variable codes and descriptions detailing financial aspects like costs, losses, fines, income, and earnings. The table outlines specific financial impacts and compliance issues related to each participant.]

In the context of addressing governance and corruption within China's pharmaceutical industry, a complex tripartite game relationship forms between pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies. Each party pursues its own interests and goals while being influenced by the actions of the other two, creating a dynamic decision-making environment. Within this evolutionary game framework, the interactions and feedback among pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies collectively drive the governance process in the pharmaceutical sector. The logical relationships in this tripartite evolutionary game are illustrated in Figure 1.


[image: Three graphs labeled A, B, and C show different decaying behaviors over time. Graph A shows a quick drop then plateau in population. Graph B displays a rapid initial decline followed by a slow stabilization. Graph C shows a smooth exponential decay. Each graph includes three color-coded models: Run-SPDEC, Run-SPDEC-A, and Run-SPDEC-B, with similar trends across different scales.]
FIGURE 1
 (A–C) Logogram of the evolutionary game between pharmaceutical companies, third-party auditors and health insurance regulators.




3.2 Evolutionary model assumptions

This study employs the framework of evolutionary game theory to analyze the strategic interactions among pharmaceutical companies, Third-Party Auditing Organizations, and Medical Insurance Regulatory Agency in the Chinese pharmaceutical sector, and their impact on industry governance. Based on this, we propose the following assumptions to construct and analyze the corresponding evolutionary model:

Assumption 1: Key Participants. In the context of corruption in the Chinese pharmaceutical industry, the primary participants include pharmaceutical companies, Third-Party Auditing Organizations, and Medical Insurance Regulatory Agency. This study constructs an evolutionary game model involving these three parties, assuming that each makes strategic choices under bounded rationality to maximize their respective interests.

Assumption 2: Decision-making Assumption for Pharmaceutical Companies. Pharmaceutical companies aim to maximize their total profits in each decision-making process. After considering compliance costs, illicit gains, the risk of penalties, and reputation damage, these companies will decide whether to adhere to health insurance regulations.

Assumption 3: Response Assumption for Third-Party Auditing Organizations. Third-Party Auditing Organizations base their actions on audit efficiency, potential rewards/subsidies, and the risk of fines. After evaluating their economic benefits and professional reputation, these agencies will decide whether to accept bribes from pharmaceutical companies.

Assumption 4: Behavioral Assumption for Medical Insurance Regulatory Agency. Medical Insurance Regulatory Agency adjust their regulatory strategies and costs based on the behaviors of pharmaceutical companies and Third-Party Auditing Organizations. Their goal is to maximize social welfare, ensure the safety of the health insurance fund, and promote compliant operations within the industry.

Assumption 5: Strategic Adjustment. During the game, each party adjusts its strategies based on the outcomes of the game and feedback received. For instance, if pharmaceutical companies frequently incur penalties for non-compliance, they may increase their compliance efforts and reduce violations. Similarly, if auditing agencies face severe penalties for misconduct, they may implement audit standards more rigorously.




4 Evolutionary model construction and analysis


4.1 Model construction

Set up the game model where pharmaceutical companies complying with health insurance regulations is denoted by x, non-compliance by 1-x, Third-Party Auditing Organizations accepting bribes by y, refusing bribes by 1-y, health insurance regulatory agencies enforcing strict regulation by z, and lenient regulation by 1-z, with the assumption that x, y, z∈(0, 1). Based on these assumptions and variable definitions, construct a mixed-strategy game payoff matrix involving pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies as shown in Table 2.


TABLE 2 Mixed-strategy game payoff matrix for pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies.

[image: Table showing strategies and outcomes for pharmaceutical companies under different regulations by third-party auditing organizations and a medical insurance regulatory agency. Rows represent compliance or non-compliance with health insurance rules, and columns detail whether bribes are accepted or refused. The outcomes vary under strict and lenient regulation scenarios, depicted with mathematical expressions.]



4.2 Game model analysis
 
4.2.1 The gains of pharmaceutical companies complying with the health care rules, not complying with the health care rules, and the average gains, respectively

[image: Mathematical equation: E subscript X equals open parenthesis W subscript 1 minus C subscript 2 plus R subscript 1 close parenthesis times y times z plus open parenthesis W subscript 1 minus C subscript 2 plus R subscript 1 close parenthesis times y times open parenthesis 1 minus z close parenthesis plus open parenthesis W subscript 1 minus C subscript 2 plus R subscript 1 close parenthesis times open parenthesis 1 minus y close parenthesis times z plus open parenthesis W subscript 1 minus C subscript 2 plus R subscript 1 close parenthesis times open parenthesis 1 minus y close parenthesis times open parenthesis 1 minus z close parenthesis.]

[image: Mathematical equation representing E sub L minus X equals open bracket W sub T minus C sub 2 minus C sub 3 minus F sub k plus R sub 2 close bracket multiplied by y prime multiplied by z plus open bracket W sub T minus C sub 2 minus C sub 3 plus R sub 2 close bracket multiplied by y prime multiplied by open parenthesis 1 minus z close parenthesis plus open bracket W sub T minus C sub 2 minus C sub 3 minus F sub k close bracket multiplied by open parenthesis 1 minus y prime close parenthesis multiplied by z plus open bracket W sub T minus C sub 2 minus C sub 3 close bracket multiplied by open parenthesis 1 minus y prime close parenthesis multiplied by open parenthesis 1 minus z close parenthesis.]

[image: \(\overline{E} = xE_{x} + (1-x)E_{1-x}\).]



4.2.2 The gains from accepting bribes, refusing bribes, and the average gain for third-party auditors are, respectively

[image: Mathematical equation representing E sub p equals open parenthesis W sub B minus E sub L minus F sub e minus E sub y close parenthesis times z plus open parenthesis W sub B minus E sub L close parenthesis times x times open parenthesis one minus z close parenthesis plus open parenthesis one minus x close parenthesis times z times open parenthesis W sub B plus M sub f minus E sub L minus F sub s plus C sub z close parenthesis plus open parenthesis W sub B plus M sub f minus E sub L plus C sub y close parenthesis times open parenthesis one minus x close parenthesis times open parenthesis one minus z close parenthesis.]

[image: Equation for \(E_{L_p}\): \(E_{L_p} = (W_R + S_R - E_{\gamma}) \cdot z \cdot x + (W_R + S_R - E_{\pi}) \cdot x \cdot (1-z) + (1-x) \cdot z \cdot (W_S + S_S - E_{\gamma}) + (W_S + S_S - E_{\pi}) \cdot (1-x) \cdot (1-z)\).]

[image: Equation showing \( \overline{E} = yE_y + (1 - y)E_{1-y} \), representing a weighted average of \( E_y \) and \( E_{1-y} \) with weights \( y \) and \( 1-y \).]



4.2.3 The gains from strict and lax regulation by the health care regulator, as well as the average gains

[image: The equation \( E_x = (-C_1 - L_2 + N_2 + F_s) \cdot x \cdot y + (-C_1 - L_2 - S_s) \cdot x \cdot (1-y) + (-C_1 - I_2 - L_2 + M_1 + N_2 + F_n + F_s) \cdot (1-x) \cdot y + (-C_1 - I_1 - L_1 + N_1 + F_x) \cdot (1-x) \cdot (1-y) \) is shown.]

[image: The image shows a mathematical equation: \( E_x = (-C_1 - L_2 + N_2 + F_s') \cdot x \cdot y + (-C_1 - L_2 - S_s) \cdot x \cdot (1 - y) + (-C_1 - I_2 - L_2 + M_1 + N_2 + F_n + F_s') \cdot (1 - x) \cdot y + (-C_1 - I_1 - I_2 + N_1 + F_n) \cdot (1 - x) \cdot (1 - y) \).  ]

[image: Mathematical expression for \( E_x \) equals \((-C_1 - L_2 - S_1) \cdot x \cdot y + (-R_1 - S_1) \cdot x \cdot (1-y) + (-C_1 - L_1 - L_2) \cdot (1-x) \cdot y + (-C_1 - L_1) \cdot (1-x) \cdot (1-y)\).]

[image: Mathematical equation: E-bar equals z times E sub x plus open parenthesis one minus z close parenthesis times E sub 1 minus x.]



4.2.4 The replicated dynamic equations for pharmaceutical companies, third-party auditors, and health insurance regulators

[image: Equation showing \( F_{x} = -x(x-1)(C_{3} + R_{1} + F_{k}z - R_{2}y) \).]

[image: Mathematical equation representing F sub y equals y raised to the power of asterisk times y minus one, multiplied by a parenthesis containing E sub s minus C sub g minus E sub r minus M plus S sub t plus C sub y raised to the power of asterisk, times x plus E sub r times x plus F sub r times z plus M raised to the power of asterisk times x.]

[image: Formula involving variables and operations: \( F_z = -z'(z^{-1})(F_R + \bar{N} - C_x' x - F_x \bar{x} + F_y y - \bar{N} x + \bar{N} y + C_y x' y + S_x' x y) \).]




4.3 Analysis of evolutionary system equilibrium

The strategic interactions among pharmaceutical companies, third-party auditing organizations, and health insurance regulatory agencies are continuously evolving. Therefore, by establishing a tripartite game model and deriving the replicator dynamic equations, the equilibrium points of this game can be calculated. The evolutionary process of the game involving the three parties is dynamic, with the probability of choosing any strategy being time-dependent. According to the stability principles of differential equations, when all dynamic equations reach zero, it signifies that the entire dynamic system will tend toward stability. Thus, by constructing the replicator dynamic equations for the tripartite game model and setting Fx = 0,Fy = 0,Fz = 0the evolutionary equilibrium points of the game can be determined. Specifically, let:

[image: Mathematical equation: \( F_x = -x^{\circ} (x-1)^{\circ} (C_3 + R_1 + F_k^{\circ} z - R_{x} y) = 0 \).]

[image: Equation: \( F_p = y (y - 1) (E_8 - C_3 - E_4 - M + S_1 + C_5 x_1 + E_7 x + F_7 z + M' x) = 0 \). Appears to be a complex mathematical expression involving multiple variables and constants, including terms with powers and coefficients.]

[image: Equation displaying a mathematical expression: \( F_z = -z(z^{-1})(F_R + \bar{N} - C_1 x - F_R x + F_y y - \bar{M}_1 x + \bar{N}_2 y + C_1 x y + S x^1 x y) = 0 \).]

Based on Selten's research findings in non-cooperative game theory, under conditions of asymmetric information, evolutionarily stable strategies are pure strategies. Therefore, it is necessary only to discuss the asymptotic stability of the eight local equilibrium points E1(0, 0, 0), E2(1, 0, 0), E3(0, 1, 0), E4(0, 0, 1), E5(1, 1, 0), E6(1, 1, 0), E7(0, 1, 1), E8(1, 1, 1) that satisfy Fx = 0, Fy = 0, Fz = 0.Using the replicator dynamics equations of the three parties, the Jacobian matrix of the evolutionary game system can be obtained, which facilitates the analysis of the stability of the equilibrium points:

[image: Matrix representation of the Jacobian, \( J \), showing partial derivatives. The left matrix contains partial derivatives \( \frac{\partial F_x}{\partial x} \), \( \frac{\partial F_y}{\partial y} \), \( \frac{\partial F_z}{\partial z} \). The right matrix contains elements \( J_{11} \), \( J_{12} \), \( J_{13} \), \( J_{21} \), \( J_{22} \), \( J_{23} \), \( J_{31} \), \( J_{32} \), \( J_{33} \).]

[image: The image displays a mathematical equation: \( J_{11} = -x^t (C_3 + R_1 + F_k z - R_2 y) - (x - 1)^t (C_3 + R_1 + F_k z - R_2 y) \).]

[image: The mathematical equation shows J subscript twelve equals R subscript two asterisk x asterisk open parenthesis x minus one close parenthesis.]

[image: Mathematical expression showing \( J_{13} = -F_k^* x^* (x - 1) \).]

[image: The equation shown is \( J_{21} = \dot{y} (y - 1) (\dot{C_3} + E_t + M) \).]

[image: The image displays a mathematical equation: \( J_{zz} = y'(E_s - C_3 - E_n - M + S_x + C_3'x + E_x + F_z'z + M'x) + (y - 1) (E_s - C_3 - E_n - M + S_x + C_3'x + E_x + F_z'z + M'x) \).]

[image: Formula showing \( J_{23} = F_{s} \cdot \dot{y} \cdot (y - 1) \).]

[image: Formula \( J_{31} = z^{\ast} (z-1)^{\ast} (C_1 + F_k + N_1 - C_1^{\ast} y - S_1^{\ast} y) \).]

[image: The image shows a mathematical equation: \( J_{32} = -z^{\ast}(z-1)^{\ast}(F_s + N_z + C_1 x + S_1 x) \).]

[image: Mathematical formula displaying the expression J33 equals negative z to the power of negative 1 times a series of terms in parentheses, followed by minus z times a similar series of terms.]

Using the Lyapunov method, it is known that the stability of a differential system can be determined by the signs of the eigenvalues of the equilibrium points. An equilibrium point is considered an evolutionarily stable strategy (asymptotically stable) if all its eigenvalues (roots) are negative. The eight pure strategy points are each substituted into the Jacobian matrix in turn, and the eigenvalues of the equilibrium points are calculated as shown in Table 3.


TABLE 3 Equilibrium points and their eigenvalues.

[image: Table showing equilibrium points, eigenvalues of the Jacobian matrix, and stability conclusions. Equilibrium points E1 to E8 are listed with corresponding eigenvalues λ1, λ2, and λ3. Stability conclusions indicate "Unstable" for all except E2, which indicates "ESS (Evolutionarily Stable Strategy)."]




5 Numerical simulation analysis


5.1 Evolutionarily stable strategy

In the tripartite game of China's pharmaceutical industry, the equilibrium point E2(1, 0, 0), represents a scenario where pharmaceutical companies comply with health insurance regulations, third-party auditing organizations reject bribes, and health insurance regulatory agencies adopt a lenient supervision approach. The formation of this optimal strategy is based on a comprehensive consideration of multiple factors.

Firstly, the rationale for pharmaceutical companies to comply with health insurance rules lies in the comparison between normal income under compliance (W1) and the compensations received from health insurance (R1), which outweigh the high risks and potential losses (C3,Fh) associated with non-compliant activities. Although higher income (W2) and illegal health insurance benefits (R2) might be obtained through non-compliance, the uncertainty and high risks associated with these gains make compliance a more stable and reliable operation strategy. Secondly, the strategy of third-party auditing organizations to refuse bribes is based on a comparison between their regular earnings (W3) and the costs of audits (Et). While accepting bribes could bring additional income (M), it also comes with substantial penalties for violations (Fs) and potential losses/risk (Es). Thus, refusing bribes ensures long-term stable income and maintains the reputation of third-party auditing organizations. Lastly, the reason for Medical Insurance Regulatory Agency to opt for lenient supervision is that it can reduce the costs of oversight (C1) and avoid excessive market intervention. Moreover, lenient supervision can encourage compliant behavior among third-party auditors and pharmaceutical companies through incentives such as financial subsidies/awards (St), rather than solely relying on punitive measures.

Therefore, the formation of equilibrium point E2(1, 0, 0) is based on the combined influences of pharmaceutical companies seeking stable revenues, third-party auditors aiming for long-term robust operations, and health insurance regulators pursuing efficient oversight and market incentives. This strategic choice helps to reduce corruption in the pharmaceutical industry, balance the interests of all parties, and promote the industry's healthy development. However, real-world conditions may be influenced by various factors, thus further research and empirical analysis are required to validate the effectiveness and applicability of this equilibrium point.



5.2 Parameter sensitivity analysis

To validate the effectiveness of the evolutionary stability analysis, numerical values were assigned to the model, and numerical simulations were conducted using MATLAB [Version 9.9.0 (R2020b), The MathWorks Inc., Natick, MA, USA].


5.2.1 Impact of regulatory costs (C1) on the evolution of the tripartite game

Under the equilibrium conditions of point E2(1, 0, 0), assume that C1 = 15, 20, 30, as illustrated in Figure 2. The simulation results indicate that as regulatory costs increase, the Medical Insurance Regulatory Agency may face resource and fiscal pressures, leading to a propensity toward more lenient regulatory strategies. This relaxation in supervision is partly due to the high costs making enforcement challenging, as the department might not be able to sustain the resources needed for strict regulation continuously. To maintain effective oversight with limited resources, the Medical Insurance Regulatory Agency might choose to collaborate with third-party auditing organizations, leveraging their expertise and capabilities to share the responsibilities of regulation. This strategy can alleviate some of the pressures of regulatory costs while maintaining the effectiveness of supervision. However, it also presents challenges in ensuring the independence of third-party auditors and avoiding conflicts of interest. Therefore, the Medical Insurance Regulatory Agency needs to find a balance between lenient regulation and collaboration with third parties, ensuring the quality and fairness of supervision while effectively managing regulatory costs.


[image: Three graphs labeled A, B, and C, each plotting "Time" on the x-axis and "Proportion" on the y-axis. Graph A shows three lines rapidly reaching a proportion of 1. Graph B depicts three lines quickly dropping to near zero. Graph C presents three lines declining gradually. Each graph includes a legend indicating varying levels of "Fisher PM" as 0.996, 0.998, and 1.]
FIGURE 2
 Sensitivity analysis of regulatory costs on evolutionary strategies. (A–C) respectively represent pharmaceutical companies, Third-Party Auditing Organizations, and Medical Insurance Regulatory Agency. The same applies below.




5.2.2 Impact of the medical insurance regulatory agency's recovery of fines(N1) from pharmaceutical companies on the evolution of the tripartite game

Under the equilibrium conditions of point E2(1, 0, 0), assume that N1= 180, 250, 450, as depicted in Figure 3. The simulation results show that the magnitude of N1 directly determines the behavioral strategy of pharmaceutical companies. With a lower N1, where the amount recovered by the Medical Insurance Regulatory Agency from violations is minimal, the penalties imposed on pharmaceutical companies appear more lenient. This scenario may lead pharmaceutical companies to adopt high-risk strategies, such as violating health insurance rules to increase profits, thereby exacerbating non-compliant behavior within the industry. However, as N1 increases, indicating that a larger amount of illicit gains is being recovered, it reflects that the Medical Insurance Regulatory Agency is intensifying penalties for violations. This stricter regulatory approach compels pharmaceutical companies to comply with the rules, reducing non-compliant activities and contributing to enhanced overall governance of the industry and public health safety.


[image: Three line graphs labeled A, B, and C show probability over time. Graph A starts high and quickly levels off, graph B drops sharply before stabilizing, and graph C peaks before declining. Each graph includes three lines representing different variables: \(P(t=0)\), \(P(t=10)\), and \(P(t=20)\), as indicated in the legend.]
FIGURE 3
 (A–C) Influence of fines recovered from pharmaceutical companies on compliance behavior.




5.2.3 Impact of the medical insurance regulatory agency's recovery of fines(N2) from third-party auditing organizations on the evolution of the tripartite game

Under the equilibrium conditions at point E2(1, 0, 0), assume that N2= 150, 200, 300, as illustrated in Figure 4. The simulation results demonstrate that the magnitude of N2 directly affects the behavioral choices of Third-Party Auditing Organizations. When N2 is low, indicating a smaller amount recovered for violations, it suggests that the health insurance regulatory oversight and penalties on auditing agencies are lenient. In such cases, auditing agencies might be inclined to take risks, such as accepting bribes from pharmaceutical companies, thereby increasing non-compliant behavior within the pharmaceutical industry. Conversely, higher values of N2 signify stricter supervision and more severe penalties, leading auditing agencies to favor compliant behaviors and reduce instances of accepting bribes. This contributes to enhancing the transparency and reputation of the entire pharmaceutical industry, promoting its healthy development. Therefore, by adjusting the amount of fines recovered, the Medical Insurance Regulatory Agency can effectively control compliance within the pharmaceutical industry, influencing internal strategic choices and behavioral patterns, and thus fostering the industry's health and sustainable development.


[image: Three graphs labeled A, B, and C showing the proportion of survival over time for different treatments: gm-15, gm-48, and gm-96. Graph A shows a steady proportion near 1.0. Graph B shows a sharp decline to near zero around 0.05 time units. Graph C depicts a gradual decline from near 1.0 to zero starting at 0.3 time units.]
FIGURE 4
 (A–C) Effect of fines recovered from third-party auditing organizations on auditing integrity.




5.2.4 Impact of fines imposed by medical insurance regulatory agency's on pharmaceutical companies (Fh) on the evolution of the tripartite game

Under the equilibrium conditions at point E2(1, 0, 0), assume that Fh= 0, 150, 250, the simulation evolution is depicted in Figure 5. The simulation results indicate that as the fines imposed by the Medical Insurance Regulatory Agencys on pharmaceutical companies increase, indicating stricter penalties for regulatory violations, there is a corresponding motivation for pharmaceutical companies to adhere to industry regulations and reduce non-compliant activities. Initially, as fines are increased, the regulatory department may observe a significant enhancement in industry compliance, potentially leading to an intensification of regulatory efforts to ensure effective implementation of the new fining system. However, once fines reach a certain level, diminishing returns may occur, where further increases in fines no longer significantly enhance compliance. In such cases, the regulatory department may choose to maintain fines at this level to continue effective oversight while avoiding negative impacts on industry development. This strategy aims to find a reasonable balance between the level of fines and regulatory intensity, ensuring the health and sustainable development of the industry, while safeguarding market stability and public interests.


[image: Three graphs labeled A, B, and C compare different models with time on the x-axis and proportion on the y-axis. Graph A shows curves of CtmXL and others reaching near 1.0 quickly. Graph B shows a steep decline in curves to stabilize at 0. Graph C shows overlapping curves with different shapes, all declining sharply. The legend includes model labels (CtmXL, Ct, CNH, CNHL).]
FIGURE 5
 (A–C) Impact of penalties on pharmaceutical companies' regulatory compliance.




5.2.5 Impact of health insurance compensation (R1) on pharmaceutical companies' compliance on the evolution of the tripartite game

Under the equilibrium conditions at point E2(1, 0, 0), assume that R1= 80, 280, 380, the simulation evolution is shown in Figure 6. The simulation results indicate that increased health insurance compensation for compliance encourages pharmaceutical companies to adhere more strictly to regulatory standards. At lower compensation levels (R1 = 80), the incentive might not be sufficient to deter companies from non-compliance if the penalties for non-compliance are relatively low. However, as compensation increases (R1 = 280 and 380), it becomes economically advantageous for companies to comply with health insurance regulations, leading to a substantial increase in compliance rates.


[image: Graphs labeled A, B, and C showing the probability versus time for three geometric distributions with different parameters: \(p = 0.9\), \(p = 0.5\), and \(p = 0.1\). Graph A displays a steady line close to 1. Graph B shows a rapid decline to near zero. Graph C depicts a sweeping curve starting high and gradually decreasing. Each graph includes a legend indicating its respective probability values.]
FIGURE 6
 (A–C) Effect of health insurance compensation on pharmaceutical companies' compliance.


This rise in compensation makes it financially beneficial for companies to invest in the necessary adjustments to align with regulations, outweighing the potential short-term gains from non-compliance. The strategic interactions in the tripartite game suggest that higher compliance driven by better compensation could reduce the need for harsh penalties and intense monitoring by the Medical Insurance Regulatory Agency, promoting a more cooperative and less adversarial relationship within the industry. However, the model also indicates a threshold beyond which increases in compensation do not yield proportional increases in compliance. This plateau effect suggests that beyond a certain point, additional compensation may not be cost-effective for the health insurance system.



5.2.6 Impact of illicit health insurance benefits (R2) on pharmaceutical companies on the evolution of the tripartite game

Under the equilibrium conditions at point E2(1, 0, 0), assume that R2 = 100, 200, 300, as depicted in Figure 7. The simulation results indicate that as R2 increases, reflecting greater benefits obtained by pharmaceutical companies through non-compliance, the Medical Insurance Regulatory Agency may face a need to intensify its supervisory efforts to address the growing prevalence of non-compliance and fraudulent practices within the industry. In this context, the regulatory department might adopt stricter monitoring and punitive measures to ensure that pharmaceutical companies adhere to industry regulations and reduce non-compliant activities. Concurrently, the role of third-party auditing firms becomes increasingly critical. As the illicit gains of pharmaceutical companies rise, the Medical Insurance Regulatory Agency may rely more heavily on these agencies for thorough and professional auditing to ensure the transparency and compliance of financial and operational practices of pharmaceutical companies. Therefore, in the context of increased non-compliant gains by pharmaceutical companies, both the Medical Insurance Regulatory Agency and Third-Party Auditing Organizations need to strengthen their collaboration and adopt stricter measures to maintain the integrity of the pharmaceutical industry and public interests, effectively reducing non-compliant activities and ensuring the safety of health insurance funds.


[image: Three graphs labeled A, B, and C show different decay processes over time. Graph A shows probability decaying rapidly to zero. Graph B depicts a sharp initial drop, then steadies. Graph C shows a smoother, gradual decline. Each graph has a legend describing different process lines with various markers and line styles.]
FIGURE 7
 (A–C) Impact of illicit benefits on non-compliance by pharmaceutical companies.




5.2.7 Impact of financial subsidies/awards (St) provided by the medical insurance regulatory agency to third-party auditing organizations on the evolution of the tripartite game

Under the equilibrium conditions at point E2(1, 0, 0), assume that St = 50, 100, 200, as illustrated in Figure 8. The simulation results indicate that as these subsidies or awards increase, Third-Party Auditing Organizations receive greater incentives to conduct more stringent and detailed audits, which enhances their work quality and efficiency. Such financial incentives are crucial for improving the transparency and compliance of pharmaceutical companies' operations. However, once these subsidies or awards reach a certain level, diminishing returns may occur, suggesting that further increases in subsidies or awards do not significantly enhance auditing outcomes. Therefore, the Medical Insurance Regulatory Agency might choose to stabilize subsidies or awards at a certain level to maintain reasonable incentives for auditing agencies while avoiding unnecessary financial burdens. In this way, the Medical Insurance Regulatory Agency can effectively motivate Third-Party Auditing Organizations to participate, enhance the regulatory quality of the pharmaceutical industry, and ensure the efficiency and rationality of fiscal expenditures.


[image: Three graphs labeled A, B, and C show system response over time. Graph A depicts a quick rise to steady-state. Graph B shows a sharp decline to near zero. Graph C illustrates a smooth drop followed by oscillations before leveling. Each graph compares numerical results against analytical solutions.]
FIGURE 8
 (A–C) Influence of financial incentives for auditing organizations on compliance.




5.2.8 Impact of additional earnings (M) obtained by third-party auditing organizations from pharmaceutical companies' bribes on the evolution of the tripartite game

Under the equilibrium conditions at point E2(1, 0, 0), assume that M = 20, 80, 120, as depicted in Figure 9. The simulation results show that while accepting bribes and gaining additional income may provide short-term economic benefits for auditing agencies, such practices increase the opacity and non-compliance within the industry, thereby damaging the independence and credibility of the auditing agencies. This leads to the Medical Insurance Regulatory Agency implementing stronger regulatory measures and imposing severe penalties on the involved auditing agencies and pharmaceutical companies. Auditing agencies must weigh the economic benefits against the potential regulatory risks when pursuing additional income. If bribery is detected, it not only severely damages the reputation of the auditing agencies but also may trigger forceful interventions by the Medical Insurance Regulatory Agency, affecting the overall health and stability of the pharmaceutical industry. Therefore, to ensure the long-term stability and compliance of the pharmaceutical industry, auditing agencies need to consider the long-term impact on the industry and maintain their professional ethical standards while contemplating short-term benefits.


[image: Diagram illustrating the interactions between pharmaceutical companies, third-party auditing organizations, and medical insurance regulatory bodies. Pharmaceutical companies either comply or not with regulations, propose bribes, and decide on bribe acceptance. Third-party organizations monitor audits, submit compliance reports, and manage audit results. The regulatory body enforces regulations, imposes penalties, and provides financial incentives for compliance.]
FIGURE 9
 Effect of bribes on auditing organizations' strategic choices.





5.3 Summary

This study conducts an in-depth analysis of the parameter sensitivity in the tripartite game within the pharmaceutical industry, highlighting the specific impacts of various regulatory factors on the strategic choices of pharmaceutical companies, Third-Party Auditing Organizations, and Medical Insurance Regulatory Agency (Table 4). Through numerical simulation analysis, the study reveals how factors such as regulatory costs, recovery of illicit amounts, penalty severity, health insurance compensation, and fiscal incentives influence the behavioral patterns of the parties involved. For instance, low regulatory costs may encourage pharmaceutical companies to adopt riskier strategies, while high recovery of illicit amounts significantly strengthens the incentives for rule compliance. Additionally, the analysis examines how fiscal incentives can promote more rigorous and thorough auditing by auditing agencies, and how high penalties can enhance compliance among all parties. These findings provide important bases for regulatory strategies in the pharmaceutical industry, emphasizing the crucial role of effective regulatory policies in balancing the interests within the industry.


TABLE 4 Summary of parameter sensitivity in the tripartite game within the pharmaceutical industry.

[image: A table outlining the impact of various factors on pharmaceutical companies, third-party auditing organizations, and medical insurance regulatory agencies. Factors include regulatory costs, recovery of violation amounts, penalties, health insurance compensation, financial subsidies, and bribery benefits. Each factor has its own specific effect on the three groups, such as compliance influence, reduction in bribery, regulation enforcement, incentives for compliance, and auditing improvements.]




6 Research findings and discussion


6.1 Research findings

This study, grounded in the theoretical framework of game theory, delves into the complex interactions among pharmaceutical companies, third-party auditing organizations, and Medical Insurance Regulatory Agencys within the Chinese pharmaceutical industry. By constructing an evolutionary game model, the study reveals the dynamic evolution of strategy choices under economic incentives and penalty mechanisms, as well as the impact of these choices on the security of health insurance funds and industry governance. The model analysis indicates that the optimal strategy equilibrium is achieved when pharmaceutical companies comply with health insurance regulations, third-party auditors reject bribes, and Medical Insurance Regulatory Agency implement lenient supervision. This strategic equilibrium reduces corruption in the pharmaceutical industry, balances the interests of all parties, and promotes the healthy development of the sector. Additionally, numerical simulation analysis of key parameters in the model shows that factors such as regulatory costs, recovery of improper charges, and fines imposed on pharmaceutical companies significantly influence the equilibrium state. Particularly, the interplay of factors like the compliance costs vs. the risk of non-compliance benefits for pharmaceutical companies, the professional reputation vs. economic benefits for auditing organizations, and the goal of maximizing social welfare for regulatory bodies, determine the ultimate equilibrium strategy. Therefore, pharmaceutical companies, in their pursuit of maximizing benefits, need to weigh the risks of compliance costs against non-compliance gains; third-party auditors make choices between fulfilling their duties and accepting bribes, considering their economic benefits and professional reputation; and Medical Insurance Regulatory Agencys adjust their strategies between strict and lenient supervision, aiming to maximize social welfare.



6.2 Discussion and recommendations

In this study, we examined the corruption issues in the Chinese pharmaceutical industry through an evolutionary game model, analyzing the interactions among pharmaceutical companies, third-party auditing organizations, and Medical Insurance Regulatory Agencys. In light of China's policy environment, national conditions, and the findings of this analysis, we offer the following discussions and recommendations:


6.2.1 Enhancing policy support and legal framework construction

First and foremost, it is essential to strengthen policy support and construct a robust legal framework. The government should enhance its support by developing and implementing specialized policies targeted at unique issues within the pharmaceutical industry, with a focus on drug quality control, market price regulation, and the standardization of pharmaceutical advertising. Moreover, updating and improving the current legal framework to accommodate industry growth and emerging challenges, such as online drug sales and international pharmaceutical collaborations, is crucial for maintaining industry order. Concurrently, the government must intensify law enforcement efforts to ensure effective implementation of laws and policies, impose stringent legal sanctions on violations, and thereby increase the cost of non-compliance. Establishing a diverse regulatory system that includes government oversight, industry self-regulation, and public participation will enhance regulatory efficiency and transparency, thereby fostering the healthy development of the industry and safeguarding public health and safety.



6.2.2 Enhancing compliance and self-regulation in pharmaceutical companies

One of the main challenges facing the Chinese pharmaceutical industry is ensuring that pharmaceutical companies comply with regulations and industry standards in a rapidly developing market. The government should increase regulatory efforts and establish clear legal frameworks and guidelines to prevent and punish improper market conduct. Simultaneously, pharmaceutical companies are encouraged to establish comprehensive internal compliance systems and strengthen their sense of corporate social responsibility. By enhancing transparency and ethical standards, companies can protect consumer interests and safeguard their own long-term development interests. Additionally, encouraging pharmaceutical companies to conduct self-monitoring, regularly publish compliance reports, and undergo public and regulatory scrutiny will further strengthen the industry's self-regulatory mechanisms.



6.2.3 Enhancing the independence and professional capabilities of third-party auditing organizations

Third-party auditing organizations play a critical role in the regulatory system of the pharmaceutical industry, and their independence and professional capabilities are directly related to the effectiveness of regulation. Therefore, it is crucial to strengthen the industry entry and oversight management of these organizations. It is recommended to establish stricter auditing organization accreditation standards and regulatory systems to ensure their independence and objectivity during the audit process, avoiding conflicts of interest. Additionally, enhancing the professional skills and ethical standards of auditors through regular training and assessments is essential to ensure they can adapt to the rapid changes and complexities of the pharmaceutical industry. Strengthening the supervision of audit quality is also vital to ensure the accuracy and reliability of audit results.



6.2.4 Optimizing regulatory strategies and technological applications of health insurance regulatory agencies

Health insurance regulatory agencies should consider the industry's specificities and the market's dynamic changes when developing and implementing regulatory strategies. It is recommended to adopt more flexible and efficient regulatory methods, such as using big data and artificial intelligence technologies for risk assessment and predictive analysis, to achieve precise regulation. Additionally, the government should strengthen the supervision of health insurance funds to prevent misuse and fraudulent activities, ensuring the rational allocation and utilization of resources. Meanwhile, appropriately relaxed regulatory strategies can reduce industry burdens, encourage enterprises to voluntarily comply with industry norms, and foster a positive industry atmosphere.



6.2.5 Promoting multi-party cooperation and information sharing mechanisms

It is advisable to foster cooperation among governments, enterprises, and third-party institutions and establish effective information sharing mechanisms. This not only helps enhance regulatory efficiency but also strengthens the industry's self-regulatory capabilities. The government can facilitate this by creating an industry database to collect and analyze operational data from the pharmaceutical sector, identify potential issues promptly, and take appropriate actions. Encouraging communication and collaboration among pharmaceutical companies, auditing organizations, and related institutions is also essential to maintain industry order. Through the joint efforts of multiple parties, it is possible to combat corruption more effectively and promote the healthy development of the pharmaceutical industry.





7 Conclusion

This paper has conducted a comprehensive analysis of policy, oversight, and corruption issues in China's pharmaceutical industry through the development of an evolutionary game model. It particularly focused on the strategic interactions among pharmaceutical companies, third-party auditing organizations, and Medical Insurance Regulatory Agency, and their impact on industry corruption. The findings indicate that under reasonable economic incentives and regulatory constraints, these key stakeholders can form effective anti-corruption mechanisms to jointly promote the health and sustainable development of the pharmaceutical industry. The analysis also highlighted the importance of cooperative mechanisms and information sharing in improving pharmaceutical industry governance, emphasizing that policymakers need to consider market behaviors and economic factors when adjusting regulatory strategies. However, the limitations of this study include the model's simplifications, which may not fully capture the actual complex dynamics within the industry, such as rapid changes in policies and market environments; additionally, data acquisition and processing pose challenges that may limit the universality and precision of the model's conclusions. Future research directions will focus on further refining and deepening the model and theory, including considering more practical factors such as policy changes, technological innovations, and market competition, to enhance the model's applicability and predictive power. Moreover, broader use of big data and artificial intelligence technologies will be employed for in-depth analysis, improving the precision and efficiency of data processing to provide a more comprehensive and profound perspective for the healthy development of the pharmaceutical industry.
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Economic models based on multi-agents are increasingly attracting attention and can provide a new perspective for exploring the causes behind social phenomena at the individual level. Existing research usually adopts society-level learning methods, and more research on micro-level heterogeneity among individuals is needed. For this, we propose a high-fidelity multi-agent economy (HMAE) model based on evolutionary game theory, including three types of agents: workers, firms, and the government. In particular, we characterize worker heterogeneity regarding laziness factors, work endowments, and commuting distances. These agents continuously and iteratively update their strategies by randomly exploring and imitating their neighbors to maximize their utility value. We simulated the evolution process of agent behavioral decisions through experiments and found that individual heterogeneity can significantly affect the decisions of workers and firms. These phenomena are consistent with some economic evolution trends in real life, and our research can provide an analytical tool for analyzing the causes of emerging economic phenomena.
Keywords: agent-based model, evolutionary game theory, individual heterogeneity, economic model, multi-agent system

1 INTRODUCTION
The economy is an evolving, complex, and dynamic system in which the interaction of micro-agents produces global regularities, such as employment and growth rates, income distribution, market institutions, and social customs [1–6]. The unpredictability of economic systems has attracted the interest of many researchers, who focus on building simple and reasonable economic models to analyze the reasons behind behaviors by simulating real-world phenomena [7–9]. Understanding and predicting human group behavior requires an understanding and reasoning about complex economic systems.
Over the past two centuries, there has been a fundamental change in the way economic science is studied; it has become a social science based on mathematical models rather than words [10]. Traditional economic models, i.e., econometric models and dynamic stochastic general equilibrium (DSGE) models [11–13], have been widely developed in “normal times” like the Great Moderation Period [14]. Typical econometric models, such as vector autoregressive (VAR) models [15–17] and structure VAR models [18–20], have gained increasing popularity, especially in empirical macroeconomics. Subsequently, DSGE models such as the Chameleon model [21] and the New Keynesian (NK) DSGE model [22, 23] were developed to bridge the gap between the structural characteristics of the economy and simplified parameterization [24]. The DSGE model regards the macroeconomic model as a representative agent behavior that is consistent with microeconomic theory and aims to explain macroeconomic behavior. However, traditional economic models cannot predict the outbreak of economic crises and analyze the influencing factors behind the phenomenon, mainly for two reasons. First, these models are based on simplified assumptions and a lack of characterization at the micro level. In addition, due to the complexity of the real economy and limitations of computing power [25–27], the model only uses aggregate data such as the gross domestic product (GDP) and unemployment rate, resulting in vast amounts of data that cannot be used to gain a deeper understanding of economic performance [28]. Second, when analyzing new economic phenomena, a large amount of historical data is needed to evaluate parameters, which brings difficulties to the generalization and portability of the model [29, 30].
With the emergence and development of computer simulation technology, an agent-based model (ABM) that builds artificial social systems “from the bottom up” has received more attention and been applied in economic studies [6, 31–33]. The advantage of the ABM is that it allows economists to validate hypotheses [34] at the individual levels and in which the relationships among several heterogeneous objects generate regularities that can change over time. This bottom-up research method makes up for the shortcomings of traditional macroeconomic models in studying microscopic phenomena and shows superior capabilities [35, 36]. [37], [38], and [39] presented the application of the ABM in different research areas and explored the types of scenarios that the ABM can reproduce. [40] used the ABM to study the effect of different labor market integration policies on economic performance and convergence of two distinct regions. [41] investigated the economic impact of feed-in tariff policy mechanisms designed to promote investment in renewable energy capacity based on ABM methods. Utilizing the representational strength of neural networks, [42–44] aimed to create agents that can follow instructions for manipulation, navigation, or both. [45] introduced a social norm ABM that promotes division of labor by redistributing rewards. However, current research usually conducts society-level learning or adopts methods that incorporate more advanced optimization concepts into the ABM [46], lacking individual-level learning, which means a lack of heterogeneity among individuals [31, 47–49]. For example, individuals are only classified as high-skilled and low-skilled, lacking a finer description of multiple characteristics at the micro-level.
To make up for the shortcomings of the above research and design a simulator that can connect the relationships between heterogeneous individuals to spread information and resources, we propose a high-fidelity multi-agent economic model. Specifically, this paper aims to design a model that can more realistically describe real-world economic activities, help analysts simulate significant economic behaviors, and analyze the reasons behind some real-world economic phenomena to provide better suggestions for future economic policy formulation. The main contributions of our work are outlined as follows:
	[image: A solid black circle on a white background.] We propose a high-fidelity multi-agent economy (HMAE) model to study the evolution of interactions between agents, focusing on the heterogeneity of individuals at the micro-level and the impact of external factors on agent decision-making. This model describes the heterogeneous properties of the agent in a more fine-grained manner in terms of laziness factors and work endowment.
	[image: A black circle on a white background, evenly stroked and solid in color.] We design a utility function calculation method based on spatial distance awareness, in which the agent possesses spatial information. We consider the distance from residents to firms as a utility value and use it as a commuting cost to determine the time allocation for residents to work or consume.
	[image: A solid black circle on a white background.] The effectiveness of the HMAE model is demonstrated by observing the interaction and imitation behavior of the agents and recording the evolution of their behavioral decisions, such as the evolution of worker income and consumption. The experiments simulated the dynamic evolution and emergence of economic phenomena more realistically, helping us discover the critical factors behind economic phenomena more quickly and intuitively.

The remainder of the paper is structured as follows: Section 2 describes the structure of our model; Section 3 presents the experiment settings and results and analyzes the reasons that caused the phenomenon; and conclusions are drawn in Section 4.
2 MODEL
To assemble the pieces and understand the behavior of the whole economic system, we use agent-based simulation modeling to handle a far wider range of nonlinear behavior than conventional equilibrium models. The HMAE model can reason about complex socioeconomic systems with sufficient fidelity to support policy development. As shown in Figure 1, there are three primary types of agents in the HMAE model proposed in this article: worker–consumers (abbreviated as workers), firms, and the government. Workers earn an income by working for firms and spend the income on goods. To characterize the subjective laziness and objective work capacity of the workers, we establish two heterogeneous attributes that best reflect their actual working conditions: laziness factor and work endowment [50–53]. There are two attributes representing the impact of working hours on worker happiness and work ability, denoted as [image: Please upload the image or provide a URL so I can generate the alternate text for you.] and [image: Please upload the image or provide a URL so I can generate the alternate text for you.], respectively. Firms produce goods, pay workers and make investment decisions. The government taxes workers’ income and firms’ profits. Then, the interaction between the three types of primary agents forms a dynamic interaction network. The interaction mode between the agents can affect the behavior of these social agents and be affected by them. The model is described below from three perspectives: strategy space, utility function, and update mechanism.
[image: Diagram illustrating economic flow among government, worker-consumers, and firms. Arrows depict corporate tax from firms to government, subsidy from government to worker-consumers, income tax from worker-consumers to government, and wages from firms to worker-consumers. Consumption flows from worker-consumers to firms.]FIGURE 1 | HMAE model. Workers earn an income by working for the firm, which they can use to purchase goods. Firms produce goods, pay workers, set prices for goods, and invest capital. The government levies wage taxes and profit taxes on workers and firms and redistributes tax revenues as subsidies to workers. Arrows represent the money flow and interrelationships between agents.
2.1 Strategy space
The strategy space represents the set of strategies that an agent can decide autonomously. Drawing on the setting of intelligent agents in related papers [54, 55], this paper defines the strategy space of workers, firms, and governments. The worker’s strategy space includes working time and consumption amount. The firm’s strategic space includes the unit price of its products, the hourly wages it pays workers, and its investment options. The government’s strategic space includes formulating tax policies such as tax brackets and tax rates, and the tax policies for workers and firms are distinct. Assuming that the HMAE model includes [image: Please upload the image or provide a URL so I can generate the alt text for you.] workers, [image: It looks like the image did not load properly. Please try uploading it again, and I will help create the alt text for you.] firms, and a government, their strategy space can be defined as follows.

	1) Worker’s strategy space. Considering the dual actions of work and consumption exhibited by workers, the model constructs the worker’s strategy space as a two-dimensional vector, denoted as [image: Mathematical expression depicting \( w_i = \langle H_i, C_i \rangle \), representing a pair of variables \( H_i \) and \( C_i \) enclosed in angle brackets.], where [image: A mathematical expression represents the vector \( H_i \) as a sequence of elements: \( h_{1,i}, \ldots, h_{j,i}, \ldots, h_{NW,i} \).] represents the work decision of worker [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.] and [image: Mathematical expression showing \( h_{j,i} \in \mathbb{N} \), indicating that the element \( h_{j,i} \) belongs to the set of natural numbers.] represents the working hours of worker [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] in firm [image: Please upload the image or provide the URL for me to create the alternate text.]. [image: Equation describing a vector \( C_i \) consisting of elements \( c_{1,i}, \ldots, c_{j,i}, \ldots, c_{NF,i} \), indicating a structured sequence or array of components indexed by \( i \).] represents the consumption decision, and [image: Mathematical notation showing \( c_{ji} \in \mathbb{N} \), indicating the element \( c_{ji} \) belongs to the set of natural numbers.] represents the quantity of goods consumed by workers in firm [image: Please upload the image or provide a URL for me to generate the alt text.].
	2) Firm’s strategy space. Since the firm engages in three distinct behaviors, namely, hiring workers, producing goods, and making investments, we use [image: I'm unable to view this image. Please upload the image as a file or provide a URL link so I can help generate the alternate text.] to represent a three-dimensional strategy space, where [image: The expression shows \( P_j \in \mathbb{N} \), indicating that \( P_j \) is an element of the set of natural numbers.] represents the unit price of goods sold by firm [image: Please upload the image you'd like me to generate alternate text for. If you need help with the upload process, let me know!] and [image: Mathematical expression showing "W sub j" is an element of the natural numbers set.] represents the hourly wage paid to workers by firm [image: Please upload the image so I can generate the alternate text for you.]. [image: Please upload the image or provide a URL. If you like, you can also add a caption for additional context.] represents the investment behavior of firm [image: Please upload the image you would like me to generate alternate text for.]. When [image: Please upload the image or provide a URL, and I will generate the alternate text for you.], the firm decides to invest in the next round, which may lead to more production of goods and higher future economic growth. On the contrary, when [image: Please upload the image to receive an accurate description and alternate text.], firm [image: Please upload the image or provide a URL so that I can generate the alternate text for you.] will not invest in the next round.
	3) Government’s strategy space. Based on the government’s capacity for macro tax policy formulation, the model defines its strategy space as a three-dimensional vector, denoted as [image: Mathematical expression showing \( G = \langle R_w, T_w, t_f \rangle \), which likely represents a geometric or transformation relationship involving rotation \( R_w \), translation \( T_w \), and time \( t_f \).]. [image: Equation denoting a set \( R_w \) with components \( r_w^1, r_w^2, \ldots, r_w^{TW} \).] represents the taxation range of individual income tax for workers. [image: I'm unable to view images, but it seems you've posted a mathematical expression. Here's a description:  The expression represents a sequence \( T_w \) consisting of elements \( t_w^1, t_w^2, \ldots, t_w^{TW} \).] represents the tax rate corresponding to [image: Please upload the image you would like me to generate the alternate text for.], where [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] represents the total number of taxation range divisions. Furthermore, all firms have the same tax rate [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.]. For example, when [image: It seems like there was a misunderstanding. Could you please upload the image or provide more context for it?], [image: It seems there was an issue with uploading the image. Please try again, ensuring the image file is attached.], and [image: Please upload the image you want me to generate alternate text for.], workers whose income is less than 5,000 do not need to pay tax. Workers with an income of more than 5,000 and less than 10,000 are required to pay 25% of their income as wage tax; workers with an income of more than 10,000 need to pay 50% of their income as wage tax. Meanwhile, all firms need to pay 30% of their profits as taxes.

Taking into account the real-world constraints on variables such as workers’ work hours, consumption amounts, and available quantities of goods that can be sold in the firm, we incorporate the following constraints into the model:

1) Time constraint. Since people’s available time is limited in reality, the sum of the worker’s allocated working time and consumption time needs to satisfy the maximum time constraint. Therefore, the actual working hours [image: Mathematical expression showing \( h_{j,i} \), with subscript \( j,i \) beneath the variable \( h \).] and consumption hours [image: It seems there is an error with the image input. Please upload the image file or provide the correct URL. If you need help with uploading, let me know!] of worker [image: Please upload the image or provide a URL so I can generate the alternate text for you.] are used to indicate potential discrepancies with the planned working hours [image: It seems there was an error in displaying the image or the URL is missing. Please upload the image or provide a link so I can generate the alt text for you.] and consumption hours [image: Sorry, I cannot generate alt text for the given input. Please upload the image, and I will be happy to help you with that.]. The constraint relationship between [image: Mathematical expression featuring a lowercase letter "h" with subscripts "j" and "i".] and [image: It seems there was an issue with displaying the image. Please try uploading the image again.] needs to satisfy Equation 1.
[image: The image shows a mathematical inequality: the sum of h_i_j over subset INF plus the sum of ch_j over subset INF is less than or equal to Time_threshold.]
where [image: A mathematical expression displaying the phrase "Time subscript thread" in italic font. The word "thread" is indicated as a subscript to "Time".] is the threshold for the total time workers spend working and consuming. For uniform dimensions and considering the real-world scenario where longer consumption time means the opportunity to purchase more goods, the relationship between the two is set as [image: Mathematical expression showing a transformed variable: \( ch'_{j,i} = c_{j,i} \).], where [image: Please provide the image or a URL to see the content and generate the appropriate alt text.] represents the quantity of goods purchased by worker [image: Please provide the image by uploading it or sharing a URL so I can generate the alternate text for it.] from firm [image: Please upload the image you want me to generate alternate text for.] and [image: Mathematical notation showing "ch" with subscript "j, i" and a prime symbol.] represents the time spent by worker [image: Please upload the image you'd like me to generate alt text for, or provide a URL.] on shopping. Based on the reality that work is usually a fixed behavior and consumption is optional, work decisions are prioritized over consumption decisions. We discuss the computation of actual consumption and working hours in the following three cases:
Case 1: If [image: Sum notation formula representing scheduling constraints: the sum of \(h_{j,i}\) over j in set NF plus the sum of \(ch_{j,i}\) over j in set NF is less than or equal to \(Time_{thread}\).], actual working hours [image: Mathematical notation showing a variable labeled as "h" with subscripts "j" and "i".] and [image: It seems you didn't provide an image. Please upload the image or provide a URL for me to generate the alternate text. Optionally, you can add a caption for additional context.] can be described as Equation 2.
[image: A mathematical expression consists of two equations within curly braces. The first equation is \( h_{ij} = h'_{ij} \) and the second is \( ch_{ij} = ch'_{ij} \). The equations are labeled with the number (2).]
Case 2: If [image: The mathematical expression shows two summations. The first is the sum of \( h_{j,i} \) over \( j \) in set \( NF \). The second is the sum of \( ch'_{j,i} \) over \( j \) in set \( NF \). The total is greater than or equal to \( \text{Time}_{\text{thread}} \).] and [image: Summation notation where the sum of \( h'_{j,i} \) over \( j \) in set \( NF \) is compared to \( Time_{thresh} \).], the actual consumption hours [image: Please upload the image or provide a URL so I can generate the alt text you need.] and working hours [image: Mathematical notation showing a lowercase "h" with subscripts "j" and "i" arranged vertically.] can be described as Equation 3.
[image: Two equations are shown. The first equation is \( h_{j,j} = h'_{j,j} \). The second equation is \( ch_{j,j} = \frac{ch'_{j,j} \cdot \left( \text{Time}_{\text{thread}} - \sum_{j \epsilon \text{NF}} h'_{j,j} \right)}{\sum_{j \epsilon \text{NF}} ch'_{j,j}} \). The equations are labeled as equation (3).]
Case 3: If [image: The mathematical expression shows the sum of \( h'_{j,i} \) for \( j \) in \( NF \), which is greater than or equal to \( \text{Time}_{\text{thread}} \).], actual working hours [image: Text "h sub j comma i" in italicized font, representing a mathematical notation.] are proportionally reduced based on the ratio in [image: Mathematical notation representing a variable \( h \) with subscripts \( j \) and \( i \).], as shown in Equation 4.
[image: Mathematical expression with a bracket. The first equation is: \( h'_{jj} = \frac{h'_{jj} \cdot \text{Time}_{\text{thread}}}{\sum_{j \epsilon \text{NF}} h'_{jj}} \). The second equation is: \( ch_{ij} = 0 \). Equation number is (4).]
The working hour used in this article refers to the actual working hour.

	2) Budget constraint. Budget often refers to the total amount of money a person has available for consumption. Therefore, the budget [image: Mathematical expression showing the symbol \( B^t_w \).] can be defined as Equation 5,

[image: The equation depicted is: \( B_{wi} = B_{wi}^{e-1} + I_{wi} - \sum_{j \in NF}(c_{ij} \cdot P_j) \), labeled as equation number (5).]
where income [image: Please upload the image or provide a URL for me to generate the alternate text.] is defined as Equation 6 and [image: Certainly! Please upload the image, and I will help generate the alternate text for it.] represents the work endowment of worker [image: Please upload the image or provide a URL so I can help generate the alt text for you.].
[image: Mathematical equation: \(L_{u_i} = \delta_i \cdot \sum_{j \in {NF^+}} (h_{ij} \cdot W_j)\). Equation number (6).]
[image: Text image displaying the mathematical notation: \( B^t_\psi \).] is a cumulative value that represents the total budget for workers in time step [image: Please upload the image you want me to generate the alternate text for. You can do this by clicking the "Upload" button or dragging the image into the chat.], and worker consumption needs to satisfy the constraint of not exceeding their own budgets, as shown in Equation 7:
[image: Summation over set INF of the product of c sub j and P sub j is less than or equal to B sub av, equation (7).]
where [image: Please provide an image or a URL so I can generate the alternate text for you.] is the unit price of goods sold by firm [image: Please upload the image or provide a URL so I can generate the alternate text for it.] and [image: Please provide an image or a URL to the image for which you need alternate text. If you have additional context or a caption, feel free to include that as well.] represents the actual quantity of goods purchased by worker [image: Please provide the image by uploading it or sharing a URL, and I can help generate the alternate text for it.] in firm [image: Please upload the image or provide a URL so I can help generate the alt text for it.]. Due to budget constraints, the quantity of goods [image: Mathematical expression of \( c'_{j,i} \), where \( c \) has a prime symbol and subscripts \( j \) and \( i \).] that workers attempt to purchase may not necessarily coincide with the quantity of goods [image: It seems there was an error, as no image was uploaded. Please upload the image and I'll help generate the alternate text.] they can actually buy, potentially resulting in a proportional reduction. The specific handling method is defined as Equation 8.
[image: Mathematical expression defining \( c_{ji} \) in two cases: if the sum over \( j \) in set \( NF \) of \( (c_{ji}' \cdot P_i) \) is less than or equal to \( B_{wi}' \), then \( c_{ji} = c_{ji}' \); otherwise, \( c_{ji} = \frac{B_{wi}'}{\sum_{k \in NWi} c_{ji}' \cdot \frac{1}{P_j}} \).]

	3) Consumption constraint. The total amount of goods that all workers in firm [image: Please upload the image or provide a URL, and I can generate the alt text for you.] can purchase should be less than the inventory [image: Please upload the image or provide a URL so I can help generate the appropriate alt text.], as shown in Equation 9.

[image: Sum of \( c_{ij} \) for \( i \) in set NW is less than or equal to \( \text{Inv}_j \), represented as equation (9).]
where [image: I cannot see or evaluate any images directly. If you can provide an image description or a link, I can help generate alt text based on that information.] represents the quantity of goods actually purchased by worker [image: It seems there was an issue with uploading the image. Please try uploading it again, and I'll be happy to help with the alternate text.] from firm [image: It seems there was an error in displaying the image. Please try uploading the image again or provide a URL. If you wish, you can also add a caption for context.]. If the total amount of goods [image: It seems like you've provided a mathematical expression rather than an image. If you have an image you'd like to describe, please upload it or provide a URL.] that all workers expect to buy from firm [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] exceeds the inventory quantity, it is necessary to proportionally reduce the expected purchase quantities to fit within the available inventory for sale. The actual quantity of goods [image: It seems like there's no image uploaded. Please upload an image file or provide a URL to the image for which you want the alternate text.] purchased by worker [image: Please upload the image or provide the URL, and I can help generate the alt text for you.] from firm [image: Please upload the image or provide a URL so I can generate the alt text for you.] is expressed as Equation 10.
[image: Equation for calculating \( c_{ij} \) with a piecewise function: \( c_{ij} = c'_{ij} \) if the sum of \( c'_{ij} \) for \( i \) in NW is less than or equal to \( Inv_j \); otherwise, it is \(\frac{c'_{ij} \cdot Inv_j}{\sum_{i \in NW} c'_{ij}} \). Labeled as equation (10).]
2.2 Utility function
The agent’s behavior is influenced by an incentive function focusing on optimizing the overall utility. This requires the agent to seek rewards to improve performance and achieve its goals constantly [56].

	1) Worker’s utility. Based on the worker’s work and consumption decisions, the utility function of worker [image: Please upload the image or provide a URL, and I'll help you generate the alt text.] consists of consumption utility, work expense, and commuting expense, as shown in Equation 11:

[image: Mathematical equation showing \( u(x_t) = \frac{\left(\sum_{j \in NF} c_{ij} + 1\right)^{1 - \eta} - 1}{1 - \eta} - \theta_1 \sum_{j \in NF} h_{ij} - \sum_{j \in NF} (d_{ij} \cdot h_{ij}) \).]

	a) Consumption happiness. The constant relative risk aversion (CRRA) function plays an important role in the calculation of consumption utility and is a common tool used to describe the happiness derived from workers’ consumption patterns [57, 58]. Here, we use the CRRA utility function [image: The image shows a mathematical expression with a fraction. The numerator is the sum of \((c_{ji} + 1)^{1 - \eta} - 1\), summed over \(j\) in the set \(NF\). The denominator is \(1 - \eta\).] to depict the impact of consumption on the happiness of workers, where the coefficient [image: Greek lowercase letter eta, represented as a slanted symbol similar to a lowercase "n."] ([image: Mathematical expression showing the Greek letter eta followed by a greater than sign and the number zero.] and [image: Please upload the image so that I can generate the alternate text for you.]) represents the impact of consumption on the worker’s happiness. The larger the value of [image: Lowercase Greek letter eta, 𝜂, in a stylized italic serif font, often used in mathematics and physics.], the greater the growth rate of worker happiness as the purchase quantity increases. As the value of [image: The image shows a lower-case Greek letter eta (η) in a stylized font.] increases, the magnitude of the increase (resp., decrease) in worker happiness intensifies with the corresponding increase (resp., decrease) in the quantity of purchased goods.
	b) Work expense. Work expenses represent the negative impact of working hours on workers’ happiness, expressed as [image: Mathematical expression featuring theta sub i multiplied by the summation of h sub j i, where j is an element of set NF.], where [image: It seems like you've mentioned a mathematical expression rather than providing an image. If you have an image you would like me to generate alt text for, please upload it or provide a URL.] represents varying degrees of reluctance to work. The larger the [image: It seems like there might have been an attempt to include an image, but only text is visible. Please try uploading the image again or describe it if possible.], the greater the negative impact of working hours on the workers’ sense of happiness. Furthermore, due to the heterogeneity of work endowments, workers make different decisions and choices regarding work and consumption, which leads to differences in their perception of work expense.
	c) Commuting expense. The introducing of spatial information requires workers to consider commuting expenses when calculating utility values. The commuting distance from residence to work is a critical factor in employment decision-making, that is, the longer the commuting distance, the lower the worker’s happiness at work. Therefore, the commuting expense can be described as [image: Summation notation representing the expression: sum over j in set NF of the product of d sub j, i and h sub j, i.], where [image: It looks like there was an issue with processing the image. Please upload the image file, and I will generate the alternate text for you.] represents the commuting distance of worker [image: Please upload the image you would like me to generate alternate text for.] to firm [image: Please upload the image or provide a URL for me to generate the alternate text.].


2) Firm’s utility. Based on the firm’s strategy space, the utility function of firm [image: It seems there was an issue with the image upload. Could you please try uploading the image again? Additionally, if you provide a caption, it can help me understand the context better.] contains sales profit, salary expense, investment expense, and tax expense, denoted as Equation 12.
[image: Mathematical equation detailing profit (y_i) as the sum of the product of c_i,j and P_j, minus the sum of the product of h_i,j and W_j, subtracting cap_p_j and CTax_j, labeled equation (12).]

	a) Sales profit. Because selling goods brings profit to firms, the quantity of goods sold is positively related to the revenue generated. [image: Summation notation: the sum over \(i\) in set NW of \(c_{j,i}^\prime\) multiplied by \(P_j\).] represents the sales profit, where [image: Summation of C prime subscript j, i, where i belongs to set NW.] and [image: It seems there was an issue with uploading the image or specifying the URL. Please try uploading the image again or provide a URL. Optionally, you can add a caption for additional context.] represent the quantity and unit price of goods sold by firm [image: Please upload the image you need alt text for, and I'll be happy to help!], respectively.
	b) Salary expense. Since producing goods requires human resources, firms need to pay the cost of hiring labor. We use [image: Summation expression with index \(i\) in set \(NW\), summing the product of \(h_{j,i}\) and \(W_j\).] to represent the labor compensation, where [image: Summation notation representing the sum of \( h_{j,i} \) where \( i \) is an element of the set \( NW \).] indicates the total hours worked by all workers and [image: Please upload the image or provide a URL so I can generate the alternate text for you.] represents the hourly wage in firm [image: Please upload the image for which you need the alt text, or provide a URL and any additional context if necessary!].
	c) Investment expense. There is a positive relationship between investment and utility, that is, increased investment helps increase the output of commodity production and can promote the future economic growth. The precise expression for the utility function is shown in Equation 13.

[image: Equation showing cap equals B subscript j multiplied by rate subscript cap and multiplied by Ca subscript p.]
where [image: Please upload the image or provide a URL so I can generate the alternate text for it.] represents the budget of firm [image: Please upload the image you'd like me to generate alternate text for. If you need assistance, feel free to ask!]. [image: It seems like there was a mix-up in your input. Please upload the image or provide a link so I can assist you in generating the alt text.] represents the firm’s investment decisions. If [image: Please upload the image or provide a URL to the image you want me to describe.], firm [image: Please upload the image for which you need alternate text, and I will generate it for you.] will invest in the next iteration; if [image: It seems like there is an attempt to upload an image, but it did not come through properly. Please try uploading the image again or provide a URL if it's hosted online. You can also include a caption for additional context if you'd like.], then firm [image: Please upload the image or provide a URL so I can generate the alt text for you.] will not invest. Using its capital [image: Please upload the image or provide a URL so I can generate appropriate alt text for you.] and labor force [image: Summation expression showing the sum over index \( j \) belonging to set \( NF \) of \( h_{j,i} \).], the total number of goods [image: It seems there is an error with the input or a part of the text is missing. Could you please upload the image or provide a link to it? You can also add a caption for additional context.] that firm [image: Please upload the image or provide a URL so I can generate the alternate text for you.] can produce can be modeled as Equation 14.
[image: Equation showing \( P_j = \text{cap} \cdot p_j^{1-\alpha} \cdot \sum_{j \in ENF} h_{ji}^a \), labeled as equation 14.]
where [image: It looks like the image was not provided. Please upload the image or provide a URL for it, and I will generate the alternate text for you.] represents the importance of capital relative to labor.
	d) Tax expense. According to the government’s tax policy [image: It seems like there is no image uploaded. Please upload the image so I can generate the alternate text for it.], the amount of tax paid by a firm is based on its sales revenue, as shown in Equation 15.

[image: Equation showing CTax subscript j equals the sum of c subscript kj times P subscript j over k in NW, all multiplied by T subscript j. This is equation fifteen.]

	3) Government’s utility. To assess the health of a country’s economy [59], governments often use GDP, which measures the market value of all final goods and services produced during a specific time period [60], and the Gini coefficient, which measures the income disparity among residents [58, 61]. Therefore, the GDP, Gini coefficient, or their combination can be used to characterize the government’s utility.

2.3 Updating mechanism
It is known that people tend to interact more frequently with others who possess similar knowledge [62]. Therefore, in the case of limited rationality and incomplete information acquisition, learning from neighbors is a feasible way to update the strategy to maximize the utility value. To increase randomness for exploring diverse solutions or seeking the global optimum, the updating mechanism is divided into two processes: exploration and learning.

	1) The strategy update of the worker. To update the working and consumption strategies aiming for higher utility values, worker [image: Sure, please upload the image you'd like me to describe.] randomly selects a neighbor [image: Please upload the image so I can generate the appropriate alternate text for it.] within a spatial range as the target for strategy learning. The pseudo-code of the worker’s updating mechanism is shown in Algorithm 1. If [image: Mathematical expression showing \( u(w_i) \geq u(w_i') \), indicating that the utility of \( w_i \) is greater than or equal to the utility of \( w_i' \).], [image: Please upload the image you want me to generate alternate text for.] keeps its own strategy unchanged (lines 1–2). Otherwise, worker [image: Sure, please upload the image you'd like me to describe.] enters the exploration stage with probability [image: Please upload the image you'd like me to generate alternate text for.] and randomly updates its strategy (lines 4–5) or enters the learning stage with probability [image: It seems there was an issue with the image upload. Please try uploading the image again, and I will be happy to generate the alternate text for you.] and updates its strategy according to Equation 16 by imitating the strategy of neighbor [image: Please upload the image or provide its URL for me to generate the alternate text.] (lines 6–7).

[image: Mathematical equations representing \( H_l \) and \( C_l \). Both equations involve summations over \( j \in JNF \), with terms in brackets: for \( H_l \), it is \([h_{lj} + (h_{ljr} - h_{lj}) \cdot I_{rw}]\); for \( C_l \), it is \([c_{lj} + (c_{ljr} - c_{lj}) \cdot I_{rw}]\). Labeled as equation (16).]
where [image: Mathematical expression depicting a vector \( H_i \) composed of elements \( [h_{1,i}, \ldots, h_{j,i}, \ldots, h_{NW,i}] \).] represents the work decision of worker [image: Please upload the image or provide a URL so I can assist you with generating the alternate text.] and [image: Mathematical notation showing "h sub j, i belongs to the set of natural numbers N".] represents the working hours of worker [image: Please upload the image file so I can help generate the alternate text for it.] in firm [image: Please upload the image for which you need the alternate text.]. [image: Mathematical notation showing a vector \( C_i \) containing elements \( c_{1,j} \) through \( c_{NF,j} \), with emphasis on \( c_{j,i} \).] represents the consumption decision, and [image: Mathematical expression showing \( c_{j,i} \in \mathbb{N} \), indicating that \( c_{j,i} \) is an element of the set of natural numbers.] represents the quantity of goods consumed by the worker in firm [image: It seems there was an error with the image upload. Please try uploading the image again, and I will help you generate the alternate text for it.]. [image: Please upload the image you'd like me to generate alternate text for.] represents the worker’s learning rate.
The probability [image: Please upload the image you'd like me to generate alternate text for.] is defined as [image: Mathematical expression showing \( P_w - \frac{t}{ExploreTime} \).], aiming to explore with a greater probability in the early stage and to update the strategy with the goal of maximizing the utility value in the later stages. [image: Please upload the image or provide a URL so that I can generate the appropriate alt text for you.] represents the initial exploration probability, [image: Please upload the image or provide a link to it so I can generate the alternate text.] represents the current round, and [image: The text "ExploreTime" is written in a stylized, italicized font.] stands for the number of explorations.
Algorithm 1. The strategy update of the worker.
	Require: Time step [image: Please upload the image so I can generate the alternate text for it.], worker [image: Please upload the image you'd like me to generate alternative text for.], neighbor [image: Please upload the image or provide a URL so I can generate the alternate text for you.], utility function [image: Please upload the image you would like described, and I'll be happy to help with alternate text.], imitate probability [image: It seems there is no image provided. Please upload the image or provide a URL, and I can help generate alt text for it.], learning rate [image: It seems like there was an issue with uploading the image. Please try uploading the image again, and I will be happy to help with the alternate text.], exploration time [image: To provide alternate text, please upload the image or provide a URL link.], and random number [image: It seems there was an error in your request. Please upload the image or provide a URL, and I can help generate the alternate text for it.];
	Ensure: Working hours [image: Stylized representation of the symbol H with a subscript i, commonly used in mathematical or scientific contexts to denote a specific variable or component.] and consumption quantities [image: Please upload the image or provide a URL, and I can generate the alternate text for you.]
	1: if [image: Mathematical expression illustrating that the utility function \( u(w_1) \) is greater than \( u(w_1') \).] then
	2:  the worker [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.] keeps its own strategy unchanged;
	3: else
	4:  if [image: The image shows a mathematical inequality: \( p \leq P_w - \frac{t}{ExploreTime} \).] then//in the exploration phase
	5:   the worker i randomly chooses working hours [image: Mathematical notation showing the letter "H" with a subscript "t".] and consumption quantities [image: It seems there is an issue with the image upload. Please try again or provide a URL if possible. You can also add a caption for additional context.];
	6:  else//in the learning phase
	7:   the worker [image: It seems that the image did not upload correctly. Please try uploading the image again or provide a URL. If there is a caption or specific context, you can include that as well.] imitates the strategy of the selected neighbor [image: Please upload the image you would like me to generate alternate text for.] using Equation 16;
	8:  end if
	9: end if
	10: return strategy [image: It seems like you've provided a snippet of an equation rather than an image. If you have a specific image you need alt text for, please upload the image or provide a URL.];


2) The strategy update of the firm. The firm’s renewal process is similar to that of the worker’s. In order to update the unit price of goods, workers’ hourly wage, and investment decisions, firm [image: Please upload the image or provide a URL so I can generate the alternate text for you.] randomly selects a neighbor [image: Please upload the image or provide a URL so I can generate the alternate text for you.] as the target for strategy learning. The pseudo-code of the learning stage is shown in Algorithm 2. If [image: Mathematical expression indicating utility comparison: \( u(f_j) \geq u(f_{j'}) \).], firm [image: Please upload the image, and I will help generate the alternate text for you.] keeps its own strategy unchanged (lines 1–2). Otherwise, firm [image: Please upload the image or provide a URL, and I will create the alt text for you.] has a probability of [image: Please upload the image you would like me to generate alternate text for. You can do this by using the image upload feature.] to enter the exploration stage (lines 4–5) and a probability of [image: Please upload the image you would like me to describe.] to enter the learning stage (lines 6–7). To increase the exploration probability in the early stages and guide later updates toward utilizing optimized strategies, [image: The formula describes a variable \( q \) as \( P_f \) minus the fraction of \( t \) over \( \text{ExploreTime} \).] is set. In the exploration process, firm [image: Please upload the image you would like me to describe.] randomly updates its strategies for the unit price of goods, workers’ hourly wage, and investment decisions (line 5). In the learning process, firm [image: Please upload the image you want me to generate alt text for. If you provide a caption or additional context, that would be helpful as well.] imitates the strategy of neighbor [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] with the learning rate [image: Please upload the image or provide a URL so I can generate the alternate text for you.] through Equation 17 (line 7).
[image: Equations showing three mathematical expressions. First, \( P_j = P_i + (P_j - P_i) \cdot I_{rf} \). Second, \( W_j = W_i + (W_j - W_i) \cdot I_{rf} \). Third, \( Cap_j = Cap_{rf} \). These represent iterative calculations and are labeled as equation (17).]
Algorithm 2. The strategy update of the firm.
Require: Time step [image: Please upload the image so I can generate the appropriate alt text for it.], firm [image: Please upload the image or provide a URL to generate the alternate text.], firm [image: It seems there's an issue with the image upload. Please try uploading the image again, or provide a URL to the image if available. If you have a caption or any context for the image, feel free to include that as well.], utility function [image: Please upload the image or provide a URL so I can generate the alternate text for you.], imitate probability [image: Please upload the image or provide a URL so I can help generate the alt text for it.], learning rate [image: Please upload the image or provide a URL so I can generate the alt text for you.], and random number [image: I'm sorry, I can't generate alt text without viewing an image. Please upload the image or provide a URL for assistance.];
Ensure:Unit price [image: It seems like there is no image attached. Please upload the image you would like to generate alternate text for, and I'll be happy to help!], hourly wage [image: Lowercase letter "w" followed by a subscript "j", typically used to denote a variable in mathematical notation.], and investment decision [image: Text displaying "Cap_j" in a stylized font, possibly used for a logo or branding.]
1: if [image: It appears you've provided a mathematical expression. If you have an image, please upload it or describe it for further assistance.], then
2:  the firm [image: Please upload the image or provide a URL so I can help generate alt text for it.] keeps its own strategy unchanged;
3: else
4:  if [image: Inequality showing \( q \leq P_f - \frac{t}{ExploreTime} \).] then//in the exploration phase
5:   the firm j randomly chooses unit price [image: It seems like you've included a text or symbol snippet instead of an image. Please upload the image or provide the URL for the image you need described.], hourly wage [image: Please upload the image or provide a URL so I can generate the alternate text for it.], and investment decision [image: Text "Capjf" in a smooth, italic serif font with a slight shadow effect.];
6:  else//in the learning phase
	7:   the firm [image: Please upload the image or provide a URL, and I will generate the alternate text for you.] imitates the strategy of the selected neighbor [image: A handwritten lowercase letter "j" with a prime mark (') in italics, slanting forward slightly. The stroke is smooth, with the dot placed directly above the letter.] using Equation 17;
	8:  end if
	9: end if
	10: return strategy [image: Mathematical expression showing \( y_j = \langle P_j, W_j, \text{Cap}_j \rangle \).];


3) The strategy update of the government. Since we focus on the economic evolution and phenomenon emergence under fixed tax rates and taxation ranges, the government’s tax policy will not change subsequently, that is, the government decision is not considered in this paper.
3 EXPERIMENTS
In this section, we conduct simulation experiments using real data based on the HMAE model to study the emergent economic phenomena that occur during agent interaction. These experiments prove that when workers are heterogeneous at the micro-level (e.g., laziness, individual endowments, and commuting distance), workers’ work and consumption decisions will continuously update and iterate, explaining the evolution of macroeconomic phenomena in real life. All simulation experiments were executed on a Linux server equipped with an Intel(R) Xeon(R) Gold 6248R running at 3.00 GHz and 754 GB of memory. Each measurement represents the average of 10 instances.
3.1 Experimental settings
We construct a small economic society consisting of 15,000 workers and 10 firms to study the micro-level reasons behind emergent economic phenomena. We take China’s tax policy as an example to conduct a simulation experiment and set the government’s tax rate for all firms to [image: It looks like there is no image provided. Please upload the image or provide a URL, and I can generate the alternate text for you.]. The government’s tax range for workers is [image: A mathematical expression is displayed showing a sequence of numbers associated with \( R_{wp} \). The sequence includes the values: five thousand, eight thousand, seventeen thousand, thirty thousand, forty thousand, sixty thousand, and eighty-five thousand.], and the corresponding tax rate is [image: Please upload the image you would like me to generate alt text for.]. The learning probability of both workers and firms is 0.1, and the learning rate is 0.05. All parameters are shown in Table 1.
TABLE 1 | Experiment parameter settings.
[image: Table displaying parameters, values, and descriptions for an experiment. Parameters include NW with a value of 15,000 (total workers), NF with 10 (total firms), Irw and Irf both 0.05 (learning rates), Pw and Pf both 0.1 (learning probabilities), Bf 2,200,000 (firm endowment), Cap 5,000 (firm capital), and α 0.8 (production function values).]To deeply explore the reasons behind the impact of worker heterogeneity on economic phenomena and better fit the income distribution of residents, we divide workers into three categories based on laziness factors: hard, normal, and lazy. These three categories of workers account for 20%, 60%, and 20% of the total number of workers, respectively. At the same time, considering the heterogeneity of work efficiency in real-world scenarios, workers can also be divided into four types based on their work endowments [63, 64], accounting for 40%, 40%, 15%, and 5% of the total number of workers, respectively. This paper combines the existing population income distribution research [65–67] and provides the final parameter values after data fitting and parameter adjustment (see Table 2 for details). Finally, 12 categories of workers are formed considering laziness factors and work endowment.
TABLE 2 | Worker heterogeneity setting.
[image: Table showing heterogeneity in two categories: Laziness factor and Work endowment. Laziness factor has three parameters: theta equals 0.10 (Hard type), 0.40 (Normal type), 0.80 (Lazy type). Work endowment has four parameters: delta equals 0.26 (Low-work efficiency type), 1.00 (Moderate-work efficiency type), 1.97 (Higher-work efficiency type), 10.7 (Highest-work efficiency type).]To further explore the impact of commuting distance on workers’ strategic choices, we obtained the points of interest (POI) data on Hangzhou City, Zhejiang Province, from AMAP (http://www.amap.com/). We filtered workers’ residence and firm locations and then constructed the spatial location relationship between them, as shown in Figure 2A. To simplify data analysis and facilitate the discovery of underlying emergent phenomena, we used the K-means method [68, 69] and selected cluster centroids as representative locations of workers and firms, as shown in Figure 2B.
[image: Two maps of Hangzhou. Map a shows original data with many blue dots representing residences and red dots for firms. Map b shows clustered data with fewer, more dispersed blue and red dots. Both maps include a legend, scale, and geographic coordinates.]FIGURE 2 | Residential and firm location distributions. (A) Original location distributions for residence areas and firms, where red represents firms and blue represents residence areas. (B) Clustered location distributions for firms and residence areas in the experiment.
3.2 Experimental results
In this section, we analyze the reasons behind emerging economic phenomena by analyzing the evolution of behavioral attributes of workers and firms. Specifically, the behavioral evolution of workers is analyzed from the aspects of working hour, income, consumption, and commuting distance, and the behavioral evolution of firms is analyzed from the unit price of products sold and hourly wage. Since there is a certain degree of uncertainty in the initial strategy learning of the agent, we conducted 10 experiments on different parameters and took the average to minimize the impact of early experimental disturbances on the experimental results. The number of simulation experiment steps is set to 1,000 to ensure that the experimental results demonstrate convergence.
3.2.1 Experiment on the dynamic evolution of worker behavior
Work and consumption are workers’ two main decision-making behaviors and play a crucial role in the evolution of workers’ behavior. We analyze the dynamic behavioral evolution of workers from several aspects, such as their working hours, wage income, consumption amount, and commuting distance to work choices.
We analyze the evolution trend of working hours for 12 types of heterogeneous workers, as shown in Figure 3. Figure 3A shows that when the workers’ endowments are the same, the working hours of hard-type workers exceed the working hours of normal and lazy-type workers. For instance, when the workers are all low-efficiency types [image: It seems there was an error, and I cannot generate alt text without the actual image. Please upload the image or provide a URL, and I will help create the alternate text for you.], the working time curve of hard-type workers [image: Please upload an image or provide a URL so I can generate the alternate text for you.] is higher than that of other workers. This phenomenon can be explained by Equation 11: the more significant the laziness factor, the greater the negative impact of working time on worker happiness and the lower the workers’ utility value. Therefore, people who work harder will devote more working hours to work, which can further weaken the negative relationship between working time and workers’ utility value and, at the same time, promote the improvement in workers’ willingness to work. The result is consistent with real-life common knowledge that lazy workers tend to devote fewer hours to their jobs [70, 71]. Additionally, when the laziness factor is consistent, workers with a work endowment of [image: Please upload the image or provide a URL for the image you would like me to generate alternate text for.] exhibit longer working hours than workers with other endowments.
[image: Two line graphs depict worker efficiency. Graph (a) shows twelve worker types differentiated by color with varying performance over 2000 timestamps. Graph (b) compares three worker groups: Lazy, Normal, and Need, marked in red, blue, and green, respectively, showing a similar downward trend over the same period. Both graphs plot working hours on the y-axis against timestamps on the x-axis.]FIGURE 3 | Evolution of average working hours. (A) Evolution of average working hours for 12 types of workers. The vector set in the legend represents [image: Please upload the image, and I'll help generate the appropriate alt text for it.]. For example, [image: Please upload the image or provide a URL for me to generate the alternate text.] represents the laziness factor [image: Sure, please upload the image or provide a URL to it for alt text creation.] and the endowment of work [image: I'm unable to view images directly. Please upload the image, and I'll help generate alternate text for it.]. (B) Evolution of the average working hours for the same group of laziness factors.
In order to further verify the impact of laziness factors on workers’ working hours, we calculate the average working time of workers under each laziness factor, as shown in Figure 3B. The experimental results show that the average working hours of hard-type workers are higher than those of normal-type workers, and the average working hours of lazy-type workers are the lowest, further confirming the conclusion that the laziness mentioned above affects workers’ working hours. Since workers’ decisions have a certain degree of randomness in the exploration stage, the evolution curve of working time oscillates in the early stage. In addition, because working hours are negatively related to workers’ utility value, workers’ overall working hours show a downward trend over time. Therefore, driven by the goal of utility maximization, the time workers invest gradually decreases over time.
3.2.1.1 Dynamic evolution of income
Workers’ income is closely related to their working hours and work endowments, playing a crucial role in studying the effects on workers’ budgets and consumption. Because workers’ income is positively correlated with working hours and workers’ working hours are generally on a downward trend (Figure 3), workers’ income is also on a downward trend overall, as shown in Figure 4.
[image: Two graphs compare worker performance. The first graph shows the performance of twelve types of workers over time, with lines clustered in groups based on initial values and slopes. The second graph illustrates the performance of workers with the same laziness factor, showing converging lines over the same period. Both graphs display timesteps on the x-axis and performance metrics on the y-axis.]FIGURE 4 | Evolution of the mean income. (A) Evolution of income for 12 types of workers. (B) Evolution diagram of the mean income of the same laziness factor group.
Figure 4A shows that the workers’ income curve presents four obvious distribution categories, and the correspondence between these four categories and their endowments is consistent. Moreover, each category has a similar pattern, with hard workers earning the highest wages, and lazy workers earning the lowest. These emergent phenomena, which are ultimately manifested through individuals, show a clear positive correlation between work endowment and workers’ income. When the laziness factor is the same, the income of workers with endowment [image: Please provide the image or a URL for me to generate the alternate text. You can also add a caption if you like.] is higher than that of workers with other endowments. Workers with higher work endowments have longer effective working hours and higher incomes.
To further verify the impact of laziness factors on workers’ income, we calculate the average income of workers with the same laziness factors, as shown in Figure 4B. It can be seen that the income of different types of workers from high to low is hard, normal, and lazy, which further confirms the conclusion that a lower laziness factor may bring a higher income. It also reflects that lazy workers are less engaged, invest less time, and earn less [71]. Additionally, the evolution of income shows early oscillations and an overall downward trend, which is also related to a certain randomness in workers’ decision-making during the exploration stage.
3.2.1.2 Dynamic evolution of consumption
Consumption is a vital decision-making behavior for workers, significantly affecting their happiness and work utility values. As workers’ incomes are on a downward trend, their budgets for purchasing goods also decrease, resulting in a downward trend in consumption, as shown in Figure 5. Figure 5A shows the evolution of the consumption amount of 12 categories of workers. It can be seen that when the endowments of workers are the same, the consumption amount of normal-type workers exceeds that of hard and lazy-type workers. For instance, when workers are all low-efficiency types ([image: Please upload the image or provide a URL so I can generate the alternate text for you.] = 10.7), the consumption amount curve of normal-type workers ([image: I’m sorry, I cannot generate alt text without an actual image. Please upload the image or provide a URL.] = 0.40) is higher than that of other workers. This phenomenon can be explained using Equation 1 combined with Figure 3B. Since working hours and consumption hours are negatively correlated under time constraints, when the budget is sufficient, hard-type workers spend slightly less time on consumption than normal-type workers.
[image: Two line graphs analyze worker behavior over time. Graph (a) shows twelve types of workers with varying consumption slopes decreasing from 0 to 1000 timestamps. Graph (b) compares three worker laziness factors—Lazy, Normal, and Hard—with more uniform consumption patterns. Both graphs display consumption on the vertical axis and timestamp on the horizontal axis.]FIGURE 5 | Evolution of mean consumption. (A) Evolution of consumption for 12 types of workers. (B) Evolution diagram of the mean consumption of the same laziness factor group.
Figure 5B further explores the impact of the laziness factor on consumption, revealing that normal-type workers have the highest consumption amount, followed by hard-type workers, while lazy-type workers have the lowest consumption amount. Taking the above conclusions into consideration, we can see that normal-type workers work moderate hours and have sufficient budget and consumption time, making them the highest consuming group.
3.2.1.3 The impact of commuting distance on working behaviors
In addition to heterogeneity in endowment and laziness factors, workers living in different regions also have different commuting distances to reach firms, leading to differing commuting expenses that affect utility values and workers’ choices of firms in different locations. As shown in Figure 6, we randomly select a residential area to analyze the relationship between the commuting distance and workers’ willingness to choose firms. Similar phenomena can be observed in other residential areas. Figure 6A shows the distribution of working hours in various firms for all workers in the selected residential area. As commuting distances increase, workers’ working hours gradually decrease. Combining Equation 11 can explain this phenomenon: the longer the commuting distance, the higher the commuting cost, which will negatively impact the utility value. Therefore, workers tend to choose firms closer to their residences.
[image: Scatter plot image with two panels. Panel a shows the distribution of working hours against distance with varied colored dots across different ranges. Panel b displays the distribution of mean working hours against distance with blue dots arranged in a downward trend, suggesting an inverse relationship between distance and mean working hours.]FIGURE 6 | Distribution of working hours among workers in 10 firms. The x-axis represents the commuting distance to 10 different companies for all workers living in residential areas, measured in kilometers. The y-axis represents working hours, measured in hours. Points of the same color represent the time distribution of the same worker in different firms. (A) Statistical distribution of working hours for all workers from the residential area across different firms. (B) Average working hour distribution of all workers across each firm.
In order to more clearly explore the impact of commuting distance on workers’ willingness to work, we display the average working hours of workers in each firm, as shown in Figure 6B. As the commuting distance from residential areas to firms increases, the working hours that workers are willing to spend show a decreasing trend.
3.2.2 Experiment on the dynamic evolution of firm behavior
Setting the unit price of goods and the hourly wage paid to workers are two critical firm decisions. In this section, we analyze these two decisions to understand the dynamic behavioral evolution of the firm.
3.2.2.1 Dynamic evolution of the unit price
We analyze the evolution of the unit price of each firm’s products over time, as shown in Figure 7. The products of all firms are homogeneous, and the unit prices of these products will eventually converge to a unified equilibrium value after a period of fluctuation. Equation 12 shows that there is a positive correlation between the utility value of firms and sales profits. Therefore, firms will strive to increase the unit price of goods to maximize profits. If the unit price of goods is set excessively high, workers’ expenditure may not be enough to support their desired consumption, affecting the sales quantity of the goods. On the contrary, if the product’s unit price is set uncompetitively low, it will reduce the total sales price of the product, thereby affecting the utility value of the firm. Over time, the market moves toward uniform unit prices for goods to strike a balance between maximizing corporate goals and meeting the daily needs of workers. Therefore, under the premise of product homogeneity, after the dynamic adjustment of product prices in the early stage of the market, the unit prices of the firm’s products will eventually become consistent [72, 73].
[image: Line graph showing unit price over time steps from zero to one thousand. Multiple colored lines, labeled from item two to item eight, display fluctuating trends. A bold black line represents the mean price, which stabilizes as time progresses. The y-axis ranges from one hundred to thirty thousand.]FIGURE 7 | Unit price of goods. Each line in the figure represents the unit price of a firm’s goods.
3.2.2.2 Dynamic evolution of hourly wage
Figure 8 shows the evolution trend of firms hourly wages. Hourly wages in all firms converge to a consistent equilibrium value after an initial period of fluctuation. It is worth noting that this evolution eventually converges to a relatively low value. According to Equation 12, a firm’s utility value is negatively related to wage expenditures. Therefore, firms will continue to increase profits by lowering hourly wages, reducing wages paid to workers, and maximizing their utility value. In addition, workers rely on the wages they earn from working in firms to meet their daily needs and need sufficient consumption to enhance their happiness. Over time, the firm’s hourly wage eventually develops to the equilibrium point where it balances its profit purposes with the workers’ basic income needs. However, since working hours of workers show a downward trend with iteration (Figure 3B), they partially affect workers’ willingness to work. Affected by this, the average hourly wages of workers have also shown a corresponding downward trend.
[image: Line chart showing the hourly average against timestamp for multiple series (item1 to item9 and mean image). Each series is color-coded and the chart shows a gradual decline in values over time, stabilizing towards the end. A legend identifies each series.]FIGURE 8 | Hourly wage. Each line in the figure represents the hourly wage of a firm.
4 CONCLUSION
In this paper, we proposed a high-fidelity multi-agent economic model that focuses on the heterogeneity of individuals at the micro-level to explore the reasons behind the emergence of economic phenomena. Additionally, we investigated the impact of spatial distance on workers’ willingness to work. We studied the evolutionary processes of behavioral decision-making for both workers and firms through experiments. From the workers’ perspective, their work and consumption decisions show an apparent evolutionary trend under the influence of heterogeneous laziness factors and work endowment. Workers with higher work efficiency tend to have more time and income for consumption. Moreover, workers with lower laziness factors lean toward investing more time in work. From the firm’s perspective, the evolution of both unit prices for goods and hourly wages eventually develops to the equilibrium point that balances the firms’ profits and the livelihood needs of the workers. These emerging experimental results are consistent with observations of economic phenomena in the real world, and the HMAE method provides us with a new tool to study social phenomena from a microscopic perspective. In the future, we will consider proposing complex models by characterizing intelligent agents with more diversity and heterogeneity to predict potential economic phenomena and infer social development patterns. For example, we can further refine our understanding of the workforce by characterizing workers’ age, employability, and preferences. This allows us to delve into the intricacies of economic evolution from various dimensions, including familial context. Additionally, expanding the scope to encompass diverse firm types will enrich our research on the dynamics of competition and cooperation within the business landscape. By integrating agents representing external markets into our model, we can study the impact of export price changes on domestic market stability.
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The opinions of individuals within a group about an ongoing epidemic play a crucial role in the dynamics of epidemic spread. People’s acceptance of others' opinions also changes with the changing epidemic situation and the dynamics of communication between individuals, how individuals' opinions and acceptance of others' views on epidemics affect the spread of epidemics has become an unresolved issue. In this study, we construct a two-layer coupled network that integrates the Hegselmann-Krause (HK) continuous opinion model with an epidemic model. This framework takes into account the evolutionary game of opinion acceptance among individuals within the group. We investigate the dynamic interaction between opinion exchange among individuals and the spread of the epidemic and derive the epidemic spread threshold of the model using the Quasi-Mean-Field (QMF) approach. The results indicate that under different infection rates, individuals in the group spontaneously form varying levels of opinion about the epidemic, which in turn evolve into different final infection states for the group. The higher the infection rate, the faster a positive and unified opinion forms. Promoting communication among individuals within the group can, to some extent, inhibit the spread of the epidemic. However, due to the diversity and complexity of information in the real world, the phenomenon of “delayed epidemic prevention” often occurs.
Keywords: complex network, epidemic, game theory, HK model, QMF

1 INTRODUCTION
Infectious diseases not only pose a serious threat to individual health but also have significant impacts on public health security at the community level and globally [1, 2]. Consequently, many scholars have conducted research and analysis on the spread of infectious diseases. During the 2003 outbreak of SARS, people adopted simple self-protection measures after obtaining information about SARS, such as reducing travel, avoiding crowded places, frequent handwashing, staying at home, and wearing masks. Along with mandatory measures from the government or health departments, these actions effectively controlled the spread of the disease [3–6]. Devi et al. [7] developed a SEI Q 1 Q 2 R model with fuzzy parameters for COVID-19 and computed the basic reproduction number using the next-generation matrix method and used it for further study of model prediction. Moran Duan et al. [8] focused on age heterogeneity in epidemiologic models and considered the effect of pharmacologic interventions on disease transmission. Yang et al. [9] proposed a heterogeneous disease-behavior-information spreading model to study how infection risk is affected by information diffusion, behavioral changes, and disease spread. Sarafa et al. [10] introduced time-varying exposure rates in epidemic modeling, taking into account that exposure rates and social contact patterns vary by age and time.
The role of information dissemination can contribute to knowledge dissemination, social communication, decision support, etc., as well as assisting governments in the performance of their functions [11–13]. People usually acquire relevant information about social events, share interests, discuss trending topics, and express their opinions [14]. An opinion is a view, attitude, or evaluation of a thing, event, or issue by an individual or group of individuals, which is subjective and not necessarily based on factual or scientific evidence, and which can be construed as a discrete choice [15]. At the same time, individuals in society are often influenced by the opinions and information of others. Through frequent interactions, they promote the spread of opinions within social networks, a process that exhibits typical characteristics of complex systems such as complexity, uncertainty, and openness [16]. People’s viewpoints and opinions have a profound impact on various aspects of society, from personal life to national security, from business operations to public policy, the dissemination of online information and discussion is shaping modern society [17]. Meanwhile, the complexity, diversity, and sudden negative impacts of public opinion are often overlooked. For instance, rumors about COVID-19 confused people worldwide, rumors about the scientific and political sphere affecting society. Many important results have been achieved in the study of opinion dissemination among individuals in social networks [18, 19]. Street et al. [20] proposed a novel Multipath Asynchronous Threshold (MAT) model, modeling influence decay on diffusion paths, time decay, and individual diffusion dynamics, to study influence diffusion modeling and maximization problems in the context of viral marketing. Zhao et al. [21] constructed a comprehensive bounded confidence model to simulate the evolution of followers? Opinions under two advertising opinion leaders. They found that the weight of advertising influence has a dual effect on the evolution of followers? Opinions, and the information transmission probability of opinion leaders significantly impacts collective opinion evolution. Li et al. [22] developed two opinion dynamics models to study the evolution of public opinion among decision-makers and other related individuals on social media. They then proposed a consensus-reaching process based on public opinion management to handle the public opinion formed by all related groups. Liu et al. [23] proposed a new Negative Feedback SIR (NFSIR) model for social network information dissemination by analyzing the characteristics of social networks and the social attributes of propagators and combining it with traditional epidemiological models. They constructed an information transmission tree according to the evolution mechanism of information interaction and established differential equations for transmission dynamics, revealing the complex interactions and mutual influences between user relationships, social communities, and information in cyberspace. Wang et al. [24] proposed an algorithm for constructing a two-layer social network, considering the weights of strong and weak tie networks and individuals' subjective emotional tendencies. They introduced the E-HK, WHK, and E-WHK models to study the impact of emotional tendencies on opinion dissemination and evolution. Su et al. [25] studied a continuous-time model of opinion separation on signed networks by combining Degroot’s positive and negative weighting rules to describe the influence of neighbors and Jadbabaies leader-follower reflection mechanism to describe followers' trust/distrust relationships with leaders.
Complex Network Theory Provides a Framework and Tools for Modeling and Analyzing the Spread of Infectious Diseases and Information [9, 26, 27]. Researchers have conducted extensive studies on the spread of infectious diseases [10, 28, 29] and information [30–32] within complex network frameworks. Sun et al. [33] investigated the effect of resource diffusion on disease transmission in two-layer higher-order networks. Their results showed that expanding resource dispersion on 2-simplexes can inhibit the spread and outbreak of infectious diseases. Li et al. [34] modeled the spread of a multi-informative infectious disease on a two-layer network by considering both local and global information as well as individual differences. Huang et al. [35] investigated whether people believe more in social influences or risk perceptions when faced with asymptomatic infections, and developed a model of infectious disease in a multilayer network topology. Xia et al. [36] proposed a SIQRS model with quarantine, investigated its evolution on a simple complex, and derived transmission thresholds and steady-state infection proportions as well as their stability conditions using the QMF method. Wang et al. [37] constructed a two-layer metapopulation network model and explored the group-perceived information transmission on the spatial spread of epidemics. Huo et al. [38] proposed a three-layer coupled network model in order to investigate the influence of government policies on the co-evolution of information transmission, vaccination behavior and disease transmission, in which the information, behavior and infectious disease layers considered the influence of government policies.
Previous studies often dichotomize individuals' awareness or concepts of disease, yet real-world information and people’s opinion states tend to be continuous values, the acceptance of others' opinions has not been taken into consideration. Therefore, this paper constructs a two-layer coupled network that integrates a continuous opinion model with an epidemic model, incorporating individuals' varying receptiveness to others' opinions, investigating the co-evolution of dynamic opinion exchange among individuals regarding epidemics and the spread of infectious diseases within the group. The main contributions of this paper are as follows: (1) Combining the HK continuous opinion model with an epidemic model, we constructed a two-layer coupled network. The upper layer represents the HK opinion model, and the lower layer represents the epidemic spread model. By introducing the epidemic spread situation into the opinion update function of the HK model, we studied the dynamic interaction between individual opinion changes and epidemic spread. (2) Considering the openness of individuals within the group to others' opinions, we introduced the evolutionary game of opinion acceptance attitudes. (3) Using the QMF approach, we derived the dynamic epidemic spread threshold of the model. The structure of the paper is as follows: Chapter two introduces the model, Chapter 3 analyzes the epidemic spread threshold using QMF, Chapter 4 presents the simulation results, and Chapter 5 provides the conclusion.
2 MODEL INTRODUCTION
Exchange of views on epidemics plays a crucial role in determining how an epidemic spreads within a community. When people discuss their perspectives on the severity of an epidemic, the effectiveness of preventive measures, and their experiences, these conversations can both promote widespread adherence to public health guidelines and foster skepticism and misinformation. Constructive dialogue that spreads accurate information can raise awareness and encourage collective action, thereby slowing the spread of the disease. Conversely, if exchanges are filled with misinformation or fear, they can lead to resistance against recommended behaviors, such as vaccination, or encourage social distancing, thereby accelerating the spread of the epidemic. Whether through social media, community discussions, or interpersonal conversations, the nature and content of these exchanges can significantly influence public perceptions and behaviors, ultimately affecting the trajectory of the epidemic.
This paper considers the dynamic interaction between changes in individual opinions within a group and the spread of an epidemic, establishing a two-layer coupled infectious disease model (as shown in Figure 1), we represent people’s opinions as a series of continuous values and use game theory to represent changes in people’s receptive attitudes toward opinions. The first layer is the individual opinion propagation layer, and the second layer is the SIRS disease transmission layer. The individual opinion propagation layer is modeled using the HK propagation model, assuming that the opinion values of individuals can be positive or negative. The sign of the opinion value represents the pro or con opinions about the epidemic (such as the degree of epidemic control), correct or incorrect epidemic response knowledge, true information, or rumors. Assume there are [image: If you can provide the image by uploading it or sharing a URL, I'll be happy to help you generate the alternate text for it.] individuals in the network, with individuals [image: It seems there was an error with the image upload. Please try again by ensuring the image is correctly attached or provide a URL. You can also add a caption for context if you wish.] and [image: Please upload the image or provide a URL for it, and I will generate the alternate text for you.] having opinions [image: It seems like you've entered a mathematical expression instead of an image. If you intended to upload or describe an image, please try again. Let me know if you need any assistance!] and [image: Mathematical notation depicting the function \(X_j(t)\), where \(X\) is a variable dependent on time \(t\), and \(j\) is an index or subscript.] at time [image: Please upload the image or provide a URL for me to generate the alt text.], respectively, and [image: The expression "j ∈ Nᵢ" represents that element j is a member of the set N sub i.] represents the set of neighbors of node [image: Please upload the image or provide a URL so I can create the alternate text for you.]. If individual [image: Please upload the image or provide a URL for me to generate the alt text.] is within the communication radius [image: If you upload an image, I can help generate the alt text for it. Please try uploading the image again, and I will assist you further.] of individual [image: It appears there is no image uploaded. Please try uploading the image again or provide a URL. If you have a caption in mind, feel free to include it for additional context.], it means that communication can occur between individuals, exchanging their respective opinion values about the epidemic, that is:
[image: The formula represents the condition where the absolute difference between two functions, \( X_i(t) \) and \( X_j(t) \), is less than epsilon (\(\epsilon\)).]
[image: Diagram of a neural network with three layers. The top layer has six yellow nodes, the middle layer includes blue and green nodes labeled "R" and "S", and the bottom layer has orange nodes labeled "I". Lines connect nodes across layers, illustrating relationships.]FIGURE 1 | Epidemiological modeling in conjunction with the HK model.
Due to the fact that different individuals may experience different changes in opinion after communicating with others, this paper considers individual heterogeneity by classifying individuals [image: It looks like there was an error or issue with the image upload. Please try uploading the image again, and I’d be happy to help with the alternate text.] into those who are open to opinion exchange (open), meaning they are easily influenced by others' opinions, and those who are persistent (persist), meaning they retain their own opinions regardless of whether others' opinions are correct or incorrect. Thus, their opinion value will remain the same as the previous time step. When individual [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] exchanges opinions with their neighbors, they can communicate with neighbors who meet the trust radius. Let [image: Please upload an image or provide a URL for me to generate the alt text.] denote the current epidemic prevalence rate, then the opinion update function for individual [image: It seems there's an issue with the image upload. Please try uploading the image again by clicking on the "upload" button, or you can provide a URL if it is hosted online. If you have a caption or additional context to include, feel free to add that as well.] is as follows:
[image: The equation \( z(t) = I(t) / (I(t) + S(t) + R(t)) \) represents the proportion of a specific state \( I(t) \) relative to the sum of states \( I(t) \), \( S(t) \), and \( R(t) \) at time \( t \).]
[image: Mathematical equations describing discrete-time dynamics. First equation: \(X_i(t+1) = \frac{\sum_{j \in N_i} X_j(t)}{n_j} + z(t)(\max\{X_j(t)\} - X_j(t)), \text{open}\). Second equation: \(X_i(t+1) = X_i(t), \text{persist}\).]
where [image: It appears there is an issue with displaying an image. Please try uploading the image file directly or providing a link.] is the number of neighbors.
Individuals within a communication radius of [image: Please upload the image or provide the URL, and I'll generate the alt text for you.] communicate with each other, and their attitudes affect whether their opinion values are updated and the benefits obtained from communication. Individuals' obtained benefits affect attitudes toward subsequent opinion exchanges, and this changes in attitudes toward acceptance of others' opinions is described through game theory. Suppose the payoff for individual i after exchanging with j is the change in their opinion value, defined as [image: Mathematical expression showing \( O_i(t) = X_j(t) - X_i(t) \).]. Thus, [image: The expression \( O_i(t) \) represents a variable or function in mathematical notation, where \( i \) may indicate an element of a sequence or set, and \( t \) is likely a time parameter.] can be positive or negative. Additionally, the cost of communication C (such as time cost, economic cost, or emotional cost) must be considered. Assuming that people with open attitudes can be influenced by positive or negative opinions, the payoff matrix [image: It seems there was a mistake with the input. Please upload the image or provide a URL, and I’ll help generate the alt text for it.] for individual i and the payoff function [image: Mathematical notation representing \(\pi_i(t)\), indicating a function or variable dependent on time \(t\) and possibly indexed by \(i\).] are defined as follows:
[image: Mathematical equation: \(\pi_i(t) = \sum_{j \in N_i} S_i MS_j^T\).]
where [image: Please upload the image you'd like me to generate alt text for.] and [image: It seems there's no image uploaded. Please upload the image you want me to generate alt text for, and I'll be happy to help!] represent the strategies of nodes [image: It seems there is no image attached. Please upload the image for which you need alternate text.] and [image: It seems there was an issue with your image upload. Please try again by providing the image file or a URL. You can also add a caption for additional context if you wish.], respectively, with [image: A mathematical notation describing that \( s_i \) and \( s_j \) are elements of the set \(\{O, P\}\), where \( O \) is represented by the vector \((1, 0)\) and \( P \) by \((0, 1)\).]. [image: Mathematical notation showing \( j \in N_i \).] represents the set of neighbors of node [image: It seems there was an error with the image upload. Please try uploading the image again or provide a direct URL. You can also add a caption for more context.].
[image: A table compares types O and P under different conditions. The top row lists column headers: "Type/type", "O", "P". The entry for type O and condition O is \((O_i(t)/2) - C\); for condition P, it is \(O_i(t) - C\). For type P, both conditions O and P have \(-C\).]Assume that individual [image: Please upload the image you would like me to describe.] randomly selects one of its neighbors to imitate their “open” or “persist” attitude toward opinion acceptance. Let [image: Please upload the image or provide a URL to generate the appropriate alternate text. If you have a caption or any additional context, feel free to include it.] denote the ease or difficulty with which an individual changes their strategy. Considering individual heterogeneity, assume that [image: Mathematical expression showing \( K_i \in U[0.1, 0.9] \), indicating that \( K_i \) is uniformly distributed between 0.1 and 0.9.]. The probability of strategy transition for individual [image: Please upload the image or provide a URL, and I will generate the alternate text for you.] is then given by:
[image: Equation representing the probability \( P_i(s_i \rightarrow s_j) = \frac{1}{1 + e^{-\frac{n_j(0)-n_i(0)}{k_i}}} \), where \( n_j(0) \) and \( n_i(0) \) are initial conditions, and \( k_i \) is a constant.]
The second layer is the physical transmission layer of the infectious disease, where individuals may be in one of three states: Susceptible (S-state), Infectious (I-state), or Recovered (R-state). S-state represents individuals susceptible to the epidemic, I-state represents individuals who are infected and show clinical symptoms, and R-state represents individuals who have recovered from the disease. Assume that R-state individuals still have a risk of infection and can revert to the S-state. An individual’s opinion value regarding the epidemic affects their transition probabilities across all states of the epidemic. Assume that S-state individuals in the group become infected at a rate [image: Mathematical expression showing the function beta sub i of t, represented as βᵢ(t).] to become I-state individuals. If an individual holds a negative opinion, their infection probability increases, while it decreases with a positive opinion. I-state individuals recover to the R-state at a recovery rate [image: Mathematical notation displaying the function \(\mu_i(t)\), where \(\mu\) is the Greek letter mu, \(i\) is a subscript variable, and \(t\) is the variable inside the parentheses.]. If an individual holds a negative opinion, their recovery probability decreases, while it increases with a positive opinion. R-state individuals revert to the S-state at an immunity loss probability [image: The mathematical notation \(\sigma_i(t)\) represents a function or variable indexed by \(i\), dependent on time \(t\).]. If an individual holds a negative opinion, this probability increases, while it decreases with a positive opinion.
[image: Three equations describe time-dependent transition rates in a model: \( \beta_{t}(t) = (1 - 0.125(X_{i}(t))^3 - 0.075X_{i}(t)) \beta_{s} \) for transition S to I, \( \mu_{t}(t) = (1 + 0.05(X_{i}(t))^3 + 0.05X_{i}(t)) \mu_{i} \) for I to R, and \( \sigma_{t}(t) = (1 - 0.05(X_{i}(t))^3 - 0.05X_{i}(t)) \sigma_{r} \) for R to S.]
3 MODEL ANALYSIS
This section uses the QMF approach to analyze the epidemic spread threshold under dynamic interaction of individual opinions. Let [image: A mathematical notation displaying the letter "A" with subscripts "i" and "j", typically used in matrix algebra to represent an element of a matrix located at row i and column j.] be the adjacency matrix of the epidemic layer in the second layer. The probabilities that node [image: It seems there was an error in uploading the image. Please try again by selecting the image file or providing a URL. You can also include a caption for additional context if needed.] is in the Susceptible state [image: It seems like no image was uploaded. Could you please try again? Optionally, you can add a caption for context.], Infectious state [image: Please upload the image or provide a URL so I can help generate the alternate text for it.], and Recovered state [image: Mathematical expression showing italicized "R" with a subscript "i" and a function of "t" in parentheses.] at time t can be expressed by the dynamic Equations 1–3:
[image: Differential equation showing the rate of change of \( S_i(t) \) with respect to time. It is expressed as \(-S_i(t) \prod_{j=1}^{N} [A_{ij}(\beta_j(t))] + R_i(t)\sigma_i(t)\).]
[image: Equation for the rate of change of \( I_i(t) \) over time: \(\frac{dI_i(t)}{dt} = S_i(t)\prod_{j=1}^{N}A_{ij}I_j(t)\beta_j(t) - I_i(t)\mu_i(t)\).]
[image: Differential equation showing the rate of change of \( R(t) \) over time as \( \frac{dR(t)}{dt} = I_0(t)\mu_l(t) - R_0(t)\sigma(t) \), labeled as equation (3).]
If [image: Please upload the image or provide a URL so I can generate the alt text for you.] ≤ [image: It seems there might have been an error in the image upload. Please try uploading the image again or provide a URL.], when the epidemic spread reaches its steady state, only a finite number of individuals in the system will be infected, and the number of infected individuals will not increase as the network size increases. This implies that for any time [image: Please upload the image or provide a URL so I can generate the alternate text for you.], the infection density [image: Please provide an image for which you would like alt text to be generated. You can upload the image directly or share a URL.] [image: Please upload the image or provide a URL so I can generate the alt text for you.] holds. When the epidemic threshold is reached, for all [image: Please upload the image or provide a URL so I can generate the alternate text for it.] and [image: It seems there might have been an error in uploading the image. Please try uploading the image again or provide the URL.], [image: Equation showing \( I_i(t) = \epsilon \ll 1 \), indicating that the function \( I_i(t) \) is approximately equal to a small epsilon value.]. Ignoring higher-order terms in (2), i.e., [image: Mathematical equations showing relationships between I subscript k of t in different forms and orders, all equating to zero.], the probability of node [image: I need the image or a link to it to generate alt text. Please upload the image or provide a URL.] being in the Susceptible state is [image: The equation shown is \( S_i(t) = 1 - I_i(t) \approx 1 \).]. Equation 2 then becomes:
[image: Differential equation depicting the rate of change of \(I_k(t)\) over time, given by \(\frac{dI_k(t)}{dt} = \sum_{j=1}^{N} A_{ij} I_j(t) \beta_j(t) - I_k(t) \mu_k(t)\), where \(A_{ij}\) is a matrix element, \(\beta_j(t)\) is a transmission rate, and \(\mu_k(t)\) is a removal rate.]
[image: The formula displayed is an expression for j equals one to N, summing over the terms \((A_{\beta} \beta_j(t) - \mu_j(0, \delta_t)) I_j(t)\). It is labeled as equation four.]
where [image: Symbol denoting the Kronecker delta, represented as δ with subscripts i and j. It equals one when i equals j and zero otherwise.] is the element of the identity matrix.
The average infection rate at time [image: Please upload the image so I can help generate the alternate text for it.] can be calculated as [image: Mathematical expression showing beta of t equals the sum from j equals one to N of beta subscript j of t divided by N.], and the average recovery rate as [image: Mathematical expression showing the average function \(\mu(t)\) as the sum of individual \(\mu_i(t)\) from \(i=1\) to \(N\), divided by \(N\).]. Equation 4 is represented as Equation 5:
[image: Equation showing the rate of change of \( I_i(t) \) over time: \(\frac{dI_i(t)}{dt} = \beta(t) \sum_{j=1}^{N} \left( A_{ij} - \frac{\mu(t)}{\beta(t)} \delta_{ij} \right) I_j(t)\), labeled as equation (5).]
Let [image: Matrix \( \mathbf{A} \) is represented as \( A_{ij} \).] represent the elements of the matrix [image: It seems there is an issue with the image upload. Please try uploading the image again, or provide a URL or a description for assistance.]. The solution to the above equations is transformed into solving for the eigenvalues of matrix [image: It seems there was an issue with the image upload. Please try uploading the image again or provide a URL. If you have additional context or a caption, feel free to include it.]. When the largest eigenvalue of matrix A is greater than 0, the infection density will grow exponentially over time, leading to a global epidemic spread in the system. Let [image: Delta max of matrix A in mathematical notation.] denote the largest eigenvalue of matrix A. The epidemic spread threshold of the system at time t is given by Equation 6:
[image: Mathematical equation for \(\beta'(t) = \frac{-\mu(t)}{\Delta_{\text{max}}(A)}\), labeled as equation (6).]
substituting the expression for [image: Mathematical notation showing the function \(\mu_i(t)\), often representing a time-dependent variable or parameter indexed by \(i\).] yields Equation 7:
[image: The mathematical equation shown is:  \[  \beta(t) = \frac{\mu \sum_{i=1}^{N} (1 + 0.05(X(t))^{2} + 0.05X(t))}{N \Delta_{\text{max}}(A)}  \]  Equation (7).]
4 NUMERICAL SIMULATION
This paper uses Monte Carlo simulations to analyze the spread of epidemics under dynamic interaction of individual opinions through the synchronized update mechanism on a BA-BA network, and the results are the average of 100 independent realizations. The initial setup consists of a total of 2000 nodes, with 1,000 nodes in each layer, and an average degree of [image: The image shows "k equals 8" with the variable "k" represented by an italic lowercase letter and the number eight in a standard font. Two horizontal lines appear between "k" and "8", indicating equality.]. Nodes in the lower layer are connected to their corresponding nodes in the upper layer. The initial proportions of Susceptible (S) and Infectious (E) individuals are 98% and 2%, respectively. Each node chooses to adopt an “Open” or “persist” attitude towards communication with neighbors with a probability of 50%. In order to investigate the effect of opinion values evolving over time on epidemics, this paper does not limit the size of opinion values, which represents the emergence of new scientific studies or new rumors about epidemics as time advances, and this co-evolutionary phenomenon is investigated in this paper. The initial parameter settings for the model are as follows: [image: Mathematical notation showing initial conditions and parameters: \(X_i(t=0)\) follows a uniform distribution \(U[-1, 1]\). Parameters include \(\epsilon = 0.5\), \(\beta = 0.5\), \(\sigma = 0.5\), \(\mu = 0.4\), and \(C = 0.05\).].
Figure 2A shows the evolution of the proportions of different states in the epidemic layer over time, while Figure 2B illustrates the evolution of the opinion layer over time, where each curve represents the change in an individual’s opinion value over time. From Figure 2A, it can be observed that when the epidemic transmission rate is low, the overall level of positive opinion values regarding the epidemic within the group is not high and is quite dispersed. This corresponds to a relatively low level of awareness and knowledge about epidemic prevention among individuals in reality. Figure 2B shows that although most individuals remain in the susceptible state under stable conditions, there is always a certain proportion of individuals who are in the infectious state. This suggests that people’s differing opinions about epidemics cause them to spread.
[image: Two line graphs display data over time. Graph (a) shows scattered yellow data points. Graph (b) has three lines: a red line labeled S-state, a green line labeled I-state, and a yellow line labeled R-state, showing variations across the x-axis time scale from zero to fifty.]FIGURE 2 | Evolution of system state over time for [image: I'm sorry, I can't identify or generate alternate text for the image from the data you've provided. Could you please upload the image or provide a URL?]. (A) Individual's opinion values. (B) The proportions of S, I, R states.
When [image: It seems there was an error in providing the image. Please upload the image file directly or provide a URL so I can help generate the alternate text.], as shown in Figure 3A, after some time of opinion exchange among individuals, all individuals develop a more unified opinion regarding the epidemic, and the opinion values are relatively high. Figure 3B Shows that the proportion of the S-state in the epidemic layer has significantly increased, reaching 90%, while the proportion of infected individuals is relatively low.
[image: Two line graphs show different data sets over time. Graph (a) depicts fluctuating values with a sharp rise around t=10, stabilizing afterwards. Graph (b) presents three colored lines labeled S-state, I-state, and R-state. The S-state (red) rises steeply at first, then stabilizes. The I-state (blue) rises and falls, peaking early. The R-state (orange) starts low, peaks mid-way, and stabilizes at lower values. Axes are labeled but not detailed.]FIGURE 3 | Evolution of system state over time for [image: It seems there might have been an error in uploading the image. Please try uploading the image again, and I will help create the alternate text for it.]. (A) Individual's opinion values. (B) The proportions of S, I, R states.
When [image: I'm unable to view or generate alt text for the specific image as it wasn't uploaded. Please upload the image or provide a URL, and if you have a caption, you can add that for context.], that is, under high infection rates of the disease, Figure 4A shows that the group’s opinion values are extremely unified and have reached the highest value observed in the experiment. Additionally, the group’s opinion values stabilize more quickly and at a higher level compared to Figure 3A. Figure 4B indicates that the proportion of the S-state in the epidemic layer has reached 100% in the stable state, with no infected individuals present. Combining Figures 2–4, it can be seen that only under high infection rates can individuals within the group form a unified and positive opinion about the epidemic. Otherwise, individuals will have divergent opinions on the epidemic, and the epidemic situation will continue to spread. This suggests that external interventions are needed to control the spread of epidemics.
[image: Two graphs depict state variables over time. Graph (a) displays fluctuations before stabilizing around 1. Graph (b) shows three curves: "S-state" (red) increases to 1, "I-state" (green) peaks then declines, and "R-state" (orange) peaks briefly then decreases.]FIGURE 4 | Evolution of system state over time for [image: I cannot see the image you mentioned. Please upload the image or provide a URL so I can help you with the alternate text.]. (A) Individual's opinion values. (B) The proportions of S, I, R states.
When [image: It seems there was an error while attempting to upload or link the image. Please try uploading the image again or provide a direct URL to the image, and I will help generate the alternate text.], that is, when the communication radius is relatively small, Figure 5A shows that it is difficult for the group’s opinion values to unify, and they remain at a relatively low level. Figure 5B Indicates that the proportion of individuals in the S-state is almost equivalent to that in the I-state, with the proportion of infected individuals remaining at 40% in the stable state.
[image: Two graphs depict the dynamics of S-state, I-state, and R-state over time. Graph (a) shows scattered data points demonstrating variability, while graph (b) illustrates smoother lines indicating trends. The S-state is red, the I-state is green, and the R-state is yellow, with the R-state consistently lower.]FIGURE 5 | Evolution of system state over time for [image: Please upload the image or provide a URL for me to generate the alternate text.]. (A) Individual's opinion values. (B) The proportions of S, I, R states.
When [image: Please upload the image or provide a URL to it, so I can generate the alternate text for you.], Figure 6A shows that as the communication radius increases, the overall opinion value of the group rises and gradually converges towards a uniform opinion. Over time, all individuals' opinion values increase to a higher and more unified level. Figure 6B indicates that the proportion of individuals in the S-state also gradually increases, while the proportion of infected individuals decreases over time. The number of S-state individuals is higher compared to Figure 5A. However, even though a more unified and higher opinion value is formed, the epidemic has already spread. The speed at which the group forms a positive opinion about the epidemic cannot keep up with the spread of the epidemic, resulting in a situation where it is too late for the entire group to address the epidemic, leading to widespread and uncontrollable spread within the group.
[image: Two graphs comparing data over time. Graph (a) shows scattered orange data points fluctuating before stabilizing near 0.6 on the y-axis. Graph (b) features three plotted lines: red, blue, and yellow, labeled as S-state, I-state, and R-state, respectively. The red line dominates early, decreasing rapidly, while the blue and yellow lines stabilize and flatten. Both graphs plot time on the x-axis up to 50.]FIGURE 6 | Evolution of system state over time for [image: It looks like you might be trying to describe a mathematical expression or provide instructions related to an image, but there's no image provided. Please upload the image or provide a URL for me to generate alternate text.]. (A) Individual's opinion values. (B) The proportions of S, I, R states.
When [image: Certainly! Please upload the image you want described.], Figure 7A shows that the opinion values are more unified and higher compared to Figure 6A. Figure 7B indicates that the proportion of individuals in the S-state is also higher compared to Figure 6A, while the proportion of individuals in the I-state is lower. Similar to Figure 6, individual opinion values gradually increase to a higher level over time, and the proportion of S-state individuals also gradually rises. However, by this time, the epidemic has already spread. Even though a positive and unified opinion about the epidemic is eventually formed, it cannot control the spread of the epidemic. Combining Figures 5–7, it can be seen that facilitating communication among individuals within the group can somewhat suppress the spread of the epidemic. However, changes in the group’s opinion often lag behind the spread of the epidemic, resulting in a phenomenon of ‘epidemic response lag.'
[image: Two graphs show data trends over time. Graph (a) displays values stabilizing around 0.8. Graph (b) features three lines representing S-state, I-state, and R-state, with S-state increasing, I-state gradually decreasing, and R-state remaining low.]FIGURE 7 | Evolution of system state over time for [image: It seems like there was an issue with image upload or description. Please try uploading the image again, or provide a URL or context so I can help generate the alternate text.]. (A) Individual's opinion values. (B) The proportions of S, I, R states.
As shown in Figure 8A, when the communication radius [image: Please upload the image for which you need the alternate text.] is increased, the epidemic threshold significantly rises. Additionally, as the dynamics of the two-layer coupled network evolve, the threshold also changes continually, stabilizing as the dynamic network reaches equilibrium. Figure 8B indicates that as [image: The Greek letter mu, symbolized by a lowercase 'μ', is presented in a simple black typography.] increases, the dynamic epidemic outbreak threshold also increases significantly. Figure 8C shows that the epidemic outbreak thresholds for [image: It seems there was an error in displaying the image. Please upload the image or provide a URL so I can generate the alternate text for it.] and [image: It seems there was no image uploaded. Please upload an image or provide a URL for the image you would like the alternate text for.] exhibit similar developmental trends. This similarity may be due to the fact that the development trends of group opinion values are similar under these two parameter settings.
[image: Three charts (a, b, c) show curves for different sigma values (0.2, 0.5, 0.8). Chart (a) displays initial rapid increases and plateaus. Chart (b) shows varying steady states. Chart (c) demonstrates convergence. Legends and axes are labeled for clarity.]FIGURE 8 | Dynamic epidemic outbreak thresholds for different [image: Greek letters epsilon, mu, and sigma displayed in a row.]. (A) [image: The image contains the mathematical expression epsilon equals zero point one, zero point two, zero point three, with epsilon represented by the Greek letter ε.]. (B) [image: It seems like there is no image uploaded. Please upload the image or provide a URL, and I can help generate the alternate text for it.]. (C) [image: I'm sorry, I am unable to view the image. Please provide a description of the image, and I can help generate alternate text for it.].
5 CONCLUSION
The perspectives of individuals within a population play a crucial role in the dynamics of epidemic spread. People’s views on an epidemic can influence their behaviors, such as adherence to public health guidelines, acceptance of vaccinations, and compliance with social distancing measures. Understanding the evolution of individuals' opinions on an epidemic is vital for controlling its spread and ensuring the success of public health interventions. Therefore, this paper establishes a two-layer coupling of the HK continuous opinion model and the epidemic model, using QMF to derive the epidemic dynamic spreading threshold, examining the dynamic interactions between individual opinion exchanges and epidemic spread within a population. The results show that under different infection rates, individuals within the population spontaneously form varying degrees of opinion on the epidemic, which then evolve into different final infection states for the group. Higher infection rates lead to faster formation of a positive and unified opinion value. The communication radius of individuals within the population significantly affects the development trend and threshold of the epidemic; a smaller communication radius makes it difficult to form a high-level and unified opinion. Promoting communication among individuals within the population can partially suppress epidemic spread, but due to the presence of diverse positive and negative information in the real world, changes in group opinion often lag behind the speed of epidemic spread, leading to a phenomenon of ‘epidemic control lag.' The communication radius between individuals, recovery rate, and immune loss probability all affect the epidemic spreading threshold in different ways. To control the spread of an epidemic, it is not only necessary to promote communication within the group, but also to increase external intervention in controlling the disease when the transmission rate is high. The limitation of this paper is that it does not capture more complex real-world phenomena such as polarization, media influence, or echo chambers. In the future, factors such as individual knowledge levels, learning, mobility, and time-varying network topology can be integrated and taken into account in epidemic transmission.
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Introduction: In the context of hybrid e-commerce platforms with reselling mode and agency mode, this study considers the issue of channel management by manufacturers through recommendation strategies.Methods: For three dual-channel structures composed of e-commerce platforms, manufacturers, and third-party retailers, game models were constructed for manufacturer’s non-recommendation, differentiated recommendation, and indiscriminate recommendation scenarios to investigate the optimal recommendation strategy for manufacturers.Conclusion: (1) For different dual-channel structures, compared to scenarios without recommendations, it is not always profitable for manufacturers to adopt a recommendation strategy as recommended parties may not necessarily gain higher profits from recommendations. (2) The optimal recommendation strategy for manufacturers is influenced by channel structure, commission rates, and relative scale in the recommended market. Recommending direct sales channels is the preferred choice for manufacturers with a higher relative scale in the recommended market prompting them to recommend all channels to consumers. (3) Numerical simulations reveal that retail prices, total market demand, and supply chain profits are positively correlated with relative scale within the recommended market. Additionally, any recommendation strategy can increase demand for recommended parties as well as overall supply chain profit levels.Keywords: recommendation strategy, channel structure, sales model, e-commerce platform, agency selling
1 INTRODUCTION
More and more consumers are choosing to shop online, and hybrid e-commerce platforms provide manufacturers with more options for online sales. Manufacturers can open official flagship stores on e-commerce platforms to sell directly, or they can wholesale products to e-commerce platforms or third-party retailers [1]. The multi-channel options provided by e-commerce platforms create a special phenomenon where different sellers may compete for the same brand products in the same market. For example, as a typical hybrid e-commerce platform, JD.com has sellers of Oppo mobile phones, including the manufacturer, JD.com, and other small-sized third-party retailers. Cap and Champion are respectively provided with fulfillment services by JD.com and manufacturers. Huawei and Apple both adopt JD’s self-operated and third-party authorized sales model.
Under the trend of multi-channel retail development, effective management of channels is a key concern for manufacturers. In addition to price regulation, commission agreements, and cost sharing measures [2–4], many manufacturers use recommendation methods to manage their online channels, i.e., displaying designated online retailers on their official websites. For example, the homepage of Midea Group’s website (midea.com) features an entryway to “Midea Platform”. Gree Electric Appliances provides official flagship store sales links, including Tmall and Gome, at the bottom of its website (gree.com). Canon’s website (canon.com) features a “Online Sales Stores” page that showcases multiple sales channels, including official flagship stores, e-commerce platform stores, and third-party authorized certified stores. Manufacturer recommendations can effectively guide consumers who directly access the official website, by providing differentiated or undifferentiated recommendations to direct consumer channel shifts.
Recommendation methods play an important role in consumer guidance and channel management, but recommendations can both enhance channel conflicts and discourage non-recommended party sales efforts. Therefore, how to build an efficient channel collaboration paradigm based on identifying channel interactions and how to develop recommendation strategies according to the channel structure are urgent issues that manufactures need to address.
2 LITERATURE REVIEW
The literature relevant to this study mainly includes the online recommendation and the multi-channel retail.
Research on online recommendation has achieved some results [5–10], mainly including consumer word-of-mouth recommendation based on reward programs, manufacturer and retailer recommendation related to the supply chain upstream and downstream, and information intermediary recommendation providing specialized recommendation platforms. This study falls within the scope of manufacturer recommendation, which is different from advertising plans and other paid promotion. Manufacturer recommendation is the manufacturer’s spontaneous recommendation of its direct sales channels or reseller channels on its official website to specific consumers. Ghose et al. compared the impact of information intermediary recommendation and manufacturer recommendation on the downstream retailer’s decision, and the study found that the recommendation services provided by information intermediaries and manufacturers can enable retailers to effectively identify consumer valuation and implement price discrimination. Moreover, manufacturers have the incentive to recommend all retailers to avoid profit transfer from the supply chain to information intermediaries [11]. Wu et al. built a game model of a manufacturer selling through two heterogeneous retailers, and the results showed that the manufacturer prefers differentiated recommendation when the cost of the smaller retailer is lower, and the market size is smaller [4]. If the market size of the recommended retailer is large enough, undifferentiated recommendation is the manufacturer’s equilibrium choice, otherwise, differentiated recommendation is superior. Li et al. shifted their research focus to manufacturers’ and retailers’ risk-averse preferences and found that when the recommended market size is moderate and market competition intensity is low, an increase in risk aversion will enhance manufacturers’ motivation to recommend resale channels; when the recommended market size is moderate and market competition intensity is high, retailers’ risk aversion will reduce manufacturers’ motivation to recommend resale channels [12]. These literatures, although including market competition relationships between retailers-retailers and retailers-manufacturers, ignore the possible income-sharing relationships in the supply chain. Third-party retailers and manufacturers who join e-commerce platforms and share a certain percentage of sales revenue to obtain the opportunity to be represented by the platform, will third-party retailers and the e-commerce platform obtain the opportunity to be recommended by the manufacturer? None of the above studies has addressed this agency relationship.
Artificial intelligence techniques, especially computational intelligence and machine learning methods and algorithms are also widely used in the field of online recommendations. In the development of recommendation systems, artificial intelligence is used to improve the prediction accuracy and solve the problem of sparse data. Zhang et al. [13] reviewed the improvements made to the recommendation system by using artificial intelligence methods such as fuzzy technology, transfer learning, genetic algorithm, evolutionary algorithm, neural network, deep learning and active learning. Yu et al. [14] proposed a cascade prediction model to estimate the popularity of information dissemination in complex networks, to identify viral marketing and the spread of fake news in social media. Liu [15] analyzed data mining in machine learning algorithms and real-time online recommendation algorithms of Gaussian processes and analyzed abnormal advertising monitoring systems to maintain the accuracy of recommended advertising campaigns. Danaf et al. [16] proposed a framework for estimating and updating user preferences in an application-based recommendation system, that is, a recommendation system that provides users with personalized option menus. Guo et al. [17] developed a social Internet of Things architecture for social recommendation computing scenarios, using an embedded model-based graph neural network model based on deep learning as the core algorithm for performing fuzzy sensing SR to ensure reliable data management.
Both the game theory approach and the AI approach are important approaches in the field of online recommendation. The difference between the two is that the game theory approach focuses on the strategic interaction between multiple sellers, while the AI approach focuses on the personalized recommendation of a single merchant for multiple products. The data modeling analysis based on game theory can better describe the competition and cooperation relationship in online market, and the literature research also supports the validity and reliability of the game method. This paper takes the lead in using game theory to expand the revenue-sharing relationship between game parties, which is innovative.
Research on multi-channel retailing has yielded rich results. First, extensive and in-depth research has been conducted on pricing and coordination issues related to channels. Wolk and Ebling found that, although most retailers adopt consistent pricing strategies for most products over time, many multi-channel retailers still engage in channel-based price differentiation [18]. Boyaci pointed out that traditional contracts are difficult to coordinate inventory decisions in mixed dual-channel systems under uncertainty [19]. Tsay and Agraw studied the repurchase price summed wholesale price contract to coordinate the dual-channel supply chain with promotional externalities [20]. Xiong et al. studied the combination of revenue-sharing contract and rebate contract to achieve dynamic pricing supply chain coordination [21]. Secondly, involving cross-channel synergy and integration strategies and extending to the full channel scope. Cao and Li used grounded theory to build a cross-channel integration measurement tool and proposed a framework for the impact path of channel integration on sales growth of enterprises [22]. Shen et al. used empirical methods to analyze the influence of channel integration quality on customer channel perception [23]. Li et al. explored the role of retailer’s uncertainty, identity attractiveness, and switching costs in channel integration for consumers [24]. Finally, considering the channel mode selection problem from the perspective of manufacturers or e-commerce platforms, Abhishek et al. studied that when the online channel suppresses the offline channel demand, the e-commerce platform tends to open agency to third parties, while when the online channel promotes offline demand, the platform tends to wholesale self-operated mode [25]. Zhao et al. studied the platform model choice of dual-headed manufacturers under the influence of price and service and analyzed the product features of dual-mode platforms [26]. Unlike the previous studies on multi-channel problems, this paper considers a multi-channel market structure where a manufacturer sells through an e-commerce platform. The manufacturer and the e-commerce platform are not in a single wholesale or agency relationship, and the complex multi-party cooperative and competitive relationships have different impacts on the manufacturer’s pricing and recommendation decisions.
A review of the literature reveals that there is not much discussion on the pricing and channel management of manufacturers under recommendation intervention, and the research scenarios involving recommendation strategies are often quite limited. Considering that manufacturers sell through e-commerce platforms in a multi-channel manner, the channels need to be priced reasonably and coordinated, and the diversity of sales models complicates the manufacturer’s channel management. Therefore, this paper will introduce the recommendation strategy as a channel management tool into the manufacturer’s strategy of seeking maximum profit, and, based on clarifying different channel structures, explore the optimal recommendation strategy of manufacturers, with the aim of providing theoretical suggestions for manufacturing enterprises’ online channel management.
The rest of the paper is arranged as follows. Section 3 proposes the basic assumptions and constructs the demand function. Sections 4–6 solve the optimal pricing decisions of different recommendation strategies in the dual-channel EM structure, dual-channel ET structure, and dual-channel MT structure, analyze the impact of recommendation strategies on the profits of recommended parties and non-recommended parties, and finally obtain the optimal recommendation strategy of manufacturers. Section 7 uses numerical simulations to compare the optimal prices, demand, and overall profit levels of different recommendation strategies. Section 8 summarizes the research findings and presents research prospects.
3 MODEL CONSTRUCTION
Consider a supply chain system consisting of a manufacturer, a hybrid e-commerce platform and a third-party retailer. The manufacturer plans to sell a certain product through the e-commerce platform and can choose to open a manufacturer-owned store (direct channel) or authorize the e-commerce platform or the third-party retailer to open a reseller store (indirect channel). According to the actual operator of the channel, the e-commerce platform presents three different dual channel structures: the dual-channel EM composed of the e-commerce platform and the manufacturer, the dual-channel ET composed of the e-commerce platform and the third-party retailer, and the dual-channel MT composed of the manufacturer and the third-party retailer. The corresponding channel structures are shown in Figure 1.
[image: Diagram illustrating three dual-channel distribution models: (a) EM model with an e-commerce platform and manufacturer, (b) ET model involving e-commerce and a third-party retailer, and (c) MT model combining manufacturer and third-party retailer. Each model shows arrows depicting interactions and transactions with consumers.]FIGURE 1 | Dual-channel structures in e-commerce platform. (A) dual-channel EM. (B) dual-channel ET. (C) dual-channel MT.
The manufacturer or the third-party retailer pays a transaction commission to the e-commerce platform based on sales revenue [27], assuming that the commission ratio [image: Please upload the image or provide a URL so I can generate the alt text for you.] is fixed and satisfies [image: Mathematical inequality showing a variable \(\phi\) satisfying the condition: zero is less than \(\phi\), and \(\phi\) is less than one-half.]. For the direct channel M, the manufacturer decides on the retail price [image: It seems there was an error in displaying the image. Please try uploading the image again or confirm if you need assistance with something else.]. For the indirect channels E and T, the manufacturer resells products to the e-commerce platform and third-party retailers at wholesale prices [image: The image shows the mathematical notation \( w_E \), with the letter "E" as a subscript to the letter "w".] and [image: It seems there might have been an error in uploading the image. Please ensure the image file is attached or provide a URL to the image. You can also include any captions or context that might be helpful.] respectively, then they decide on retail prices [image: It seems there was an issue with displaying the image. Please try uploading the image again or provide a URL.] and [image: It looks like there is an error or issue with your request. If you have an image you would like me to analyze or describe, please upload it or provide a link to it.] for selling to consumers.
The manufacturer also has an official website that attracts a special group of consumers seeking product information and purchasing channels. To guide consumers who directly visit their website for better online channel management, the manufacturer faces decisions about whether to set recommendations on its official website and how these recommendations should be made. For each dual channel [image: It seems there was an issue with the image upload. Please try again by clicking the upload button and ensuring the file is attached. Let me know if you need further assistance!], there are two types of recommendation forms available for manufacturers: differentiated recommendation-recommending only [image: Please upload the image, and I'll generate the alternate text for you.] channel or only [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] channel; undifferentiated recommendation-simultaneously recommending [image: I cannot see the image you are referring to. Please upload the image or provide a URL so I can help generate the alternate text for it.] channel and [image: Please upload an image or provide a URL, and I will help generate the appropriate alternate text for it.] channel ([image: It seems like the input provided is not an image. Please upload an image or provide a link to one, and I can help generate the alternate text for it.]). Following assumptions from Balachander et al. [28], Chen et al. [29], Cai et al. [30], consumers are divided into two independent groups: traditional consumers who purchase directly from visiting e-commerce platforms, and recommended consumers who visit manufacturers’ websites for recommendations before making purchases.
In addition, consumer utility functions are constructed using demand functions following Wu et al.'s research [4]. In a dual-channel [image: Please upload an image or provide a URL for me to generate the alternate text.] structure in traditional markets, consumer utility when purchasing products is represented as [image: Mathematical expression showing \( U_t = a_i q_{1i} - \frac{1}{2} q_{1i}^2 + a_j q_{1j} - \frac{1}{2} q_{1j}^2 - \theta q_{1i} q_{1j} - p_i q_{1i} - p_j q_{1j} \).], where [image: Please upload the image for which you need me to generate alternate text.] represents the basic market size of channel [image: It seems there is no image attached. Please upload the image or provide a URL for me to generate the alternate text.] in traditional markets, [image: It seems there was an error, and I cannot see the image. Please try uploading the image again, and I'll be happy to help you generate the alt text.] represents the demand for channel [image: It seems there isn't an image uploaded. Please upload the image or provide a URL, and I can help create the alt text for it.] in traditional markets, and [image: It seems like you've input a piece of code or text instead of an image. To generate alternate text, please upload the image or provide a URL.] indicates substitutability between channels. The utility function consists of two parts: firstly, [image: The formula consists of algebraic terms: \(a_{ii}q_{ii} - \frac{1}{2}q_{ii}^2 + a_{ij}q_{ij} - \frac{1}{2}q_{ij}^2 - \theta q_{ii}q_{ij}\).] represents consumer initial utility. This reflects the economic characteristic of diminishing marginal utility and includes the feature that substitutes reduce consumer marginal utility. Moreover, as the degree of substitution between channels increases, consumer utility decreases. This utility expression has been widely used in research such as Ha et al. [31], Jerath and Zhang [32], and Huang et al. [33]. Secondly, [image: Mathematical expression showing \( p_i q_{ti} + p_j q_{tj} \).] represents the cost incurred by consumers when purchasing products; obviously, higher prices lead to lower utilities. Furthermore, since [image: It seems you are referring to text, not an image. "U" with subscript "t" typically represents a variable or function in mathematics, physics, or other scientific fields, often indicating a time-dependent component. If you have an image you would like described, please upload it or provide a URL.] is a joint concave function with respect to [image: Please upload the image or provide a URL for me to generate the alternate text.] and [image: It seems there was an issue with displaying the image. Please try uploading the image again or provide a more detailed description.], maximizing [image: Please upload the image or provide a URL for me to generate the alternate text.] yields the traditional market demand functions: [image: Equation with variable \( q_{ti} \) is defined as the fraction \(\frac{a_{ti} - \theta a_{ij} - p_i + \theta p_j}{1 - \theta^2}\), involving terms \( a_{ti}, a_{ij}, p_i, \) and \( p_j \), with parameter \(\theta\).] and [image: The image shows a mathematical equation: \( q_{tj} = \frac{{a_{tj} - \theta a_{ti} - p_{j} + \theta p_{i}}}{{1 - \theta^2}} \).].
Similarly, in the recommended market, the consumer utility function is represented as: [image: Mathematical equation showing a utility function \(U_r\) which equals \(a_{r1} q_{r1} - \frac{1}{2} q_{r1}^2 + a_{rj} q_{rj} - \frac{1}{2} q_{rj}^2 - \theta q_{r1} q_{rj} - P_i q_{ri} - P_j q_{rj}\).]. Maximizing [image: Please upload the image or provide a URL so I can generate the alt text for you.] yields the demand for the recommended market. When manufacturers adopt undifferentiated recommendation, the demand functions are: [image: The mathematical equation describes \( q_{ri} \) as the fraction \(\frac{a_{ri} - \theta a_{rj} - p_i + \theta p_j}{1 - \theta^2}\).] and [image: The image shows the equation for \( q_{rj} \) as \(\frac{a_{rj}-\theta a_{ri}-p_j+\theta p_i}{1-\theta^2}\).]. When manufacturers adopt differentiated recommendation, the demand functions for the recommended channel [image: It seems that you haven't uploaded an image. Please try uploading the image again, and I'll be happy to help generate the alternate text for it.] and non-recommended channel [image: Please upload the image or provide a URL for the image you want to describe, and I will help generate the alternate text for it.] are respectively: [image: Mathematical formula: \( q_{ri} = a_{ri} - p_i \).] and [image: The formula shows \( q_{rj} = 0 \).]. Here, [image: It seems there was an error with the image. Could you please upload the image again or provide a URL? If you have a caption or context, feel free to share that as well.] represents the basic market size of channel [image: It seems there was an error in displaying the image. Please try uploading the image again or provide a URL. You can also add a caption for additional context.] in the recommended market; [image: It seems like there's an issue with the image you tried to upload. Please try again, and make sure to add any context or caption if needed.] represents the demand of channel [image: Please upload the image you would like me to generate alternate text for.] in the recommended market; [image: It seems like there's an issue with the image upload or link. Please try uploading the image again or provide a URL. Optionally, you can add a caption for more context.] indicates substitutability between channels-higher [image: Please upload the image or provide a URL for me to generate the alt text.] values indicate more intense competition within markets.
In summary, the total market demand consists of two parts: traditional market demand and recommended market demand. The total demand for channel [image: It seems there was an error with the image upload. Please try again or provide a URL to the image, and optionally include a caption for additional context.] is given by: [image: Mathematical equation displaying \( q_i = q_{ti} + q_{ri} \).]. To focus the study on manufacturers’ recommendation strategies, it is assumed that within the same type of market, different channels have equal basic market sizes [12], meaning [image: The formula shows the equation \( a_{ti} = a_{tj} = a \), indicating equality between elements in a sequence or series.] and [image: This appears to be a mathematical expression: \( a_{ri} = a_{rj} = a_{r} \).]. Without loss of generality, let’s assume [image: Mathematical expression showing \( a_r = ra(r > 0) \).], where [image: Please upload the image you would like me to generate alt text for.] represents the relative scale in the recommended market; when [image: Please upload the image or provide a URL for me to generate the alternate text. If you have any additional context or a specific caption, feel free to include that as well.], the basic size of traditional markets exceeds that of recommended markets; when [image: Please provide an image by uploading it or sharing a URL, and I will be happy to help generate alt text for it.], the basic size of recommended markets exceeds that of traditional ones. Additionally, it is assumed that production costs and operating costs for products are zero.
Next, we will first construct a dual-channel pricing game model for the three channel structures within the e-commerce platform, considering different recommendation strategy scenarios. We will then solve subgame perfect Nash equilibrium and use reverse induction to determine the optimal recommendation strategy for manufacturers. Subsequently, we will analyze optimal prices, demands, and overall supply chain profits using numerical examples under different recommendation strategies.
4 DUAL-CHANNEL EM STRUCTURE
For a dual-channel EM composed of the e-commerce platform and the manufacturer, the e-commerce platform and the manufacturer have product ownership, respectively opening their e-commerce stores and official flagship stores for sales and are responsible for fulfillment services in their respective channels. Taking “not recommending” as the benchmark model (referred to as N strategy), the manufacturer can choose to only recommend the e-commerce platform (referred to as E strategy) or the manufacturer (referred to as M strategy), or they can choose to recommend both the e-commerce platform and the manufacturer simultaneously (referred to as B strategy). The sequence of the game is as follows: first, the manufacturer decides whether to make recommendations and selects a recommendation strategy; then the manufacturer determines wholesale price [image: The image shows the mathematical notation "w" with a subscript "E".]; finally, the e-commerce platform and manufacturer jointly determine retail prices [image: The mathematical expression shows the letter "p" with a subscript "E" in italics, commonly used to represent a specific pressure, probability, or parameter in equations.] and [image: Please upload the image or provide a URL for me to generate the alternate text.]. The profit functions for the e-commerce platform and manufacturer are given by:
[image: Mathematical equation: \(\Pi_T = \varphi p_M q_M + (p_F - w_F)q_F\).]
[image: Mathematical equation showing \( x_N = (1 - \varphi) p_d x_M + w_d x_B \).]
The profit of the e-commerce platform consists of the sales profit from the distribution channel and the commission fees from the direct sales channel, while the profit of the manufacturer consists of the sales profit from the direct sales channel and wholesale income from the distribution channel.
4.1 Equilibrium results
Using reverse induction to solve for the equilibrium of each recommendation strategy. First, for a given [image: The text shows the letter "w" with a subscript "E".], the first-order conditions [image: The image shows a partial derivative equation: the partial derivative of pi subscript uppercase E superscript uppercase E M with respect to lowercase p subscript uppercase E equals zero.] and [image: The mathematical equation shows the partial derivative of \(\pi_M^{EM}\) with respect to \(p_M\) equals zero.] from Equations 1, 2 are combined to obtain the optimal response functions [image: A mathematical expression featuring \(\tilde{p}_E^{EM}(w_E)\), where a variable with a tilde and superscript notation appears in parentheses, followed by a subscripted term.] and [image: Mathematical expression showing a probability term with a tilde: \(\tilde{p}_M^{EM}(w_E)\).] for the e-commerce platform and manufacturer. Then, by substituting these optimal response functions into Equation 2, solving [image: The equation shows the partial derivative of π sub EM subscript M with respect to w sub E, evaluated at w sub E, equals zero.] yields the manufacturer’s optimal wholesale price [image: The image displays a mathematical expression with a lowercase "w" marked with an asterisk as a superscript, above a subscript uppercase "E".], which is then substituted back into [image: Mathematical expression showing the symbol for probability with a tilde, subscript "E," superscript "EM," and dependent on variable "w" with a subscript "E."] and [image: Mathematical expression displaying \(\tilde{p}^{EM}_{M}(w_{E})\).] to obtain the optimal prices [image: Mathematical expression with a lowercase "p" in italics, followed by an asterisk on top and a subscript "E".] and [image: The image shows a mathematical expression with a lowercase italic "p" followed by an uppercase italic "M" and an asterisk superscript symbol.]. To ensure non-negativity of demand in both the optimal solution and segmented markets (including traditional and recommended markets), assume [image: Mathematical expression showing three symbols: \( r \), \( < \), and \( r \) in sequence.] where [image: The mathematical equation shows the variable "r" equals a fraction. The numerator is \(6(1-\phi) + \theta^2 \phi(1+\phi)\). The denominator is \(10(1-\phi) + \theta^2(1+\phi)(2+\phi)\).] and [image: The equation displayed is a mathematical fraction. The numerator is \(4(2-\theta^2)[2(5+2\theta-\theta^2)(1-\phi)+\theta^2(\varphi-5)]-\theta^2(1+\phi)^2+(1+\phi)(\theta^2+2\theta-4)\). The denominator is \((1+\phi)[48(1-\varphi)-4\phi(1-\varphi)(11+\phi)+11\theta-\phi\theta(6+\phi)]\).]. Excessively high or low recommended market values lead businesses to abandon traditional or recommended markets. Using superscript [image: It seems there might have been an issue with the image upload. Please try uploading the image again, and I will help generate the alternate text for it.] to represent recommendation strategies under dual-channel EM structure [image: Mathematical formula depicted as "k(k = N, E, M, B)", indicating that variable k can take on values N, E, M, or B.], the optimal decisions for four recommendation strategies are summarized as Proposition 1.
Proposition 1. In the dual-channel EM structure, the optimal wholesale and retail prices for the four recommendation strategies are as follows:
	(a) No recommendation (N strategy)

[image: Two mathematical equations are shown. The first equation is \( w_{E}^{EMN*} = \frac{a(1-\phi)\left[8(1-\theta\varphi) + \theta^3(1+\varphi)^2\right]}{2\left[8(1-\varphi) + \theta^2(1+\varphi)^2\right]} \). The second equation is \( p_{E}^{EMN*} = \frac{a\left[4(3-\theta)(1-\varphi) + \theta^2(1+\varphi)^2(2-\theta)\right]}{2\left[8(1-\varphi) + \theta^2(1+\varphi)^2\right]} \).]
[image: Mathematical expression showing \( p_M^{EMN*} = \frac{a \left[ 8(1 - \phi) + (1 + \theta \phi)^2 + 2 \theta (1 - \theta) \right]}{2 \left[ 8(1 - \phi) + \theta^2 (1 + \phi)^2 \right] } \).]

	(b) Only recommend e-commerce platform (E strategy)

[image: An equation representing the effective reproductive number, \( R_{E}^{\text{ME}}\), is shown. The numerator includes terms with variables \( a \), \( \phi \), \( \theta \), \( \delta \), and \( r \). The denominator has factors of \( 4 \), \( \theta \), and \( \phi \), with expressions involving these variables.]
[image: Mathematical equation for \( P^E_{ME} \) equal to a complex fraction. The numerator includes multiple terms with variables \( a \), \( \phi \), \( t \), \( \theta \), and constants. The denominator is \( 4(2 - \phi)^2[(16\theta + \phi) - \phi(t + 10\theta - 7)] \).]
[image: Formula labeled \( RME/M \) equals the expression in the numerator: \( d(32 - 18b^2 + a^2b^2(2 - b + b^2) - b(b^2 - 11) - 4a(3 - 5r) - 2a^2(2 - b^2)(8 - 5b + 3b^2)) \); divided by the denominator: \( 4(16(1 - b) + b^2(b^2 + 10b - 7)) \).]

	(c) Only recommend manufacturer (M strategy)

[image: The formula depicts the expression \(F_{E}^{NME}\), equal to a fraction. The numerator is \(a(1 - \varphi)\varphi^{\theta}(1 + \varphi)^{(1 + r)} + 8(2 - \theta^{2})(2 - \theta - \theta \varphi + \theta r - \theta \varphi r)\). The denominator is \(4 \left[6(1 - \varphi) + \theta^{2}(\varphi^{2} + 10 \varphi - 7)\right]\).]
[image: Mathematical equation for \( P^{EMM}_e \) is shown, involving variables \( \theta \), \( \phi \), \( \theta_H \), \( a \), and complex expressions in both numerator and denominator. The formula includes terms like \( \theta^2(1+\phi)^2(4-3\theta+\theta_H) \) and \( 4[16(1-\phi)+\theta^2(\phi^2+10\phi-7)] \).]
[image: Mathematical expression for \( r^{PIMM}_{PM} \) equals the numerator: \( a[4\phi(1+\phi) + 16(1-\phi)(3\phi + r) + 9\phi(1+7\phi) - 9\phi(11+7\phi) + 2\phi(3+5r)] \), over the denominator: \( 4[16(1-\phi) + 9\phi^2(\phi + 10\phi - 7)] \).]

	(d) Simultaneously recommend e-commerce platform and manufacturer (B strategy)

[image: Equations for \(w^{EMB}_E\) and \(p^{EMB}_E\) are shown. The first equation is \(w^{EMB}_E = \frac{a(1-\phi)(1+r)[8(1-\theta\phi)+\theta^3(1+\phi)^2]}{4[8(1-\phi)+\theta^2(1+\phi)^2]}\). The second equation is \(p^{EMB}_E = \frac{a(1+r)[4(3-\theta)(1-\phi)+\theta^2(1+\phi)^2(2-\theta)]}{4[8(1-\phi)+\theta^2(1+\phi)^2]}\).]
[image: Mathematical equation displaying \( P_M^\text{EMB} = \frac{a(1+r)\left[ 8(1-\phi) + (1+\theta\phi)^2 + 2\theta(1-\theta) \right]}{4\left[ 8(1-\phi) + \theta^2(1+\phi)^2 \right]} \).]
Lemma 1. Holding other parameters constant, as the relative size of the recommended market [image: Please upload the image or provide a URL for me to generate the appropriate alt text.] increases, traditional market demand decreases, wholesale and retail prices increase, recommended market demand and supply chain members’ profits increase.
Lemma 1 indicates that regardless of the form of recommendation, the more consumers attracted to the e-commerce platform through recommendations, the more attention is paid to these recommended consumers by the recommended party, resulting in a larger premium space. Although non-recommended parties cannot directly serve recommended consumers, they can also benefit from alleviated market competition. Therefore, both retail and wholesale prices for the e-commerce platform and the manufacturer will increase. The influx of recommended consumers leads to deviations in pricing in traditional markets from optimal pricing, hence traditional market demand decreases. In addition, as the relative size of the recommended market increases, the rate at which e-commerce platforms raise their retail prices through distribution channels is faster than that of wholesale prices ([image: Mathematical expression showing the partial derivative of \( p_E^{EMk*} \) with respect to \( r \) is greater than the partial derivative of \( w_E^{EMk*} \) with respect to \( r \).]). This means that regardless of whether distribution channels are being recommended or not if there are more recommended consumers then dual marginalization becomes more severe without any improvement in channel efficiency. Lemma 1 also suggests that as manufacturers attract more consumer through their recommendation strategy it benefits both e-commerce platforms and manufacturers; therefore, choosing an optimal recommendation strategy to manage channels is necessary.
4.2 Comparative analysis
The impact of different recommendation strategies on the profits of the e-commerce platform and the manufacturer is as follows:
Conclusion 1. In the dual-channel EM structure, comparing recommendation strategies [image: Mathematical expression depicting \( k(k = E, M, B) \), indicating the variable \( k \) with its possible values being \( E \), \( M \), and \( B \).] with the non-recommendation case N, we have:
	(a) The E strategy increases the profits of both the e-commerce platform and the manufacturer, i.e., [image: Mathematical expression with pi subscript E superscript EME asterisk is greater than pi subscript E superscript EMN asterisk.] and [image: Mathematical expression showing pi subscript M superscript EME* is greater than pi subscript M superscript EMN*.].
	(b) There exists a threshold [image: It appears there is an issue with the image upload. Please try uploading the image again or provide a URL for me to access it.], such that only when [image: Mathematical expression depicting inequalities: the maximum of two variables, \( r \) and \( r_{\text{EMM}} \), is less than \( r \), which is further less than \(\bar{r}\).], the M strategy increases the profits of the e-commerce platform and unconditionally increases the profits of the manufacturer.
	(c) The B strategy increases the profits of both the e-commerce platform and the manufacturer, i.e., [image: Equation illustrating \(\pi^{EMB}_E\) is greater than \(\pi^{EMN}_E\).] and [image: Mathematical expression with pi superscript EMB star subscript M is greater than pi superscript EMN star subscript M.].

Conclusion 1 indicates that when the manufacturer and the e-commerce platform both act as online retailers, recommendations can increase the profits of the recommended party because it increases their market demand. As a result, the e-commerce platform or the manufacturer as the recommended party can directly benefit from the increased sales profit derived from the demand of recommended consumers. Secondly, recommendations do not necessarily reduce the profits of non-recommended parties. The manufacturer, as a non-recommended party, can benefit from the E strategy, while the e-commerce platform may suffer in the M strategy. This is because when the e-commerce platform or the manufacturer act as a non-recommended party, although sales profits may decrease due to reduced traditional market demand, both parties can indirectly gain higher returns through the commission fee or the wholesale contract resulting from an increase in each other’s demands. Balancing these two sources of profit reveals that for the manufacturer acting as the supply chain leader in the E strategy, an increase in wholesale income outweighs any loss in sales profit; whereas for the e-commerce platform in the M strategy only with a certain scale of recommended market will an increase in the commission fee compensate for any loss in sales profit. This outcome demonstrates that there exists a conflict of recommendation preference between the e-commerce platform and the manufacturer. The former hopes to receive the direct recommendation from the manufacturer which would be beneficial for all stakeholders involved.
4.3 Optimal recommendation strategy
The manufacturer determines the recommendation strategy based on its own profit level, choosing the most profitable recommendation method as the optimal recommendation strategy. The results are summarized in Proposition 2.
Proposition 2. In a dual-channel EM structure, the optimal recommendation strategy for the manufacturer is:
	(a) When [image: \(0 < \varphi < \min\{\varphi_{1}, \frac{1}{2}\}\).], the B strategy is optimal.
	(b) When [image: The inequality phi subscript 1 is less than phi is less than one half.], if [image: The inequality \( r < r < -1 + \sqrt{2} \sqrt{\frac{(2-\theta)^2 [8(1-\varphi) + (1+\varphi)^2 \theta^2]}{16(1-\varphi) - (7 - 10\varphi - \varphi^2) \theta^2}} \) is shown.], then the M strategy is optimal; if [image: Negative one plus the square root of two times the square root of the fraction with numerator: two minus theta squared times eight times one minus phi plus one plus phi squared times theta squared, and denominator: sixteen times one minus phi minus seven minus ten phi minus phi squared times theta squared. This is less than r, which is less than r-bar.], then the B strategy is optimal.

Proposition 2 indicates that the optimal recommendation strategy of the manufacturer is not only related to the relative size of the recommendation market, but also closely related to the commission rate. If the commission rate is low, the manufacturer will choose indifferent recommendation for resale channels and direct sales channels; if the commission rate is high, the manufacturer will choose only direct sales recommendation when the relative size of the recommendation market is low, and indifferent recommendation when the relative size of the recommendation market is high. This is because compared with recommending only direct sales channels, directing all consumers to resale channels will result in higher efficiency loss due to double marginal effects. Not recommending any products or services at all will result in a reduction in market demand by losing potential consumers, therefore, the E strategy and N strategy are strictly inferior to the M strategy. When the commission rate is low or the relative size of the recommendation market is high, the manufacturer can obtain higher profits from the sales revenue of direct sales channels or the wholesale revenue of resale channels. Therefore, indiscriminately promoting products or services is better than targeted promotion. However, when the commission rate is high and the relative size of the recommendation market is low, the manufacturer is at a disadvantage on the e-commerce platform, and the small-scale recommended market will lead to more intense competition between the two parties to attract customers. Therefore, the manufacturer can only enhance its channel control power and achieve higher sales revenue by promoting its products through direct sales channels. It can be seen that under the dual-channel EM structure, in order to expand market demand while avoiding profit loss due to weakened channel control, not recommending or only recommending the distribution channel will not become the optimal recommendation strategy for the manufacturer. Regardless of the relative size of the recommended market, the manufacturer will always take recommended measures and recommend the direct sales channel.
Proposition 2 explains why in reality manufacturers always recommend direct sales channels rather than self-owned channels of e-commerce platforms. For example, Huawei, Xiaomi, etc., the main mobile phone is a digital product commission rate is relatively high, considering the price comparison behavior between consumers in different e-commerce malls, the recommended market size is relatively small, so they always choose only to recommend their own official website mall.
Theorem 1. Let [image: The equation depicts r-star as negative one plus the square root of two times the square root of a fraction. The fraction has a numerator of two minus theta squared times eight times one minus phi plus one plus phi squared theta squared. The denominator is sixteen times one minus phi minus seven minus ten phi minus phi squared times theta squared.], then when [image: Equation showing three variables with inequalities: \( r < \hat{r}^* < \bar{r} \).], we have [image: Partial derivative of vector r star with respect to theta is less than zero.] and [image: Partial derivative of vector \(\vec{r}\) with respect to \(\varphi\) is less than zero.].
Theorem 1 indicates that the higher the level of channel competition, the more severe market imbalance will result from only recommending the direct sales channel, therefore relaxing the conditions for the manufacturer to choose indiscriminate recommendation. The higher the commission rate, the stronger the desire of the manufacturer to increase sales profit through direct sales channel by recommending consumers, hence leading to stricter conditions for the manufacturer to choose indiscriminate recommendation. Additionally, reducing the commission ratio can also be seen as potential payment for the e-commerce platform in order to obtain the recommendation.
5 DUAL-CHANNEL ET STRUCTURE
For the dual-channel ET composed of the e-commerce platform and the third-party retailer, both the e-commerce platform and the third-party retailer wholesale products from the manufacturer, operate their own authorized stores for online sales. The third-party retailer pays sales commission to the e-commerce platform. Using non-recommendation as the baseline model (denoted as N strategy), the manufacturer can choose to only recommend the e-commerce platform (denoted as E strategy) or the third-party retailer (denoted as T strategy), or it can choose to simultaneously recommend both the e-commerce platform and the third-party retailer (denoted as B strategy). The game sequence is as follows. First, the manufacturer decides whether to recommend and chooses a recommendation strategy. Secondly, the manufacturer determines wholesale prices [image: Mathematical notation of lowercase letter "w" with subscript "E".] and [image: It appears that there might be an issue with the image upload. Please try uploading the image again or provide a URL to the image if available. Additionally, you can add a caption to give more context.]. Finally, the e-commerce platform and the third-party retailer simultaneously decide on retail prices [image: I'm sorry, I can't generate alt text without access to the image. Please upload the image or provide a URL.] and [image: It seems like there was an error with the image upload. Please upload the image again, and I’ll help you create the alt text for it.]. The profits of the e-commerce platform, manufacturer, and third-party retailer are respectively:
[image: Formula representing profit: \(\pi = \varphi p_D q_D + (p_F - w) q_F\), labeled as equation (3).]
[image: Mathematical formula: \( f_N = w_T f_T + w_C f_C \). Equation number four in the context of a document.]
[image: It seems there might have been a misunderstanding. The text provided appears to be a mathematical formula rather than an image. If you have an actual image to provide, please upload it so I can generate appropriate alternate text. ]
The profit of the e-commerce platform is composed of the sales profit from the e-commerce’s distribution channel and the commission fees from the third-party retailer’s distribution channel. The manufacturer’s profit is composed of the wholesale income from the e-commerce’s distribution channel and the third-party retailer’s distribution channel.
5.1 Equilibrium results
Using inverse induction method, the equilibrium of each recommendation strategy is solved. First, for given [image: Lowercase letter "w" with subscript "E" in a serif font, commonly used to denote a variable or term in mathematical or scientific contexts.] and [image: Seems like there's no image attached. Please upload the image or provide a URL for me to generate the alt text.], the optimal reaction functions [image: Mathematical expression showing a probabilistic function denoted by a tilde over p subscript E, superscript ET, with variables w subscript E and w subscript T in parentheses.] and [image: Mathematical expression showing a probability notation: \( \tilde{p}_T^{ET}(w_E, w_T) \).] of the e-commerce platform and the third-party retailer are obtained by solving the first-order conditions [image: The partial derivative of pi subscript E superscript ET with respect to rho subscript E equals zero.] and [image: Partial derivative equation showing the derivative of \(\pi_T^{ET}\) with respect to \(p_T\) equals zero.] using Equations 3, 5. Then, the optimal reaction functions are input into Equation 4, and the optimal wholesale prices [image: The equation represents a mathematical expression with "w" in italic font and subscript "E," combined with a superscript asterisk symbol.] and [image: Equation with the vector notation \( \mathbf{w}_T^\star \).] of the manufacturer are obtained by solving [image: Partial derivative equation with respect to w sub E: the partial derivative of pi sub M superscript ET of w sub E and w sub T over the partial derivative of w sub E equals zero.] and [image: Partial derivative equation displaying the derivative of \(\pi^{ET}_M(w_E, w_T)\) with respect to \(w_T\), set equal to zero.]. Finally, the optimal retail prices [image: A mathematical expression with the letter "p" in italics, subscript "E," and a superscript asterisk symbol above the "p."] and [image: Mathematical expression with a lowercase letter "p" followed by a subscript "T" and an asterisk symbol above the "p".] of the e-commerce platform and the third-party retailer are obtained by inputting [image: Equation showing the symbol "w" with a subscript "E" and a superscript asterisk.] and [image: Mathematical notation depicting a vector \( \mathbf{w}_T^\ast \), often used to represent an optimal weight vector or parameter in the context of machine learning or optimization.] back into [image: Mathematical expression featuring tilde above P-sub-E-sup-ET, with variables w-sub-E and w-sub-T in parentheses.] and [image: Mathematical expression depicting p-tilde subscript T superscript ET as a function of w-subscript E and w-subscript T.]. To ensure the optimality and non-negativity of the segmented market demand, it is assumed that [image: Mathematical expression showing \( r < r < r \).], where [image: The image shows a mathematical expression defining \( r \) as the maximum of two fractions. The first fraction is \(\frac{12 - 20(1 - \varphi) - (7 + 3\varphi)\theta^{\frac{2}{5}}}{20 - (11 + 3\varphi)\theta^{\frac{2}{5}}}\). The second fraction is \(\frac{6 - 6(1 - \varphi) - (2 + \varphi)\theta^{\frac{2}{5}}}{10 + \theta(1 - \varphi) - (2 + 3\varphi)\theta^{\frac{2}{5}}}\).] and [image: The equation displayed is: bar r equals the fraction with numerator 20 plus 20 theta times (7 minus phi) minus (13 plus 3 phi) theta squared minus (9 plus phi) theta cubed, and denominator (1 plus theta) times [12 minus (7 plus phi) theta squared].]. Using the superscript [image: It seems there might have been a misunderstanding, as no image was provided. Please upload the image or share a link to it, and I will be happy to help generate the alternate text for you.] to represent the recommended strategy [image: Mathematical notation showing a function or variable, k, with a set of possible values: N, E, T, and B, enclosed in parentheses.] under the dual-channel ET structure, the equilibrium decisions for the four recommended strategies are summarized in Proposition 3.
Proposition 3. In the dual-channel ET structure, the optimal wholesale and retail prices for the four recommendation strategies are as follows:
	(a) No recommendation (N strategy)

[image: Mathematical expressions showing the formulas for \( w_{t}^{FIN} \), \( w_{T}^{FIN} \), \( p_{E}^{FIN} \), and \( p_{T}^{FIN} \). The equations involve variables such as \( a \), \( \theta \), \( \phi \), and include fractions with various mathematical operations like multiplication and subtraction.]

	(b) Only recommend e-commerce platform (E strategy)

[image: Mathematical equations depict two expressions. The first is \( w_{E}^{\text{FTE}} = \frac{a[\phi\theta(1-r)+(2-\theta^{2})(1+r)-2\theta\rho]}{4(2-\theta^{2})} \). The second is \( w_{T}^{\text{FTE}} = \frac{a(1-\phi)(2-\theta+\theta\rho)}{4} \).]
[image: The equation represents \( p^{\text{ETE}}_E \) as a fraction. The numerator is \( a[12(1 + r) - 2\theta (1 - \varphi) - \theta^2 [7 + 9r + \varphi(3 + r)] ] \). The denominator is \( 4[8 - \theta^2 (5 + \varphi)] \).]
[image: The image displays a mathematical equation for \( p_{T}^{ETE} \). The equation is \( p_{T}^{ETE} = \frac{a[24 - 2(8 + \phi)\theta^{6} - 2\theta(7 - 5r) + \theta^{9}(9 - 7r + \phi(1 - r))]}{4(8 - \theta^{7}(5 + \phi))} \).]

	(c) Only recommend third-party retailer (strategy T)

[image: Equations displaying the values of \(w_E^{FTT}\), \(w_T^{FTT}\), and \(p_T^{FTT}\). \(w_E^{FTT} = \frac{a[2 - \theta(1 - r) - \phi\theta(1 + r)]}{4}\), \(w_T^{FTT} = \frac{a(1 - \phi)(1 + r)}{4}\), and \(p_T^{FTT} = \frac{a[(12 - \theta^2\phi)(1 + r) - 2\theta - \theta^2(7 + 9r)]}{4[8 - \theta^2(5 + \phi)]}\).]
[image: Equation showing \( p_{E}^{\text{FTT}} \) equal to \(\frac{a[24 - 4(4 + \varphi) \theta^2 - 2 \theta [7 - 5r - \varphi(1 + r)] + \varphi \theta [9 - 7r + \varphi(1 - 3r)]]}{4[8 - \theta^2(5 + \varphi)]} \).]

	(d) Simultaneously recommend e-commerce platform and third-party retailer (strategy B)

[image: Mathematical equations depict weighted terms and coefficients. The top two equations show weighted terms \( w^{ETB*}_E = \frac{a(1+r)(1-\theta\phi)}{4} \) and \( w^{ETB*}_T = \frac{a(1+r)(1-\phi)}{4} \). The bottom equation is \( P^{ETB*}_E = \frac{4(1+r)[6-\theta(1-\phi)-2\theta^{2}(1+\phi)]}{4[4-\theta^{2}(1+\phi)^{2}]} \). Variables include \( a \), \( r \), \( \theta \), and \( \phi \).]
[image: Equation depicting \( p_T^{ETB^*} \) as \(\frac{a(1+r)[6-\theta-(2+\phi)\theta^2]}{4[4-\theta^2(1+\phi)^2]} \).]
5.2 Comparative analysis
Examining the impact of different recommendation strategies on the profits of the e-commerce platform and the third-party retailer, the results are as follows.
Conclusion 2. In the dual-channel ET structure, comparing recommendation strategy [image: It looks like there was an issue with the image upload. Please try again, ensuring the image is properly attached or provide a URL. If you have any additional context or captions, feel free to include those as well.] with the non-recommendation scenario N, there exists a threshold [image: Mathematical expression showing symbols for square root of E T to the power of k, with k equal to E, T, B.], where:
	(a) Only when [image: Mathematical expression depicting the inequality: the maximum of r and r superscript ETE is less than r, which is in turn less than r with a bar over it.], the strategy E increase the profit of e-commerce platforms; only when [image: Mathematical expression showing the maximum of two quantities. The first is \( r \) and the second is \(\frac{2 [2 - \theta (1 - \phi) - \theta^r (1 + \phi)]}{4 - \theta^r (1 + \phi)}\). The expression is valid for \( r \) less than \( \bar{r} \).], the strategy E increase the profit of third-party retailers;
	(b) Only when [image: Mathematical expression describing a range where the maximum of two variables, \( r \) and \( r^{ETT} \), is less than a variable \( r \) which in turn is less than another variable \( \bar{r} \).], the T strategy increases e-commerce platform’s profit and unconditionally increases third-party retailer’s profit.
	(c) Only when [image: I'm unable to directly view or analyze mathematical equations presented as images, but I can help interpret or generate descriptions of them if you can provide details. If the equation is written out, please type it here for assistance.], the B strategy simultaneously increases both e-commerce platform and third-party retailer profits.

Conclusion 2 provides the impact of recommended strategies on the profits of the recommended and non-recommended party in the dual-channel ET structure. A significant difference from the dual-channel EM structure is that recommendations do not necessarily increase the profit of the recommended party. When the manufacturer only recommends the e-commerce channel, although there is an increase in market demand for the e-commerce platform, if the relative size of the recommended market is small, both the e-commerce platform and the third-party retailer may engage in price competition to attract consumers. The non-recommended third-party retail channel may suffer more severe losses due to double marginal effects, making it difficult for the e-commerce platform to compensate for sales and commission losses in traditional markets with increased revenue from recommended markets. Therefore, the e-commerce platform that consider both self-sales profits and third-party retailer commissions can only achieve higher profits from recommendations when the relative size of the recommended market is high. When the manufacturer exclusively recommends the third-party retailer, exclusive recommendation always benefits the third-party retailer by bringing about market increments without considering whether the e-commerce platform is profitable or not. However, when the manufacturer simultaneously recommends both the third-party retailer and the e-commerce platform under equal conditions, compared to exclusive recommendation, the third-party retailer receive a smaller market increment from recommendations; thus, avoiding loss due to price competition and increasing profits only when market scale is relatively high. Furthermore, recommendations may also increase non-recommended party’s profits because when a relative large-scale recommendation occurs as a result of their competitive advantage leading them to raise retail prices which benefits non-recommended parties through reduced market competition levels resulting in greater profit gains. Additionally, as a non-recommended party, the e-commerce platform can also benefit from increased commission fees derived from the increased demand at the third-party retailer.
5.3 Optimal recommendation strategy
Proposition 4. In the dual-channel ET structure, the manufacturer’s optimal recommendation strategy is as follows: when [image: Sorry, I can't help with that.], strategy B is optimal; when [image: The image shows a mathematical inequality: negative square root of r is less than r is less than negative one plus the square root of two.], then strategy N is optimal.
Proposition 4 indicates that the manufacturer’s optimal recommendation strategy depends on the relative size of the recommended market. If the relative size of the recommended market is low, then the manufacturer chooses not to recommend; conversely, if the relative size of the recommended market is high, then the manufacturer chooses to indiscriminately recommend both e-commerce and retail channels. The reason for this lies in several factors: On one hand, compared to indiscriminate recommendation, recommending only one channel (e-commerce platform or third-party retailer) causes an imbalance in the market which reduces non-recommended party’s market increment. This leads to lower retail prices and wholesale prices for non-recommended parties ([image: Mathematical expression showing \( p_{E}^{ETT*} \) is less than \( p_{E}^{ETB*} \).], [image: Mathematical expression showing \( p_{T}^{ETE^*} < p_{T}^{ETB^*} \).], [image: Mathematical expression showing \( w_{E}^{ETT*} < w_{E}^{ETB*} \).], [image: Mathematical expression showing \( w_T^{ETE^*} < w_T^{ETB^*} \).]) due to double marginalization effects. As a result, the manufacturer cannot obtain sufficient compensation from its recommended channels; therefore, differentiated recommendations are strictly inferior to indiscriminate recommendations. On another hand, compared with not recommending at all, only when both the e-commerce platform and the third-party retailer benefit from indiscriminate recommendations can there be an increase in profits for non-recommended parties leading the manufacturer charging higher wholesale prices. Therefore, indiscriminate recommendation is superior to not recommending only when there are potential benefits for both the e-commerce platform and the third-party retailer from such a strategy. In summary, under dual-channel ET structure differentiated recommendation will not become an optimal strategy for the manufacturer. Additionally, a relatively small recommended market scale will prevent the manufacturer from establishing a recommendation mechanism. In comparison with dual-channel EM structure where the manufacturer lacks direct control over channels in ET distribution channels thus creating fully competitive markets through recommendation strategies for the e-commerce store and third-party store would be strictly superior to any single party monopolizing recommended markets. In reality, many manufacturers that do not have an official website will not consider using recommendation strategies, which is consistent with the conclusion of proposition 4, because these manufacturers tend to be weak and the number of consumers seeking manufacturer recommendations is small.
6 DUAL-CHANNEL MT STRUCTURE
For the dual-channel MT consisting of the manufacturer and third-party retailer, the manufacturer wholesales products to the third-party retailer, and the third-party retailer and manufacturer respectively operate the third-party authorized store and official flagship store. The e-commerce platform does not participate in product sales and only provides a platform to collect transaction fees. Taking non-recommendation as the benchmark model (referred to as N strategy), the manufacturer can choose to only recommend the manufacturer (referred to as M strategy) or the third-party retailer (referred to as T strategy) or choose to recommend both the manufacturer and the third-party retailer (referred to as B strategy) simultaneously. The game order is as follows. First, the manufacturer decides whether to recommend and chooses the recommended strategy. Second, the manufacturer decides the wholesale price [image: It seems you've included a symbol or formula instead of an image. Please upload the image file or provide a URL for me to generate the alternate text.]. Finally, the manufacturer and third-party retailer jointly decide the retail price [image: Please upload the image you would like me to analyze and provide alternate text for.] and [image: It seems there's no image attached. Please upload the image or provide a URL, and I will help generate the alt text for you.]. The profits of the e-commerce platform, manufacturer, and third-party retailer are respectively:
[image: Mathematical equation representing a weighted sum: \( \Pi_F = \varphi_M \mu_M + \varphi_T \mu_T \). The equation is labeled as equation number six.]
[image: Mathematical equation depicting a formula for \( x_N \) as follows: \( x_N = (1 - \varphi) p_N q_N + w_T d_T \). The formula is labeled with the number (7).]
[image: A mathematical equation is displayed: πᵀ = (1 - φ)pₜqₜ - wₜqₜ.]
The profit of the e-commerce platform is composed of the commission fees from the manufacturer’s direct sales channel and the retailer’s distribution channel. The manufacturer’s profit is composed of the sales profit from the direct sales channel and the wholesale income from the retailer’s distribution channel.
6.1 Equilibrium results
Using the method of backward induction to solve for the equilibrium of each recommended strategy. First, for a given [image: It seems you tried to refer to an image, but I didn't receive one. Please upload the image or provide a URL to generate the alt text.], using the first-order conditions [image: Partial derivative of π subscript M superscript MT with respect to ρ subscript M equals zero.] and [image: The mathematical equation shows the partial derivative of π superscript MT subscript T with respect to p subscript T equals zero.] from Equations 7, 8, we can simultaneously obtain the optimal reaction functions [image: Mathematical expression with a tilde above \( p \), subscript \( M \), superscript \( MT \), and \( w_T \) in parentheses.] and [image: Mathematical expression displaying a variable \( \tilde{p}_T^{MT}(w_T) \) which involves a tilde symbol, superscript \( MT \), subscript \( T \), and functional dependency on \( w_T \).] for the manufacturer and the third-party retailer. Then, substituting these optimal reaction functions into Equation 7, solving [image: Partial derivative of pi subscript M superscript MT with respect to w subscript T equals zero.] yields the optimal wholesale price [image: The formula shows the notation for the transposed vector \(\mathbf{w}_T\) with a star symbol above it, often representing optimal or estimated values in mathematical contexts.] for manufacturers. Finally, substituting the optimal wholesale price [image: The image shows a mathematical notation of the symbol "w" with a superscript asterisk and subscript "T".] back into [image: Mathematical expression displaying a tilde over lowercase p with subscript M and superscript MT, followed by w subscript T in parentheses.] and [image: Mathematical notation: \(\tilde{p}_T^{MT}(w_T)\), representing a function or probability distribution indexed by \(T\), with a tilde and superscript \(MT\), evaluated at \(w_T\).], we obtain the optimal retail prices [image: Mathematical notation showing "p" with a star superscript next to the letter "M" with an additional subscript "M".] and [image: Mathematical notation showing a lowercase "p" with an asterisk above it, followed by a subscript capital "T".]. To ensure non-negativity of the optimum solution and submarket demand, assume [image: Mathematical expression showing "r is less than r is less than r".] where [image: The equation represented is \( r = \frac{3}{5 + \theta^2} \).] , [image: \(\overline{r} = \frac{(2 + \theta)[40 - 4\theta - 36\theta^2 + \theta^3(3 + 7\theta)]}{(1 + \theta)(48 - 44\theta^2 + 11\theta^6)}\).]. Using superscript [image: Sure, please upload the image you want me to describe.] to represent recommended strategy [image: Equation showing k in relation to N, M, T, and B, formatted as \( k(k = N, M, T, B) \).] under dual-channel MT structure, equilibrium decisions for four recommended strategies are summarized in Proposition 5.
Proposition 5. In the dual-channel MT, the optimal wholesale and retail prices for the four recommended strategies are as follows:
	(a) Non-recommendation (N strategy)

[image: Three mathematical expressions presented:  1. \( w_{T}^{MTN*} = \frac{a(1-\phi)(8+\theta^{3})}{2(8+\theta^{2})} \). 2. \( p_{T}^{MTN*} = \frac{a(12-4\theta+2\theta^{2}-\theta^{3})}{2(8+\theta^{2})} \). 3. \( p_{M}^{MTN*} = \frac{a(8+2\theta-\theta^{2})}{2(8+\theta^{2})} \).]

	(b) Only recommend manufacturer (M strategy)

[image: Two mathematical expressions are shown. The first expression for \(w_{T}^{MTM_{\ast}}\) is \(\frac{a(1-\phi)[16(2-\theta^2)-16\theta(1-r)+\theta^2(9-7r)]}{4(16-7\theta^2)}\). The second expression for \(p_{T}^{MTM_{\ast}}\) is \(\frac{a[4(12-5\theta^2)-16\theta(2-r)+\theta^3(13-7r)]}{4(16-7\theta^2)}\).]
[image: The mathematical expression shows \( p^{NTM}_{M} = \frac{a[4\theta + 16(1 + r) - \theta^2 (11 + 7r)]}{4(16 - 7\theta^2)} \).]

	(c) Only recommend third-party retailer (T strategy)

[image: Equations representing mathematical expressions for \( w_{T}^{MTT} \) and \( p_{M}^{MTT} \). The first equation is:  \[ w_{T}^{MTT} = \frac{a(1 - \phi)[32(1 + r)(1 - \theta) + 2\theta^{3} + \theta^{4}(7 + 9r)]}{4(32 - 30\theta^{2} + 7\theta^{4})} \]  The second equation is:  \[ p_{M}^{MTT} = \frac{a[32 - 18\theta^{2} - 4\theta(3 - 5r) + \theta^{3}(7 - 11r)]}{4(16 - 7\theta^{2})} \]]
[image: The image shows a mathematical equation: \( p^{\text{MTT}^*}_T = \frac{a[48(1+r) - 2\theta(8 - 36\theta) - \theta^2 (36 - 70\theta) - 13r\theta^2(4 - \theta^2)]}{4(32 - 30\theta^2 + 7\theta^4)} \).]

	(d) Simultaneously recommend e-commerce platform and third-party retailer (strategy B)

[image: A mathematical equation is displayed with several terms. It includes expressions for \(w^{MTB_t}_T\), \(p^{MTB_t}_T\), and \(p^{MTB_t}_M\). Each expression features variables like \(a\), \(r\), \(t\), \(\theta\), with numerators and denominators incorporating terms such as \((1+\theta)\), \((8+\theta^2)\), and others.]
6.2 Comparative analysis
Examination of the impact of different recommended strategies on the profits of the e-commerce platform, manufacturer, and third-party retailer yields the following results. Substituting Proposition 5 into Equations 6–8 yields Conclusion 3.
Conclusion 3. In a dual-channel MT structure, comparing recommended strategies [image: The image shows a mathematical expression with a variable \( k \) and conditions \( k = M, T, B \).] with non-recommendation scenario N:
	(a) The M strategy increases the profits of the e-commerce platform and manufacturer while decreasing the profit for the third-party retailer, i.e., [image: Equation showing \( \pi_{E}^{MTM^{*}} \) is greater than \( \pi_{E}^{MTN^{*}} \).], [image: Mathematical expression comparing two terms: pi subscript M superscript MTM asterisk is greater than pi subscript M superscript MTN asterisk.], [image: \(\pi_{T}^{MTM^{*}} < \pi_{T}^{MTN^{*}}\)].
	(b) The T strategy increases the profit for the e-commerce platform. There exists a threshold [image: Mathematical expression displaying "r" with a superscript "MTT".] such that only when [image: I'm sorry, I cannot view the image. Please upload it so I can help create the alt text for you.], the M strategy increase manufacturer’s profit. Additionally, when [image: Mathematical expression showing that pi subscript M superscript MTT asterisk is greater than pi subscript M superscript MTN asterisk.], it holds that [image: Mathematical expression showing π subscript T superscript MT T asterisk is greater than π subscript T superscript MT N asterisk.].
	(c) The B strategy increases profits for the e-commerce platform, manufacturer, and third-party retailer, i.e., [image: Mathematical expression showing \(\pi_{E}^{MTB^{*}}\) is greater than \(\pi_{E}^{MTN^{*}}\).], [image: The expression shows \(\pi^{MTB^*}_M\) is greater than \(\pi^{MTN^*}_M\).], and [image: Mathematical inequality showing pi subscript T with superscript MTB asterisk is greater than pi subscript T with superscript MTN asterisk.].

Comparing Conclusion 2 and Conclusion 3, it is similar to the dual-channel ET structure in that recommendations do not necessarily increase the profits of the recommended party. However, there is a slight difference from intuition: in the ET structure, weaker third-party retailers can unconditionally benefit from differential recommendations, while in the MT structure, stronger the manufacturer can unconditionally benefit from differential recommendations. From Conclusion 3, we can infer that firstly, the manufacturer adopting recommended strategies always increase e-commerce platform profits. Any party entering the recommended market can improve commission fees paid to the e-commerce platform by serving more consumers. Secondly, due to channel efficiency advantages, the manufacturer recommending only direct sales channels increases demand for direct sales channels and reduces demand for resale channels. Therefore, the manufacturer gains higher sales profits due to increased demand while the third-party retailer suffer due to reduced demand. The manufacturer recommending only resale channels increases demand for these channels; however, because of double marginalization weakening recommendation effects unless the relative size of the recommended market is high enough to compensate for traditional market demand reduction losses. Finally, the manufacturer’s indiscriminate recommendation of both direct sales and distribution channels can increase demand for each channel. Therefore, both the manufacturer and the third-party retailer can profit from the expansion of market demand.
6.3 Optimal recommendation strategy
Proposition 6. In the dual-channel MT structure, the M strategy is optimal, i.e., [image: Mathematical expression showing that \(\pi_M^{MTB^*}\) is greater than the maximum of \(\pi_M^{MTN^*}\), \(\pi_M^{MTM^*}\), and \(\pi_M^{MTT^*}\).].
In the dual-channel MT structure, the manufacturer chooses indiscriminate recommendation for both direct sales channels and resale channels. The reason is that recommending only the direct sales channel will lead to a decrease in traditional market demand for the non-recommended party, while recommending only the resale channel will result in a loss of channel efficiency due to double marginalization. Both differentiated recommendations and indiscriminate recommendations reduce the manufacturer’s wholesale revenue but fail to achieve higher sales profits. Therefore, differentiated recommendations are inferior to indiscriminate recommendations. Combining Proposition 3, indiscriminate recommendations can not only reduce the loss of channel efficiency but also meet higher market demand, and the manufacturer will benefit from serving more traditional consumers and recommending consumers.
Combining Proposition 2 and Proposition 6, the manufacturer will prioritize recommending direct sales channels in any channel structure, and for resale channels with different competitive positions, the manufacturer will adopt different recommendation strategies. When direct sales channels coexist with dominant resale channels (e-commerce platform channels), the manufacturer may only recommend direct sales channels to obtain additional competitive advantages; When direct sales channels coexist with weak resale channels (third-party retailer channels), the manufacturer’s indiscriminate recommendation strictly superior to differentiated recommendation to improve channel efficiency. In practice, the manufacturer often neglects to attract customers to the e-commerce platform and the third-party retailer due to concerns about customer loss. The above analysis indicates that even if manufacturers cannot directly serve consumers, they can still benefit indirectly through wholesale agreements or channel coordination. Furthermore, in most cases, recommending online retailers is advantageous for manufacturers.
7 NUMERICAL SIMULATION
To further analyze the optimal decisions in different dual-channel structures, this section combines numerical examples for analysis. Under the premise of meeting parameter assumptions, taking [image: I'm sorry, but it seems like there is an issue with displaying the image. Please ensure that the image is uploaded correctly or provide a URL so I can help you further.], we obtain the corresponding recommended market relative scale conditions [image: Please upload the image or provide a URL for it, and I'll help generate the alt text for you.] and [image: Please upload the image so I can generate the alternate text for you.]. Within the range of values, we compare and analyze the optimal decisions under three dual-channel structures and examine the impact of recommendation strategies on supply chain system profits.
7.1 Retail prices
Figures 2–4 show the retail prices of e-commerce platforms, manufacturers, and third-party retailers under different dual-channel structures. The results indicate that in any dual-channel structure, when the recommended market relative scale is small, the retail prices under recommendation are lower than those without recommendation. The recommended businesses will lower their prices to attract recommended consumers. However, when the recommended market relative scale is large, the retail prices under recommendation are higher than those without recommendation. From the perspective of the recommended party, although recommended consumers give them a demand advantage in the market which gives them an incentive to raise prices; increasing retail prices will reduce traditional market demand. Therefore, only when the relative scale of the recommended market is high and the benefit from increased demand outweighs losses from reduced traditional market demand would they increase retail prices. From the perspective of non-recommended parties, price reductions by recommended parties will lead to more intense market competition. Non-recommended parties are at a disadvantage as they cannot access recommended consumers and ultimately have to follow suit with price reductions to retain traditional market consumers. Raising prices by non-recommended parties will ease market competition and following suit with price increases will improve sales profits.
[image: Two line graphs compare retail prices on different platforms. Graph (a) depicts retail prices of an e-commerce platform with lines: blue dashed \(P_{FE}^E\), orange dashed \(P_{FM}^E\), green dashed \(P_{R}^E\), and red dashed \(P_{M}^E\) as a function of variable \(r\). Graph (b) shows retail prices of a manufacturer similarly, with lines \(P_{FE}^M\), \(P_{FM}^M\), \(P_{R}^M\), and \(P_{M}^M\) plotted against \(r\). Both graphs illustrate pricing trends over the range of \(r\) values from zero point zero to 1.4.]FIGURE 2 | Retail prices for the dual-channel EM model. (A) The retail prices of the e-commerce platform. (B) The retail prices of the manufacturer.
[image: Two line graphs comparing retail prices. Graph (a) shows the e-commerce retail prices with three lines: blue dotted, orange dashed, and green solid, all increasing with variable \(r\). Graph (b) shows third-party retailer prices with similar line patterns. The x-axis represents variable \(r\), and the y-axis represents price. Both graphs illustrate different pricing trends.]FIGURE 3 | Retail prices for the dual-channel ET model. (A) The retail prices of the e-commerce platform. (B) The retail prices of the third-party retailer.
[image: Two line graphs compare retail prices. The first graph shows the manufacturer's retail prices with four lines representing different conditions. The second graph displays the third-party retailer's prices with corresponding lines. Both graphs use symbols \(p^{M}_{r}\) and \(p^{R}_{r}\) with variations \(T\), \({R}_{r}\), \({T}_{t}\), and \({R}_{t}\), plotted against \(r^*\). Plots depict trends over the range from 0 to 1.4, with price axes from 0.55 to 0.7.]FIGURE 4 | Retail prices for the dual-channel MT model. (A) The retail prices of the manufacturer. (B) The retail prices of the third-party retailer.
7.2 Market demands
Figures 5–7 show the demand for e-commerce platforms, manufacturers, and third-party retailers under different dual-channel structures. It can be observed that in any dual-channel structure, both differentiated recommendation and indiscriminate recommendation can attract recommended consumers to e-commerce platforms, increasing the demand for the recommended party compared to the non-recommended scenario. Additionally, under differentiated recommendation, there is a greater increase in demand, indicating that competition in the recommended market does not favor an expansion of market demand. In dual channels EM and MT, recommending only the direct sales channel (i.e., manufacturer’s channel) will reduce the demand for non-recommended parties due to the elimination of double marginalization effects; thus, expanding direct sales channels will erode resale channels. In differentiated recommendations between e-commerce platforms and third-party retailers if the relative scale of the recommended market is small, to attract exclusive consumers, there is a higher relative intensity of price reduction by recommended parties compared to non-recommended parties. This attracts traditional market consumers to more favorable recommended channels. If the relative scale of the recommended market is large because of exclusive consumer advantages; there is a higher relative intensity of price increases by recommended parties compared to non-recommended ones as traditional market consumers, then turn towards better value non-recommended channels. Under necessary conditions, it may be necessary for recommended parties to abandon traditional market consumers and rely on increased demand brought by recommended consumers in order to enhance overall profits.
[image: Two graphs show demand trends. Graph (a) illustrates the e-commerce platform's demand as varying lines against the rate "r," with different styles for each demand variation. Graph (b) depicts the manufacturer's demand, also with varied line styles. Both graphs have "r" on the x-axis and demand on the y-axis.]FIGURE 5 | The demands for the dual-channel EM model. (A) The demands of the e-commerce platform. (B) The demands of the manufacturer.
[image: Two line charts compare demands. Chart (a) depicts the e-commerce platform's demands with three color-coded lines representing different data series, all showing upward trends. Chart (b) shows the third-party retailer's demands with similarly styled lines, also trending upwards. Both charts have axes labeled \(q\) and \(r\).]FIGURE 6 | The demands for the dual-channel ET model. (A) The demands of the e-commerce platform. (B) The demands of the third-party retailer.
[image: Two line graphs show demand variations. The left graph, labeled "The demands of the manufacturer," displays three rising trend lines. The right graph, labeled "The demands of the third-party retailer," shows also three increasing lines. The x-axis represents "r" and the y-axes show demand values for each.]FIGURE 7 | The demands for the dual-channel MT model. (A) The demands of the manufacturer. (B) The demands of the third-party retailer.
7.3 Supply chain profits
Let [image: I'm unable to generate alternate text for an image that has not been uploaded. Please try uploading the image again, or provide a URL so I can assist you further.] represent the supply chain profit for recommendation strategy [image: Mathematical notation showing the expression \( k(k = M, T, B) \), where \( k \) represents a variable that can take values M, T, or B.] in dual-channel [image: It seems there was an issue with the image upload. Please try uploading the image again, and I will help you generate the alt text.] structure. Where, [image: The formula shown is "Pi superscript E M subscript k equals pi subscript E superscript E M k plus pi subscript M superscript E M k."], [image: Mathematical equation showing an equality where Pi raised to the power of ET times k equals the sum of pi sub E raised to the power of ET times k, pi sub M raised to the power of ET times k, and pi sub T raised to the power of ET times k.] and [image: Mathematical equation showing Pi superscript MTk equals Pi subscript E superscript MTk plus Pi subscript M superscript MTk plus Pi subscript T superscript MTk.]. The supply chain profits for the three channel structures are shown in Figure 8.
[image: Three graphs compare dual-channel models: (a) Dual-Channel EM, (b) Dual-Channel ET, and (c) Dual-Channel MT. Each graph plots \( r \) on the x-axis against \( \Pi'' \) on the y-axis with various colored dotted lines. The models display different trends across the variable range.]FIGURE 8 | The profits of the supply chain. (A) Dual-Channel EM. (B) Dual-Channel ET. (C) Dual-Channel MT.
Figure 8 illustrates that the adoption of recommendation strategies by manufacturers can increase the overall profit level of the supply chain due to purchases made by recommended consumers. Among the three channel structures, supply chain profits are highest under indiscriminate recommendation. Comparing the supply chain profits under different recommendation strategies, in dual-channel EM and ET, supply chain profits are lowest under strategy E; in dual-channel MT, when the relative scale of the recommended market is small, supply chain profits are lowest under strategy T, and when it is large, they are lowest under strategy M. The maximization of overall supply chain profit does not completely align with maximizing manufacturer’s profit; therefore, a manufacturer’s recommendation strategy may not be optimal for the entire supply chain system.
8 CONCLUSION AND IMPLICATION
This study focuses on the phenomenon of manufacturers engaging in multi-channel sales through e-commerce platforms, examining channel management measures by manufacturers to guide consumer behavior through recommendation strategies. For the three dual-channel structures composed of e-commerce platforms, manufacturers, and third-party retailers, game models were constructed for manufacturer’s non-recommendation, differentiated recommendation, and indiscriminate recommendation. The impact of channel structure and recommendation strategy on recommended parties and non-recommended parties was compared. The optimal recommendation strategy for manufacturers was discussed along with numerical simulation analysis of differences in optimal prices, market demand, and supply chain profits.
The research findings are as follows:
	(1) Under different channel structures, recommendations do not necessarily increase the profit of the recommended party or decrease the profit of the non-recommended party. In most cases, a higher relative scale in the recommended market is needed to increase profits for both parties while avoiding low-price competition to attract a small number of recommended consumers.
	(2) The optimal recommendation strategy for manufacturers is closely related to channel structure, commission rates, and relative scale in the recommended market. In dual-channel EM structure when commission rates are high and relative scale in the recommended market is low; manufacturers choose only to recommend their own channels; otherwise, they opt for indiscriminate recommendations. In dual-channel ET structure when relative scale in the recommended market is low; manufacturers will not use a recommendation strategy; otherwise, they choose indiscriminate recommendations. In dual-channel MT structure; choosing indiscriminate recommendations allows manufacturers to obtain maximum profit.
	(3) Numerical simulation results show that retail prices, total market demand, and supply chain profits increase with an expansion in relative scale within the recommended market. Compared to scenarios without recommendations: when relative scale within the recommended market is small-retail prices under recommendation are lower than those without recommendations, when it's large-retail prices under recommendation are higher than those without recommendations. Differentiated recommendations and indiscriminate recommendations can both increase demand for recommended parties as well as supply chain profits but differentiated recommendations lead to greater increases in demand while indiscriminate recommendations result in larger increases in supply chain profits.

Based on these conclusions following managerial implications can be drawn.
(1) When using referral methods Manufacturers should focus on predicting referral consumer numbers such as incorporating official website link clicks into forecast planning regarding referral consumer numbers estimating consumption volume driven by official websites which could be used alongside brand promotion methods enhancing manufacturer reputation attracting more consumers via official website guidance then adjusting referral strategies based on predicted referral consumer numbers accordingly.
(2) Manufacturers should not blindly direct consumers solely towards their direct sales channels combining this with channel structure and commission rates directing consumers towards e-commerce platform channels or third-party retailer channels remains beneficial helping leverage synergies between different channels.
	(3) E-commerce platforms and third-party retailers should actively monitor changes at manufacturer’s official websites utilizing this information timely adjusting pricing strategies also adjusting commission fees inducing manufacturer referrals through adjustments made by e-commerce platforms.

There are some shortcomings in the research. First of all, this paper assumes that the competition between the traditional market and the recommendation market is symmetrical, and future work can consider the heterogeneity of consumers and incorporate consumer channel preferences into the consideration of recommendation strategies. Secondly, this paper focuses on mathematical modeling method, and does not use actual data for empirical test, so further consideration of empirical method research is needed in the future. Finally, this paper does not integrate artificial intelligence technology, and deep learning can be integrated in the future to improve the accuracy of manufacturer recommendation strategies.
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This paper presents a low-carbon optimal scheduling model for distribution networks with wind and photovoltaic (PV), accounting for supply and demand uncertainties. The model optimizes thermal generation costs, wind and PV maintenance costs, and carbon emissions using a chance-constrained approach with fuzzy variables. The clear equivalent class method simplifies these constraints for easier problem-solving. Validation on the IEEE-30 node system shows the model reduces costs by 32.9% and carbon emissions by 19.2% compared to traditional scheduling, effectively lowering both costs and the carbon footprint. This real-world optimization approach tackles uncertainty in renewable energy supply and improves system efficiency and sustainability.
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1 INTRODUCTION
With the introduction of the ‘dual carbon’ targets and the growing energy demand, low-carbon scheduling has become a key focus in power systems research [1]. The increasing integration of renewable energy, especially wind and solar, presents both opportunities and challenges for low-carbon dispatch in distribution networks [2]. Exploring strategies that incorporate wind and solar power can improve renewable energy utilization [3], reduce carbon emissions, and enhance the safety, efficiency, and sustainability of power systems, supporting the achievement of the “dual carbon” goals [4].
Current research on low-carbon optimization scheduling for distribution networks includes efforts both domestically and internationally [5]. Early work introduced the carbon flow theory, which links power generation emissions to load-side consumption, highlighting the impact of load patterns on low-carbon scheduling [6]. Studies have developed methods for calculating carbon flow and node carbon potential, incorporating these constraints to reduce emissions from renewable energy stations [7, 8]. Other research has quantified the carbon intensity of high-penetration wind systems and proposed models for low-carbon grid transformation using carbon flow theory [9, 10]. Further developments have integrated low-carbon demand response and carbon flow to enhance carbon mitigation potential [11], and some models consider carbon tax costs on both supply and demand sides to increase renewable energy penetration [12, 13]. In addition, big data analytics has been applied to analyze energy consumption and carbon emissions, aiding in the optimization of low-carbon scheduling [14].
As the share of wind and solar power increases, the uncertainties in both supply and demand present new challenges for low-carbon optimization in distribution networks. To address these issues, this article focuses on integrated optimization of renewable energy output, demand response, and the carbon trading mechanism. It proposes a low-carbon scheduling model for distribution networks that considers uncertainties on both the supply and demand sides. The model optimizes thermal generation costs, wind and solar operation and maintenance costs, and carbon emission costs, using fuzzy chance constraint methods to handle uncertainties in wind power, PV output, and load demand. The effectiveness of the approach is validated through simulations based on the IEEE-30 node system.
2 IMPLEMENTATION TECHNOLOGY FOR LOW-CARBON OPTIMAL DISPATCHING STRATEGY IN DISTRIBUTION NETWORKS ACCOUNTING
2.1 Determination of objective function
We take into consideration the power generation costs associated with thermal power units, the operational and maintenance expenses of wind and solar power generation, as well as the carbon emission costs. Consequently, the objective function is defined as follows:
[image: Please upload the image or provide a URL so I can generate the alternate text for you.]
where [image: It seems like there was an error in uploading the image. Please try uploading the image again, ensuring the file is attached, or provide a URL. You can also include a caption for more context.] represents the generation cost of thermal power units; [image: A black capital letter "C" subscripted by the number "2", indicating a mathematical or scientific notation, typically used to denote carbon dioxide or a related concept.] represents the operation and maintenance costs of wind and solar power generation; [image: It seems there was an error in uploading the image. Please try uploading the image again or provide more context for assistance.] represents the cost of carbon emissions.
The calculation formula for the generation cost [image: Please upload the image you'd like me to generate alternate text for.] of thermal power units is as follows:
[image: Mathematical equation with variables and summations, expressing a formula for \( C_1 \). The equation involves summations over \( N_{GC} \), terms with squared variables, coefficients \( a_i \), \( b_i \), additional constants \( g_i \), and a product with another variable \( S_{ij} \).]
where [image: It seems you're referring to an image, but no image has been provided. Please upload the image or provide a URL, and I'll help generate the alternate text for it.], [image: It seems there is an issue with the upload or reference. Please try uploading the image again or provide a URL if it’s an online image.], and [image: Please upload the image or provide a URL so I can generate the alternate text for you.] respectively represent the coal consumption coefficient of the corresponding thermal power unit; [image: Formula representation consisting of a variable \( S_j \) with a superscript letter \( f \).] represents the start stop cost of the thermal power unit at that time.
The calculation formula for the operation and maintenance cost [image: Please upload the image or provide the URL so I can generate the alternate text for you.] of wind and solar power generation is as follows:
[image: Mathematical equation showing \( C_2 = \sum_{t=1}^{T} \left[ 500(P_{w}^* - P_{w}) + 500(P_{v}^* - P_{v}) \right] \), labeled as equation (3).]
To effectively manage and control the carbon emissions of the system, the carbon emission cost is stratified into three distinct levels based on the volume of emissions. The formula for calculating the carbon emission cost [image: It seems like there might have been a mistake in uploading the image. Please try uploading the image again, and I’ll be happy to help with the alternate text!] is outlined as follows:
[image: Equation \(C_3\) is defined as a piecewise function. It includes three conditions based on \(M_f' \): (1) \(\omega(M_f' - M_t'), M_f' \leq M_t' + d\); (2) \((1 + r)\omega(M_f' - M_t') - \text{two}d, M_t' + d \leq M_f' \leq M_t' + 2d\); (3) \((1 + 2r)\omega(M_f' - M_t') - 3\text{two}d, M_f' \geq M_t' + 2d\). The equation is labeled as (4).]
where [image: Please upload the image or provide a URL so I can generate the alternate text for it.] represents the carbon trading price; [image: It seems there is no image uploaded. Please upload the image or provide a URL, and I will help generate the alternate text for it.]represents the length of the carbon emission interval; [image: Please upload the image, and I will help generate the alternate text for it.]represents the growth rate. [image: Mathematical equation showing \( M_{L}^t = \sum_{j=1}^{N_G} \varepsilon_j P_{G,j}^t \Delta T \), where \( M_{L}^t \) is a variable and involves a summation over \( j \) from \( 1 \) to \( N_G \) with terms \(\varepsilon_j P_{G,j}^t \Delta T \).] represents the total carbon emission quota of the system ([image: It seems there's a mistake, as the input is not an image. Please upload the image or provide a URL to generate the alternate text.] is the allocation coefficient [image: Mathematical expression showing "t divided by parentheses M W multiplied by h parentheses".] for unit electricity emissions; [image: No image was provided. Please upload an image or include a link to it, and I can help generate alternate text for it.] represents the emission cycle). [image: Mathematical equation depicting \( M^t_P = \sum_{j=1}^{N_G} \lambda_j P^t_{G,j} \Delta T \), where \( M^t_P \) is expressed as a summation involving \( \lambda_j \), \( P^t_{G,j} \), and \( \Delta T \).] represents the total carbon emissions of the system within one cycle ([image: It seems there was an issue with uploading your image. Please try uploading it again, and I will help you generate the alternate text.] represents the carbon emission intensity of thermal power unit [image: Please upload the image or provide a URL so I can generate the alternate text for it.]). When [image: Mathematical expression showing \( C_3 \) is less than zero.],it indicates that the system has a surplus of carbon emission allowances greater than zero. These carbon emission allowances can be traded in the market at the base carbon price, and the system can obtain corresponding resource revenue from these transactions.
2.2 Determination of constraints
When integrating a wind-solar complementary power system into the grid, the system’s power balance is governed by an equation, and the rotating reserve balance is constrained by an inequality, as follows:
[image: Equation representing a power balance: \( P_L^f - P_W^f - P_V^f + P_{SC}^f - P_{Sd}^f - \sum_{j=1}^{N} P_{G,j}^f = 0 \) with equation number (5).]
[image: Mathematical equation showing P subscript L minus P subscript W minus P subscript V plus P subscript Sc minus P subscript Sd minus the summation from j equals one to N of P prime subscript Gj is less than or equal to zero.]
where [image: I can't view the image directly from the HTML code provided. Please upload the image file or provide a link to the image you'd like me to describe.] represents the load value at time [image: It seems there is an issue with the image upload or link. Please try uploading the image again or provide a URL to it. You can also add a caption for more context if needed.]; [image: The image shows the mathematical expression "P subscript W superscript t," which likely represents a variable or parameter in a formula or equation.] represents the wind power output value integrated into the grid at time [image: Please upload the image or provide a link to it, and I will generate the alternate text for you.]; [image: Mathematical notation with "P" subscript "v" and superscript "t", likely representing a variable or parameter in a mathematical or scientific equation.] represents the photovoltaic output value integrated into the power grid at time [image: Please upload the image or provide a link to it so I can help generate the appropriate alt text.]; [image: Mathematical notation showing \(P^t_{G_j}\), where the symbol indicates a superscript \(t\) and a subscript \(G_j\) beneath the letter \(P\).] represents the output value of the thermal power unit at time [image: Please upload the image or provide a URL so I can generate the alternate text for it.]; [image: The image shows the mathematical notation \( P_{sc}^{t} \), which likely represents a variable or parameter indexed by both \( sc \) and \( t \).] represents the charging capacity of the energy storage device at time [image: Please upload the image or provide a URL to the image you'd like me to describe.]; [image: Mathematical expression showing "P" with superscript "t" and subscript "sd".] represents the discharge capacity of the energy storage device at time [image: Please upload the image or provide a URL, and I will help you generate the alternate text.].
Due to the presence of uncertain variables, the system’s power balance equation and the rotating reserve inequality cannot be expressed deterministically. Therefore, it is necessary to account for system uncertainties in the day-ahead scheduling. In this article, we address these uncertainties by introducing wind power uncertainty parameter [image: The image shows a mathematical symbol with "P" in italic script, followed by a subscript "W" and a superscript "t".], photovoltaic uncertainty parameter [image: Mathematical expression "P" with subscript "v" and superscript "t".], and load uncertainty parameter [image: The image shows an equation with a variable labeled "P" and a subscript "L," with a superscript "t."]. Equation 5 and Equation 6 are reformulated as power balance constraints with a specified reliability level, ensuring the probability of meeting these constraints is above a certain threshold. The set of uncertainty factors is established as follows:
[image: A mathematical expression is shown involving the minimization of probability P with multiple variables inside a bracket. It states the minimization of P of L bar minus W bar minus V bar minus the sum from j equals one to M of pj minus psd equals zero greater than or equal to alpha. Equation (7) is noted on the side.]
[image: Minimization problem formula: minimize \( P_{\text{f}} \) subject to the condition that the probability of \( \bar{P}_L - \bar{P}_W - \bar{P}_V - \sum_{j=1}^{M} (P^{\max}_j - P^s_{Sd}) \leq 0 \) is greater than or equal to \(\alpha\). Equation (8).]
where [image: Text image displaying the mathematical expression "P subscript r curly braces open close".] represents the credibility of the event. From Equation 7 and Equation 8, it is evident that during the optimization process, the output of thermal power generation serves as a backup to address the uncertainties associated with wind and solar power generation outputs, as well as load power. This ensures that the probability of maintaining supply-demand balance in the system remains at a normal level. In comparison to deterministic constraints, system uncertainty chance constraint account for uncertain factors. Furthermore, by incorporating backup power into the output of thermal power units, the need for separately setting backup power is eliminated.
The low-carbon optimization scheduling model for distribution networks encompasses various complex constraints, including power balance, limitations on wind and solar power generation outputs, operational characteristics of thermal power units, energy storage system capacity, and rotational reserve requirements. The detailed expression of these constraints is as follows:
	1) Power balance constraint

[image: Equation showing two expressions: \( (2 - 2\alpha)(P_{L2} - P_{W2} - P_{V2}) + (2\alpha - 1) \) and \( (P_{L3} - P_{W1} - P_{V1}) + P'_{Sc} - P'_{Sd} - \sum_{j=1}^{N_C} \mu^p_j P_{Gj} = 0 \). Labeled as equation (9).]

	2) Constraints on the output of wind and solar power generation

[image: Mathematical expression with three inequalities: \(0 \leq P_{W} \leq P_{W}^{max}\), \(0 \leq P_{V} \leq P^{max}\), and \(0 \leq P_{W} + P_{V} \leq P_{L}^{-} - P_{G}^{min}\), labeled as equation (10).]
where [image: The image shows the mathematical notation for "p subscript W superscript max."] is the upper limit of wind power output; [image: Mathematical expression showing "p" with subscript "V" and superscript "max".] is the upper limit of photovoltaic output, and [image: Mathematical notation showing "p" with a subscript "G" and a superscript "min".] is the lower limit of total output of thermal power units.
	3) Constraints pertaining to traditional thermal power units
	(i) The output constraints of the unit are as follows:
	(ii) The climbing constraints for the crew are as follows:
	(iii) The constraint regarding the minimum start-stop time for the unit is as follows:

[image: Mathematical inequality showing the relation \( P_{Gi}^{\text{min}} \leq P_{Gi}^{'} \leq P_{Gi}^{\text{max}} \), where \( P_{Gi}^{\text{min}} \) and \( P_{Gi}^{\text{max}} \) are the minimum and maximum bounds.]
In the formula, [image: The formula shows a variable represented as \( P^{\text{max}}_{G, j} \), where "P" has a superscript "max" and a subscript "G, j".] and [image: Mathematical expression showing "p" as a variable, with subscript "G" and "j," and a superscript "min" indicating minimum value.] respectively represent the maximum and minimum output values of the thermal power unit.
[image: An equation describes a constraint involving a time increment for a power generation system, where the change in power should be between specified limits over a time interval.]
where [image: The image shows the mathematical expression "r sub j super u."] and [image: It seems like the image was not uploaded. Please upload the image or provide a URL for the alternate text.] respectively denote the upper and lower bounds of the rate of change when the output of the thermal power unit is increased or decreased.
[image: Mathematical expression with two inequalities: \( (u_i^t - u_j^t)(T_j^{t-1} - T_{min}^0) \geq 0 \) and \( (u_i^t - u_j^t)(T_j^{t-1} + T_{min}^0) \geq 0 \). This is labeled equation (13).]
where [image: The image shows a mathematical expression with the letter "u" in italic font, with a superscript "i" and a subscript "j".] represent the binary variable indicating the start-stop state of the [image: Please upload an image or provide a URL for me to generate the alt text.]th unit at time [image: It seems there is no image uploaded. Please provide the image or a link to it, and I can help generate the alt text for you.]. If [image: The equation \( u_j^t = 1 \) is displayed, where \( u \) is a variable with subscripts \( j \) and superscript \( t \), equal to one.], it indicates that the unit is operational; if [image: Mathematical expression showing \( u_{j}^{t} = 0 \).], it signifies that the unit is shut down. The variable [image: The mathematical notation shows "T subscript j to the power of negative one", representing the inverse of T subscript j.] denotes the continuous operation or shutdown time of the [image: Please upload the image or provide a URL so I can generate the alternate text for it.]th unit up to time [image: Please upload the image so I can generate the alternate text for it.]. [image: Expression \( T^{n}_{j} \), where \( T \) is the main variable with subscript \( j \) and superscript \( n \).] represents the minimum continuous startup time required for the [image: Please upload the image or provide a URL, and I will help generate the alt text for you.]th unit, while [image: The image shows the mathematical notation "T subscript j superscript off".] signifies the minimum continuous shutdown time for the same unit.
	4) Energy storage constraint

The calculation formula for the capacity [image: It seems like the image did not upload correctly. Please try uploading the image again or provide a URL if it's hosted online. If you have any specific context or details about the image, feel free to include them as well.] of the energy storage system is as follows:
[image: The image shows a mathematical equation labeled as equation 14. It represents \(E_t = E_{t-1}(1 - \theta_t) + \left(u_{sc} \frac{q_{sc}^s}{q_{sc}^c} P_t^c - u_{sd} \frac{P_t^{sd}}{q_{sc}^{sd}}\right) \Delta t\).]
where [image: Mathematical expression showing the Greek letter theta, subscript i.] represents the self loss rate; [image: Mathematical expression showing the symbol phi with a superscript t and subscript sc.]. and [image: Equation displaying the Greek letter phi (φ) with a superscript t and subscript sd.] respectively represent the charging and discharging efficiency of the energy storage system at a given time; [image: The expression shows "u subscript s c superscript t".] and [image: The image shows the mathematical expression "u subscript sd superscript t."] respectively represent the charging and discharging states at time; [image: Mathematical expression displaying \( P_{sc}^t \) with the variable \( P \) having subscripts \( sc \) and superscript \( t \).] and [image: Mathematical notation showing "P" with superscript "t" and subscript "sd".] represent the charging and discharging power of the energy storage system at each moment.
The energy storage constraints are as follows:
[image: Inequalities and an equation are presented. The first inequality is \( u_{sc} + u_{sd} \leq 1 \). The second inequality is \( E_t^{\text{min}} \leq E_t \leq E_t^{\text{max}} \). The equation is \( E_t^T = E_t^I \). This is labeled as equation (15).]
where [image: Mathematical expression showing "E" with the subscript "t" and the superscript "min".] and [image: Mathematical expression showing \( E_t^{\text{max}} \), representing the maximum value of E at time t.]represent the upper and lower limits of capacity, respectively.
Furthermore, its charging and discharging power must also adhere to the following constraints:
[image: Mathematical constraints for power allocation are shown with two inequalities. First, zero is less than or equal to \( P_{\text{e}} \) which is less than or equal to \( u_{\text{e}} \cdot P_{\text{S,c,max}} \). Second, zero is less than or equal to \( P_{\text{d}} \) which is less than or equal to \( u_{\text{d}} \cdot P_{\text{S,d,max}} \). Equation number sixteen is noted.]
where [image: The image shows the mathematical expression \( P_{\text{Sc,max}} \).] and [image: The mathematical expression "P subscript Sd, comma max" is shown, indicating the maximum value of a parameter labeled as Sd.] respectively represent the maximum charging and discharging power of the energy storage system.
	5) Rotation backup constraint

[image: Mathematical expression labeled as equation 17. It consists of two parts. The first part is \((2 - 2\alpha)(P_{L2} - P_{W2} - P_{V2}) + (2\alpha - 1)\). The second part is \([(P_{L3} - P_{W1} - P_{V1}) + P_{SC} - P_{SD} - \sum_{j=1}^{N_G} \mu_j P_{G,j}^{\text{max}}] \leq 0\).]
2.3 Model solving
Managing chance constraints is a crucial aspect of solving fuzzy chance-constrained programming. We utilizes fuzzy chance-constrained programming and equivalent class processing techniques to address these constraints. Fuzzy chance-constrained programming is commonly used to tackle uncertain optimization problems. It sets a confidence level that determines how constraints are satisfied. This method not only handles randomness but also manages uncertainties from fuzziness, considering both the feasibility and optimality of solutions, particularly in complex systems with multiple interacting fuzzy parameters. The clear equivalence class method transforms fuzzy constraints into deterministic conditions, simplifying the solution process. This approach converts the original problem into an equivalent one with high confidence by analyzing the membership functions of fuzzy variables. It reduces the impact of fuzziness on model accuracy, enhances computational efficiency, and ensures solution stability. Since security is essential for system operation, establishing a reasonable reliability level is imperative. When the reliability level [image: It seems there's an issue with the image upload. Please try uploading the image again or provide a URL if that's easier. Once uploaded, I can help generate the alt text for you.] is greater than or equal to 0.5, the clear equivalence class of the chance constraint [image: Probability inequality expression showing that the probability that the function \( g(x, \xi) \) is less than or equal to zero is at least \( \alpha \).] is expressed as follows:
[image: Mathematical expression showing two summations. The first term is (2 minus 2 alpha) times the sum from k equals 1 to t of (z sub k h k plus of x minus z k h k minus of x). The second term is (2 alpha minus 1) times the sum from k equals 1 to t of (z sub k h k plus of x minus z k h k minus of x) plus h sub 0 of x is less than or equal to 0. Equation is numbered as 18.]
In the formula, [image: Mathematical expression showing \( h_k^+(x) \), where \( h \) is a function, \( k \) is a subscript, and \( + \) indicates positivity or a specific function variant. The argument is \( x \).] and [image: Mathematical expression showing "h subscript k of x" with a horizontal bar over the "h."] represent the two assumed functions; [image: Mathematical expression \( h_0(x) \) in italics, representing a function notation with an index of zero for \( h \) applied to variable \( x \).] is a component of function [image: Mathematical expression showing the function \( g(x, \xi) \).]; [image: Mathematical expression displaying \( z_{k1} \sim z_{k4} \) for \( k = 1, 2, \ldots, n \), with \( n \in R \).] represents the attribution parameter.
The expression for the trapezoidal uncertainty parameter [image: It appears you tried to input an image, but it seems not to have been uploaded correctly. Please upload the image again or provide a URL to generate alternate text.] is as follows:
[image: Mathematical image showing an equation: \( P = (z_1, z_2, z_3, z_4) = P_{\text{pre}}(w_1, w_2, w_3, w_4) \), labeled as equation (19).]
where [image: The image contains a mathematical expression with a lowercase "p" and "pre" written as a subscript.] represents the predicted value; [image: Equation showing z subscript 1 is distributed similarly to z subscript 4.] represents the attribution parameters of wind and solar power generation and load in each cycle; [image: Mathematical notation showing \( w_1 \sim w_4 \), indicating a range from \( w_1 \) to \( w_4 \) or a relation between these variables.] represents the proportionality coefficient, determined based on the historical values of uncertainty parameters.
Based on the aforementioned analysis, the system model is formulated as follows:
[image: Mathematical formula involving probability distributions and weighted sums. It includes expressions \( \mathbf{P}^{F_0}_w \), \( \mathbf{P}^{F_0}_v \), and \( \mathbf{P}^{F_1}_L \). Each expression involves weights \( w_{11}, w_{12}, w_{13} \) for \( w \) and \( w_{21}, w_{22}, w_{23} \) for \( v \), along with a weighted average using parameter \( a \). Functions \( F(w) \) and \( F(v) \) are applied to these weighted sums.]
where [image: Mathematical expression showing "P" raised to the power of "t" over "W" with a subscript "pre".] represents the predicted value of wind power output; [image: The equation displays a fraction with \( P^t \) as the numerator and \( V_{\text{pre}} \) as the denominator, each featuring subscripted and superscripted elements.] represents the predicted value of photovoltaic output; [image: Mathematical expression displaying "P" raised to the power of "t" and subscripted by "L pre".] represents the load forecast value.
The explicit equivalent class representation of power balance is as follows:
[image: Mathematical equation displaying a combination of variables and constants within brackets multiplied by terms, with a summation of indexed variables resulting in zero. Equation number (20) is shown.]
The clear equivalence class representation for rotation backup is as follows:
[image: Mathematical expression labeled as equation 21. It includes multiple terms: the first term is in parentheses with the expression (two minus two alpha) multiplied by the difference (PL2 minus PW2 minus PV2), plus (two alpha minus one) in brackets. The second line has the difference (PL3 minus PW1 minus PV1) plus PSC minus PSSd, minus the sum from j equals 1 to NC of Lf multiplied by Gmax Gj, less than or equal to zero.]
3 RESULTS
3.1 Parameter settings
To assess the feasibility and efficacy of the proposed model, a case study was carried out utilizing the IEEE-30 node system, whose diagram is depicted in Figure 1. Initially, the IEEE-30 node system comprised six thermal power generators; however, two of these have been substituted with wind and photovoltaic power generation facilities. Consequently, the system now encompasses four thermal power generators and a hybrid wind-solar power generation system. The node system illustrated in Figure 1 features four thermal power generation units that simulate grid power. The detailed parameters for these units are presented in Table 1. Optimized scheduling calculations are performed in conjunction with wind and photovoltaic power. Furthermore, the system is equipped with wind turbines with a cumulative capacity of 75 MW and photovoltaic turbines with a total capacity of 150.3 MW. The energy storage system boasts a total capacity of 162 MW[image: A blurred image showing indistinct shapes and colors, lacking specific identifiable features.] h and a maximum charging power of 30 MW. The specific parameters for the energy storage system are outlined in Table 2. To enhance the representativeness of the scheduling prediction, data from 1 day in each of the four seasons was chosen for optimization. The load, wind power, and photovoltaic power were forecasted utilizing the methodologies outlined in references [15, 16] The outcomes are depicted in Figure 2, which showcases the predictions for 1 day in spring, summer, autumn, and winter, respectively. Prior to executing the solving program, the initial carbon emission trading price is established at [image: It seems you've provided a text snippet instead of an image. Please upload the image or provide a URL.] yuan/ton, and the carbon emission range is set to [image: It seems like there is no image provided. Please upload an image or provide a URL, and I will help generate the alt text for it.] tons. With each increment in the first tier, the carbon emission trading price rises by 25% of the base price. Furthermore, the baseline emission coefficient of the system is designated as 0.75.
[image: Diagram illustrating a power distribution system that includes solar and wind power sources. It features various interconnected nodes and switches, labeled with numbers, facilitating the flow of energy. Arrows indicate the direction of power flow, connecting solar and wind inputs to different outputs.]FIGURE 1 | IEEE-30 node system.
TABLE 1 | Thermal generator data.
[image: A table labeled "Set j" displaying data across four columns (1 to 4) and various parameters: \( P_{\text{min}, G_j} \), \( P_{\text{max}, G_j} \), \( T_{\text{on}, j} \), \( T_{\text{off}, j} \), \( a_j/10 \), \( b_j \), \( c_j \), \( S_{Fj} \), \( \varepsilon_j \), and \( \lambda_j \). Each parameter row shows specific numerical values for each column.]TABLE 2 | Energy storage unit parameter.
[image: Table displaying energy storage parameters and their numerical values: Capacity is 162 megawatt hours, maximum charging and discharging power is 30 megawatts, state of charge (SOC) upper limit is 0.9, SOC lower limit is 0.2, self-discharge rate is 0.01, and energy storage charging and discharging efficiency is 0.95.][image: Four line graphs labeled (a) through (d) depict seasonal energy forecast data, each showing solar power, wind power, and load over time. In all graphs, load remains high, while wind and solar power fluctuate. Spring, autumn, and winter graphs share a pattern of modest solar power with varying wind power. The summer graph shows a noticeable peak in solar power.]FIGURE 2 | Load, wind, and PV forecast curves.
3.2 Analysis of case results
In order to quantitatively assess the capacity of a specific region’s power system to integrate wind and solar power generation during time period [image: It seems there was an issue with image upload or link. Please try uploading the image again or provide a direct URL. You can add a caption for additional context if you'd like.], we define the wind power penetration rate [image: The image shows the formula \( p^t_W = \frac{P^t_W}{P^t_L} \times 100 \).] and photovoltaic penetration rate [image: Mathematical formula: \( p_V^t = \frac{P_V^t}{P_L^t} \times 100 \).]. The uncertainty parameters pertaining to wind power output, photovoltaic output, and load are established as presented in Table 3.
TABLE 3 | Uncertain parameter.
[image: Table titled "Uncertain parameters" with columns for \( w_1 \), \( w_2 \), \( w_3 \). Rows list wind power output \( w_W \) with values 0.6, 1, 1.4; photovoltaic output \( w_V \) with values 0.5, 1, 1.5; and load \( w_L \) with values 0.9, 1, 1.1.]The system scheduling optimization results for different seasons are shown in Figure 3. In spring (Figure 2A), wind power remains stable throughout the day, compensating for the lack of photovoltaic (PV) generation at night. At night, the system primarily relies on wind and thermal power, with energy storage absorbing excess wind power. During the day, wind, PV, and thermal power are used together, reducing thermal output to maximize renewable energy penetration (59.38%). Energy storage absorbs surplus electricity when generation exceeds demand, while thermal power compensates for forecast inaccuracies. In summer (Figure 3B), the system fully absorbs wind and solar power. Due to increased load, thermal power output rises to meet demand, achieving a 32.01% penetration rate. When wind and solar, along with storage, cannot meet the load, all four thermal units may be activated. Excess power is stored and released as needed. In autumn (Figure 3C), wind power is sometimes unavailable, and the load is met by PV and thermal power, with a maximum renewable penetration of 30.16%. Even without wind, PV and thermal can meet grid demand, with energy storage helping to reduce emissions and costs. In winter (Figure 3D), shorter sunshine hours reduce PV output, and wind power compensates, achieving a peak penetration rate of 51.14%. In summary, wind power is higher in spring and winter, while summer has more PV generation due to longer daylight hours. Load demand varies seasonally, with summer requiring more thermal power to meet air conditioning loads during peak hours.
[image: Four bar graphs depict energy scheduling optimization across seasons: spring, summer, autumn, and winter. Each graph shows power contributions from electric discharge, wind power, solar power, charge, and power grid over time. The variations are distinct for each season with differences in the balance of energy sources.]FIGURE 3 | Scheduling optimization results for different seasons.
Seasonal differences in wind and photovoltaic (PV) power output affect the operating hours and frequency of traditional thermal power units. This impacts carbon emissions and, consequently, carbon trading costs. For instance, during seasons with high wind output, thermal units operate less, reducing carbon costs. In contrast, when wind output is low, thermal units run more, leading to higher emissions and carbon trading costs. Seasonal carbon cost variation is critical to the economic viability of system optimization. Additionally, during seasons with abundant wind and solar power, limited system flexibility or energy storage capacity may lead to curtailment, affecting system economics. The simulation confirms the model’s feasibility. Building on this, uncertainty chance constraints and carbon trading mechanisms are integrated into three scheduling models for comparison.
Model 1: A deterministic power balance model is used to handle wind, solar, and load uncertainties, with reserve capacities of 20% for wind and solar and 10% for load forecasting. A stepped carbon trading fee is included. Model 2: An uncertainty chance constraint model focuses on minimizing operating costs without considering carbon trading costs. Model 3: Similar to Model 2 but includes a stepped carbon trading fee and sets the reliability level at 0.9.
Table 4 shows Model 3 as the most effective, reducing total costs by 32.9% and carbon emissions by 19.2% compared to Model 1, and further lowering costs and emissions by 2.65% and 3.2% compared to Model 2. The wind-solar complementary scheduling model with uncertainty constraints minimizes system costs and emissions, aligning with China’s environmental policies. Figure 4 illustrates the system’s scheduling results under different reliability levels, using spring data.
TABLE 4 | Scheduling data for different models.
[image: Table showing three models with carbon emission levels in tons and comprehensive expenses in ten thousand yuan. Model 1: 11,070 tons, 112.78 yuan; Model 2: 9,244 tons, 77.72 yuan; Model 3: 8,944.8 tons, 75.66 yuan.][image: Four bar graphs show scheduling results for different reliability levels: 0.95, 0.85, 0.75, and 0.65. Bars represent categories like elastic vs. inelastic demand, static power, and emergency shutdown. The x-axis represents time slots, and the y-axis displays cumulative energy consumption. Color-coded legends further detail each category.]FIGURE 4 | System scheduling results of different reliability levels.
As illustrated in Figure 4, the system’s backup capacity is intimately linked to its reliability level. A decrease in the reliability level reveals frequent charging and discharging of the energy storage device, accompanied by a reduction in the system’s rotational backup. The backup capacity of the system serves as an extra capacity to ensure its safety, safeguarding against any adverse effects caused by decreases in wind and solar power generation output or load growth. Configuring the backup capacity necessitates a thorough consideration of the system’s reliability requirements and operating costs, making it imperative to establish a reasonable reliability level. Enhancing the system’s backup capacity can elevate its reliability level and bolster its security. However, from an economic standpoint, augmenting the system’s backup capacity leads to an increase in the system’s construction cost. Therefore, to strike a balance between the system’s security and economy during scheduling, it is essential to choose the appropriate reliability level based on the actual needs of the system.
Using spring data as a case study, we investigated the influence of varying penetration rates of wind and solar power generation on scheduling optimization. The findings of this analysis are presented in Figure 5. As the penetration rate of wind and solar power generation diminishes, the reliance on thermal power units escalates. Furthermore, a decrease in the penetration rate results in an increase in overall costs. Specifically, when the penetration rate drops from 42.26% to 25.14%, the overall cost rises by 5%, while carbon emissions decrease by 5.5%. These findings suggest that the penetration rate of wind and solar power generation significantly influences the overall cost and carbon emissions associated with power generation. Hence, during the scheduling optimization process, it is imperative to prioritize the utilization of renewable energy to minimize carbon emissions and align with environmental standards. The simulation indicate that in comparison to Model 1 referenced in the article, the model proposed in this study has achieved a 32.9% reduction in comprehensive cost and a 19.2% decrease in carbon emission levels. Additionally, when compared to Model 2, Model 3 has further reduced the overall cost by 2.65% and carbon emissions by 3.2%. In conclusion, the grid-connected scheduling method for wind-solar complementary power generation systems, as proposed in this chapter, demonstrates the ability to effectively decrease both the overall cost and carbon emission levels of the system.
[image: Bar chart comparing comprehensive cost and carbon emissions across three permeability levels: 25.14 percent, 42.26 percent, and 59.38 percent. Blue bars represent comprehensive cost, and yellow bars represent carbon emissions. Both measures appear similar across all levels.]FIGURE 5 | Combined costs and carbon emissions under different permeability.
4 CONCLUSION
This paper addresses the challenge of low-carbon scheduling in grid-connected wind and solar power systems, where supply and demand uncertainty is a key factor. It employs the fuzzy chance constraint method to handle this uncertainty and proposes an optimization scheduling model, leading to the following conclusions: (1) By using the fuzzy chance constraint method to represent supply and demand uncertainty, the proposed model reduces both carbon emissions and overall costs compared to traditional deterministic scheduling models. (2) The integration of a tiered carbon trading mechanism, while accounting for supply and demand uncertainty, further decreases carbon emissions and overall costs. (3) Although this study does not examine the renewable energy consumption rate, it acknowledges the potential negative impact of a low consumption rate on the power system’s overall economy. Future research could investigate the relationship between renewable energy consumption and its economic impact to achieve more comprehensive optimization.
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In the VUCA (Volatility, Uncertainty, Complexity, and Ambiguity) era, there is growing concern about the impact of differential leadership, a leadership style with localized characteristics, on employee perspectives and recommendations. This study constructs a dynamic game model to examine the influence of differential leadership on the silence behavior of insiders (employees perceived as close to the leader) and outsiders (employees perceived as distant from the leader). The results of the study found that both insiders and outsiders who want to achieve and sustain benefits need to demonstrate non-silent behaviors in order to gain the attention and goodwill of the leader. Insiders’ self-efficacy, outsiders’ out-group preference and employees’ proactive personality are the key factors driving their non-silence behaviors, constructing a constructive atmosphere in the organization, and bringing perceived benefits. This study provides relevant insights and reflections for the high-quality development of family enterprises. This study, on the one hand, addresses the research gap concerning self-perceived benefits and out-group favoritism within the organizational framework of family businesses against the backdrop of Chinese traditional culture. It establishes an analytical framework for the impact of “differential leadership-self-perceived benefits/out-group favoritism-employee silence behavior” in family businesses. On the other hand, it focuses the research lens on the relatively novel topic of the theoretical and practical examination of the relationship between differential leadership and employee silence behavior in family businesses. From a micro perspective, this study offers a new direction for Chinese family businesses to alleviate employee silence behavior and successfully achieve transformation.
Keywords: differential leadership, the insiders and outsiders, employee silence behavior, family enterprise, game study

1 INTRODUCTION
Leadership style, as one of the important factors affecting organizational management and leadership effectiveness, has received a lot of attention and focus from the management community [1]. In the early stages of leadership theory research, Chinese scholars tended to base their work on Western leadership theories and value systems. However, different cultural contexts nurture and shape distinct leadership styles, which means that one leadership style has different effects in different contexts. It is unreasonable to apply leadership styles from Western cultural contexts to Chinese cultural societies. Consequently, The structure of Chinese society, characterized by a”differential order pattern”, has emerged. Existing research has confirmed its widespread existence and practical effectiveness in Chinese enterprise organizations [2]. As leaders’ behavior is influenced by their unique culture, they treat their employees differently from inside and outside. This is reflected in a “differential” style of leadership [3]. Specifically, differential leadership typically classifies individuals into insiders and outsiders based on three criteria: closeness (the degree of intimacy or proximity to the leader loyalty (the level of allegiance to the leader and the organization) and talent (the individual’s exceptional abilities). Furthermore, in Chinese family enterprises that emphasize kinship, parental authority, a highly partial differential leadership style is more likely to exist. The leaders tend to favor insiders by providing them with preferential treatment and greater access to resources, a privilege not extended to outsiders. This unequal favoritism motivates all members to strive harder to gain the leader’s recognition, despite its inherent unfairness. Therefore, exploring the differential leadership style of Chinese enterprise leaders within the context of Chinese family enterprises holds significant theoretical and practical value.
In the VUCA era, with the increasing competition among family enterprises in the transition economy, the uncertainty of the economic and social environment has brought the views and suggestions of employees to a wider attention. Employees, as a crucial part of enterprise management, possess numerous key information and can keenly identify potential crises in enterprise management. However, under external pressure, they often choose silence to express their opinions. This employee silence not only adversely affects their emotional communication and interpersonal relationships but also undermines the quality of decision-making by corporate management [4]. Under the influence of China’s traditional “circle” culture, a ripple-like relationship network has been formed within China’s enterprises, that is, the leader is the core and spreads to the outside layer by layer, and then derives the leadership style with local characteristics. Existing research on the impact of differential leadership on employee silence behavior, especially empirical research, has largely been conducted along two independent threads: the insiders and outsiders. The delineation and formation of the insiders and outsiders in the workplace stem from leaders’ perceptions of different emotional responses from their subordinates. However, the inter group boundaries between insiders and outsiders are permeable to a certain extent, with insiders potentially being excluded from the group by the leader and outsiders having the opportunity to become insiders through their efforts. Therefore, regardless of whether they are insiders or outsiders under differential leadership, employees will engage in positive behaviors to win the favor of their leaders [5]. For insiders under differential leadership, they tend to reduce employee silence and actively contribute suggestions for organization to maintain their current roles and avoid replacement by other organizational members. Equally, outsiders under differential leadership also strive to adopt proactive strategies to achieve upward mobility and find ways to become part of the insiders’ group. Leaders who effectively utilize this differentiated management strategy and intentionally strengthen their leadership over employees while adhering to the principle of putting the public interest first can generate positive workplace stimulation and improvement effects [6].
This study adopts the method of dynamic game and uses the perspective of the interaction between insiders and outsiders to study the impact of insiders’ and outsiders’ on silent behavior based on the perceived benefits of the dynamic status flow of differential order leadership. We believe that differential leaders, as representatives of the organization (or team), are the formulators of organizational (or team) decisions and strategies, artificially creating a division between “insiders” and “outsiders” among employees. Thus, both insiders and outsiders strive to pursue their maximum benefits. Insiders’ interests are mainly reflected in improving their own benefits and performance levels and maintaining their status as members of the leader’s insider group. Outsiders’ interests are mainly reflected in improving their own benefits and achieving mobility in group status [7]. Therefore, the status mobility of employees within family enterprises is a process involving both insiders and outsiders, requiring a dynamic game between them based on perceived benefits and significantly impacting their performance levels through this process. This study addresses two key aspects within the context of family enterprises in Chinese traditional culture. First, it compensates for the inadequacy of research on self-efficacy and out-group favoritism within the organizational framework of family enterprises by constructing an analytical framework that examines the influence of “differential leadership—self-efficacy/out-group favoritism—employee silence behavior” in family enterprises. Second, it focuses on the relatively novel topic of the relationship between differential leadership and employee silence behavior in family-owned enterprises, both theoretically and practically. From a micro-level perspective, this study provides a new direction for alleviating employee silence behavior and facilitating successful transformation in Chinese family enterprises. In doing so, the research not only enriches the theoretical understanding of leadership styles specific to the Chinese cultural context but also offers practical implications for improving organizational dynamics and promoting sustainable development in family businesses.
2 CONSTRUCTION OF GAME THEORY MODEL
This study considers a simplified version of the Prisoner’s Dilemma game and designs a game model of differential leadership affecting employees’ non-silence behavior [8]. The study refines the participants of non-silence behavior into insiders and outsiders, assuming that the categories of insiders and outsiders as defined by the leader are completely consistent with the employees’ own perception of being insiders or outsiders. In the actual workplace, there is an objective reality of information asymmetry between employees. Therefore, based on their own actual earnings, they will be compared with other members of the organization, so as to form an index of actual earnings within the organizational network. It is assumed that the actual benefit generated by both participating employees taking non-silence behavior is [image: Please upload the image you would like me to generate alternate text for.], the actual benefit generated by both participating employees taking silence behavior is [image: Please upload the image you would like me to generate alternative text for.], and the different behavior choices of the participating employees result in the actual benefit [image: I can't view images directly. Please upload the image or provide the URL so I can help generate the alternate text for it.] for the employee implementing non-silence behavior, and the actual benefit [image: Please upload the image or provide a URL so I can generate the alternate text for you.] for the employee implementing silence behavior. That is, the parameters [image: It seems there was an error in uploading the image. Please try uploading the image again, and feel free to add a caption for more context.] represent the actual benefits resulting from an individual’s game with another individual who adopts the same or different behavioral strategies. Therefore, the overall actual benefit [image: The image shows the mathematical notation \( C_i(t) \), which likely represents a function or variable related to time \( t \), with \( i \) as a subscript.] of individual [image: Please upload the image or provide a URL to generate the alternate text.] after [image: It seems there was an error with your request. Please ensure you upload the image or provide a URL for me to generate the alternate text.] rounds of the game can be expressed as follows:
[image: Equation representing a summation. C sub j (t) equals the sum from j equals zero to t of one-fourth times (one plus s sub j) times (one plus s) times R plus one-fourth times (one plus s sub j) times (one minus s sub j) times S plus one-fourth times (one minus s) times (one plus s sub j) times T plus one-fourth times (one minus s sub j) times (one minus s sub j) times P.]
In Equation 1, where [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] indicates that individual [image: It seems there was an issue with the image upload. Please try uploading the image again, and I'll be happy to help generate the alternate text for it.] adopts a non-silence strategy, [image: Mathematical expression showing "s sub i equals negative one".] indicates that individual [image: It seems there is a mistake, as no image was uploaded. Please try uploading the image again, and I will help generate the alternate text for it.] adopts a silence strategy, and [image: It seems like there was a mistake with the image upload. Please try uploading the image again or provide a URL if it's hosted online. You can also add a caption for additional context if you like.] represents the set of [image: It seems there was an issue with the image upload. Please try uploading the image again or provide a URL if possible. You can also add a caption for additional context.]’s neighbors.
This study focuses on the effect of differential leadership on the silent behavior of its own employees and outsiders. we assume that both insiders and outsiders participating in the game are rational economic agents. In the context of incomplete information symmetry, they pursue the maximization of their own interests during their respective positional mobility processes. However, the interest demands of these two gaming entities do not fully align. The expected benefits for insiders primarily manifest as improvements in their personal interests and performance levels, as well as maintaining their status and favorable impressions within the leader’s insider group. In contrast, the expected benefits for outsiders mainly involve enhancements in their personal interests and performance levels, along with achieving mobility in group status. Moreover, despite insiders and outsiders working together over the long term, it is difficult for each to gain a total understanding of the other’s information [9]. Therefore, the comprehensive benefits arising from different behaviors chosen by employees under differential leadership can be formulated as follows:
[image: Mathematical equations representing cost functions are shown. The first equation defines \(C_{CIA}(t)\) involving a summation over variables \(s_j\), \(R\), and \(S\). The second equation defines \(C_{JIS}(t)\) with variables \(s_j\), \(T\), and \(P\). The third and fourth equations express \(C_{OA}(t)\) and \(C_{OS}(t)\) as \(C_{CIA}(t) - \beta U(t)\) and \(C_{JIS}(t) - \beta U(t)\) respectively.]
In Equation 2, where [image: Mathematical expression showing \( C_{IA}(t) \), where \( C \) is indexed by \( IA \) and is a function of \( t \).] represents the comprehensive actual benefits generated by insiders participating in the game who adopt non-silence behaviors, [image: The mathematical expression \( c_{ts}(t) \) with subscripts and parentheses indicating a function of time, represented in italicized font.] represents the comprehensive actual benefits generated by insiders who adopt silence behaviors, [image: The image shows the mathematical expression C subscript O A of t in parentheses, indicating a function or variable C with parameters O A and t.] represents the comprehensive actual benefits generated by outsiders participating in the game who adopt non-silence behaviors, and [image: Mathematical expression showing the cosine of a variable \( t \), written as \(\cos(t)\).] represents the comprehensive actual benefits generated by outsiders who adopt silence behaviors. Thus, the actual benefit space for insiders choosing different behavioral strategies is denoted as [image: Please upload the image or provide a URL for the image you would like described.] {adopting non-silence behaviors [image: Mathematical expression with subscript "IA" in uppercase and the argument "t" in parentheses, indicating a function.], adopting silence behaviors [image: Mathematical expression with the variable \( C_{ IS }( t ) \).]}, and the actual benefit space for outsiders’ behavioral strategies is denoted as [image: Stylized letter "S" next to a subscript "t" and the number "2" in a slightly curved fashion, possibly representing a mathematical or scientific notation.] {adopting non-silence behaviors [image: The image shows the mathematical notation \( C_{\text{OA}}(t) \).], adopting silence behaviors [image: The mathematical expression \(\cos(t)\) is displayed in a stylized font.]}. Additionally, [image: Please upload the image you would like me to generate alt text for.] represents the degree of prejudice or aversion displayed by the leader towards outsiders, and [image: The image shows the mathematical notation "U(t)", which typically represents a function U dependent on the variable t.] represents the actual benefit gap between insiders and outsiders due to the leader’s differential treatment of employees.
Due to the uncertainty of information, employees cannot guarantee that leaders will definitely provide them with the same actual benefits as other employees when choosing to adopt non-silence behaviors. Employees merely observe and compare the behaviors of others and believe that there is a certain probability of obtaining equivalent benefits after they engage in the same non-silence behaviors. Since this benefit is not necessarily granted by the leader but is a potential benefit perceived by the employee, it is considered a perceived benefit. Therefore, there is a discrepancy between individual perceived benefits and actual benefits. Based on the weight effect, this study takes perceived benefits as the main focus of the process. The perceived benefit for individual [image: It seems there might have been an error in uploading the image. Please try uploading the image again or provide a URL. If you'd like, you can also include a caption for additional context.] is defined as follows:
[image: Mathematical equation showing \( P_t = C_i(t) \exp((-\ln P_t)^{\gamma}) \) labeled as equation (3).]
In Equation 3, where [image: Probability formula for \( P_{s_i} \). The numerator is \( C_i(t)\delta(s_i, 1) + C_i(t)\delta(s_i, -1) \). The denominator is the sum from \( k=1 \) to \( N \) of \( C_k \).], [image: Mathematical notation depicting the Dirac delta function, denoted as δ(x, y).] is the [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.] function, defined as [image: Mathematical expression of the Kronecker delta function: \(\delta(x, y) = \begin{cases} 1, & \text{if } x = y \\ 0, & \text{if } x \neq y \end{cases}\).], and [image: Mathematical notation showing gamma in the closed interval from zero to one, depicted as \( \gamma \in [0, 1] \).] denotes the rationality coefficient of the individual.
In particular, the employee groups can be categorized into non-silence insiders, silence insiders, non-silence outsiders, and silence outsiders. Therefore, this study sets forth the perceived benefits generated by different types of employees engaging in various behavioral strategies:
[image: Mathematical equations defining four functions: φ_IA, φ_IS, φ_OA, and φ_OS. Each is expressed as C(t) multiplied by the exponential of the negative natural logarithm of P_S with index γ. Each C is subscripted with IA, IS, OA, or OS, as is the P_S.]
In Equation 4, where [image: Greek letter phi with subscript IA.] represents the perceived benefits derived from non-silence behavior adopted by insiders engaging in the game, while [image: It seems like there was an error or the image did not upload properly. Please try uploading the image again or provide a URL or description.] represents the perceived benefits from their silence behavior, with [image: The formula shows the inequality: φ subscript iA is greater than φ subscript iS.]. Similarly, [image: It appears that you've included a snippet of LaTeX or text, not an image. If you meant to provide an image, please upload it or provide a URL. If you need help with LaTeX, please provide more context or details.] signifies the perceived benefits from non-silence behavior exhibited by outsiders, and [image: A mathematical expression showing the Greek letter phi followed by the subscript letters "o" and "s" in italics.] indicates the perceived benefits from their silence behavior, with [image: Mathematical expression showing phi sub OA is greater than phi sub OS.]. Insiders, motivated by self-efficacy, engage in non-silence behavior to pursue greater benefits, doing so as a response to their actual possession of “psychological capital” and with the aim of maximizing their interests. Conversely, outsiders, driven by out-group favoritism, engage in non-silence behavior to gain future benefits by reversing their current disadvantaged position [10]. These outsiders form positive behavioral orientations based on their aspiration to possess “psychological capital”. Consequently, compared to the actual possession of “psychological capital” represented by self-efficacy, the aspirational possession of “psychological capital” represented by out-group favoritism leads to employees engaging in the same non-silence behavior but not achieving the same perceived benefits, with [image: The image displays a mathematical inequality: phi subscript i A is greater than phi subscript o A, written as \( \phi_{iA} > \phi_{oA} \).]. Based on these assumptions and extensive empirical research demonstrating a positive correlation between work engagement and employee performance [11], employees believe that demonstrating work engagement through non-silence behavior can gain performance recognition from leaders and potentially earn certain rewards.
Furthermore, employees individually decide whether to change their strategies based on the perceived benefits derived from choosing the behavior of their colleagues. This process can be described as follows: Firstly, employee [image: It looks like there's an error with the image upload. Please try again by attaching the image file or providing a URL. Let me know if you need any assistance!] with behavioral strategy [image: Please upload the image or provide a URL so I can help you generate the alt text.] will randomly select a colleague [image: Please upload the image or provide a URL so I can generate the appropriate alternate text for it.] with behavioral strategy [image: It seems there's no attached image. Please try uploading the image again or provide a URL.] to compare the perceived benefits of their behaviors. Secondly, employee [image: It seems there was an error with uploading the image. Please try uploading the image again or provide a URL if it's accessible online. You can also add a caption for context if needed.] will decide whether to adopt the behavioral strategy of employee [image: Please upload an image or provide a URL so I can generate the alternate text for you.]. This study applies the Fermi’s Golden Rule, which is a probabilistic simulation approach for individuals to select the behavioral strategy of colleague [image: Please upload the image or provide a URL, and I will generate the alternate text for you.].
[image: Equation showing a probability formula: \(P(s_i \leftarrow s) = \frac{1}{1 + \exp[-( \varphi_f - \varphi_i) / k]}\). Labeled as equation (5).]
In Equation 5, where [image: It seems there was an issue with the image upload. Please try uploading the image again or provide a link to the image so I can assist you better.] and [image: Please upload the image or provide a URL to create the alt text.] represent the perceived benefits of employee [image: Please upload the image or provide a URL, and I will help you generate the alternate text for it. You can also add a caption for additional context if you like.] and the perceived benefits derived from employee [image: Please upload the image you want me to generate alternate text for. You can also provide a URL or a brief description for additional context.] choosing the behavior of employee [image: Please upload the image or provide a URL to generate the alternate text.], respectively. In physics, this corresponds to the [image: Please upload the image or provide a URL so I can generate the alternate text for you.] value of inverse temperature, and in this study, it provides a measure of the intensity of natural selection. For [image: Mathematical expression showing "k equals infinity" with the symbol for infinity.], we obtain [image: Mathematical notation showing the probability expression: \( P(s_i \leftarrow s_j) = \frac{1}{2} \).], which implies that employees react weakly to differences in perceived benefits, and the strategies of individuals with higher perceived benefits do not demonstrate a unique advantage. Without losing generality, this study sets the [image: It seems there was an error in uploading the image. Please try uploading the image again or provide a URL so I can help generate the appropriate alt text.] value to 0.1, meaning that employees who perform better are likely to transmit their strategies to other colleagues, but employees may also sometimes learn behavioral strategies from less successful colleagues.
3 MODEL SIMULATION ANALYSIS
3.1 Initial model simulation analysis
With the initial individual relational network structure as a BA scale-free network, this study executes the above game model of differential leadership influencing employee silencing behavior. Initially, the BA scale-free network consisted of [image: Mathematical expression with the variable "N" equal to ten raised to the power of three.] employees with an average degree [image: I can't see the image you're referring to. Please upload the image or provide a URL along with a caption if necessary.]. The degree distribution of the BA scale-free network was characterized by [image: The formula represents a probability function: \( P(k) = 2m^2 k^{-\alpha} \), where \( m \) and \( \alpha \) are constants and \( k \) is the variable.], where [image: It seems there might have been an error in uploading the image. Please try uploading the image again, and feel free to add a caption if needed.] represented the minimum degree and [image: The image contains the mathematical expression alpha equals 2.1.] was the power-law exponent. The Monte Carlo method was employed to simulate the game-theoretic model of differential leadership’s influence on employee silence behavior. Additionally, to visually present the results of employees’ choices, [image: The image contains the mathematical expression for a function, denoted as ρ subscript C of t in parentheses.] was defined as the proportion of employees choosing silence after [image: Please upload the image, and I'll generate the alternate text for you.] rounds of the game, and [image: Mathematical expression showing the symbol rho with subscript uppercase C, followed by infinity in parentheses.] represented the proportion of employees choosing silence in a stable state. Furthermore, to mitigate the impact of random factors on the simulation results, each simulation outcome was obtained by averaging 100 independent runs.
Figure 1 illustrates the variation in the proportion of employees choosing silence behavior, denoted as [image: Mathematical expression: ρ subscript c left parenthesis t right parenthesis.], under the influence of differential leadership in a BA scale-free network. It is observed that when the network structure is a BA scale-free network, the proportion of employees choosing silence behavior experiences a marked decline as the game cycle progresses. The potential reasons for this outcome may lie in the high degree of heterogeneity in the scale-free network structure, which broadens the sources of information accessible to employees. Employees can receive information from other members within the organization across different nodes and use this information to assess the actual benefits (i.e., whether the leader will reward the employee materially or spiritually based on the employee’s behavioral tactics). Consequently, they adjust their behavioral strategies by learning from these behaviors and generating perceived benefits. Additionally, some nodes in the scale-free network have very high degrees and can be regarded as “leader nodes”, which are effective factors in promoting employees to adopt non-silence behavior.
[image: A graph showing the decay of a function \( \rho_{\delta}(t) \) over time \( t \). The x-axis represents time from 0 to 300, while the y-axis ranges from 0.0 to 0.5. The data forms a red curve sharply declining near the start and leveling off toward zero as \( t \) increases.]FIGURE 1 | Relationship between the proportion of employees choosing silent behavior [image: The mathematical expression shows the function \(\rho_C(t)\) with a subscript "C" and dependent variable "t" within parentheses.] and the game cycle [image: To generate the alternate text for your image, please upload the image or provide a URL. You can also include a caption for additional context.].
Figure 2 depicts how the proportion of employees ultimately choosing silence behavior, denoted as [image: The image shows the mathematical notation for the density function \(\rho_c(\infty)\), representing the asymptotic behavior of a physical or mathematical system as time approaches infinity.], varies with the perceived benefits S under the influence of differential leadership. As mentioned earlier, when comparing employees who choose non-silence behavior with those who choose silence behavior, the perceived benefits that an employee believes they can obtain through behavioral adjustment are represented as S. Therefore, in general, the perceived benefits S will increase their psychological benefits, inducing employees who choose silence behavior to abandon their silent behavioral strategies and instead opt for non-silence behavior to obtain the perceived benefits S. Consequently, there is a significant negative correlation between the proportion of employees choosing silence behavior [image: The image displays the mathematical expression for the density at infinity, symbolized as \(\rho_c(\infty)\).] and the value of perceived benefits S. The larger the perceived benefits for employees choosing non-silence behavior, the smaller the proportion of employees choosing silence behavior.
[image: Line graph showing the relationship between two variables. The x-axis is labeled "S" ranging from 1 to 2, and the y-axis is labeled "p_c(∞)" ranging from 0 to 1. The graph depicts a decreasing trend, starting near 1 on the y-axis and gradually declining to 0, with a sharp drop between 1.4 and 1.5 on the x-axis. Red circles mark data points along the line.]FIGURE 2 | Relationship between the proportion of employees choosing silent behavior [image: The image shows a mathematical expression: ρ subscript C of infinity.] and the perceived benefits S.
To some extent the proactive personality coefficient [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] reflects whether an individual has a willingness to actively pursue rewards. Figure 3 illustrates the variation in the proportion of employees choosing silence behavior, denoted as [image: The expression depicts the mathematical notation for \( \rho_c(\infty) \), which represents a variable or function \(\rho_c\) evaluated at infinity.], with respect to the proactive personality coefficient [image: Please upload the image you would like me to describe.]. As observed in Figure 3, with the increase in the proactive personality coefficient [image: It seems like you mentioned a formula or expression instead of providing an image. Please upload the image you want analyzed, and I will generate the appropriate alternate text for it.], the proportion of employees choosing silence behavior gradually decreases in a BA scale-free network structure. As the proactive personality coefficient [image: It seems there was an issue with uploading the image. Please try uploading the image again, and I will be happy to help generate the alternate text for it.] increases, employees are more inclined to actively change their behavioral strategies to pursue higher returns, leading to a decreasing proportion of employees choosing silence behavior, denoted as [image: A mathematical notation showing the Greek letter rho with a subscript "c" followed by an expression in parentheses representing infinity.]. However, when the proactive personality coefficient [image: It seems there was an error with uploading or referencing the image. Please try uploading the image again or provide a proper URL.] is low, individuals tend to be more passive and may not actively adopt strategic adjustments to pursue greater returns. Therefore, as shown in Figure 3, the higher an employee’s proactive personality, the lower the proportion of employees choosing silence behavior.
[image: A line graph displays the function \( \rho_c(x) \) plotted against the variable \( x \). The graph starts at a value of 1 for \( x = 0 \) and slowly descends in a step-like pattern, with notable drops around \( x = 0.3 \) and \( x = 0.6 \). Red squares mark the data points on the line, and the axes are labeled accordingly with values ranging from 0 to 1.]FIGURE 3 | Relationship between the proportion of employees choosing silent behavior [image: Greek letter rho subscript C followed by infinity symbol in parentheses.] and the proactive personality coefficient [image: Please upload the image or provide a URL for me to generate the alt text.].
3.2 Model extension and analysis
Confronted with the uncertainty of the external environment, the actual and perceived benefits of employees are influenced by many factors, such as leader behavior, employee psychological factors, and actions. Let [image: The image displays a mathematical formula: phi of t equals one over N times the summation from i equals one to N of C sub i of t.] represent the average actual benefit of employees after [image: It seems there was an error in uploading the image. Please try uploading it again, and I will help you generate the alternate text.] rounds of the game, and [image: Equation displaying \( \psi(t) = \frac{1}{N} \sum_{i=1}^{N} \varphi_i(t) = \frac{1}{N} \sum_{i=1}^{N} C_i(t) \exp\left(-\left(-\ln P_{si}\right)^\nu \right) \).] represent the average perceived benefit of individuals after [image: Please upload the image or provide a URL for me to generate the alt text.] rounds of the game.
Based on the above assumptions, an analysis of the dynamic game process of the interests of both insiders and outsiders in the selection of non-silence behavior under incomplete information dynamic gaming is conducted. This involves considering the two factors of insider and outsider employees, silence behavior, and non-silence behavior. The specific extension form of the game includes the following elements:
	(1) Set of participants: outsider employees, insider employees;
	(2) Factors considered by participants: action adjustment changes with perceived benefits;
	(3) Action space of participants: insider employees can choose non-silence behavior or silence behavior; outsiders can also choose non-silence behavior or silence behavior.

Specifically, the employee groups of interest can be distinguished as non-silence insiders, silence insiders, non-silence outsiders, and silence outsiders. Therefore, this study sets the average actual benefits generated by different types of employees adopting different behavioral strategies as follows:
[image: Mathematical equations representing average calculations for different parameters over time. The formulas include summations and averaging over variables: \( \phi_{IA}(t) \), \( \phi_{IS}(t) \), \( \phi_{OA}(t) \), and \( \phi_{OS}(t) \), each depending on a respective set of constants and \( N \), denoting the total number.]
In Equation 6, where [image: Mathematical expression representing the function phi subscript I A of t, denoted as φ<sub>IA</sub>(t).] represents the average actual earnings generated by insiders engaging in non-silence behaviors during the game, [image: Mathematical expression showing \(\phi_{IS}(t)\), which could represent a function or variable in a mathematical context, often used in physics or engineering equations.] represents the average actual earnings of insiders choosing silence, [image: Greek letter phi with subscript O A, followed by function t in parentheses.] stands for the average actual earnings of outsiders engaging in non-silence behaviors, and [image: The expression shows the function phi subscript os of t, written as φ with subscript "os" followed by the variable in parentheses, (t).] represents the average actual earnings of outsiders choosing silence.
It is undeniable that any employee who performs positive organizational behavior is intended to reap the tangible benefits of the implementer or organization of the differential leadership style. However, due to information uncertainty and employees’ bounded rationality, employees are unable to accurately estimate the actual benefits during the implementation of their behaviors. Therefore, although employees choose their behavioral strategies based on observing the actual benefits obtained by other employees’ behavioral strategies, neither transitioning from silence to non-silence nor from non-silence to silence guarantees that the implementer of the differential-order leadership style will provide them with the same actual benefits as other employees. Employees merely observe and compare the behaviors of others and believe that there is a certain probability of obtaining equivalent benefits by executing the same behaviors [12, 13]. Since this benefit is not guaranteed by the leader but is perceived as potentially obtainable by the employee, it can only be considered as a benefit expectation when estimating employees’ behavioral transitions (i.e., the perceived benefit of performing the behavior). Therefore, this study further defines the average perceived benefits for non-silence insiders, silence insiders, non-silence outsiders, and silence outsiders as follows:
[image: Mathematical equations representing different functions: \(c_{VI_A}(t)\), \(\psi_{IA}(t)\), \(y_{IS}(t)\), \(\psi_{IS}(t)\), \(\psi_{OA}(t)\), and \(\psi_{OS}(t)\). Each is a summation with variables like \(C\), \(\phi\), and \(P\) related to parameters \(IA\), \(IS\), \(OA\), and \(OS\), with \(N\) as a divisor and exponentials used throughout.]
In Equation 7, where [image: The image shows a mathematical expression in italic script, "ψ subscript IA of t" enclosed in parentheses, indicating a function of time.] represents the average perceived benefit arising from non-silence behavior adopted by insiders participating in the game, [image: The image displays a mathematical expression: psi subscript IS of t.] represents the average perceived benefit from silence behavior among insiders, [image: The image shows the mathematical expression psi subscript OA of t, denoted as ψ subscript OA with a function of t in parentheses.] represents the average perceived benefit from non-silence behavior among outsiders participating in the game, and [image: The image shows the mathematical expression ψ subscript os of t.] represents the average perceived benefit from silence behavior among outsiders. The preceding sections of this paper have already articulated this viewpoint, stating that employees choose their behavioral strategies based on the actual benefits they observe others gaining from their behavioral strategies, believing that there is a certain probability of obtaining equivalent benefits if they perform the same behaviors. Therefore, this study assumes that the decision to choose silence or non-silence is based on the perception that executing such behavior can yield actual benefits. The perceived benefit evolves from the actual benefit and can be expressed as the product of the actual benefit and the expectation coefficient, where [image: Mathematical expression showing exp, open parenthesis, negative, open parenthesis, negative natural logarithm of P subscript s subscript i, close parenthesis, to the power of gamma, close parenthesis.] represents the expectation coefficient, [image: Mathematical equation representing the probability \( P_{s_i} \) is shown. The equation is \(\frac{C_i(t)\delta(s_i,1) + C_i(t)\delta(s_i,-1)}{\sum_{k=1}^N C_k}\).], [image: The image is a mathematical expression featuring a Dirac delta function, denoted as \( \delta(x, y) \).] is the [image: Please upload the image or provide a URL for me to generate the alternate text.] function, defined as [image: Mathematical function showing the Kronecker delta: δ(x, y) equals 1 if x equals y, and 0 if x does not equal y.], and [image: Gamma is an element of the closed interval from zero to one.] represents the individual’s rationality coefficient.
However, as described in the model presented earlier, insiders’ non-silence behavior, motivated by self-efficacy, is driven by the pursuit of higher benefits under the premise of actually possessing “psychological capital”. Conversely, outsiders’ non-silence behavior, motivated by out-group favoritism, forms a positive behavioral orientation under the premise of hoping to possess “psychological capital”. Therefore, the actual “psychological capital” represented by self-efficacy, compared to the hoped-for “psychological capital” represented by out-group favoritism, can bring different perceived benefits to employees engaging in the same non-silence behaviors.
Figure 4 illustrates the changes in perceived benefits S arising from individuals’ choices between silence and non-silence behaviors in a BA scale-free network as the number of game rounds t increases. Specifically, Figure 4A depicts the scenario where employees adopt a silence strategy and how their perceived psychological benefits evolve with increasing game rounds; Figure 4B shows the scenario where employees adopt a non-silence strategy and the corresponding changes in their perceived psychological benefits over time. By comparing Figures 4A, B, it can be observed that as the number of game rounds increases, the perceived benefits of employees who choose silence gradually decline, whereas those of employees who choose non-silence gradually increase. Therefore, within the structure of a BA scale-free network, employees who adopt non-silence behaviors experience an increase in their perceived benefits, suggesting that employees who opt for silence anticipate maximizing their returns by altering their behavioral strategies. This finding aligns with the implications of differential leadership, where the insiders and the outsiders may perceive different incentives and outcomes based on their proximity and relationship with the leader.
[image: Two graphs labeled (a) and (b) show red data points plotting variable S against τ. In (a), S decreases steeply and levels off, while in (b), S increases before stabilizing.]FIGURE 4 | (A) The relationship between perceived benefits S of employees choosing silence behavior and game cycle [image: Please upload the image so I can generate the alternate text for it.]. (B) The relationship between perceived benefits S of employees choosing non-silence behavior and game cycle [image: Please upload the image you would like me to generate alt text for.].
Subsequently, we analyze the impact of perceived benefits S and proactive personality coefficient [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] on employees’ psychological gains in the context of their adoption of silence or non-silence behaviors. Figure 5 illustrates the changes in psychological gains for employees adopting silence and non-silence behavioral strategies in a BA scale-free network, as these gains vary with the proactive personality coefficient [image: Please upload the image or provide a URL for the image so I can generate the alt text for you.] and perceived benefits S. As the proactive personality coefficient [image: It seems there was an issue with the image upload or URL. Please try uploading the image again or provide a URL. You can also add a caption for more context.] increases, both silence and non-silence employees experience an augmentation in their perceived benefits.
[image: Two heatmaps labeled A and B compare the density distributions of variable \(\psi(\infty)\) over a grid of parameters \(S\) and \(\gamma\). A color gradient from blue to yellow indicates increasing values of \(\psi(\infty)\). Both maps show variations across the grid, with notable differences in the distribution patterns of the density values.]FIGURE 5 | (A) The relationship between employees’ psychological gains from adopting silence behavior and the proactive personality coefficient [image: It seems there was an issue with your request. Please upload the image or provide a URL, and I will generate the alternate text for you.], as well as perceived benefits (S); (B) The relationship between employees’ psychological gains from adopting non-silence behavior and the proactive personality coefficient [image: If you upload an image, I can help create the alternate text for it. Please provide the image or its URL, and I'll assist you accordingly.], as well as perceived benefits (S).
According to Figures 5A, B, it can be inferred that as the proactive personality coefficient [image: Please upload the image you would like me to generate alternate text for.] rises, the degree of passivity in employees’ behavior decreases, and they tend to actively alter their strategy choices to pursue higher returns. Consequently, more employees adjust their behavioral strategies to seek greater gains, thereby enhancing their perceived benefits. However, Figures 5A, B, coupled with the previous analysis, also indicate that as perceived benefits S increase, the psychological gains of employees adopting non-silence behavioral strategies gradually increase, whereas those of employees adopting silence strategies decrease progressively. The reason for this phenomenon is that as perceived benefits S rise, employees who adopt non-silence measures can obtain higher returns, leading to a significant increase in their psychological gains. Conversely, the psychological benefits of employees adopting a silence strategy will decrease significantly. In this situation, employees adopting a silence strategy should switch their behavior, aiming to obtain more benefits by engaging in non-silence behavior.
4 RESEARCH CONCLUSION

	(1) Employees’ non-silence behavior involves a game-playing process between the insiders and the outsiders. Through the aforementioned dynamic game analysis between insiders and outsiders, it is evident that not only do insiders require leaders’ support and encouragement to enhance their personal gains and performance levels, as well as to maintain their status and positive impressions within the leader’s insider group, but outsiders also need leaders’ acceptance and assistance to improve their personal gains, performance levels, and achieve mobility within the group hierarchy. Therefore, both insiders and outsiders need to engage in non-silence behavior to win the favor of leaders in order to achieve their optimal perceived benefits.
	(2) Employees’ non-silence behavior is influenced by perceived benefits. According to the evolutionary game results above, Both insiders and outsiders will participate in non-silence behavior only if they believe that non-silence behavior increases perceived benefits and silence behavior decreases perceived benefits, i.e., non-silence behavior is positively related to perceived benefits. For outsiders, their perceived benefits differ significantly from those of insiders, indicating that in the context of differential leadership, achieving non-silence behavior for outsiders is a difficult process and may encounter more obstacles. Leaders’ encouragement and support are necessary for outsiders to be willing to invest more costs and efforts in their status mobility, thereby increasing the possibility of achieving it.
	(3) Different perceived benefits essentially respond to employees’ psychological states. Under the stimulation of self-efficacy, insides produce non-silent behavior and intend to pursue greater benefits. The purpose of such insiders to pursue higher benefits under the premise of actually holding “psychological capital” is to respond to the current psychological state, so as to generate a higher level of perceived benefits. In contrast, outsider employees have non-silent behavior stimulated by the preference of outside groups. Such outsiders form a positive behavior orientation on the premise of holding “psychological capital”, so the perceived benefits they form are bound to be lower than their own employees. Therefore, The “psychological capital” actually held by the representative of self-efficacy and the “psychological capital” held by the representative of the preference of the outside group actually represent the different organizational status of “insiders” and “outsiders”, resulting in employees performing the same non-silent behavior but not getting the same benefits.
	(4) Proactive personality has a significant impact on the perceived benefits and employee non-silence behavior. In a differential leadership environment, both insiders and outsiders are in a dynamic state of status mobility. For insiders with high proactive personality, they are willing to actively seek opportunities to increase their perceived benefits and actively engage in non-silence behavior to stabilize their status and satisfy their interests. For outsiders, the process of status mobility is a long and arduous journey. With high proactive personality, outsiders are more likely to actively address difficulties encountered in their work, demonstrate more organizationally beneficial behaviors, and believe that their efforts and dedication can lead to performance improvements due to the positive correlation between work engagement and employee performance, thereby increasing their perceived benefits and promoting non-silence behavior.

In summary, this study adopts a dynamic evolutionary game approach to establish a dynamic game model with incomplete information between insiders and outsiders, examining the impact of differential leadership on non-silence or silence behavior among insiders and outsiders. By analyzing the dynamic changes in perceived benefits for both insiders and outsiders, the research findings reveal that both insiders and outsiders need to demonstrate non-silence behavior to gain leaders’ attention and favor in order to achieve and maintain benefit seeking. Self-efficacy for insiders is the key driver of their non-silence behavior, while out-group favor for outsiders is the key driver. Furthermore, proactive personality further builds an organizational voice climate, generates perceived benefits, and provides relevant insights and reflections for the high-quality development of family enterprises.
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The Internet of Vehicles, as a new generation of information infrastructure that integrates multiple industries such as automotive, information communication, and transportation, is currently in a rapid development stage. However, its data supply chain involves numerous stakeholders and faces severe challenges in terms of data sharing, security, and regulation. To address this issue, this paper utilizes evolutionary game theory, setting key variables such as the strategy set, probability combination, and game behavior of each stakeholder to construct a tripartite evolutionary game model and its replicator dynamic equations, involving the Internet of Vehicles data sharing platform, vehicle manufacturers, and sellers. We studied the equilibrium solutions of this model and conducted an in-depth analysis of the local stability of the equilibrium state. Through simulation analysis, we explored the interference factors and their mechanisms of action in the interaction and dynamic changes during the evolutionary process and analyzed the impact of different parameters on the system’s evolution. The experimental results show that compensation mechanisms and the risk of information leakage have a significant impact on decision-making behavior; enhancing the security technology of the data-sharing platform and the construction of the data governance system, as well as implementing corresponding incentive and punitive measures, can promote the system to reach a stable state. The results of this study provide a scientific and reasonable decision-making basis for core enterprises in the Internet of Vehicles data supply chain, helping them to more effectively supervise and coordinate the data sharing behavior of downstream enterprises, thereby enhancing the collaborative effect of the entire supply chain system and improving the overall competitiveness and stability of the supply chain.
Keywords: internet of vehicles, data sharing, stakeholders, evolutionary game, simulation analysis

1 INTRODUCTION
As a new generation of information infrastructure that links multiple industries such as the automotive industry, information and communication, transportation, and electric power, the Internet of Vehicles has become an important driving force for promoting the transformation and upgrading of the automotive industry. Not only has it promoted the vigorous development of the digital economy, but it has also improved the efficiency of data resource utilization. With the integration of cutting-edge technologies such as smart cars and the Internet of Things, vehicles are no longer merely simple means of transportation but have become huge data generation terminals. This development trend has not only posed new demands on transportation systems and urban planning but has also made the scientific management and efficient utilization of Internet of Vehicles data urgent. Currently, the Internet of Vehicles not only involves the massive data generated by built-in and external vehicle devices but also includes numerous data processing entities such as intelligent connected vehicle manufacturers, Internet of Vehicles service platforms, and operating enterprises. Moreover, data collaboration among various institutions in the industry chain has gradually exposed difficulties such as data sharing, data security, and data regulation [1–3].
To address these issues, scholars have conducted extensive work in areas such as privacy protection in vehicular networks, data classification and grading, and trust mechanisms. In terms of privacy protection, He et al. [4] proposed a method based on blockchain technology and local differential privacy, aiming to protect the location data privacy in vehicular networks. Han et al. [5] utilized an NDN-based IoV architecture combined with mobile edge computing technology to address issues related to data transmission, security, and privacy protection in IoV. Xu et al. [6] proposed a secure privacy protection communication protocol based on elliptic curve cryptography to tackle various security threats and attacks that may arise in vehicular network systems. Wang et al. [7] proposed a blockchain-based privacy-preserving federated learning scheme, on which they developed a reputation-based incentive mechanism to encourage vehicular network users to actively participate in federated learning and remain honest. In terms of data classification and grading, Chen et al. [8] proposed a blockchain model based on master-slave multi-chains, aiming to address the challenges of data classification, grading, storage, and access control. This model, based on data stakeholders, master-slave chain networks, and IPFS, enables data owners to classify and manage sensitive data. Bai et al. [9] proposed a hierarchical model for transportation administrative data, which is based on factors such as scale, precision, and depth. This model establishes data levels through security risk analysis, addressing the classification and grading issues in transportation administrative data management, and helps prevent data leakage and illegal use. Feng et al. [10] introduced the development of data security classification and grading, analyzed the principles of data security classification and grading in some fields and shared practices, and finally put forward ideas and development suggestions for data security classification and grading. In terms of trust mechanisms, Chen et al. [11] adopted a deep reinforcement learning approach and proposed an algorithm called deep policy gradient action quantization (DPGAQ) to address trust and security issues in intelligent vehicular networks. Rathee et al. [12] proposed a vehicular network trust framework based on the tidal trust mechanism (TTM) and contract theory (CT). TTM evaluates the trustworthiness between devices, and CT verifies the reliability of context predictions, improving the trust and accuracy of data sharing. Haseeb et al. [13] proposed an autonomous vehicle routing protocol for vehicular networks based on 6G technology, employing simulated annealing optimization technology to establish the routing process, and improving the energy optimization of IoT vehicles. Wang et al. [14] proposed a federated learning-based trust evaluation scheme for vehicular cloud collaborative systems, constructing a hierarchical trust model. Through federated learning, they achieved personalization at the device, data, and model levels, addressing the issue of node trust changes caused by network topology changes.
Most of the aforementioned literature has partially achieved the security and governance of vehicular network data sharing from a technical perspective. However, these solutions have some limitations and ignore the impact and constraints of different stakeholders’ behavioral strategies on other participants. They fail to use dynamic system theory to analyze the decision-making behaviors of each participant [15]. From an economic perspective, vehicular networks involve data processing entities composed of multiple stakeholders, and data sharing in vehicular networks is a continuous and bounded rationality process in which all parties seek to maximize their own interests [16]. For example, vehicle manufacturers may choose not to share or provide false information services to evade legal responsibilities for data security governance. Vehicle sales companies may choose not to share or upload distorted data to avoid the leakage of trade secrets, which will hinder the development of the vehicular network industry.
Evolutionary game theory [17, 18] can analyze the costs, benefits, and losses of each stakeholder’s decision-making behavior in the system and dynamically reflect the evolutionary trends of each party’s strategic choices [19]. Therefore, this paper constructs a game model based on evolutionary game theory to model the behavioral interactions of the three stakeholders in the vehicular network data sharing platform (core enterprises), manufacturing enterprises, and sales enterprises (downstream enterprises). Through numerical simulations, the possibility of the existence of game equilibrium and its evolutionary trends are verified, focusing on the impact of factors such as data leakage risk, compensation mechanisms, and synergistic effects on each party’s strategic choices. This paper provides reasonable suggestions for the core enterprises in the vehicular network data supply chain to better regulate and coordinate the data sharing behaviors of downstream enterprises, in order to achieve synergistic effects among downstream enterprises, improve the connectivity of the supply chain system, and enhance the overall benefits of the supply chain.
2 BASIC ASSUMPTIONS
2.1 Basic assumptions
Assumption 1. The game participants consist of three behavioral entities, namely, the Internet of Vehicles Data Sharing Platform (core enterprise), manufacturing enterprises (equipment manufacturers, car manufacturers, etc.), and sales enterprises (4S stores, insurance companies, etc.). The three parties play different roles in the supply chain game, with the Internet of Vehicles Data Sharing Platform serving as the core, holding a leadership position, and being responsible for the distribution of benefits and the supervision of downstream enterprises.
Assumption 2. The strategy sets of manufacturing enterprises and sales enterprises are both either to share data or not to share data. Not sharing data will lead to information lag. The core enterprise needs to share information with other members of the supply chain and monitor their data-sharing behavior. Its strategy set is either to supervise or not to supervise.
Assumption 3. The core enterprise encourages downstream enterprises to share data through management mechanisms to improve supply chain efficiency. If downstream enterprises fail to share key information in a timely manner and cause damage to the overall interests of the supply chain, the platform will impose penalties, reducing their benefits and compensating other enterprises that share data. This mechanism is only activated when the platform implements a supervision strategy.
Assumption 4. When both manufacturing enterprises and sales enterprises share data, a synergistic effect is triggered, meaning the total revenue of the entire supply chain will exceed the sum of the revenues of each enterprise. Conversely, if either party or both parties do not share data, the synergistic effect cannot be achieved.
Assumption 5. The probability of the core enterprise choosing the “supervision” strategy is [image: Please upload the image or provide a URL so I can generate the alternate text for you.], and the probability of “no supervision” is 1-[image: Please upload the image or provide a URL, and I will help generate the alternate text for it.]; The probability that the manufacturing enterprise chooses the strategy of “data sharing” is [image: Please upload the image or provide the URL, and I will help you generate the alt text for it.], and the probability of “not data sharing” is 1-[image: Please upload the image or provide a URL so I can generate the alternate text for you.]; The probability of sales enterprises choosing the “share data” strategy is [image: Please upload the image or provide a URL so I can help generate the alternate text for it.], and the probability of “not sharing” is 1-[image: Please upload the image or provide a URL, and I can help generate the alternate text for it.]. Where [image: Please upload the image or provide a URL for me to generate the alternate text.], [image: Please upload the image you want the alternate text for, and I'll be happy to help!], and [image: Please upload the image or provide a URL so I can help generate the alt text for it.] are variables whose values range from [0,1].
Based on the aforementioned assumptions, the profit and loss analysis for the core enterprise encompasses its fundamental revenue, synergistic gains from supply chain collaboration, data sharing incentives, supervision costs, sharing costs, and the potential risks associated with data leakage. Similarly, the profit and loss analysis for downstream enterprises includes their basic revenue, synergistic benefits, data sharing rewards, sharing costs, and information leakage risks. Evidently, synergistic gains exhibit a positive correlation with the synergy coefficient, the enterprises’ data utilization efficiency, and the sufficiency of data sharing. Specifically, the synergistic gains for the IoV platform, manufacturing enterprises, and sales enterprises are denoted as [image: The expression shows the product of beta and the sum of A sub 2 and A sub 3, all multiplied by B sub 1.], [image: Mathematical expression showing beta times the sum of subscript A one and subscript A three, multiplied by subscript B two.], and [image: Mathematical expression showing beta times the sum of A sub one and A sub two, all multiplied by B sub three.], respectively. When the IoV data-sharing platform implements a monitoring strategy, a compensation mechanism is activated. Entities that do not share data are required to provide compensation to those who do, and the compensation amount is positively correlated with the compensation coefficient and the sufficiency of data provided by other entities. For instance, if the IoV platform shares data while the manufacturing enterprise does not, the manufacturer is obligated to pay a compensation fee, denoted as [image: Equation displaying the expression: lowercase gamma subscript uppercase A subscript one.], to the platform. Should the sales enterprise also abstain from data sharing, it is likewise required to remit compensation to the platform. In this scenario, the IoV platform will receive a total compensation of [image: Mathematical expression showing 2 times gamma times A subscript 1.] from its downstream enterprises. All three parties involved in data sharing face the risk of data leakage, with the magnitude of this risk being contingent upon the sufficiency of data provided by each entity. The data leakage risks for the IoV platform, manufacturing enterprises, and sales enterprises are represented by [image: The expression in the image depicts the Greek letter alpha (\(\alpha\)) followed by a subscript consisting of the letter A and the number 1.], [image: A mathematical expression featuring the Greek letter alpha, followed by uppercase A and subscript numeral two.] and [image: The expression displays the Greek letter alpha followed by a subscript A and the number three.]., respectively. Table 1 provides a comprehensive list of the parameters employed in the model, along with their corresponding descriptions.
TABLE 1 | Description of model parameters.
[image: Table displaying symbols and their descriptions related to data sharing strategies and costs in business contexts. It includes variables like basic benefits, adequacy of shared data, ability to use data, costs of sharing, and risk coefficients in entities such as Internet of Vehicles platforms, manufacturing, and sales firms, with specific notations explaining each.]2.2 Payoff matrix
In this paper, the strategy combination of the three parties will be represented in the form of a set, denoted as [image: Mathematical notation showing a set \( S_i = \{ m, n, k \} \).], where [image: Equation displaying a sequence of integers from one to eight within parentheses, labeled as i.]. The values of [image: The image appears to be showing the variables \( m, n, k \) in a stylized text format.] are either 0 or 1. The strategy of the Internet of Vehicles (IoV) platform is represented by [image: Please upload the image or provide a URL so I can generate the alternate text for it.], where [image: It seems there's a formatting error or a missing image. Please upload the image or provide a correct link, and I'll help with the alt text.] indicates that the IoV platform adopts a non-supervision strategy, and [image: Please upload the image you want me to describe.] indicates that a supervision strategy is implemented; [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] represents the strategy adopted by the manufacturing enterprise, where [image: The mathematical expression "n equals zero".] indicates a non-sharing strategy, and [image: It seems there was an error and the image was not uploaded. Please try uploading the image again, and I will help you generate the alternate text.] indicates a sharing strategy; [image: It seems there was an error or incomplete input. Please upload the image or provide a URL so I can help generate appropriate alt text.] represents the strategy adopted by the sales enterprise, where [image: It seems like you've referenced a mathematical expression. If you intended to upload an image, please try again by ensuring the file is attached. If you have any questions or need further assistance, feel free to ask!] indicates a non-sharing strategy, and [image: It looks like there was an issue with the image upload. Please try uploading the image again or provide a URL. If you have any additional context or a caption, feel free to include that as well.] indicates a sharing strategy. The specific payoff matrix is shown in Table 2.
TABLE 2 | The profit matrix of the three participants.
[image: A table with four columns labeled “Game strategy,” “Core enterprise,” “Manufacturing enterprise,” and “Sales enterprise.” It lists strategies \(S_1\) to \(S_8\) with corresponding equations for each enterprise, involving variables such as \(E\), \(K\), \(A\), \(B\), \(\alpha\), \(\beta\), and \(\gamma\). The entries express relationships between variables across different strategies.]3 MODEL ESTABLISHMENT
3.1 Replicator dynamics equation and phase diagram of the internet of vehicles platform
When the Internet of Vehicles (IoV) platform selects “no supervision”, the expected return is [image: Please upload the image you'd like described, and I'll generate the alternate text for you.], the expected return when it selects “supervision” is [image: It seems there is no image attached. Please upload the image or provide a URL, and I will help generate the alternate text for it.], the average expected return is [image: Please upload the image or provide a URL so I can generate the alternate text for you.].
[image: Mathematical expressions involving variables y, z, E, K, α, A, B, β, and x. Two main equations, \( P_{11} \) and \( P_{12} \), utilize these variables in product and sum operations. A third equation, \( P_1 \), is defined as a linear combination of \( P_{11} \) and \( P_{12} \).]
The replication dynamic equation of the IoV platform is
[image: A mathematical equation is shown: \( F(x) = \frac{dx}{dt} = x(P_{12} - P_1) = x(1-x)(2yA_1 - y^xA_1y - A_1y^2 - K_x) \). It is labeled as equation (2).]
Take the first derivative of [image: Please upload the image you'd like me to generate alternate text for.]:
[image: The image shows a mathematical equation describing the derivative of a function F(x, z) with respect to x. The equation is: dF(x, z)/dx = (2x - 1)G(y, z) = (2x - 1)(K_2 - 2γA_1 + γA_1ν + γA_1z).]
[image: It seems like there is no image attached. Please upload the image or provide a URL to generate the alternate text.]
The probability that the IoV platform chooses supervision is in a stable state, it needs to satisfy condition [image: It looks like you've provided a mathematical equation. If you have an image you would like described, please upload it or provide a URL. If you're referring to a visual representation of the equation \( F(x) = 0 \), please let me know, and I can assist accordingly.] and [image: Derivative of the function \( F(x) \) with respect to \( x \) is less than zero, indicating that \( F(x) \) is decreasing.]. The derivative of [image: Formula displaying the function \( G(y, z) \).] with respect to y is less than 0. Therefore, [image: The image shows a mathematical expression "G of y, z" with G as a function of variables y and z, enclosed in parentheses.] is a decreasing function of [image: Please upload the image or provide a URL for which you need alternate text.]. Let [image: Equation showing \( y = y^* = \frac{2yA_1 - K_2 - yA_1z}{yA_1} \).], at this time [image: I'm unable to see any images or specific mathematical representations directly. Could you describe the image for more accurate assistance?], [image: The equation \( \frac{dF(x)}{dx} = 0 \).] the IoV platform can not determine the stability strategy; when [image: The image shows the mathematical expression "y is less than y star" where "y" is less than "y" with an asterisk symbol representing a particular value or condition.], then [image: Mathematical expression depicting \( G(y) < 0 \), where the function \( G(y) \) is less than zero.], and at this point [image: The mathematical expression shows the derivative of F with respect to x, denoted as dF(x)/dx, is less than zero.], [image: It seems there was an issue with your message. Please upload the image file or provide a URL to the image you would like described. Additionally, you can include a caption for context.] is the stable point for the IoV platform. In the same way, if [image: Mathematical expression showing "y" is greater than "y" star.], then [image: The expression \( G(y) > 0 \) is shown, indicating a function \( G \) of variable \( y \) being greater than zero.], and at this point [image: The image shows a mathematical inequality: the derivative of a function \( F(x) \), denoted as \(\frac{dF(x)}{dx}\), is less than zero.], [image: It seems there was an issue with displaying the image. Please try uploading the image again or provide a URL.] is the stable point of the IoV platform. Figure 1 shows the strategy evolution phase diagram of the platform.
[image: Three geometric diagrams display cubes in three-dimensional space with x, y, and z axes. Each cube is sectioned differently by a plane. The first cube is sliced along y = y*. The second cube shows a section labeled A1 for y < y*. The third cube has a section labeled A for y > y*.]FIGURE 1 | Phase diagram of IoV data sharing platform.
3.2 Replicator dynamics equation and phase diagram of manufacturing enterprise
The expected return of the manufacturing enterprise when it selects “not sharing” is [image: It seems there's an issue with the image upload. Please try uploading the image again, and if possible, provide a caption or context for further assistance.], the expected return when it selects “sharing” is [image: It seems like text describing something mathematical or technical, not an image. If you have an actual image to describe, please upload it, and I can help generate alternate text for you.], and the average expected return is [image: It seems that no image was uploaded. Please try uploading the image again, and I will help you generate the alternate text.].
[image: Mathematical expression with three parts. The first equation defines \( P_{21} \) using variables \( x \), \( z \), \( E_2 \), \( A_1 \), \( A_3 \), \( B_1 \), \( B_2 \), and constants. The second equation, \( P_{22} \), utilizes similar variables and additional terms like \( K_3 \), \( \alpha \), and \( \beta \). The last equation expresses \( P_z \) as a weighted sum of \( P_{21} \) and \( P_{22} \).]
The replication dynamic equation of a manufacturing firm is:
[image: A mathematical expression representing the differential equation \( F(y) = \frac{dy}{dt} = y(P_{22} - P_2) \), followed by expanded terms involving various constants and variables such as \( K_5, a_2, z_4, \) and others. The equation is labeled as equation (6).]
By taking the derivative of y, can obtain
[image: Derivative equation showing dF(v)/dv equals (2y - 1) times a complex expression involving k3, a2, terms with A1, A3, B2, B3, z, and γ, βA1, and xz, labeled as equation (7).]
Based on the stability theorem of differential equation, the probability that the manufacturing enterprise chooses to share is in a stable state must meet the following conditions: [image: Equation displaying "F of y equals zero".] and [image: The image shows the mathematical expression: the derivative of F with respect to y, divided by y, is less than zero.], because [image: Mathematical expression representing a function denoted as \( G(z) \), where \( z \) is a variable.] is an increasing function, so when
[image: Formula labeled as equation eight. z equals z star, with the numerator being x times open parenthesis gamma sub A plus gamma sub A two close parenthesis minus k sub 3 minus alpha A sub 2. The denominator is open parenthesis A sub 1 B sub s plus A sub 2 B sub s minus beta A sub 2 B sub s minus beta A sub 3 B sub s plus gamma A sub x minus gamma A sub x close parenthesis.]
[image: Mathematical expression depicting G of z equals zero, representing a function G evaluated at variable z that equals zero.], [image: The equation displays the derivative of F with respect to z, denoted as dF(z)/dz, set equal to zero.], can not determine the stability strategy; When [image: Mathematical expression showing "z is less than z-star," with "z" followed by a less-than sign and "z" with an asterisk.], [image: Formula \( G(z) < 0 \) in italicized mathematical notation, representing a function \( G \) of \( z \) being less than zero.], [image: The mathematical expression shows the derivative of \( F(z) \) with respect to \( z \), denoted as \( \frac{dF(z)}{dz} \), being less than zero, followed by \( y = 1 \).] reaches the stable state, the strategy evolution phase diagram of the manufacturing enterprise is shown in Figure 2.
[image: Three diagrams illustrate geometric regions defined by Cartesian coordinates x, y, and z. The first shows a volume where z equals z*. The second and third diagrams indicate regions with z less than z* and z greater than z*, labeled M₁ and M₂, respectively.]FIGURE 2 | Phase diagram of manufacturing enterprise.
3.3 Replicator dynamics equation and phase diagram of sales enterprise
The expected return of a selling firm when it selects “Not share” is [image: The image shows the mathematical symbol "P" with a subscript of "31".], the expected return when it selects “share” is [image: Mathematical notation of the symbol \( P_{32} \), with 32 as a subscript to the letter P.], and the average expected return is [image: Please upload the image you would like me to analyze and provide alternate text for.].
[image: Mathematical equations for a model: P₃₁ and P₃₂ are defined with expressions involving variables E₃, A₁, A₂, B₃, K₁, a, α, β, γ, x, y. The equation P₃₃ is expressed in terms of P₃₁ and P₃₂.]
The replication dynamic equation for a sales enterprise is:
[image: The image shows a mathematical equation labeled as equation (10). It is a function F of z defined as the derivative dz/dt multiplied by the difference between P32 and P3. The equation includes terms with constants such as K4, α, γ, β, and variables like A, B, and x in various powers and combinations. ]
For derivation [image: It seems like you might have tried to upload an image, but it did not come through. Please try uploading the image file again, and I will help you generate the alternate text for it.]:
[image: A mathematical equation is shown:   \[ \frac{d(r/z)}{z} = (2z - 1) \left( k_4 + \alpha a_3 + \gamma (A_1 B_3 + A_2 B_3 - \beta A_1 B_3 - \beta A_2 B_3) + \alpha (\gamma - \gamma A_3 + \gamma A_2) + x (\gamma A_1 - \gamma A_3) \right) \]  Equation number: (11).]
Based on the stability theorem of differential equation, the probability that the sales enterprise chooses to share is in a stable state must meet the following conditions: [image: Equation showing F of z equals zero, with the derivative of F with respect to z less than zero.]. Because [image: The mathematical expression shows the derivative of \(H(y)\) with respect to \(y\), denoted as \(\frac{dH(y)}{dy}\), and it is greater than zero.], so [image: It seems there might have been an error as the image wasn't uploaded. Please try uploading the image again or provide a URL. You can also add a caption for more context.] is an increasing function of [image: Please upload the image or provide the URL for me to generate the alternate text.]. When [image: Mathematical equation showing \( y = y^* = \frac{x(\gamma A_4 + \gamma A_5) - k_1 - \alpha A_3}{(A_1 B_2 + A_2 B_3 - \beta A_1 B_3 - \beta A_2 B_3 + x(-\gamma A_2 + \gamma A_3))} \).], [image: The mathematical expression shows two equations: \( H(y) = 0 \) and \( \frac{dF(z)}{dz} = 0 \).], the stability strategy could not be determined; When [image: Mathematical expression showing three conditions: \( y < y^* \), \( H(y) < 0 \), and \( \frac{dF(z)}{dz} < 0 \).], [image: Please upload the image or provide a URL for me to generate the alt text. You can also add a caption for additional context if needed.] a steady state is attained, and vice versa [image: It seems there was an error in your request. Please provide an image or a valid URL, and I’ll be happy to help generate alt text for it.], a steady state is attained. The strategy evolution phase diagram of the sales enterprise is shown in Figure 3.
[image: Three 3D graphs depicting changes in a surface based on varying values of \( y \). The first graph shows \( y = y^* \), the second \( y < y^* \) with region \( N_1 \), and the third \( y > y^* \) with region \( N_2 \). Each graph has axes labeled \( x \), \( y \), and \( z \).]FIGURE 3 | Sales enterprise phase diagram1.
4 STABILITY ANALYSIS OF THE MODEL’S EQUILIBRIUM POINTS
4.1 Jacobian matrix
The asymptotically stable solution of the replicator dynamics equation is a strict Nash equilibrium. In the evolutionary game system, eight pure strategy equilibrium solutions can be obtained. According to Lyapunov’s stability theory [20], when all eigenvalues of the Jacobian matrix are negative, the corresponding equilibrium point is the asymptotically stable point of the system. The Jacobian matrix is shown as (12).
[image: The image shows a matrix equation, where J is equal to a three by three matrix of partial derivatives with respect to x, y, and z of functions F(x), F(y), and F(z). This matrix is equal to another three by three matrix with elements F_11, F_12, F_13 in the first row, F_21, F_22, F_23 in the second row, and F_31, F_32, F_33 in the third row. The label (12) is on the right side.]
Among them,
[image: Matrix of equations labeled from \( F_{11} \) to \( F_{33} \), describing a series of mathematical expressions involving variables such as \( x \), \( y \), \( z \), \( \mu \), and \( \lambda \), as well as indexed variables like \( K_1 \), \( K_2 \), \( A_1 \), \( A_2 \), \( B_1 \), and \( B_2 \). The equations include terms with products, sums, differences, and coefficients.]
4.2 Stability analysis
By substituting the eight equilibrium points into the Jacobian matrix, the eigenvalues of each equilibrium point can be obtained, as shown in Table 3. From the above analysis, it can be seen that when the parameters change, the evolutionary stability strategy of the system will also change. The stability of the equilibrium points is shown in Table 4. Among them, there are three unstable points, and the remaining uncertain points will be discussed next.
TABLE 3 | System equilibrium points and eigenvalues.
[image: Table showing equilibrium points and corresponding values of λ₁, λ₂, and λ₃. Points include O(0,0,0), A(0,1,0), B(0,0,1), C(0,1,1), D(1,0,0), E(1,0,1), F(1,1,0), and G(1,1,1). Each point has different expressions for the λ values based on parameters such as A₁, A₂, A₃, B₂, B₃, y, k₂, k₃, k₄, α₂, and α₃.]TABLE 4 | Stability analysis of equilibrium points.
[image: Table displaying equilibrium points with corresponding eigenvalues (\(\lambda_1\), \(\lambda_2\), \(\lambda_3\)), stability, and situation analysis. Points include (0,0,0) to (1,1,1). Stability ranges from uncertain to unstable. Some cases are noted: Case1, Case2, Case3, Case4, Case5.]Case1: When [image: The mathematical expression shows inequality: \(2 \gamma A_1 - k_2 < 0\).], Figure 4 shows the evolutionary process of the three-way evolutionary game at this time. There was an evolutionary stability point in the system, and the corresponding strategy was (no supervision, no sha no sharing). Because the low compensation cost failed to cover the supervision cost, the platform tended to give up supervision, resulting in the inability to effectively restrict the behavior of subordinate enterprises. At this time, the compensation coefficient can be increased to encourage the IoV platform to take regulatory measures. When the compensation amount reaches the corresponding level, [image: The mathematical inequality displays "2yA subscript 1 minus k subscript 2 is less than 0."] it is no longer met. At this time, the probability of the IoV platform choosing supervision increases, and its strategy will also affect the strategic choice of the other two subjects. Similarly, reducing regulatory costs or increasing [image: Please upload the image or provide a URL so I can generate the alternate text for you.] will also have an impact on their strategies. Figure 4 shows that the adjustment of initial probability has no significant effect on the evolution of the system, which means that other factors may play a more critical role in the outcome of the game.
[image: 3D plot with colorful swirling lines representing data in x, y, and z directions. Adjacent is a probability graph with three lines, colored orange, red, and blue, each labeled as \(x=0.5\), \(y=0.5\), and \(z=0.5\), respectively.]FIGURE 4 | Diagram of the evolution path under case1.
Case 2: when [image: Mathematical expression displaying: \( k_3 + \alpha A_2 + (1 - \beta)(A_1 + A_3)B_2 < 0 \).], [image: Mathematical expression: \( k_4 + \alpha A_3 + B_3 (1-\beta)(A_2 + A_1) < 0 \).], Figure 5 shows the evolutionary process of the three-way evolutionary game at this time. For the manufacturing enterprise,the cost of data sharing and the loss caused by data leakage are smaller than the benefits obtained by using the sharing platform of the IoV and data of sales companies. Similarly, for sales enterprises, the cost of data sharing and the loss caused by data leakage are smaller than the benefit obtained by using the data of IoV sharing platform and manufacturing enterprises. At this time, the system has an evolutionary stability point, and the evolutionary strategy is (no supervision, sharing, sharing), which is a relatively ideal equilibrium state, that is, the downstream enterprises adopt an active sharing strategy, while the sharing platform does not need to spend regulatory costs for supervision. In this case, the sum of the marginal cost of data sharing by the manufacturer plus the potential loss caused by data leakage is lower than the marginal benefit of data sharing with the seller through the sharing platform. Similarly, the cost of data sharing and the risk of data breach for vendors are lower than the economic benefit of the data obtained from the shared platform. Under this condition, the system achieves an evolutionarily stable strategy, that is, downstream enterprises tend to implement active data sharing strategies, while the sharing platform does not have to bear additional regulatory costs to ensure the overall stability of the data supply chain of the Internet of vehicles.
[image: A 3D plot and a line graph are shown. The 3D plot on the left displays curved colorful lines on a grid, representing different trajectories or functions in three dimensions labeled x, y, and z. The line graph on the right illustrates probability curves for fixed values x=0.5, y=0.5, and z=0.5, with distinct colors for each line. The y-axis represents probability, while the x-axis ranges from 0 to 1.]FIGURE 5 | Diagram of the evolution path under case 2.
Case 3: When [image: The mathematical expression shows the inequality \( k_2 - 2 \gamma A_1 < 0 \).], [image: The image shows the inequality: y multiplied by the sum of A subscript 1 and A subscript 2, minus k subscript 3, minus alpha A subscript 2 is less than zero.], [image: The mathematical expression represents an inequality: gamma times the sum of A subscript 1 and A subscript 3, minus k subscript 4, minus alpha times A subscript 3, is less than zero.], Figure 6 shows the evolutionary process of the three-way evolutionary game at this time. The system reaches a stable point, the corresponding strategy is (supervision, no sharing, no sharing). At this time, the compensation obtained by the supervision of the sharing platform is greater than the cost of supervision, which makes the sharing platform more inclined to supervision for benefits, while the compensation obtained by vehicle manufacturers and sales companies is not enough to make up for the loss caused by the sharing cost and information disclosure. And they are more inclined to not share strategy. When the compensation coefficient increases, it will make the IoV data sharing platform more inclined to the regulatory strategy. When the compensation coefficient reaches a certain threshold, the latter two inequalities are no longer valid. At this time, all parties in the data supply chain will change their strategies, which will affect the strategy of the IoV data sharing platform, that is, tend to be non-regulated. In addition, increasing the adequacy of shared information and reducing the sharing cost and information leakage risk will cause the sharing platform to modify its strategy and tend to not supervise, and finally all parties in the data supply chain will tend to share the strategy.
[image: A 3D line plot on the left shows curved lines in various colors representing data trends over an x, y, z axis grid. The line graph on the right displays probability against time for three variables, x, y, and z, each with distinct colored lines: orange, red, and blue, respectively. The probability for x increases over time, while y and z decrease.]FIGURE 6 | Diagram of the evolution path under case 3.
Case 4: when [image: The expression shows the inequality \( k_2 - \gamma A_1 < 0 \).], [image: Equation depicting an inequality: k sub 4 plus alpha times A sub 3 minus gamma times the sum of A sub 1 and A sub 3 is less than zero.], [image: Mathematical inequality: open parenthesis, gamma plus B subscript two times open parenthesis beta minus one close parenthesis close parenthesis times open parenthesis A subscript three plus A subscript one close parenthesis minus k subscript three minus alpha times A subscript two is less than zero.], Figure 7 shows the evolutionary process of the three-way evolutionary game at this time. The system’s stable strategy is (supervision, non-sharing, sharing), then the sharing platform accepts the compensation of a single entity greater than the supervision cost, which makes it tend to choose the supervision strategy. For manufacturing enterprises, the benefits and compensation from processing information are less than the costs and losses from data leakage, so they choose not to share. On the other hand, the compensation accepted by the sales enterprises can make up for the cost and loss of information leakage, so they choose to share. When the compensation factor is increased, the sharing platform will choose the regulatory strategy. When the compensation coefficient reaches a certain threshold, manufacturing companies will rely on compensation to cover the sharing costs and losses caused by data breaches, and choose the sharing strategy. Therefore, the strategies of the downstream enterprises will affect the strategic choice of the sharing platform. Since the compensation coefficient has sufficient binding force on the downstream enterprises, the sharing platform does not need to choose a regulatory strategy.
[image: A 3D plot on the left shows colorful, swirling trajectories in an xyz-coordinate space. On the right, a line graph displays probability on the y-axis against an x-axis continuum, with three curves for x=0.5, y=0.5, and z=0.5. Each curve shows distinctive trends and is labeled for clarity.]FIGURE 7 | Diagram of the evolution path under case 4.
Case 5: when [image: A mathematical inequality shows \(k_3 + \alpha A_2 - \gamma(A_1 + A_2) < 0\) and \(k_2 - \gamma A_1 < 0\).], [image: Mathematical expression showing an inequality: \( B_3 (\beta - 1)(A_2 + A_1) + \gamma (A_1 + A_2) - k_4 - \alpha A_3 < 0 \).], there is a stability point in the system, and the corresponding stability strategies are (supervision, sharing, not sharing); Similar to case 4, the compensation of a single entity accepted by the IoV data sharing platform is still greater than the regulatory cost. At this time, the revenue and compensation obtained by the sales enterprise are less than the sharing cost and loss of data leakage, so they choose not to share, while the compensation accepted by the manufacturing enterprise can make up for the cost and loss of data leakage, so they choose to share.
5 SIMULATION ANALYSIS
5.1 The impact of various initial strategies on evolution
Due to the interconnected nature of the data-sharing platform for vehicle networks, manufacturing enterprises, and sales enterprises within the same dynamic system, the stability of strategies from one side will affect the other two. In the simulation experiment, the same initial parameters as in Case 2 were used. The initial selection probabilities of the three stakeholders were incrementally increased to analyze the impact of these changes on the evolutionary path.
In Figure 8, the initial selection probabilities of [image: Please provide an image or a URL to generate the alternate text. You can also include a caption if needed for additional context.] and [image: It seems there was an error with the image upload. Please try uploading the image again or provide a URL if possible. Additionally, you can include a caption for further context.] are set to 0.5. By changing the initial probability value of the Internet of Vehicles data sharing platform (core enterprise), the evolution trend of the system is observed. As shown in Figures 9A, B, when [image: Please upload the image you would like me to generate alternate text for, using the upload feature.] is gradually increased from 0.2 to 0.8, the evolution speed of the data sharing strategy adopted by manufacturing and sales enterprises is increased and converges at a relatively stable speed. This indicates that the gradual increase in the regulatory intensity of the sharing platform will further accelerate the decision-making of downstream enterprises regarding data sharing.
[image: Two plots, labeled A and B, display lines with different color gradients representing variables over time (t) on the x-axis, with A measuring y and B measuring z on the y-axis. Both plots show increasing trends with variations depending on the values of y, z, and x, indicated in the legends. The lines represent different initial conditions: x equals 0.2, 0.4, 0.6, and 0.8, with corresponding colors.]FIGURE 8 | The effect of a change in x on the evolution of system. (A) Effect on the evolution of y (B) Effect on the evolution of z.
[image: Two graphs labeled A and B show data over time. Graph A plots variable x against time t with curves for different y values, showing decreasing trends. Graph B plots variable z against time t with curves for the same y values, showing increasing trends. Legends specify y values as 0.2, 0.4, 0.6, and 0.8 for both graphs, with consistent color coding. Both graphs share similar time axes ranging from 0 to 1.]FIGURE 9 | The effect of a change in y on the evolution of system. (A) Effect on the evolution of x (B) Effect on the evolution of z.
In Figure 9, the probability of strategy selection by manufacturing enterprises was increased from 0.2 to 0.8 to observe the evolution trend of the entire system. As shown in Figure 10A, the data-sharing platform of the Internet of Vehicles would quickly converge to an unsupervised strategy and remain relatively stable, while sales enterprises would adopt an active data sharing strategy, as illustrated in Figure 9B. This indicates that the active data sharing behavior of manufacturing enterprises would prompt sales enterprises to select data sharing strategies, thereby achieving synergistic benefits. Similarly, it would also encourage the sharing platform to reduce the intensity of supervision, thereby achieving the goal of saving supervision costs.
In Figure 10, the probability of strategy selection by sales enterprises is increased from 0.2 to 0.8 to observe the evolution trend of the entire system. Similar to Figure 9, the proactive data sharing behavior of sales enterprises will induce manufacturing enterprises to choose a data sharing strategy, thereby achieving collaborative benefits, and will likewise prompt the data sharing platform to reduce the supervision intensity, thus achieving the goal of saving supervision costs.
[image: Graph A shows four lines representing the variable \(x\) over time \(t\), with initial conditions \(x = y = 0.5\) and varying \(z\) values: 0.2, 0.4, 0.6, 0.8. \(x\) decreases over time for all conditions. Graph B shows the corresponding \(y\) values, increasing from 0.5 for each \(z\) condition, converging as \(t\) approaches 1.]FIGURE 10 | The effect of a change in z on the evolution of system. (A) Effect on the evolution of x (B) Effect on the evolution of y.
5.2 Influence of compensation coefficient [image: Please upload the image or provide a URL so I can generate the alternate text for it.] on system evolution at equilibrium point (0, 0, 0)
When [image: The mathematical inequality \(2 \gamma A_1 - k_2 < 0\) is shown, involving variables gamma, \(A_1\), and \(k_2\).], and setting the initial values as [image: Mathematical expression displaying \( A_1 = 40 \).], [image: Mathematical expression displaying \( A_2 = 20 \).], [image: Mathematical expression with subscript: A sub 3 equals 20.], [image: It seems like there was an error with the image upload. Please try uploading the image again or provide a URL, and I will help generate the alternate text.], [image: Equation displayed: \( B_3 = 0.4 \).], [image: Mathematical expression showing \( K_2 = 40 \) with a subscript.], [image: Mathematical expression showing \( K_3 = 22 \).], [image: Mathematical expression showing "K subscript 4 equals 19".], [image: It seems the image is not visible. Please upload the image file directly or provide a URL to the image, and I can help generate the alternate text for it.], [image: The image contains the mathematical expression beta equals two, where beta is represented by the Greek letter \(\beta\).]. As shown in Figure 11, when [image: Please upload the image or provide a URL for me to generate the alternate text.] is 0.2 or 0.4, the system evolution direction tends to (0,0,0). At this time, the sharing platform adopts an unsupervised strategy, while the manufacturing and sales companies choose a non-sharing strategy. When the compensation coefficient value increases to 0.6, the equation is no longer satisfied, causing the strategy of the sharing platform to gradually adjust in the direction of supervision. However, the change of [image: It seems like you've provided some text or symbols, but not an image. Please upload an image or provide a link for me to generate the alternate text.] is small, so the degree of deviation is limited, and it will not significantly affect the strategy selection of the parties in the data supply chain. However, when [image: Please upload the image or provide a URL so that I can generate the alternate text for you.] is 20, the compensation coefficient increases significantly, prompting the parties in the data supply chain to choose to share data in order to obtain benefits. Due to the high compensation coefficient, the market activity increases significantly, and the sharing platform does not need to adopt a supervision strategy, then the system evolution reaches a new equilibrium point (0,1,1).
[image: Three-dimensional plot showing spirals in different colors representing various gamma values from zero to two point five. The axes are labeled X, Y, and Z with data points marked along the spirals.]FIGURE 11 | Simulation analysis of γ-value in case 1.
5.3 Influence of cooperation coefficient [image: Please upload the image you want described, and I’ll be happy to help generate the alternate text for it.] on system evolution at equilibrium point (0,1,1)
When [image: The image shows a mathematical expression: \( k_3 + \alpha A_2 + (1 - \beta)(A_1 + A_3)B_2 < 0 \).], [image: Mathematical inequality showing \( k_4 + \alpha A_3 + B_3 (1 - \beta)(A_2 + A_1) < 0 \).], and setting the initial values as [image: Mathematical expression displaying \( A_1 = 25 \).], [image: The expression shows \( A_2 = 30 \), indicating a mathematical or algebraic context where the variable \( A_2 \) is equal to thirty.], [image: Mathematical expression displaying "A subscript 3 equals 35."], [image: Mathematical expression showing "B sub 2 equals 0.4".], [image: It seems like there was a misunderstanding. Please upload the image or provide a URL for me to generate the alternate text.], [image: The equation \( K_2 = 5 \) is shown, indicating a variable \( K_2 \) equal to five.], [image: K subscript 3 equals 3.], [image: A mathematical expression showing \( K_4 = 4 \).], [image: It seems there was an error in uploading the image. Please try uploading it again or provide a direct URL. If you'd like, you can also include a caption for additional context.], [image: The text shows the equation β equals 2.], [image: It seems there might have been an error in providing the image. Please try uploading the image again or provide a link. If you have any specific details about the image, feel free to include them for more context.]. As shown in Figure 12, the system evolves towards a stable point (0,1,1). When the cooperation coefficient [image: Please upload the image or provide a URL so I can generate the alternate text for it.] increases from 2 to 10, the corresponding system evolution results are shown in Figure 9. As can be seen in the figure, the rate at which the system reaches the equilibrium point (0,1,1) increases significantly. In addition, when the information processing efficiency of each participant is enhanced, the adequacy of data sharing is improved, or the cost of data sharing is reduced and the risk loss caused by data leakage is reduced, the synergy coefficient can be improved. For instance, increasing the information processing capacity of participants [image: Mathematical expression showing \( B_i \) where \( i = 2, 3 \).] from (0.4,0.5) to (0.7,0.8) has a similar effect to that observed by increasing the parameters of the cooperation coefficient. Similarly, increasing the adequacy of data sharing by increasing it from (25, 30, 30) to (35, 40, 40), reducing the cost of data sharing from the original value to (3,1,2), and reducing the loss of data breach risk to 0.2 can replicate the experimental effect of increasing the synergy coefficient.
[image: Three-dimensional scatter plot with five data series in different styles and colors. The plot has axes labeled as x, y, and z, each ranging from 0 to 1. A legend indicates data series as \( \beta = 1 \), \( \beta = 4 \), \( \beta = 6 \), \( \beta = 8 \), and \( \beta = 10 \), each represented by distinct lines and markers.]FIGURE 12 | Simulation analysis diagram of βvalues in case 2.
5.4 Effects of compensation coefficient and cost on system evolution at equilibrium point (1,0,0)
When [image: The mathematical inequality displays \(\gamma (A_1 + A_3) - k_4 - \alpha A_3 < 0\), where \(\gamma\), \(A_1\), \(A_3\), \(k_4\), and \(\alpha\) are variables or constants.], [image: Mathematical expression: \( k_2 - 2 \gamma A_1 < 0, \gamma (A_1 + A_2) - k_3 - \alpha A_2 < 0 \).], and setting the initial values as [image: Mathematical expression displaying "A subscript 1 equals 15".], [image: Formula showing \( A_2 = 15 \) in mathematical notation.], [image: Mathematical expression showing "A subscript three equals twenty".], [image: The equation displays "B subscript 2 equals 0.6" in a serif font.], [image: Mathematical expression showing "B subscript 3 equals 0.4".], [image: The text "K sub 2 equals 8" is shown, where "K" is written as an italicized uppercase letter with the subscript "2".], [image: The image shows the mathematical expression \( K_3 = 10 \) written in italicized font, representing a constant or variable \( K_3 \) equal to ten.], [image: Mathematical expression showing "K sub 4 equals 12".], [image: It seems there might have been an issue with your image upload. Please try uploading the image again or provide a URL to the image. If you have any additional context or details, feel free to include those as well.], [image: Greek letter beta equals two.], [image: It seems there is a misunderstanding. You haven't uploaded an image. Please upload the image you want the alternate text for.]. When the compensation coefficient [image: It seems like there's an issue with the image upload or link. Please try uploading the image again or provide a URL to it. You can also add any relevant details or context if needed.] is 0.2, the above inequality is not satisfied, indicating that the compensation mechanism cannot effectively offset the cost burden and the loss caused by data leakage. The system evolves to (0,0,0), as shown in Figure 13. When [image: It seems there might have been an error with the image upload. Could you please try uploading the image again? Once uploaded, I'll help generate the alternate text for it.] is adjusted to 0.3 and 0.4, all inequalities are satisfied, and the system evolves to the stable equilibrium point (1,0,0), indicating that the sharing platform has implemented regulatory strategies, while downstream enterprises adopt a non-sharing strategy. As the value of [image: Please upload the image or provide a URL so I can generate an alternate text description for it.] continues to increase to 0.9, the stability of the system is disrupted. Although it does not completely reach a stable state, the evolution path shows a clear tendency in strategy selection. When [image: It seems like there might have been a mistake with the upload. Please try uploading the image again, and I'll be happy to help with the alternate text.] increases to 8, high compensation leads downstream enterprises in the data supply chain to adopt a sharing strategy. At this time, the Internet of Vehicles data sharing platform can adopt a non-regulatory strategy, and the system eventually tends towards the stable point (0,1,1). Additionally, we analyzed the impact of adjusting the data sharing costs of manufacturing and sales enterprises on the system evolution, i.e., when [image: It seems there was an error with the image. Could you please try uploading it again or provide more details?] and [image: A complete graph labeled \( K_4 \) with four nodes each connected to every other node by edges.] are reduced from 8 to 10 to 4 and 5 respectively, the experimental results are shown in Figures 14, 15. Although the costs for manufacturing and sales enterprises decrease, the stability of the system is undermined, and its evolutionary trend becomes unclear. If the compensation coefficient is comprehensively adjusted at this time, the system will return to the stable equilibrium point (0,1,1).
[image: Three-dimensional graph displaying several curves in different colors, representing different gamma values (0.1, 0.3, 0.5, and 0.8). The x, y, and z axes are visible, with each curve showing distinct trajectories. A legend indicates which color corresponds to each gamma value. The graph includes complex trajectories and a dotted pattern section at the upper left.]FIGURE 13 | Simulation analysis diagram of values [image: It seems there was an error in your message or image upload. Please try uploading the image again or provide a URL. If you have any additional context or captions, feel free to include those as well.] in Case 3.
[image: 3D plot showing two trajectories with a blue line and red points on an xyz axis. The blue line follows a complex path, while red points form a curve. A legend indicates the blue line as Kc=0.4Kc and the red points as Kc=0.6Kc with specific conditions.]FIGURE 14 | Simulation analysis diagram of [image: The image shows a mathematical expression consisting of three elements: \( K_3 \), \( K_4 \), and the Greek letter \( \gamma \).] in case 3.
[image: Three-dimensional plot showing curves for different gamma values: 0.4 in red, 0.45 in blue, 0.5 in green, and 0.55 in magenta. Each curve has distinct shapes and paths across the graph. The axes are labeled x, y, and z, with the z-axis corresponding to the gamma range. A legend identifies the curves by color and gamma value.]FIGURE 15 | Simulation analysis diagram of [image: It seems there was an error with the image upload or description. Please try uploading the image again or provide additional context for assistance.] in Case 4.
5.5 Effects of compensation coefficient and cost on system evolution at equilibrium point (1,0,1)
When [image: The image shows the mathematical expression: \( k_{2} - \gamma A_{1} < 0 \).], [image: Equation showing \( k_4 + \alpha A_3 - \gamma (A_1 + A_3) < 0 \).], [image: Mathematical expression depicting gamma plus B sub 2 times the quantity beta minus one.], [image: The image contains a mathematical inequality: (A subscript 3 plus A subscript 1) minus k subscript 3 minus alpha A subscript 2 is less than zero.] . And setting the initial values as [image: Mathematical expression showing \( A_1 = 15 \).], [image: Equation showing \( A_2 = 35 \).], [image: Mathematical expression showing "A subscript 3 equals fifteen".], [image: I'm sorry, I can't view or describe the content of an image in this format. Please upload the image directly or provide a URL.], [image: I'm sorry, I can't view images directly. Please provide a description or upload the image file, and I'll help generate the alt text for it.], [image: Text displaying the mathematical equation \( K_{2} = 5 \).], [image: The image features a mathematical expression where \( K_3 = 8 \).], [image: Mathematical expression showing "K subscript 4 equals 5".], [image: It seems there's no image attached. Please upload the image or provide a URL, and I can help generate the alt text for you.], [image: It seems like there was an error. Please upload the image file, and I'll help you generate the alternate text for it.], [image: It seems like you've provided a text snippet rather than an image. If you have an image to upload, please do so, and I can help generate the alternate text for it.]. As shown in Figure 14, when [image: It seems there is no image attached. Please try uploading the image again or provide a URL if available.] is 0.4, the above inequality conditions are not satisfied, meaning that compensation cannot make up for the losses caused by cost and information leakage. The evolution trend of the system tends towards the unstable point (0,0,1). When [image: It seems there is an issue with the submission of the image. Please upload the image or provide a URL to it, and I will assist you in generating the alternate text.] is 0.45 and 0.5, all three inequality conditions are met, and the system evolves to (1,0,1), indicating that the vehicle network data sharing platform adopts a regulatory strategy, sales enterprises choose a sharing strategy, while manufacturing enterprises choose a non-sharing strategy. Subsequently, when [image: Please upload the image or provide a URL so I can generate the alternate text for you.] gradually increases to 10, the situation is similar to Case 1. This is because the compensation mechanism triggers both manufacturing and sales enterprises to choose a sharing strategy, while the vehicle network data sharing platform adopts a non-regulatory strategy, and the system ultimately stabilizes at (0,1,1). As shown in Figure 16, when the data sharing costs of manufacturing and sales enterprises are reduced, the stable state of the system is disturbed, and the evolution trend becomes unclear. However, by simultaneously adjusting the compensation coefficient [image: Please upload the image or provide a URL so I can generate the alternate text for you.], it can be observed that the system will reach a stable point (1,0,1) again.
[image: 3D plot showing two trajectories in space. The red dotted curve loops upward and leftward, while the solid blue line curves rightward. Axes are labeled x, y, and z, with a legend indicating parameter values for each trajectory.]FIGURE 16 | Simulation analysis diagrams of [image: Text displaying mathematical notation with K subscript 3, K subscript 4, and the Greek letter gamma.] in case 4.
6 CONCLUSION
In this paper, we investigate the dynamic game process of data sharing behaviors among shared platforms, manufacturing enterprises, and sales enterprises in the Internet of Vehicles data supply chain. We establish an evolutionary game model for the data sharing behavior decisions of the three game participants and conduct an in-depth analysis of the model to determine the key factors affecting stable cooperation among supply chain decision-makers. By summarizing the previous content, the following conclusions are drawn.
	(1) Clarifying the positive and negative impacts of key factors is crucial for the effective management of the Internet of Vehicles (IoV) data supply chain. Studies have shown that improving the adequacy of data sharing, enhancing the understanding and utilization capabilities of data by various entities in the supply chain, increasing reasonable compensation coefficients, and enhancing collaborative coefficients can all positively promote the optimization of the IoV data supply chain game system. Conversely, an increase in the supervision costs of the sharing platform, an increase in the data sharing costs of manufacturing and sales enterprises, and an increase in the risk coefficient of data leakage will negatively affect system optimization. Therefore, in practical applications, the positive effects of favorable factors should be actively amplified, and the negative effects of unfavorable factors should be effectively controlled within a reasonable range. This will stimulate the cooperation willingness of all entities in the industry chain and promote the coordinated and sustainable development of the IoV data supply chain.
	(2) In the IoV data supply chain, the decision-making behaviors of various participating entities are intertwined and influence each other. To comprehensively and deeply analyze the evolutionary game process, it is necessary to organically combine theoretical analysis with numerical simulation experiments. In terms of theoretical analysis, we used Lyapunov stability theory to derive the inequality conditions that ensure the asymptotic stability of each equilibrium point. These inequality conditions preliminarily reveal the intrinsic rules of strategy evolution for participants in the IoV data supply chain. However, due to the interdependence of participants’ decisions, relying solely on theoretical analysis makes it difficult to accurately judge the overall evolutionary trend of the system. Therefore, combining numerical simulation experiments can not only verify the correctness of theoretical analysis but, more importantly, vividly show the specific paths and trends of system evolution, thereby obtaining more comprehensive and in-depth research conclusions.
	(3) The strategy combination {No supervision, Share data, Share data} (i.e., strategy set {0,1,1}) has been proven to be the optimal strategy choice for the tripartite game entities in the IoV data supply chain. The optimization analysis results of the equilibrium point indicate that the system’s final evolutionary trend stabilizes at the equilibrium point (0,1,1). This suggests that, ideally, the IoV data sharing platform does not need to invest excessive supervision costs, while manufacturing and sales enterprises can still actively and proactively share data and maintain high enthusiasm for cooperation without external supervisory constraints. Under this positive interaction, the entire IoV data supply chain system is expected to generate robust synergistic effects with the active collaboration of all participants, ultimately achieving long-term stability and high-quality development of the supply chain. This research conclusion provides valuable theoretical insights and practical guidance for constructing an efficient and stable IoV data supply chain system.

In summary, this paper delves into the dynamic game mechanism of data sharing behavior in the IoV data supply chain and, through the construction and analysis of an evolutionary game model, reveals the key factors affecting stable cooperation in the supply chain and the realization path of the optimal strategy combination. The research results not only provide new perspectives for the academic community to deeply understand the data sharing behavior in the IoV data supply chain but also offer valuable decision-making references for the industry to enhance data supply chain management levels.
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The widespread integration of Internet of Things (IoT) technology in the military domain has brought significant attention to the security concerns surrounding the Internet of Battlefield Things (IoBT). Given the limited communication resources within IoBT, there is a growing focus on detecting network security without interrupting normal network operations. Topology serves as a crucial foundation for the detection of network security in IoBT, facilitating the discovery of abnormal devices and the detection of unauthorized access. Security detection based on topology can effectively enhance the information security and operational levels of IoBT. This paper utilizes matching analysis of time series for information exchanged between neighboring nodes and implements IoBT topology inference based on flow rate estimation, and a threshold parameter adaptive adjustment strategy is innovatively proposed to improve the accuracy of topology inference. The non-cooperative inference method proposed in this paper enables network topology inference without network access and information parsing, exhibiting strong generality and independence from the discovery of acknowledgment frames during information exchange processes. The simulation results demonstrate the feasibility and superiority of this method.
Keywords: internet of battlefield things (IoBT), non-cooperative, topology inference, flow rate estimation, network security

1 INTRODUCTION
With the continuous evolution of military technology, the demands placed on information transmission efficiency and security during battlefield operations have escalated Wen et al. [1]. Traditional military systems encounter several limitations, including high costs, extended deployment times, constrained communication resources, and low information transmission efficacy Conradie [2]. In order to effectively improve the efficiency of battlefield communication, the construction of a distributed battlefield network has become the development direction for military communication networks worldwide Chen et al. [3]. Compared to traditional military systems, large-scale distributed networks composed of various military systems can achieve faster, cheaper, and more flexible battlefield deployment and information transmission. As a crucial component of the distributed battlefield network, IoBT is receiving increasing attention globally Abuzainab and Saad [4]. IoBT connects various combat elements through information sensing, linking them to the military information network. This integration bridges the gap between the network domain and the physical domain, providing new perspectives for constructing a novel military communication network system Akter et al. [5]. Within the IoBT framework, real-time perception and rapid response to the status information and dynamics of weapon systems, combat units, and battlefield environments are facilitated through network communication. Despite the introduction of security measures, IoBT remains challenging to effectively counter attacks such as man-in-the-middle attacks, communication node impersonation, and information tampering Li et al. [6]. When impersonating nodes gain access to the network, the attackers can launch denial-of-service attacks by sending a large volume of useless information, leading to network congestion Islam et al. [7]. Additionally, they can disrupt normal information transmission by forging information, affecting the regular operations of military forces, such as altering commands or fabricating false situational information Rutravigneshwaran et al. [8]. To detect hidden abnormal nodes in the network and enhance the security performance of IoBT, topology discovery proves to be an effective means. Topology inference methods can be broadly classified into cooperative and non-cooperative categories, depending on network accessibility assumptions. Cooperative methods rely on network accessibility and parseable messages as their fundamental premise. They are further divided into methods based on protocol analysis Yan [9]; Yong et al. [10] and methods based on network tomography Chen et al. [11]; Zhang and Phillips [12]; Jin et al. [13]. Some methods necessitate the transmission of numerous probing packets to finalize the inference, rendering them impractical for scenarios with restricted information acquisition and inaccessible networks. Moreover, the traffic generated by the detection devices upon access can escalate the network load, exacerbating the strain, especially in environments with limited communication resources. Consequently, this can impede the efficiency of information transmission within the network. Currently, research on non-cooperative topology inference methods is relatively scarce. Relevant research outcomes mainly focus on inferring network topology based on the correlation between data frames and acknowledgment frames Niu et al. [14]. Common methods include granger causality Tilghman and Rosenbluth [15], transfer entropy Sharma et al. [16], clusteringLiu et al. [17], neural network Testi and Giorgetti [18] etc. The aforementioned methods strictly rely on the confirmation information sent from the receiving node to the sending node after data frames are transmitted. In cases where the protocol lacks a confirmation mechanism, these methods cannot infer the communication relationships between nodes. Additionally, due to the typically short length of acknowledgment frames, there is a risk of undetectable situations during the monitoring process, increasing the probability of false negatives and false positives to some extent.
To address the shortcomings of the aforementioned methods, this paper proposes a non-cooperative topology inference method based on flow rate estimation. In this method, for the monitored communication signals, the transmission times of information from different nodes are extracted. Subsequently, the close correlation between the relay nodes and the sending nodes in terms of flow rates is utilized to determine the communication relationships. In order to improve the accuracy of communication relationship inference, a threshold parameter adaptive method is also proposed. Finally, the results of communication relationship determination are integrated to achieve the inference of network topology.
The remaining sections of the paper are organized as follows. In Section 2, the related models adopted are presented. In Section 3, the non-cooperative topology inference method based on flow rate estimation is presented in detail. In Section 4, the simulation experiments and results are shown, followed by conclusions in Section 5.
2 RELATED MODEL
The schematic diagram of the topology inference scenario is shown in Figure 1. The green objects represent IoBT communication equipments. Security detection devices are deployed in proximity to each IoBT communication equipment, enabling them to monitor signals within the deployment area effectively. The red line represents that two communication equipments are close enough to send signals to each other. While detection devices can detect the location information and capture all communication signals in the area, they lack the capability to parse the content of transmitted information. Therefore, the challenge at hand is: How can we infer the network topology of IoBT without directly accessing the network or parsing the transmitted information?
[image: Diagram showing a network of ToMT communication equipment connected by red dashed lines, indicating communication links. A security detection subsystem is represented on the right.]FIGURE 1 | The schematic diagram of the topology inference scenario.
2.1 Network model
The topology diagram of the IoBT in Figure 1 is shown in Figure 2. In Figure 2, [image: Mathematical expression illustrating a graph \( G = (V, E) \), where \( V \) represents vertices and \( E \) represents edges.] is used to represent the network topology of IoBT, where [image: It seems there was an issue with the image upload. Please try uploading the image again, and I will be happy to help generate the alternate text for it.] represents the set of nodes, with each node representing a communication device, and [image: Please upload the image or provide a URL for me to generate the alt text.] represents the set of edges, with each edge representing a link. Each node is capable of receiving, storing, and sending information with its communication range. When nodes are within each other’s communication range, a physical link capable of information transmission exists between the two nodes. However, the existence of communication relationships between nodes is only determined when information transmission occurs between the nodes. We assume a static network, which means that the topology of the network does not change when executing algorithms.
[image: A network diagram with interconnected nodes represented as circles, connected by dashed lines, forming a complex geometric pattern.]FIGURE 2 | Network topology diagram.
The topology inference results are represented using an adjacency matrix [image: Matrix \( \mathbf{A} = [a_{ij}] \) belongs to the set of real \( n \times n \) matrices, denoted as \( \mathbb{R}^{n \times n} \).], where [image: Mathematical expression showing "a sub i j equals one".] indicates that there is a communication relationship between the [image: Please upload the image so I can generate the alternate text for you.]th communication device and the [image: To generate alternate text, please upload an image or provide a URL for me to access.]th communication device during the monitoring period, while [image: The mathematical expression "a subscript i j equals zero" is presented in italicized font.] indicates that there is no communication relationship between the [image: Please upload the image or provide a URL so I can assist you with generating the alternate text.]th and [image: Please upload the image for which you need alternate text. If you have any specific context or details you'd like to provide, feel free to include those as well.]th communication devices during the monitoring period.
Due to the impact of communication device transmission power and environmental attenuation, each communication device in IoBT has limitations on its communication range Ganesh and Venkataraman [19]. To ensure effective information transmission, communication networks often employ multi-hop methods to achieve long-distance information transmission Singh and Shrivastava [20]. In IoBT, devices can act as both sending nodes and receiving nodes, and they can also serve as relay nodes to forward information. When the sending node (source node) and the receiving node (destination node) cannot be reached in a single hop, multiple data packets will be successively relayed among intermediate nodes Chai et al. [21]. The term “information flow” refers to the flow created by the relayed data packets between intermediate nodes.
2.2 Information flow model
Assuming that only one information flow passes between two adjacent nodes within a certain period, as shown in Figure 3. From Figure 3, it can be observed that the sending moments of network node data are represented as points on the real axis, described using a one-dimensional point process [image: Mathematical expression displaying a set \( F = \{F_1, F_2, \ldots, F_i, \ldots, F_n\} \) where \( 1 \leq i \leq n \). It represents a collection of elements within the set \( F \).]. The sending time sequences of data between node 1 and node 2 are denoted as [image: Please upload the image so I can generate the alternate text for it.] and [image: Please upload the image or provide a URL for me to generate the alternate text.], where [image: Mathematical notation represents a set \( F_l \) comprising elements \( f_l(1), f_l(2), \ldots, f_l(k), \ldots, f_l(L_l) \) for indices \( 1 \leq k \leq L_l \).], [image: Please upload the image or provide a URL so that I can generate the alternate text for it.] is denoted as the number of time points in [image: Please provide the image by uploading it, and I will generate the alternate text for you.]. For every time point in [image: Please upload the image or provide a URL so I can generate the alternate text for you.], if there exists a time point in [image: Please upload the image or provide a URL for it, and I can help generate the alt text for you.] corresponding to it, such that the time difference between the two time points is less than a certain threshold, then an information flow is formed from [image: It seems like there is no image attached. Please upload the image or provide a URL to it so I can generate the alt text for you.] to [image: Please upload the image or provide a URL so I can generate the alternate text for you.].
[image: Diagram depicting a network of nodes within a large circle. Several nodes are connected by arrows, illustrating pathways. Two main paths, labeled P1 and P2, lead into the network. Dotted lines form additional, incomplete connections among other nodes. Arrows and labels indicate the direction and flow between the nodes.]FIGURE 3 | Schematic diagram of a single information flow passing through adjacent nodes.
Examining the forwarding process of an individual data packet within the information flow as the subject of observation, the reliable transmission of the same packet along adjacent links in the information flow path is subject to a delay, referred to here as the packet single-hop forwarding delay [image: Please upload the image, and I'll help generate the alternate text for it.]. This delay mainly consists of two parts. First, the MAC delay, including the transmission delay [image: Please upload the image or provide a URL so I can generate the alternate text for it.], and the wait-to-access medium delay [image: Please upload the image or provide a URL so I can generate the alternate text for you.], where [image: Please upload the image or provide a URL to the image you would like me to generate alt text for.] is the time for data transmission when accessing the medium, which is necessary, and [image: Sure, please upload the image you'd like me to generate alt text for.] is caused by access conflicts, determined by conflict resolution solutions Roy et al. [22]. The estimation of the wait-to-access medium delay needs to be based on a specific understanding of the content of conflict resolution solutions. Second, the queuing delay [image: If you upload or link the image, I can help you create the alternate text. Please try again by providing the image file or URL.] of the packet in the node buffer. If the network node adopts a FIFO (First-In-First-Out) queuing mechanism, the queuing delay of the [image: Please upload the image you want to generate the alternate text for.]-th packet in the queue is the sum of the single-hop forwarding delays of the preceding [image: A mathematical expression depicts parentheses containing "n minus 1", with "n" and "1" as variables and integers, respectively.] packets. The formula for calculating the single-hop forwarding delay of a packet is given in Equation 1:
[image: It seems you've uploaded an equation, not an image. Please upload an image file to generate alternate text.]
where [image: Please upload the image so I can generate the alternate text for you.] is relatively small, [image: Please upload the image or provide a URL for me to generate the alternate text.] is mainly determined by the sizes of [image: It seems like your message was cut off. Please upload the image or provide a URL to it, and I will help generate the alternate text for you.] and [image: Please upload the image or provide a URL so I can help generate the alternate text for it.]. Under general circumstances, there is a maximum value for both [image: Please upload the image or provide a URL so I can generate the alternate text for you.] and [image: Please upload the image you would like me to generate alt text for.] in the wireless network’s packet transmission. Therefore, [image: If you have an image you would like me to provide alt text for, please upload the image or provide a URL.] also has a maximum value [image: The image shows the Greek letter Delta followed by a lowercase "m", commonly used to represent a change in mass in scientific equations.]. However, in practical networks, there is more than one information flow forwarded by a wireless node. Assume [image: Please upload the image or provide a URL so I can generate the alternate text for you.] represents the transmission time of data from the [image: It seems there's no image attached. Please upload the image or provide a URL, and I can help generate the alternate text for it.]th node, [image: It seems there is no image uploaded. Please try uploading the image again, and I will be happy to help create the alternate text for it.] represents the time when a particular information flow passes through the [image: It looks like the image did not come through. Please try uploading the image again or provide a URL if it's available online.]th node, and [image: Please upload the image or provide a URL to generate the alternate text.] represents the times when other information flows pass through the [image: Please upload the image you would like me to generate alternate text for.]th node. The relationship among them can be expressed as Equation 2:
[image: Mathematical equation showing the calculation of \( Z \) as the product of matrix \( F \) and matrix \( W \) with a subscript \( l \).]
where [image: It seems like there was an issue with the image upload. Could you please try uploading the image again? If you have any additional context or a caption, feel free to include it as well.] means: for the three sequency [image: Of course! Please upload the image you would like me to generate alt text for.], [image: Please upload the image or provide a URL for me to generate the alternate text.], and [image: It seems there was a mistake. Please upload the image you want an alt text for, or provide a URL. If you have any specific details or context, feel free to include them.], if [image: Infinite sequences \((a_k)_{k=1}^\infty\) and \((b_k)_{k=1}^\infty\) combined using the direct sum operation result in the sequence \((c_k)_{k=1}^\infty\).], when and only when [image: Union of two sequences, a sub k from k equals one to infinity and b sub k from k equals one to infinity, equals c sub k from k equals one to infinity.], where [image: An image of three sequences, each representing a series of elements in ascending order: a₁ is less than a₂ continuing onward, b₁ is less than b₂ continuing onward, and c₁ is less than c₂ continuing onward.].
Figure 4 illustrates a scenario where the same node forwards two information flows. It can be observed that when utilizing the sending time sequences [image: Certainly! Please upload the image, and I will help you generate the alternate text for it.] and [image: Please upload the image or provide a URL for me to generate the alternate text.] of data from nodes 1 and 2 to detect the information flow [image: Stylized drawing of a sheep with a white woolly body and a simple face, standing on four legs. Minimalist background.] transmitted from node 1 and forwarded by node 2, the sending time sequence of information flow [image: It seems like there is an issue with the image upload. Please try uploading the image again or provide a URL, and I will create the alternate text for you.] sent by node 3 and forwarded by node 2 are also mixed in [image: It seems there was an error in uploading the image. Please try uploading the image again or provide a URL, and I can help generate the alt text for it.]. For the detection analysis of the information flow from node 1 to node 2, the sending time sequence of information flow from node 3 to node 2 is considered useless time records. Additionally, information flows initiated directly by node 2, apart from those forwarded by node 2, will also generate useless time records for the detection analysis of information flow [image: Mathematical formula representing the standard deviation of sample means, denoted as \(S_A\).].
[image: Diagram showing information flow between nodes within an oval area. Nodes 1 to 5 are connected with solid lines representing flow SA. Dashed lines represent flow SB to additional nodes outside the oval. Arrows indicate direction of information flow.]FIGURE 4 | Schematic diagram of a node forwarding two information flows.
3 NON-COOPERATIVE TOPOLOGY INFERENCE BASED ON FLOW RATE ESTIMATION
The process of topology inference of the IoBT is depicted in Figure 5. It involves analyzing and inferring the network topology based on the timestamp sequence of packet data transmission during the node’s sending process. If it can be determined that there is information forwarding between some nodes in the network, especially between two adjacent wireless nodes, and directional information flow is detected between them, then these two wireless nodes and the corresponding directional edges can be considered as part of the entire network topology. Through prolonged accumulation and observation, the complete topology of the network can be inferred. This method does not rely on parsing the content of packet data, making it highly suitable for topology inference in IoBT.
[image: Flowchart illustrating the process of network topology analysis. It begins with the network physical topology, followed by obtaining neighboring pairs. The process splits into extracting data sequences and independent traffic estimation, both undergoing noise reduction. It then estimates relative flow rates \( R_d \) and \( R_t \). These converge to determine information flow and communication relationships, concluding with drawing the network topology.]FIGURE 5 | Non-cooperative topology inference process flowchart based on flow rate estimation.
Based on obtaining the physical topology of the IoBT and identifying pairs of adjacent nodes in the target network, the sending time sequence of data from adjacent nodes is extracted. By comparing the length differences between data frames and link control frames, the frames containing data are identified and arranged in chronological order on the time axis. Subsequently, the denoising method is applied to remove data that does not meet the criteria. The relative flow rate [image: Please upload the image or provide a URL, and I'll be happy to help generate the alt text for it.] is calculated based on the remaining data. Independent flow rate estimation is performed on the extracted data from adjacent nodes, followed by denoising and calculation of the relative flow rate of independent flows [image: Mathematical notation showing the variable R with a subscript E, enclosed in parentheses.]. If [image: Mathematical expression showing \( R_D \geq R_E \), where \( R_D \) is greater than or equal to \( R_E \).], it is determined that there is an information transmission link between the two nodes; otherwise, it is considered that there is no information transmission link between the two nodes during the monitoring period. Finally, the determination results of communication relationships between different adjacent nodes are aggregated to draw the topology of the IoBT.
3.1 Noise reduction processing
Utilizing the characteristic that the single-hop forwarding delay of packets has a maximum value, matching is conducted between the time sequences of data transmission from adjacent nodes. Data transmission times within a certain time range difference are grouped as the same packet data, while unmatched data is deemed noise and promptly removed. The objective of denoising is to identify potential packet data for the information flow.
Addressing the two types of useless time records mixed in the information flow, one caused by the relay node forwarding other information flows and those caused by the relay node itself sending information flows, the maximum delay [image: Delta symbol followed by the letter "m", representing a change or difference in the variable "m".] requirements during the packet forwarding process can be used. This involves cross-referencing and locating packet data of the same information flow on adjacent links. Figure 6 illustrates the concept of using the interval time between data packet transmissions from adjacent nodes to match the transmitted data packets from neighboring nodes.
[image: Diagram illustrating upstream and downstream node time series with packet transmission times marked by circles. Lines connect nodes, with dashed lines indicating noise. Time delay denoted as Δm.]FIGURE 6 | Noise reduction process diagram using the matching method for adjacent node data transmission times.
From the diagram, it can be seen that when the time difference between the downstream node’s packet transmission time and the upstream node’s packet transmission time is less than [image: The symbol shows the Greek letter Delta (Δ) followed by the lowercase letter "m," representing a change or difference in a variable typically used in mathematics or science, such as "change in mass."], it is preliminarily considered that the packets sent by the two adjacent nodes belong to the same information flow; otherwise, the packets do not belong to the same information flow. In the matching process, a greedy algorithm approach is applied, attempting to match the packets from adjacent upstream nodes with those from adjacent downstream nodes that have not yet been paired. The remaining unmatched packets are then classified as noise data.
3.2 Parameter adaptive adjustment
From the above subsection, we can see that [image: Greek letter Delta followed by the letter "m", often used to denote a change in mass in scientific equations.] directly affects the processing of noisy data, which in turn affects the accuracy of topological inference results. If [image: Delta symbol followed by the lowercase letter m, representing a change in mass.] is set too large, it will cause misjudgment; If [image: Capital delta symbol followed by a lowercase letter "m" in a serif font, likely representing a change in mass or a similar concept in a scientific context.] is set too small, it will increase the probability of missed judgment. Therefore, this paper proposes a parameter adaptive adjustment method based on monitored data. Set node identification accuracy rate [image: Equation rendering the mathematical expression "P" with a subscript "N".] as a measurement indicator, and through continuously increasing the value of [image: Greek letter delta followed by a lowercase letter m, commonly used in mathematics and physics to represent a change in a variable, in this case, mass.], filter the value of [image: Greek letter delta followed by the letter m, commonly representing a change in mass in scientific equations.] when [image: Mathematical notation displaying the symbol "P" with a subscript "N".] reaches a stable state for subsequent topology inference. The formula for calculating [image: Mathematical notation showing the variable P with a subscript N.] is shown as Equation 3:
[image: The equation depicted is \( P_N = \left( \frac{|N_u|}{|N_t|} \right) \times 100\% \), labeled as equation \( (3) \).]
where [image: It seems like you might be referring to a chemical or mathematical notation, possibly "Na" in a subscript context. If this is in reference to an image, please upload the image or provide a link so I can generate the alt text for you.] is the set of nodes that send data during the monitoring time of the network, [image: Please upload the image or provide a URL for it so I can generate the alternate text.] is the set of upstream nodes identified in the network. In order to accelerate the speed of filtering the value of [image: The image shows the Greek letter Delta followed by a lowercase "m," symbolizing a change in mass.], divide the process into two stages: coarse-grained setting and fine-grained adjustment. In the coarse-grained setting phase, set [image: Mathematical equation displaying delta sub m equals delta sub L.], where [image: Greek letter Delta with subscript one.] is the initial value, and if the inference result is inaccurate, set [image: Delta sub m equals two times Delta sub l.], i.e., the current is doubled until the value of [image: The text shows the mathematical notation \( P_N \) with the letter "N" as a subscript to the letter "P".] reaches a stable state. In the fine-grained adjustment stage, it is assumed that the inference is correct when [image: Mathematical equation showing that the change in m is equal to the change in k.], then the optimal value is found between [image: Greek uppercase letter Delta with a subscript lowercase k.] and [image: Delta symbol, \(\Delta\), followed by the subscript \(k-1\).]. During the optimization process, set [image: The mathematical equation shown is: \(\Delta_m = \Delta_k + t'\).], where [image: It looks like you've mentioned an image but didn't provide one. Please upload the image or provide a link to it so I can help generate the alternate text.] is the step size, and gradually increase the value until the value of [image: The image shows the mathematical notation "P" subscripted with "N" in a serif font, indicating a variable or element related to a specific parameter.] reaches a stable state.
3.3 Relative flow rate estimation
Count the possible number of information flow packets, calculate the proportion of these packets among the total number of data transmissions from adjacent nodes, and obtain the magnitude of the relative flow rate value [image: Please upload the image you would like me to generate alternate text for.]. In information flow detection based on the transmission time of data packets, useless time records are analogous to noise in signal detection. Referring to the definition of signal-to-noise ratio in communication signal detection, the relative flow rate [image: Mathematical expression "R sub f of t" in italics, representing a function, often used in calculus or physics contexts.] is defined as the ratio of the number of information flow data samples to the total number of data samples transmitted by the node. The formula for calculating [image: Mathematical notation representing \( R_f(t) \) in italics.] is shown as
[image: Mathematical equation labeled as equation four. It shows \( R_f(t) \Delta = \frac{\sum_{i = 1}^{2} |f_i \cap [0, t]|}{\sum_{i = 1}^{2} |s_i \cap [0, t]|} \).]
where [image: Please upload the image so I can generate the alt text for you.] represents the data transmission time of the information flow forwarded by the [image: Please upload the image or provide the URL, and I will help generate the alternate text for it.]th node, and [image: It seems there was a mistake in the text you provided, as it appears to be mathematical notation rather than an image. Please upload the image or describe it, and I will help generate the alternate text.] represents the overall data transmission time of the [image: Please upload the image or provide a URL so I can help generate the alternate text for it.]th node. From Equation 4, it can be observed that [image: The mathematical expression depicts a function notation \( R_f(t) \).] changes with time.
3.4 Independent flow rate estimation processing
The adjacent node data sending time sequences are subjected to sampling processing to generate a new time sequence reflecting the independent flow components between adjacent node pairs. Subsequently, denoising and relative flow rate estimation are applied to the new time sequence to obtain the value of the relative flow rate under the condition of mutually independent time sequences of adjacent nodes, which is denoted as [image: Decorative image containing a stylized mathematical symbol with subscript.]. Independent Traffic Approximation (ITA) is a heuristic algorithm that estimates independent traffic between node pairs by sampling data from the node data transmission process. ITA has two parameters: one is the synchronous window size [image: If you have an image you'd like me to describe, please upload the image file or provide a URL, and I can assist with generating alternate text for it.], and the other is the interval between adjacent synchronous windows [image: Please upload the image you want me to describe, and I'll be happy to help with the alt text.]. Figure 7 provides a schematic diagram of the processing of node data transmission points using the ITA method. ITA relies on the heuristic knowledge that if [image: It seems there's no image attached. Please upload the image or provide a URL for assistance.] is sufficiently large, the data transmission times of [image: It seems there is no image attached. Please upload the image or provide the URL, and I'll help generate the alternate text for it.] in window [image: The image shows the letter 'A' with a subscript '1', likely representing a mathematical variable or label.] and [image: Please provide the image or a URL for the image you would like me to generate alternate text for. Alternatively, you can describe its content.] in window [image: Please upload the image or provide a URL so I can generate the alternate text for it.] tend to be uncorrelated, even under the condition of the existence of information flow. Then, by performing maximum matching on [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] and [image: It seems there was an issue with the input you provided. Please upload the image file directly, and I will generate the alternate text for it.] obtained using the ITA method, the threshold value for the relative flow rate is calculated.
[image: Illustration showing two beam diagrams. On the left, beams labeled F1 and F2 have multiple force arrows and sections labeled A1, A2, B1, and B2. Beam F2 includes a uniformly distributed load labeled W1. On the right, a simplified diagram shows condensed sections with arrows labeled A1, A2, B1, and B2 indicating the cumulative force results.]FIGURE 7 | Denoising process diagram using ITA for adjacent node data transmission time sequence.
3.5 Determination of association relationships
Comparing [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] and [image: Equation displaying \( R_E \), representing a variable or resistance with a subscript E, in a mathematical or scientific context.], if [image: It seems there is no visible image uploaded for generating alternate text. Please upload an image or provide a URL, and I will create the alt text for you.] is within a certain range and greater than [image: An abstract symbol, "R" with a subscript "E," resembling typography often used in scientific or mathematical contexts.], it indicates that there is no information flow forwarding relationship between adjacent nodes. Conversely, if [image: It looks like you've provided a mathematical expression, not an image. If you need alt text for an image, please upload the image or provide a URL.] is smaller than [image: The image shows a mathematical symbol, \( R_E \), where "R" is a capital letter with a subscript "E".], it suggests the presence of an information flow forwarding relationship between adjacent nodes. To assess the performance of the information flow detection algorithm, the metrics of node pairs identification accuracy rate [image: Mathematical notation of \( P_R \), where "P" is the uppercase letter, and "R" is a subscript lowercase letter.] and node pairs identification false rate [image: Equation showing a variable P subscripted with the letter F, likely denoting a specific type or form of pressure in a scientific or engineering context.] are utilized. Assuming the set node pairs with upstream and downstream relationships actually exist in the network during the monitoring time is denoted as [image: The symbol "N_R" shown with a stylized font, representing a mathematical or scientific notation.], the set of node pairs with upstream and downstream relationships identified by the algorithm is denoted as [image: Sure, please upload the image you would like me to generate alt text for.], the equations for calculating [image: The image contains the mathematical notation \( P_R \), where the letter "P" is presented with a subscript "R".] and [image: Mathematical notation displaying the symbol "P" with the subscript "F" in serif font, typically used to represent a probability or parameter related to a specific event or condition labeled "F".] are shown as Equations 5, 6:
[image: Formula for \(P_R\) is shown: \(P_R = \frac{|N_i \cap N_k|}{N_R} \times 100\%\), labeled as equation (5).]
[image: The formula shown is \( P_F = \frac{N_I - N_T \cap N_R}{N_R} \times 100\% \) followed by equation number 6 in parentheses.]
Drawing the network topology based on the identified information flow transmission paths. In the topology inference process, a confirmation method based on “topological convergence” is employed. Specifically, after continuous processing of a substantial amount of link transmission activities over an extended period, if the network topology inference results no longer change, it is considered as the end of identification. The stabilized topology inference result is then considered as the final identification result. Considering the analysis of the aforementioned inference process, the pseudocode for the non-cooperative inference of IoBT topology based on flow rate estimation is presented as Algorithm 1. By lines 4, 6 and 18 in Algorithm 1, we have the run time complexity of the algorithm [image: The expression displays a mathematical function involving the maximum of two values: the time complexity notation \( O(n^2) \) and the length of a set \( F \).], where [image: Please upload the image you would like me to generate alternate text for.] is the size of the network, and [image: Please upload the image or provide a URL for me to generate the alternate text.] is the total sending time sequence of all nodes of the network.
Algorithm 1. Topology inference algorithm.
	Input: [image: Mathematical expression showing F equals the set of F sub one, F sub two, through F sub n, followed by F prime, n, t, and Delta sub m.]
	Output: [image: Matrix \( \mathbf{A} = [a_{ij}] \) is an element of the real number set \( \mathbb{R}^{n \times n} \), representing a square matrix of size \( n \times n \).]
	1: [image: A bold letter "A" followed by a leftward arrow pointing to a bold number zero with a subscript "n".]
	2: [image: It appears there was an issue with displaying the image. Please upload the image file directly or provide a URL where I can view it.]
	3: Calculate [image: Greek capital letter delta followed by the lowercase letter "m".] by adaptive adjustment method based on input data
	4:  for [image: It seems there was an error in your request. Please upload the image or provide a URL so I can generate the alternate text for you.] do
	5:   [image: Mathematical expression of n sub i equals len parenthesis F sub i parenthesis, indicating that n sub i is the length of the function F sub i.]
	6:   for [image: The mathematical notation "j = 1:(n_i - 1)" represents a range where the variable \( j \) starts at 1 and goes up to \( n_i - 1 \).] do
	7:    [image: Mathematical notation showing "f sub u equals F sub i of j" enclosed in curly braces.]
	8:    [image: Mathematical expression showing \( f_d = F_{i+1}[j] \), indicating the element indexed by \( j \) in the sequence \( F \) at position \( i+1 \) is equal to \( f_d \).]
	9:    if then[image: Mathematical expression showing \( f_d - f_u \leq \Delta_m \).]
	10:     [image: Please provide the image by uploading it or sharing a URL.]
	11:    else
	12:     break
	13:    end if
	14:   end for
	15:   Add[image: Mathematical expression showing a set containing two elements: \( F_i \) and \( F_{i+1} \).] to [image: Please upload the image or provide a URL so I can generate the alt text for you.]
	16:   [image: Equation showing "i equals i plus 1", often used in programming for incrementing a variable.]
	17:  end for
	18:  [image: Mathematical expression displaying "n prime equals the length of F prime".]
	19:  for [image: It seems there was an issue with the image upload. Please try uploading it again or provide a link. If there's any specific context or description you'd like to add, feel free to include it.] do
	20:   [image: Mathematical expression showing \( R_D \leftarrow R_f(t) \Delta = \frac{\sum_{i+1}^{t+1} |F_i \cap [0, t]|}{\sum_{i}^{t+1} |s_i \cap [0, t]|} \).]
	21:   Calculate[image: Mathematical variable \( R_E \) shown in italics, typically used in equations or scientific notation.] between node [image: It seems there is an issue with displaying the image. Please upload the image file or provide a URL so I can generate the alternate text for you.] and node [image: Please upload the image or provide a URL for me to generate the alternate text.]
	22:   if [image: Mathematical expression showing \( R_E \leq R_D \), where \( R_E \) is less than or equal to \( R_D \).] then
	23:    [image: Mathematical expression showing \( a_{ij} = 1 \), typically representing an element in a matrix where the value is one.]
	24:   else
	25:    [image: Mathematical expression showing \( a_{ij} = 0 \), where the element \( a \) with row index \( i \) and column index \( j \) is equal to zero.]
	26:   end if
	27:  end for

4 SIMULATION ANALYSIS
To validate the feasibility of the method, a simulation environment was built using simulation software. Currently, mainstream simulators include NS-2, NS-3, GloMoSim, OPNET, QualNet, EXata, etc Walia et al. [23]. In comparison to other simulators, both EXata and QualNet are developed based on GloMoSim, utilizing an efficient parallel simulation kernel. EXata and QualNet indeed showcase remarkable advantages in simulation speed, scalability, and model fidelity, making them prime choices for simulating large-scale wireless networks. Given these advantages of EXata, it was used in this paper’s research to construct experimental scenarios and conduct relevant experiments.
4.1 Scene setup
In EXata, communication nodes were deployed to construct the network based on the grid model, the scenario diagram is shown in Figure 8, and relevant simulation parameters are listed in Table 1. From the diagram, it can be observed that the simulated network consists of 49 nodes positioned in a fixed manner arranged in a grid. Additionally, for simplification purposes, while maintaining the relative relationship between the network coverage area and node communication distance, the communication distance of the communication nodes and the coverage area of the network were uniformly reduced in the simulated network. The communication distance for communication nodes was set to 250 m, and the simulation area was set to [image: The image displays the text "1.5 km squared" in a stylized font.]. The transmitted information by the communication node is generated by a constant bit rate (CBR) traffic generator in EXata.
[image: A grid with 7 rows and 7 columns displays numbered brackets from 1 to 49. Each bracket corresponds to a cell in the grid. The grid lines are blue.]FIGURE 8 | The scenario diagram.
TABLE 1 | Parameter settings in the EXata simulation environment.
[image: Table displaying network simulation parameters and their values: Simulation Area is 1.5 kilometers by 1.5 kilometers; Simulation Time is 300 seconds; Nodes Number is 49; Location Distribution is grid; Interval Distance is 200 meters; Communication Distance is 250 meters; Physical Protocol is 802.11; MAC Protocol is TDMA or CSMA; Routing Protocol is Bellmanford; Business Type is CBR.]4.2 Parameter adaptive adjustment
In order to show the necessity of [image: The image depicts the mathematical symbol for "change in mass," represented by the Greek letter delta (Δ) followed by the lowercase letter "m."] adaptive adjustment, experiments are carried out, [image: Greek letter delta followed by the letter m, often used to represent a change in mass in scientific and mathematical contexts.] was set fixed value and adaptive value in different scenarios, and the accuracy rate of the algorithm was compared. The experimental results are shown in Figures 9, 10.
[image: Bar chart showing comparison of fixed width (red) and adjusted data (blue) across five categories: one path, one to multiple, multiple to one, one to one without filtering, and one to one with filtering. The blue bars consistently reach higher values than the red bars, indicating adjusted data outperforms fixed width in each category.]FIGURE 9 | Bar chart of scene and accuracy relation with fixed delta.
[image: Bar chart comparing fixed delta and adjusted delta across five categories: "One path," "One to multiple," "Multiple to one," "One to one without crossing," and "One to one with crossing." Blue bars represent adjusted delta, consistently higher than the red bars, which represent fixed delta. Percentages for adjusted delta range from 76.92 to 96.67, while fixed delta ranges from 25.72 to 37.65, showing higher values for adjusted delta in all categories.]FIGURE 10 | Bar chart of scene and accuracy relation with adaptive value.
In Figures 9, 10, the abscissa represents the different scenarios under the CSMA and TDMA protocols, from left to right: one path mode, one-to-multiple mode, multiple-to-one mode, one-to-one without crossing mode and one-to-one with crossing mode. As can be seen from Figure 9, CSMA was used and [image: Greek letter delta followed by a subscript lowercase "m", representing a change in a quantity denoted by "m".] was set to 0.0003s, the number outside the parentheses above each bar is the accuracy, and the number in the parentheses is the value of [image: The image shows the Greek capital letter Delta followed by the lowercase letter "m". Delta is represented as a triangle, indicating change or difference in mathematical contexts.] in the current scenario. It can be seen that when [image: The image shows the mathematical symbol Delta (Δ) followed by the letter m, representing a change in mass.] is set to 0.0003s, the highest accuracy of the algorithm is [image: I can't see the image. Please upload the image or provide a URL so I can help generate alt text for you.] (one path mode), while the lowest is only [image: I'm unable to view the image you've referred to. Please upload the image file directly, and I can help generate the alternate text for it.] (multiple-to-one mode). Even under the same protocol, the accuracy of the algorithm in different scenarios is quite different. In Figure 10, TDMA was used and [image: The image shows the Greek letter delta followed by the letter 'm', symbolizing a change in mass or a difference in mass.] was set 0.01s. In one-to-one with crossing mode, when [image: The image shows the mathematical symbol "Delta m," where the Greek letter Delta (Δ) represents a change or difference, followed by the letter "m."] is fixed, the accuracy of the algorithm is only [image: Text reads "7.32%".], while the accuracy of using the adaptive adjustment reaches [image: Text showing the percentage 63.41% in a bold font, possibly highlighting a statistical result or data point.]. Therefore, using a fixed [image: Delta symbol followed by the letter "m", often representing a change in mass in scientific equations.] value cannot be adapted to different scenarios, and it is necessary to select the appropriate values of [image: The image shows the Greek letter Delta followed by a lowercase "m", representing a change in mass, often used in mathematical or scientific contexts.] in combination with the scenario during the operation of the algorithm. To verify the feasibility of using the parameter adaptive adjusting method, experiments were conducted in a scenario where multiple-to-one mode was used in the network.
During the coarse-grained setting phase, [image: Delta symbol followed by a lowercase letter m, often used to represent a change in mass in scientific equations.] grows exponentially. It can be seen from Figure 11 that after the [image: The image shows the Greek letter delta (Δ) followed by the lowercase letter "m," commonly used in mathematics and physics to denote a change in mass.] is about greater than 0.0001 s, the algorithm can make node identification accuracy rate [image: Mathematical notation displaying the variable \( P_N \), where "P" is a capital letter and "N" is a subscript, indicating a specific term or entity related to "N".] stably, so we can get the appropriate range of [image: The image shows the mathematical symbol Delta followed by a lowercase "m".] for fine-grained adjustment stage, which is 0.0001s–0.001 s. The reason why [image: Mathematical notation showing the letter "P" with a subscript "N".] is 0 when [image: Greek letter Delta followed by the lowercase letter m, commonly representing a change in mass in scientific formulas.] is small is that, packet transmission between two adjacent nodes needs time. When [image: Delta symbol followed by the letter "m."] is too small, the algorithm will exclude any packet transmission, thus the accuracy is 0.
[image: Chart showing the coarse-grained phase probability (\(P_t\)) against time (\(t_{int}\)) in seconds on a logarithmic scale. Probability starts near zero, jumps to about 50% at \(10^{-3}\) seconds, and reaches 100% at \(10^{-2}\) seconds. Data points are marked with squares.]FIGURE 11 | The diagram of the coarse-grained setting stage.
In the fine-grained adjustment phase, [image: The symbol "Δm" represents a change in mass, where "Δ" is the Greek letter delta, indicating change, followed by the letter "m".] grows linearly, in this experiment, the [image: Delta symbol followed by the letter "m" in a mathematical or scientific context.] grows by [image: Certainly! Please upload the image or provide a URL so I can generate the alternate text for you.] of the [image: The image shows the Greek letter Delta in uppercase followed by the subscript number one, symbolizing a change or difference in a mathematical context.] at the beginning of each fine setting phase. It can be seen from Figure 12 that the value of [image: The image depicts the mathematical symbol "P" with a subscript "N," representing a sequence or function indexed by N.] is highest when the [image: The image shows the Greek letter Delta (Δ) followed by the lowercase letter 'm', symbolizing a change in a variable or quantity, often used in mathematical or scientific contexts.] is around 0.00073 s. Therefore, we can obtain the optimal [image: Delta symbol followed by the letter "m," representing a change in mass.] value for this experimental configuration. Set [image: Delta m equals.]0.00073 s, then we study the influence of monitoring duration and loss rate on inference accuracy and false rate.
[image: Line graph showing the percentage \( P_N \) versus variable \( d_{\text{mn}} \) in seconds. The graph depicts a nearly constant trend with slight fluctuations. Red triangle markers represent the fine-grained phase. The \( y \)-axis ranges from 0 to 100 percent, and the \( x \)-axis ranges from 0.00066 to 0.00080 seconds.]FIGURE 12 | The diagram of the fine-grained adjustment stage.
As can be seen from Figure 13, the algorithm cannot make effective inferences when the detection duration is less than [image: Please upload the image so I can generate the appropriate alt text for you.], and when the detection duration is more than [image: Please upload the image or provide a URL so I can assist you in generating the alternate text.], the algorithm can make inferences. It is because before [image: Please upload the image so I can generate the appropriate alternate text for you.], the algorithm does not have enough input, thus the calculated accuracy is low; after [image: Please upload the image or provide a URL for me to generate the alt text.], the input is enough to infer the topology.
[image: A line graph depicting two datasets over time in seconds. One line, labeled PR, is red and remains constant at 80 percent. The other line, labeled PE, is blue and starts at 0 percent, rises to 60 percent, and levels off. The time span is 600 seconds.]FIGURE 13 | The influence of monitoring duration on inference accuracy and false rate.
As can be seen from Figure 14, when the loss rate reaches a certain value, around [image: I can't create alt text for the image you referenced without seeing it. Please upload the actual image or provide a URL, and I will assist you.], the false rate will gradually decrease. It is because the amount of data is too small at this time, resulting in very few node pairs inferred by the algorithm, and thus the number of inferred wrong node pairs is gradually reduced.
[image: Line graph showing PR and PF percentages against loss rate percentages from 0 to 100. PR decreases sharply after a stable period at 80 percent, while PF fluctuates around a lower range. Legends indicate PR and PF with different symbols.]FIGURE 14 | The influence of loss rate on inference accuracy and false rate.
4.3 Typical operational scenarios experiments
In the aforementioned simulated network environment, the algorithm’s performance is validated in conjunction with different typical operational scenarios. In each scenario, the value of [image: The image contains the Greek letter Delta followed by the lowercase letter 'm', representing a change in mass, commonly used in mathematical or scientific contexts.] is obtained through adaptive adjusting.
4.3.1 Multiple-to-one operational mode
Multiple-to-one operational mode refers to a scenario where multiple nodes in the network communicate with a specified node during the simulation period. This operational mode often occurs in practical scenarios where lower-level units report situations to higher-level units. The simulation scenario diagram containing the business information flow is shown in Figure 15, nodes 4, 7, 13, 31, 45, and 46 transmit a CBR to node 22, respectively. The time duration of every CBR is 30s. The topology inference result is depicted in Figure 16. It can be observed that the node pairs identification accuracy rate [image: The image depicts the mathematical symbol for \( P_R \), representing a parameter or property often used in physics or engineering contexts.] is [image: Certainly! Please upload the image you would like me to generate alternate text for.], and the node pairs identification false rate [image: Stylized letter "P" with subscript "F" in black color.] is [image: Please upload the image or provide a URL, and I will help you generate the alternate text.]. The reason for the last-hop cannot be inferred is mainly because the method in this paper depends on the forwarding behavior of the communication node, the receiving node does not forward.
[image: A grid with nodes labeled in brackets, connected by green lines emanating from a central node. Nodes are arranged in a square pattern, and connections appear to represent a network or graph structure.]FIGURE 15 | Multiple-to-one business mode scenario diagram.
[image: A grid plot featuring a network of nodes represented as green circles arranged in a square lattice. Black arrows indicate directional connections between nodes, forming paths primarily along the central rows and columns. The x-axis and y-axis are labeled in meters, ranging from 0 to 1500.]FIGURE 16 | Inference result for the multiple-to-one operational mode.
4.3.2 One-to-multiple operational mode
One-to-multiple operational mode refers to a scenario where a specified node distributes information to multiple nodes in the network during the simulation period. This operational mode often occurs in practical scenarios where higher-level units assign tasks to lower-level units. The simulation scenario diagram is shown in Figure 17, node 22 transmits one CBR to nodes 4, 7, 13, 31, and 45, respectively. The topology inference result is depicted in Figure 18. It can be observed that the node pairs identification accuracy rate [image: Equation showing the letter "P" with a subscript "R".] is [image: The text "72.73%" is displayed in a bold, grayscale font.], and the node pairs identification false rate [image: Stylized letter "P" with a subscript "F" in italic font, possibly representing a scientific or mathematical notation.] is [image: Please upload the image you'd like me to analyze and describe.].
[image: Grid diagram with 64 squares, labeled 1 to 64. Lines connect a central square to various others, indicating possible moves similar to a knight's move in chess.]FIGURE 17 | One-to-multiple business mode scenario diagram.
[image: Grid plot representing a network layout with nodes at regular intervals. Arrows indicate connectivity paths between nodes, suggesting a route through the grid. Axes labeled in meters from zero to 1500.]FIGURE 18 | Inference result for the one-to-multiple operational mode.
4.3.3 One-to-one operational mode
One-to-one operational mode refers to a scenario where a specified node in the network randomly initiates business communication with other nodes in the network. This operational mode often occurs in practical scenarios where adjacent units exchange information. Two simulation scenarios were constructed based on whether there are crossings in the information flow transmission paths, as shown in Figures 19, 20. The topology inference results are depicted in Figures 21, 22. From those figures, it can be observed that in the case of non-crossing business flows, the node pairs identification accuracy rate [image: Sure, please upload the image you'd like me to generate alt text for.] is [image: Text displaying "86.36%".], and the node pairs identification false rate [image: Stylized letter "P" with subscript "F", likely representing a mathematical or scientific symbol.] is [image: Text displaying "9.1%".]. In the case of crossing business flows, the node pairs identification accuracy rate [image: It appears there is no image attached. Please upload the image or provide a URL so I can help generate the alternate text.] is [image: Text displaying "87.1%".], and the node pairs identification false rate [image: Stylized letter "P" with a subscript "F" in italics, resembling a symbol often used in physics equations or scientific notation.] is [image: Please upload the image you would like me to generate alt text for.].
[image: Grid of numbered nodes connected diagonally by green arrows, suggesting pathways or hierarchical connections. Each node is linked consecutively, indicating a progressive sequence or structure.]FIGURE 19 | Scene diagram for the one-to-one operational mode (non-crossing).
[image: A grid with squares containing values, connected by green diagonal lines. The lines intersect at various points, suggesting connections or pathways across the grid. The squares are labeled with coordinates like [1], [2], etc.]FIGURE 20 | Scene diagram for the one-to-one operational mode (crossing).
[image: Graph showing a grid with green circles and black arrows. Circles are arranged at regular intervals, and arrows indicate a connected path weaving through the grid. Axes are labeled "x(m)" and "y(m)" with the range from zero to fifteen hundred.]FIGURE 21 | Inference result for the one-to-one operational mode (non-crossing).
[image: A grid plot displays points with coordinates ranging from zero to one thousand five hundred on both axes. Green points are connected by black arrows, illustrating a path through the grid. The plot suggests a network or movement direction strategy.]FIGURE 22 | Inference result for the one-to-one operational mode (crossing).
5 CONCLUSION AND FUTURE WORK
This paper investigates the topology inference of IoBT without network access and information parsing. We propose a non-cooperative topology inference method for IoBT based on flow rate estimation. In the method, the sending time sequences of data between adjacent nodes in the IoBT are extracted. According to the requirement of the maximum delay in information transmission in the network, the information flow within a certain threshold of the information transmission time between adjacent nodes is extracted. In order to improve the accuracy of communication relationship inference, a threshold parameter adaptive method is also proposed, by adjusting the value adaptively, the negative influence of fixed value on the inference result is avoided. The relative flow rate size [image: Please upload the image or provide a URL, and I can help generate the alternate text for it. If you have any specific context or details about the image, feel free to include that as well.] of information transmission in the network and the relative flow rate [image: A stylized mathematical representation with the letter "R" in subscript followed by "E" in a smaller font, often used to denote a specific concept or measurement in a scientific or technical context.] between nodes with independent information flow are calculated. If [image: Mathematical expression showing \( R_D \geq R_E \), indicating that \( R_D \) is greater than or equal to \( R_E \).], it is determined that there is a communication relationship between adjacent node pairs. Simulation experiments have demonstrated the feasibility of this method.
However, there are limitations and challenges associated with the proposed method. First, the proposed algorithm operates in a centralized manner. Since the runtime complexity of the algorithm is polynomial with respect to the input size, the execution time increases significantly as the size of the network grows. This makes the proposed method less suitable for large-scale networks, where the computational overhead and latency could become prohibitive. To address this, future work could explore distributed or parallelized versions of the algorithm, leveraging modern computing architectures such as edge computing or cloud-based solutions to improve scalability and efficiency.
Second, the proposed method is primarily designed for static networks. The input to the algorithm, which is the timestamp sequence, remains fixed during the execution of the algorithm. As a result, the inferred topology reflects only a snapshot of the network’s state at the time the input was collected. If the network topology changes after the input is taken—due to node mobility, link failures, or adversarial actions—the accuracy of the inferred topology may degrade significantly. This limitation is particularly critical in IoBT environments, where network dynamics are inherent due to the mobility of combat units, environmental factors, and evolving mission requirements. To overcome such a challenge, future research should focus on developing adaptive and real-time topology inference methods capable of handling dynamic network conditions.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
JH: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Methodology, Project administration, Resources, Writing – original draft. RD: Conceptualization, Data curation, Formal Analysis, Methodology, Writing – review and editing. ZN: Formal Analysis, Investigation, Writing – review and editing. CP: Data curation, Software, Writing – review and editing. JC: Validation, Writing – review and editing.
FUNDING
The author(s) declare that no financial support was received for the research and/or publication of this article.
ACKNOWLEDGMENTS
The authors would like to thank the reviewers for their valuable comments and suggestions.
GENERATIVE AI STATEMENT
The author(s) declare that no Gen AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

REFERENCES
	 1. Wen J, Yang J, Wang S. Development status and prospect of electronic warfare equipment technology. Inf Countermeasure Technology (2022) 1:1–10. doi:10.12399/j.issn.2097-163x.2022.01.001
	 2. Conradie NH. Autonomous military systems: collective responsibility and distributed burdens. Ethics Inf Technology (2023) 25:20. doi:10.1007/s10676-023-09696-9
	 3. Chen J, Zheng X, Peng L, Xu Z, Li A. Research on land battlefield situation distribution network based on brn. J Phys Conf Ser (2020) 1646:012048. doi:10.1088/1742-6596/1646/1/012048
	 4. Abuzainab N, Saad W. Dynamic connectivity game for adversarial internet of battlefield things systems. IEEE Internet Things J (2018) 5:378–90. doi:10.1109/JIOT.2017.2786546
	 5. Akter R, Golam M, Doan V-S, Lee J-M, Kim D-S. Iomt-net: blockchain-integrated unauthorized uav localization using lightweight convolution neural network for internet of military things. IEEE Internet Things J (2023) 10:6634–51. doi:10.1109/JIOT.2022.3176310
	 6. Li X, Wei P, Wei ZJ, Guosong L, Ping W. Research on security issues of military internet of things. In: 2020 17th international computer conference on wavelet active media technology and information processing (ICCWAMTIP) (2020). p. 399–403. doi:10.1109/ICCWAMTIP51612.2020.9317401
	 7. Islam A, Masuduzzaman M, Akter A, Young Shin S. Mr-block: a blockchain-assisted secure content sharing scheme for multi-user mixed-reality applications in internet of military things. In: 2020 international conference on information and communication technology convergence (ICTC) (2020). p. 407–11. doi:10.1109/ICTC49870.2020.9289327
	 8. Rutravigneshwaran P, Anitha G, Prathapchandran K. Trust-based support vector regressive (tsvr) security mechanism to identify malicious nodes in the internet of battlefield things (iobt). Int J Syst Assur Eng Management (2024) 15:287–99. doi:10.1007/s13198-022-01719-w
	 9. Yan H. The study on network topology discovery algorithm based on snmp protocol and imp protocol. In: 2012 IEEE international Conference on computer Science and automation engineering (beijing: ieee) (2012). p. 665–8. 
	 10. Yong W, Nan P, Xiaoling T. Network topology discovery algorithm based on ospf. In: 2010 international conference on intelligent computing and integrated systems (2010). p. 136–9. doi:10.1109/ICISS.2010.5656788
	 11. Chen R, Chang L, Hui Y, Cheng N, Zhang W. Noncooperative topology inference of wireless networks with monitoring sensors. IEEE Internet Things J (2023) 10:19282–95. doi:10.1109/JIOT.2023.3281388
	 12. Zhang X, Phillips C. A survey on selective routing topology inference through active probing. IEEE Commun Surv & Tutorials (2012) 14:1129–41. doi:10.1109/SURV.2011.081611.00040
	 13. Jin X, Yiu W-PK, Chan S-HG, Wang Y. Network topology inference based on end-to-end measurements. IEEE J Selected Areas Commun (2006) 24:2182–95. doi:10.1109/JSAC.2006.884016
	 14. Niu Z, Ma T, Shu N, Shan H. Interference sources localization and communication relationship inference with cognitive radio iot networks. IEEE Access (2020) 8:103062–72. doi:10.1109/access.2020.2998730
	 15. Tilghman P, Rosenbluth D. Inferring wireless communications links and network topology from externals using granger causality. In: Milcom 2013 - 2013 IEEE military communications conference . San Diego, CA, USA: IEEE (2013). p. 1284–9. 
	 16. Sharma P, Bucci DJ, Brahma SK, Varshney PK. Communication network topology inference via transfer entropy. IEEE Trans Netw Sci Eng (2020) 7:562–75. doi:10.1109/tnse.2018.2889454
	 17. Liu C, Wu X, Zhu L, Yao C, Yu L Wang L, et al. The communication relationship discovery based on the spectrum monitoring data by improved dbscan. IEEE Access (2019) 7:121793–804. doi:10.1109/ACCESS.2019.2938296
	 18. Testi E, Giorgetti A. Blind wireless network topology inference. IEEE Trans Commun (2021) 69:1109–20. doi:10.1109/TCOMM.2020.3036058
	 19. Ganesh P, Venkataraman H. Rf-based wireless communication for shallow water networks: survey and analysis. Wireless Personal Commun (2021) 120:3415–41. doi:10.1007/s11277-021-09068-w
	 20. Singh M, Shrivastava L. Multi-objective optimized multi-path and multi-hop routing based on hybrid optimization algorithm in wireless sensor networks. Wireless Networks (2024) 30:2715–31. doi:10.1007/s11276-024-03686-5
	 21. Chai Y, Zeng X, Liu Z. The future of wireless mesh network in next-generation communication: a perspective overview. Evolving Syst (2024) 15:1635–48. doi:10.1007/s12530-024-09583-8
	 22. Roy A, Pachuau JL, Saha AK. An overview of queuing delay and various delay based algorithms in networks. Computing (2021) 103:2361–99. doi:10.1007/s00607-021-00973-3
	 23. Walia AK, Chhabra A, Sharma D. Comparative analysis of contemporary network simulators. In: JS Raj, editor. Innovative data communication technologies and application , 96. Singapore: Springer (2022). p. 369–83. doi:10.1007/978-981-16-7167-8_27

Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Huang, Dong, Niu, Peng and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 08 April 2025
doi: 10.3389/fphy.2025.1580760


[image: image2]
Teaching innovation in internal control courses integrating ideological education and game theory
Danyang Xie1 and Kaili Ou2*
1Human Resource Department, Shanghai Lixin University of Accounting and Finance, Shanghai, China
2School of Statistics and Mathematics, Shanghai Lixin University of Accounting and Finance, Shanghai, China
Edited by:
Dun Han, Jiangsu University, China
Reviewed by:
Jian Li, Nanjing Normal University, China
Yan Zhou, Zhejiang International Studies University, China
* Correspondence: Kaili Ou , 2130828975@qq.com
Received: 21 February 2025
Accepted: 19 March 2025
Published: 08 April 2025
Citation: Xie D and Ou K (2025) Teaching innovation in internal control courses integrating ideological education and game theory. Front. Phys. 13:1580760. doi: 10.3389/fphy.2025.1580760

This study aims to propose an innovative teaching model for Internal Control courses, integrating course ideology and game theory perspectives to enhance learning engagement. The developed model—termed “Integration, Co-learning, Co-empathy”—comprises three phases: initial design, mid-term application, and final assessment. Integration constructs a cohesive knowledge structure; Collaborative Learning boosts students’ practical skills; empathy strengthens emotional literacy and fosters a positive teacher-student relationship. By merging ideological and political education concepts with game theory principles, the research optimizes course design and teaching strategies. It offers insights into the continuous development of Internal Control courses in accounting programs, providing practical recommendations for university-level curriculum reform. Ultimately, it targets improved educational effectiveness and promotion of comprehensive learning.
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1 INTRODUCTION
In Guidelines for the Construction of Ideological and Political Education in Higher Education Curriculum released by China’s Ministry of Education in 2020, it is clearly stated that core task of curriculum construction is to comprehensively enhance talent cultivation capabilities, advocate for coordinated promotion of institutional mechanisms for curriculum ideological and political education construction, and ensure comprehensive development and deep implementation of educational work. In order to thoroughly implement Great Ideological and Political Course ideal, Chinese Ministry of Education and ten other departments issued Work Plan for Comprehensively Promoting the Construction of Great Ideological and Political Course in 2022. And in 2024, China emphasizes that the construction of ideological and political courses may be firmly guided by ideology of socialism with Chinese characteristics in the new era, fully follow educational policy, implement the fundamental task of cultivating morality and talents, build a curriculum system with the ideology of socialism with Chinese characteristics as the core content, and ensure that education and teaching keep pace with the times. But at the same time, we have noticed that some higher education institutions in China have been influenced to varying degrees by Western educational concepts. While enhancing educational capital, technology, and professional logic, there have also been some phenomena of weakening or even dissolving the political logic and functions of education, and even breeding certain decentralized, de authoritarian, and politicized thinking and ideas [1, 2]. In view of above, how to effectively implement ideological and political education in courses has become a focus of attention and theoretical research in higher education institutions.
This paper found that as of the latest literature update to December 2024, the total number of research papers on theme of ideological and political education in courses in China reach 58,100, and there are 392 related studies on ideological and political education in undergraduate colleges, of which about 3,590 are related to finance and economics majors. The above literature mainly include the following two aspects: exploring the practical path of curriculum ideological and political education based on understanding of its connotation, mainly exploring the comprehensive deepening of construction and implementation of curriculum ideological and political education in multiple dimensions such as educational objectives, content design, classroom practice, educational participants, educational strategies, implementation environment, and emphasizing mainstream value guidance in knowledge transmission. In terms of conducting relevant research based on the implementation subject of ideological and political education in the curriculum, specific exploration of the path of ideological and political education is mainly carried out from aspects of building a three-dimensional teaching team for ideological and political education, building a platform for ideological and political resources, promoting construction of demonstration courses for ideological and political education, and improving evaluation and assessment system for ideological and political education, in order to efficiently complete fundamental task of cultivating moral character [3, 4].
The course of Internal Control, as a professional course for undergraduate students majoring in finance and economics, is a deepening and expansion of accounting, auditing, and financial management disciplines. The primary objective of this course is to guide students in understanding the strategic role of internal control in modern corporate governance, emphasizing that it is not merely a compliance requirement but also a crucial tool for enhancing organizational operational efficiency, safeguarding asset security, and achieving strategic goals. The instructional approach emphasizes interdisciplinary integration, combining accounting oversight, risk management, and corporate governance theories to cultivate students’ ability to analyze internal control deficiencies in enterprises from a holistic perspective and propose optimization solutions. This approach not only facilitates students’ enhanced development of social responsibility awareness and knowledge translation capabilities but also enables them to better apply their acquired knowledge in increasingly complex market environments. Additionally, based on characteristics and disciplinary advantages of the course itself, relevant corporate financial fraud cases, audit risks, and legal regulations can all become ideological and political materials, laying a solid foundation for future economic management positions [2, 5].
2 CURRENT DILEMMA OF IDEOLOGICAL AND POLITICAL CONSTRUCTION IN COURSE OF INTERNAL CONTROL
In today’s digital economy era centered around Big Intelligence Mobile Cloud IoT Zone, internal control will develop in five directions: vertical deepening, horizontal integration, means enhancement, emphasis on effectiveness, and innovative methods. In this situation, the complex and ever-changing forms of risks, especially the increase in digital risks such as data security and online fraud, require the curriculum to include systematic teaching of digital risk identification, assessment, and response strategies to ensure that students can effectively cope with new challenges in their future work [6].
2.1 Difficulty in integration of course content and ideological and political elements
The course Internal Control is selected and offered based on talent cultivation plans and requirements of undergraduate finance and economics majors in universities. It has a relatively mature teaching syllabus and knowledge structure. The difficulty of embedding ideological and political elements lies in: Firstly, the course Internal Control involves enterprise risk management, financial control, auditing, and other fields, and has strong professionalism and technicality. Ideological and political elements such as core values of Chinese socialism, moral ethics, etc. are relatively abstract. Forcing external implantation of ideological and political education resources and elements will lead to a lack of harmony between internal control courses and ideological and political education elements. Secondly, neglecting to explore ideological and political education value contained in internal control from perspective of curriculum construction, and simply listing ideological education in teaching objectives and designs, is not conducive to the deep integration and organic embedding. Once again, neglecting the integration of internal control and ideological and political education, lacking a clear understanding of significance and goals of curriculum ideological and political construction, failing to clarify its internal logical connection with ideological and political education, and also failing to form a synergistic effect with ideological and political courses will all have negative effect on the effectiveness of curriculum ideological and political education [7].
2.2 Lack of ideological and political literacy of teachers and learning ability of students
The teachers who teach the course Internal Control mostly come from professional fields such as accounting, financial management, and auditing. Their educational backgrounds mainly focus on professional knowledge and skills. Although some teachers have high level of knowledge in their professional fields, their training and experience in ideological and political education are relatively insufficient. Moreover, the curriculum and teaching contents in this field rarely involve ideological and political education, which may lead to a lack of skills and methods to naturally integrate ideological and political elements into professional courses, resulting in poor integration effects. Meanwhile, in the teacher evaluation and incentive mechanisms of many universities, insufficient emphasis is placed on the integration of ideological and political education into courses. The lack of clear evaluation criteria and incentive measures leads to teachers’ inadequate input and motivation in the construction of such integration, thus affecting the enhancement of their ideological and political teaching capabilities [8]. Due to differences in learning abilities among college students, their acceptance of ideological and political education courses varies from person to person. On the one hand, the main purpose of students majoring in finance and economics studying internal control-related courses is to master relevant professional skills, identify financial risks, and pay relatively low attention to ideological and political contents. Each student varies in terms of comprehensive qualities such as autonomous learning ability, moral character, and awareness of career planning. Students who lack learning initiative find it difficult to fully understand normal teaching content. If students are unwilling to accept or have insufficient abilities and interests in this area, they will be unable to feel the ideological and political elements permeating them due to insufficient thinking or poor understanding ability, and consequently, it becomes impossible to achieve the effect of infiltrative education [9, 10]. Therefore, this study introduces the evolutionary game model into the exploration of ideological and political education, aiming to quantify the interactions and feedback between teachers and students [17]. By revealing the inherent logical contradictions in their behaviors, we seek to develop institutional solutions. Moreover, the dynamic monitoring emphasized by game equilibrium aligns seamlessly with the “subtle infiltration” principle advocated in ideological education, further informing the methodological framework proposed in this paper.
2.3 Unbalancing game between guidance of teacher and learning ability of student
In the current landscape of internal control education, a segment of educators persists in employing a traditional, unidirectional knowledge-imparting approach, which may oversight the cultivation of students’ proactive inquiry and practical application abilities. Due to the lack of immersion in authentic business scenarios, students struggle to correlate the abstract internal control frameworks with real-world issues, resulting in insufficient engagement and superficial case analysis. The root of this imbalance lies in the traditional teaching model’s misalignment with digital learning needs, insufficient attention to diverse learning conditions, and the absence of differentiated instructional design. Constrained by weak foundational knowledge or inadequate self-motivation, students find it challenging to engage effectively in courses characterized by “high theoretical intensity and strong practical demands,” ultimately leading to a disconnection between teaching objectives and learning outcomes. Therefore, we posit that both teachers and students, as independent entities, operate within the bounds of bounded rationality in the educational context [11].
The teaching process of teacher-student is a gradual adjustment process, which is also a long-term evolutionary game process. In the game process, both teachers and students continuously adjust and improve strategies until they evolve into stable strategies. There are two main behavioral strategies for teachers: teaching seriously and not teaching seriously. Teachers who teach seriously often meet with students to discuss issues and interact with them promptly to impart knowledge and clarify doubts. However, teachers who do not teach earnestly usually adopt a laissez-faire management approach towards students, showing indifference to various aspects of students’ study and life. Students’ behavioral strategies can also be manifested in two ways: serious learning and not serious learning. Serious students can actively explore problems; Students who are not serious are unwilling to invest a lot of time and energy in their studies. Therefore, this article defines the behavioral strategy space of teachers [image: Please upload an image or provide a URL so I can generate the alternate text for you.] and students [image: Certainly! Please upload the image you'd like me to describe, and I'll generate the alternate text for you.] as (serious, not serious), abbreviated as [image: The image contains a mathematical expression with variables enclosed in parentheses: \( S, N \).]. The research hypotheses are as follows.
	1) In the scenario where neither the teacher nor the student exerts earnest efforts, their respective payoffs are denoted as [image: A mathematical symbol depicting the letter "V" with a subscript "E" in italicized font.] and [image: Mathematical notation showing an uppercase "V" with a subscript "L".], with the conditions that [image: I'm sorry, I cannot see the image. Please upload the image or provide a URL to it, and I can help generate alt text for you.] and [image: It seems there is no image available to generate alt text. Please upload the image or provide a URL to it.];
	2) When the teacher is dedicated to teaching while the student is inattentive in learning, the teacher’s payoff is calculated as [image: Mathematical expression showing \((1 + \alpha_{0})V_{E} - C_{E}\).]. Here, [image: Mathematical expression showing alpha subscript zero with the condition that alpha subscript zero is greater than zero.] represents the coefficient of payoff increment when the teacher is earnest, and [image: It seems there is no image uploaded. Please upload the image or provide a URL, and I can help generate the alternative text for it.] stands for the effort cost incurred by the teacher when choosing to teach earnestly, where [image: I can't generate alt text from images in this format. Please upload the image file or provide a URL for the image.]. In this case, although only the teacher is making efforts, the student reaps the benefits brought about by the teacher’s earnest teaching, which gives rise to the student’s free-riding behavior. At this moment, the student’s payoff is [image: Please upload the image or provide a link to it so I can help generate the alternate text.],and it holds that [image: Mathematical expression showing \(\pi_L\) is greater than \(V_L\).];
	3) In the situation where only the student studies earnestly but the teacher is negligent in teaching, the student’s payoff is [image: Mathematical formula showing \((1 + \beta_0)V_L - C_L\).], where [image: The mathematical expression "β subscript 0 greater than 0" is shown.]is the coefficient of payoff increment when the student is earnest, and [image: It seems there was an error in your message. Could you please upload the image or provide a URL to generate the alt text?] is the effort cost invested by the student when choosing to study earnestly, with [image: I'm sorry, but it looks like you've entered a mathematical expression rather than an image. Please upload the image or provide a link for me to generate the alternate text.].When only the student is putting in efforts, the teacher shares the benefits brought by the student’s earnestness, such as the teacher being included as a co-author in students’ innovation training projects and papers. This constitutes the teacher’s free-riding behavior. At this time, the teacher’s payoff is [image: Mathematical notation showing the symbol pi followed by a subscript E.], [image: The image shows a mathematical inequality: pi sub E is greater than V sub E.];
	4) When both the teacher and the student are committed to their roles, their payoffs are [image: Formula showing the expression: open parenthesis, one plus alpha subscript one, close parenthesis, V subscript E, minus C subscript E.] and [image: The mathematical expression is open parenthesis one plus beta sub L close parenthesis V sub L minus C sub L.], where [image: Please upload the image or provide a URL so I can create the alternate text for it.] is the coefficient of payoff increment for the teacher when both parties are earnest, and it satisfies [image: I'm sorry, but it appears there is no image. Please upload an image or provide a URL for me to generate the alt text.]; [image: If you upload or describe the image, I can help generate the alternate text for it. Let me know if you need any guidance on how to do that!] is the coefficient of payoff increment for the student when both are earnest, and [image: Mathematical expression showing the inequality beta one is greater than beta zero, which is greater than zero.]. Based on all above, a benefit matrix for the teacher-student game can be established, as shown in Table 1:

3 ANALYSIS OF EVOLUTIONARY TREND OF THE TEACHER-STUDENT GAME
3.1 The equilibrium points of evolutionary process
Assume that the probability of a teacher adopting a serious teaching strategy is [image: Please upload the image or provide a URL so I can generate the alternate text for you.] (where [image: It looks like you've provided a mathematical expression instead of an image. Please upload the image or provide a URL to receive alternate text.]), and the probability of adopting a careless teaching strategy is [image: It seems there was an error with your image upload. Please try uploading your image again or providing a URL. You can also add a caption for additional context if needed.]. Similarly, assume that the probability of students adopting a serious learning strategy is [image: Please upload the image or provide a URL for me to generate the alt text.] (where [image: I'm unable to generate alternate text for an image based solely on mathematical symbols. To provide an accurate description, please upload the image or describe it in detail.]), and the probability of adopting a non-serious learning strategy is [image: It seems there might be an error displaying the image. Please upload the image file or provide a link so I can assist you with generating the alternate text.].
For teachers, the expected benefits of choosing to teach seriously or carelessly are, defined in Equations 1–3:
[image: Mathematical formula for expected utility with subscripts and variables: \( U_S = y[(1+\alpha_y)V_f - C_f] + (1-y)[(1+\alpha_x)V_f - C_f] \).]
[image: A mathematical formula representing \( U_t = yU_k + (1-y)V_f \), designated as equation (2).]
The average expected return for teachers is:
[image: Certainly, please upload the image or provide the link so I can generate the alternate text for you.]
For students, the expected benefits of choosing serious or careless learning strategies are defined in Equations 4–6:
[image: Equation displaying the formula for \( U_{S_t} \) which is defined as \( x(1 + \beta_t)V_{I_t} - C_{I_t} \) plus \( (1 - x)(1 + \beta_t)V_{L_t} - C_{L_t} \).]
[image: Formula depicting a financial calculation, where \( J_t \) equals the weighted sum of \( V_t \) and \( V_f \). The variable \( x \) represents the weight applied to \( V_t \), and \( 1-x \) is the weight for \( V_f \).]
The average expected return for students is:
[image: Mathematical equation displaying \( y = \gamma D_s + (1 - \gamma) D_n \). Equation is labeled as equation six.]
According to the replication dynamics of evolutionary game theory (Equation 8), the replication dynamic equation for teacher A are demonstrated in Equations 7, 8:
[image: Mathematical equation depicting a rate of change, represented as dx/dt, equals x times the difference between u sub F squared and u sub I. It equals x times one minus x, multiplied by a complex expression involving variables x sub zero, V sub F, C sub E, η sub E, and V sub p, with constants a sub one, a sub zero, and one. The equation is labeled as equation seven.]
Similarly, the replication dynamic equation for student B’s strategy is:
[image: Differential equation depicting \( \frac{dy}{dt} = y(1-y)[\beta_0 V_L - C_L - (\pi_L - (\beta_1 - \beta_0 + 1)V_L)x] \) with a reference label (8).]
The equilibrium points of these replication dynamic equations are asymptotically and locally stable, and the equilibrium point is an evolutionarily stable strategy (ESS).
Given that:
[image: Equations for \( S_1 \) and \( S_2 \). \( S_1 = \frac{\pi_E + C_E - V_E}{V_E} \), \( S_2 = \frac{\pi_L + C_L - V_L}{V_L} \).]
the following conclusions can be drawn.
	1. When [image: Mathematical expression showing an inequality: zero is less than alpha sub zero, which is less than the fraction C sub E divided by V sub E.], [image: The expression "alpha subscript zero is less than alpha subscript one is less than S subscript one" is shown, indicating an inequality relationship.], and [image: The mathematical expression shows an inequality: zero is less than beta subscript zero, which is less than the fraction of C subscript L over V subscript L.], [image: I can't see or interpret the content in the image directly. If you provide me with an image, I'll be able to help create the alt text for it.]:

In this case, whether one party is serious or both are serious, the increase in benefits from being serious is relatively small, but the effort cost is high. Thus (0.0) is the stable point, (0.1) and (1.0) are saddle points, and (1.1) is the unstable point. At this point, both teachers and students are not serious, making this an evolutionary stable strategy.
	2. When [image: Mathematical inequality showing zero is less than alpha zero, which is less than the fraction of C subscript E over V subscript E.], [image: Mathematical expression showing alpha subscript zero is less than alpha subscript one, which is less than S subscript one.], and [image: The image displays a mathematical inequality: C sub L divided by V sub L is less than beta sub 0, which is less than beta sub 1, which is less than S sub 2.]:

In this case, the benefits students gain from studying diligently are greater than their effort cost but less than their free-riding benefits. However, the benefits that teachers can provide to students from teaching seriously are less than the cost they incur. Consequently, teachers will not teach seriously, and students will not free-ride. Thus, (0.1) is the stable point, meaning that if teachers do not teach diligently, students will study diligently. This is the stable evolutionary strategy.
	3. When [image: \[ \frac{C_L}{V_L} < \alpha_0 < \alpha_1 < S_1 \]  An equation showing a sequence of inequalities, with the fraction C sub L over V sub L, followed by alpha zero, alpha one, and S sub one, in increasing order.] and [image: The mathematical expression shows an inequality: zero is less than beta subscript zero, which is less than the fraction C subscript L over V subscript L.], [image: The image contains a mathematical expression with beta subscript zero less than beta subscript one, which is less than S subscript two.]:

The benefits of a teacher’s diligent teaching are greater than the cost but less than their free-riding benefits. On the other hand, the benefits of a student’s diligent learning are less than the effort they put in. If a student does not study seriously, the teacher has no free-riding to exploit. (1.0) is the evolutionary stable point, where the teacher teaches diligently while the student does not study seriously. This is the evolutionary stable strategy of the system.
	4. When [image: \( \frac{C_E}{V_E} < \alpha_0 < \alpha_1 < S_1 \).] and [image: Mathematical expression showing a sequence of inequalities: \( \frac{C_L}{V_L} < \beta_0 < \beta_1 < S_2 \).]:

The benefits from serious teaching and learning for both teachers and students are greater than the cost they pay, but less than the benefits from free-riding. In this case (0.1) and (1.0) are stable points. This indicates that one party (either the teacher or the student) will always be free-riding, i.e., one party is serious while the other is not. The specific equilibrium reached depends on the initial state of the system.
	5. When [image: The expression shows the inequality \(S_1 < \alpha_0 < \alpha_1\).] and [image: The image shows a mathematical inequality: S subscript 2 is less than beta subscript 0, which is less than beta subscript 1.]:

The benefits obtained from serious investment by both parties are greater than the benefits obtained from free-riding when one party is not serious while the other is serious. In this case, (1.1) is the evolutionary stable point, where both the teacher and students are committed to the evolutionary stable strategy of the system.
3.2 Evolutionary game of student education with punishment mechanism
From the above analysis, it is clear that under different conditions, the game will evolve toward different equilibrium points, and the resulting stable strategies will vary. In some cases, one of the parties—either the teacher or the student—will always hope for free-riding behavior, leading to outcomes where neither party is serious, or only one party is serious, particularly when the benefits of free-riding are substantial. As a result, it is essential to implement mechanisms that can suppress free-riding behavior.
To ensure the game evolves toward the ideal solution, where both parties adopt a serious strategy, we introduce a punishment mechanism. Specifically, during the interaction between teachers and students, if one party is serious while the other is not, the non-serious party will be penalized. Let the teacher’s punishment loss be [image: An equation showing "K" with a subscript "E", representing kinetic energy.] and the student’s punishment loss be [image: If you upload the image or provide a URL, I can help generate the alt text for you!]. In this case, the benefit matrix for the game between teachers and students changes, as shown in Table 2.
TABLE 1 | The benefit matrix of teachers and students.
[image: A decision matrix comparing teaching and studying behaviors. The matrix has two columns and two rows. Columns represent whether a student studies seriously or not, labeled "Study seriously (S)" and "Not study seriously (N)." Rows represent whether a teacher teaches seriously or not, labeled "Teaching Seriously (S)" and "Not Teaching Seriously (N)." Each cell contains formulas reflecting different value combinations based on the behaviors, involving variables such as \(V_E\), \(V_L\), \(C_E\), \(C_L\), \(\alpha_1\), \(\alpha_0\), \(\beta_1\), \(\beta_0\), and \(\pi_L\).]TABLE 2 | The benefit matrix of teachers and students.
[image: A payoff matrix table with teacher/student strategies. Rows indicate teacher actions: "Seriously Teaching (S)" and "Not Teaching Seriously (N)". Columns show student actions: "Seriously study (S)" and "Not seriously study (N)". The matrix entries show equations representing different payoff scenarios.]The necessary and sufficient conditions for the (serious, serious) strategy to be the only Evolutionarily Stable Strategy (ESS) are:
[image: Mathematical equation shows \( K_P \) being greater than \( \pi_Y - (1 + \alpha_1)V_r + C_F \). Equation labeled as 11.]
[image: Mathematical equation depicting an inequality: \( K_t \cdot \pi_{L} > (1 + \beta_t) \cdot V_t + C_t \). The equation is labeled as equation 12.]
where [image: A mathematical expression showing the Greek letter pi with a subscript capital letter E.] and [image: Please upload the image or provide a URL for the image you would like the alternate text for.] represent the free-riding benefits for teachers and students, respectively, [image: Mathematical expression showing an equation: open parenthesis, one plus alpha sub one, close parenthesis, multiplied by V subscript E.] and [image: It seems like you've posted a piece of mathematical notation instead of an image. If you have an image you'd like me to describe, please upload it, and I can help generate the alternate text for it.] represent the benefits generated by serious behavior from both teachers and students, and [image: Please upload the image or provide a URL to it, and I will be happy to help create the alternate text for you.] and [image: It seems you haven't uploaded an image. Please try uploading it again, so I can help generate the alternate text for you.] are the costs associated with the serious efforts of the teacher and student, respectively.
Therefore, to ensure that the stable strategy in this game involves both the teacher and the student adopting a serious strategy, the relationship between the penalty losses incurred by the non-serious parties, the free-riding benefits, the benefits from serious behavior, and the costs of serious efforts must satisfy the conditions laid out in Equations 11, 12.
4 TEACHING OPTIMIZATION OF INTERNAL CONTROL: BASED ON DUAL PERSPECTIVES OF IDEOLOGICAL AND POLITICAL EDUCATION AND GAME THEORY
4.1 Optimize ideological and political teaching objectives of internal control course
Firstly, the ideological and political teaching objectives of the course should be clearly defined in curriculum outline and teaching plan, incorporating socialist core values, professional ethics, social responsibility, and other contents into teaching objectives to ensure that the ideological and political education of the course has a clear direction and specific requirements. As a core course that integrates accounting and auditing, the course of Internal Control not only involves creating an internal control environment and accurately identifying and analyzing enterprise risks, but also includes the formulation and implementation of risk response strategies [12]. The core goal is to equip students with theoretical framework and methodology of internal control, in order to cultivate their ability to analyze, evaluate, design, and solve various problems in enterprise management practice.
Secondly, in curriculum design, ideological and political elements should be organically integrated into specific teaching content: (1) integration of social responsibility and values. When explaining internal control and risk management in enterprises, emphasis is placed on values such as integrity, a sense of responsibility, and social fairness and justice. By constructing teaching cases, the moral and ethical issues, social responsibility issues, and other ideological and political content in internal control of enterprises can be concretized to help students understand and think in practical situations. (2) Strengthening legal thinking and beliefs. Help students learn and understand laws and regulations such as Accounting Professional Ethics and Financial Regulations and Economic Law, educate students to always remember the importance of strictly following financial rules and regulations, cultivate students’ professional ethics, and establish correct worldviews, outlooks on life, and values.
4.2 Optimize ideological and political teaching paths of internal control course
The basic requirements and teaching objectives of ideological and political construction in the course of Internal Control are to provide students with comprehensive theoretical knowledge and practical skills, and cultivate compound talents that meet the development needs in the new era. This study innovatively constructs an internal control course teaching model that integrates theory and practice, classroom and social learning, and ideological and political theory and professional ethics empathy around the three dimensions of Integration, Co-learning and Co-empathy (as shown in Figure 1).
[image: Flowchart illustrating the integration of theoretical guidance and experience learning in the "Internal Control" course. It highlights three main components: psychological guidance, theoretical knowledge, and experience sharing. Key methods include scenario simulation, case analysis, executive testimony, policymaker interviews, rational analysis, and professional discussion. Symbols represent individual, group work, and social sharing.]FIGURE 1 | Innovative ideas for integration-learning-empathy teaching model of internal control.
Firstly, classroom and social integration achieve close integration between teaching content and social reality through the approach of external mentors entering the classroom and internal students entering the enterprise. To better carry out internal control ideological and political education, on the one hand, excellent industry experts or external mentors can be invited to the classroom to share practical work experience and the latest industry trends with students, so that students can foresee the possibilities of their future careers in theoretical learning. On the other hand, students can be encouraged to “go out” and be guided to independently analyze and discuss the problems faced by enterprises in management by organizing them to conduct on-site inspections and research on the front line of enterprises. They can also try to design solutions, such as identifying risks and challenges that the development of digital economy brings to internal control of enterprises, and how enterprises should take corresponding measures. This will help students develop independent and critical thinking abilities [13, 14].
Secondly, in the link of theory and practice learning together, this course not only focuses on building a three-dimensional and dynamic learning ecosystem for students by combining abstract theoretical knowledge with vivid practical experience through diversified teaching methods, such as case analysis, simulation training, participation in Internet plus innovation and entrepreneurship competition, etc. This study also encourages interdisciplinary learning, such as inviting experts from fields such as law, psychology, and information technology to give cross-border lectures, guiding students to examine internal control and risk management issues from a multidisciplinary perspective, and building a comprehensive and in-depth understanding framework [15].
Finally, in the teaching process of Empathy between Ideological and Political Theory and Professional Literacy, this study adopts the model of “emotional investment + rational analysis + professional discussion” to naturally integrate ideological and political education into the curriculum content. At the level of emotional investment, teachers, as knowledge transmitters, guides, and listeners, encourage students to actively participate in the classroom, become the main body of learning process, and stimulate students’ inner potential and emotional resonance. At the level of rational analysis, the curriculum design should cleverly integrate core values such as patriotism, integrity, and law-abiding, guiding students to use critical thinking to conduct rational analysis and evaluation of internal control mechanisms. Through group discussions, case seminars, and other forms, students may deepen their professional knowledge through interactive communication, while internalizing the core values of ideological and political education in their hearts and externalizing them in their actions [16].
4.3 Optimization of undergraduate training mechanism and teacher performance system based on game theory perspective
To enhance the synergy between undergraduate education and faculty performance systems, this study, based on the analytical results of an evolutionary game model, proposes specific pathways from the perspectives of incentive mechanism design and penalty mechanism improvement. These pathways aim to address the “free-rider” dilemma in the game between teachers and students and promote a virtuous cycle of teaching and learning.
Firstly, positive gaming between teachers and students should be encouraged within the undergraduate education mechanism. During the learning process, some students may exhibit short-sighted behavior by passively coping with their academics with minimal time and effort, solely to obtain graduation certificates and degrees. They tend to invest their time and energy in off-campus internships that provide immediate economic returns. While such behavior may yield short-term benefits, it restricts their future development potential in the long run. Therefore, it is crucial to link the long-term value of research and practical achievements by incorporating innovative training projects, case competition outcomes, and other projects related to further education and employment into the credit system. This enhances their long-term benefit coefficient [image: It seems like there was an error in uploading the image. Please try uploading the image file again or check the format to ensure it is correct.]. Additionally, inviting external mentors or entrepreneurs to participate in curriculum design quantifies the practical value of long-term benefits [image: The expression \((1 + \beta_1)V_L\) represents a mathematical formula with values in parentheses multiplied by \(V_L\), incorporating a beta symbol.] and reduces students’ free-rider gains [image: Please upload the image you'd like me to generate alternate text for.]. Furthermore, a teacher incentive mechanism should be established by incorporating the quality of student training into faculty promotion criteria, clarifying the long-term benefits [image: The image shows the expression alpha sub one V sub E.] of teachers’ dedicated teaching. This encourages teachers to develop training plans based on students’ qualities, academic strengths, personal interests, and life plans, thereby achieving an organic unity between teachers’ and students’ academic and career development goals.
Secondly, the penalty mechanism should be improved by increasing penalties [image: Mathematical symbol \(KE\) representing kinetic energy, with subscript \(E\).] and [image: If you upload an image or provide a URL, I can help generate the alt text. Make sure the image is properly uploaded for review.] for teachers and students who do not take their responsibilities seriously. At the student level, a dual-track system of “process assessment and outcome evaluation” needs to be established. Gradient penalties should be imposed on free-rider behaviors such as plagiarism and passive participation in group tasks. First-time offenders should have their course participation scores deducted, while repeat offenders should be disqualified from evaluations and receive notations in their integrity files, ensuring that [image: Mathematical equation showing \( K_L > \pi_L - (1 + \beta_L)V_L + C_L \).]. At the teacher level, many universities currently adopt performance evaluation systems similar to workload points, focusing on counting academic papers and research projects published by teachers. This fails to reflect the specific effectiveness of teaching in the evaluation process. Therefore, it is necessary to reform current teacher performance and student training systems by establishing elimination mechanisms for teaching teams and accountability systems for student management. Quantitative indicators should be set for behaviors such as perfunctory teaching and neglecting the integration of ideology and politics in courses. Combined with peer reviews, retraining in teaching abilities should be conducted, and those who fail to meet the standards should be suspended from teaching, ensuring that [image: Mathematical inequality showing \( K_E > \pi_E - (1 + \alpha) V_E + C_E \), where \( K_E \), \( \pi_E \), \( \alpha \), \( V_E \), and \( C_E \) are variables or constants in the equation.]. Through multi-level dynamic monitoring, the game between teachers and students can be shifted from a zero-sum competition to a stable equilibrium of win-win cooperation.
5 CONCLUSION
This research constructs an “Integration, Co-learning and Co-empathy” teaching model. Through pre-design, mid-implementation, and post-assessment, integration constructs the knowledge system, co-learning cultivates comprehensive capabilities, and co-empathy internalizes emotional qualities. It also builds a teacher-student game-theoretic relationship. Based on the Grand Ideological and Political Course concept and game theory, and integrating the features of finance and accounting majors, this paper conducts top-level design, optimizes teaching methods and content, and innovates comprehensively. These efforts offer countermeasures and references for effectively developing and optimizing the Grand Ideological and Political Course in university finance and accounting majors.
In future practical and theoretical work, we need accelerate the construction of a curriculum and textbook system centered on Socialism with Chinese Characteristics for a New Era. It is imperative to embed dynamic feedback loops within knowledge dissemination, such as real-time classroom data analytics and two-way evaluation of social practice, to establish quantifiable reward-penalty mechanisms that deter free-riding behaviors while synergistically reconstructing the teacher-student trust dynamic through emotional empathy and rational analysis. Furthermore, building upon the “Grand Course of Socialist Ideology” concept, we can promote the transition from tactical gaming to value co-creation by developing university-enterprise collaborative case databases and cross-disciplinary workshops. This innovative paradigm provides ideological and political education in accounting specialties with both theoretical profundity and practical adaptability. Foster synergy in ideological and political course construction and contribute financial and economic expertise to cultivating well-rounded socialist successors.
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The treatment of pollution reduction and carbon reduction in Yongding River Basin involves many stakeholders. It is of great significance and value to analyze the pollution reduction and carbon reduction in Yongding River Basin by using game model, study different game scenarios and participants’ behavior choices and motivations, evaluate the results and effects of the game, and put forward the optimization and improvement scheme of the game. This paper constructs a tripartite game model involving the central government, local governments and river basin companies, and through numerical simulation analysis, reveals the decision-making evolution path and influencing factors of all parties in the implementation of pollution reduction and carbon reduction policies. The results show that the increase of financial subsidies provided by the central government, the improvement of the fine mechanism, the increase of the proportion of central subsidies paid by local governments to river basin companies and the reduction of the costs borne by local governments in implementing pollution reduction and carbon reduction policies can all promote the pollution reduction and carbon reduction actions of local governments and river basin companies. Based on the simulation of the above conclusions, it provides scientific theoretical support and policy suggestions for pollution reduction and carbon reduction in Yongding River Basin, thus forming the effect of joint efforts to enhance the coordinated governance of government and enterprises.

Keywords: reduce pollution and carbon, trilateral evolutionary game, cooperative emission reduction, Yongding river regulation, collaborative governance between government and enterprises
1 INTRODUCTION
Climate change has become a worldwide problem. China’s active response to climate change is not only the internal demand of China’s sustainable development, but also the important content of promoting the construction of ecological civilization. The construction of ecological civilization is a fundamental plan related to the sustainable development of the Chinese nation. We must adhere to sustainable development, promote green development, circular development and low-carbon development more consciously, and adhere to the road of civilized development with production development, affluent life and good ecology. Report to the 20th Communist Party of China National Congress, the Communist Party of China, has also made systematic arrangements for this: it is necessary to take carbon reduction as the main strategic direction, realize the synergistic effect of reducing pollution and carbon, promote the transformation of economic and social development to green and low carbon, and change the quality of ecological environment from quantitative improvement to qualitative improvement. In recent years, China has formulated and implemented a series of policy requirements for pollution reduction and carbon reduction, such as the Comprehensive Work Plan for Energy Conservation and Emission Reduction in the Tenth Five-Year Plan, the Implementation Plan for Synergy of Pollution Reduction and Carbon Reduction, and the Guiding Opinions on Coordinating and Strengthening the Work Related to Climate Change and Ecological Environmental Protection, aiming at promoting the green and low-carbon transformation in energy structure, industrial structure, transportation structure and land use structure, realizing the synergy of energy conservation, carbon reduction and pollution reduction, and improving the environment. As an important value orientation of national development, ecological environment protection has achieved remarkable results. However, the situation of China’s ecological environment is still severe. For example, the smog problem in Beijing-Tianjin-Hebei region has not been fundamentally solved, and the non-point source pollution in Haihe River, the lower reaches of the Yellow River and Songliao Basin is still serious.
In this context, Yongding River Basin, as an important water conservation area, ecological barrier and ecological corridor in Beijing-Tianjin-Hebei-Shanxi-Mongolia region, is also the largest inland river in China, and its water resources are of great strategic significance for ensuring production and life, maintaining ecological balance and promoting regional coordinated development in Beijing-Tianjin-Hebei region. However, there are also some problems in Yongding River Basin, such as water shortage, serious water pollution and water ecological degradation. The average annual total water resources in Yongding River Basin is about 2.7 billion square meters, and the per capita possession is only below 300 square meters. The contradiction between supply and demand of water resources is very prominent [1]. The water quality of Yongding River Basin is also very unsatisfactory, with less than 30% of the 41 water functional zones reaching the standard, especially the water pollution of some tributaries of Sanggan River and Yanghe River, which leads to the pollution of Guanting Reservoir and affects its function and structure [2]. The water ecosystem in Yongding River basin has also been seriously damaged, and the phenomena such as river cut-off, wetland shrinkage and biodiversity reduction are widespread. In addition, the greenhouse gas emissions in Yongding River basin are also high, mainly from energy consumption, industrial production, agricultural activities, etc., which also faces great challenges in coping with and adapting to climate change. In June 2018, the governments of Beijing, Tianjin, Hebei and Shanxi provinces (municipalities directly under the Central Government) and China Communications Construction Group Co., Ltd. jointly funded the establishment of Yongding River Basin Investment Co., Ltd. (hereinafter referred to as Yongding River Company), explored diversified financing models, and built a unified governance pattern of “basin planning, regional coordination, departmental linkage, government leadership, enterprise main body and market participation”. On the basis of the input from the central and local governments, Yongding River Company promoted the unified planning, management, dispatching and management of the river basin, and built an integrated platform of “investment-construction-management-transportation”, which achieved remarkable results. Pollution reduction and carbon reduction in Yongding River Basin involves many stakeholders, including the central government, local governments in the upper, middle and lower reaches, river basin companies, industrial and agricultural enterprises, etc. They have a complex game relationship and need to balance the goals and means of economic development, ecological protection and climate action [3]. Therefore, it is of great significance and value for theory and practice to analyze the pollution reduction and carbon reduction in Yongding River basin by using game model, study different game scenarios and participants’ behavior choices and motivations, evaluate the results and effects of the game, and put forward the optimization and improvement scheme of the game. The purpose of this paper is to provide scientific theoretical support and policy suggestions for pollution reduction and carbon reduction in Yongding River Basin through the application of game model.
2 LITERATURE REVIEW
Air pollution is an environmental phenomenon that some substances are discharged into the atmosphere by human production activities or natural phenomena, and when they accumulate to a certain extent, they make people feel uncomfortable or do harm to their bodies for a period of time [4]. With the acceleration of industrialization and urbanization in China, air pollution has become a major environmental issue of global concern [5]. Studies have shown that the huge economic losses and human health losses caused by air pollution have become an important factor restricting the high-quality development of China. Zhu Jie and Su Yamin (2023) take the air quality data of the city where the headquarters of China A-share listed companies are located from 2014 to 2020 as samples to empirically test how air pollution affects the internationalization of China enterprises, and through analysis, it is concluded that air pollution will not be conducive to China enterprises to successfully implement the “going out” strategy [6]. Zhang X et al. (2023) drew relevant conclusions by analyzing the impact of PM2.5 exposure in China on China’s health and economy from 2015 to 2020. By 2020, more than half of the residents in China will still be in the state of PM2.5 pollution, which has caused huge direct economic losses [7]. Chen Shiyi and Tran Dang Khoa (2018) used the data of PM2.5 concentration in China from 2004 to 2013 (286 prefecture-level cities) to study the influence and mechanism of smog on China’s economic development, and revealed that smog seriously affected China’s economic development, and provided relevant policy suggestions for improving China’s air environment and economic development level and promoting China’s high-quality economic development [8]. Wei Dongming et al. (2022) used the data of 1,526 counties from 2005 to 2018 to conduct an empirical study on the relationship between smog control and high-quality development of green economy. The results show that smog control is helpful to achieve high-quality development of green economy [9].
Carbon emission refers to a process that carbon dioxide is produced and discharged into the atmosphere due to various activities, such as agricultural production, industrial production and land use change [10]. There is a close internal relationship and interaction mechanism between economic growth and carbon emissions. With the continuous improvement of China’s economic development, more researchers began to study the relationship between economic growth and carbon emissions. Researchers mainly use the environmental Kuznets curve to study the relationship between carbon emissions and economic growth. Grossman (1991) introduced the “environmental Kuznets curve” in his book Environmental Impact of North American Free Trade, and pointed out that there is an inverted U-shaped relationship between economic growth and environmental quality [11]. Wang Hang Xingdeng (2024) used the industrial data of Anhui Province from 2005 to 2021, established a model and analyzed it by using EKC, Tapio and other methods, and concluded that the carbon emissions of industrial industries in Anhui Province showed an inverted U-shaped relationship with economic growth [12]. In addition, Seldena (1995), Song Tao (2007), Li Guozhi (2011) and other researchers have also verified this theory through model analysis [13–15]. There are also some researchers who use the Tapio decoupling method to study the relationship between them. For example, Zhang Qing et al. (2024) estimated the carbon emissions of agricultural water use in Hangzhou by using the agricultural production data from 2010 to 2021, and studied the decoupling relationship between carbon emissions of agricultural water use and its economic development in Hangzhou. It is found that under the influence of technical effect and economic effect, the relationship between them is mainly strong decoupling [16].
Air pollution and carbon emission are two serious environmental problems that China is currently facing. Although there are great differences in the scope of influence and the form of harm, the characteristics of “the same root and the same origin” provide conditions for their coordinated governance [17]. In 2018, the State Council integrated the air pollution prevention and climate change work of relevant departments, and made overall coordination in the newly established Ministry of Ecology and Environment, which laid a solid institutional foundation for reducing pollution and carbon in China [18]. At the national eco-environmental conference in 2021, Minister Huang Runqiu also clearly pointed out that “it is an important means to promote the comprehensive green and low-carbon transformation of economic and social development by combining pollution reduction and carbon reduction and promoting the coordinated governance of pollution reduction and carbon reduction”. In this new period, the country’s ecological environment protection work has entered a new stage of collaborative governance to reduce pollution and carbon. Although the domestic research in this field started late, it has developed rapidly as a whole. From the development of the last decade, researchers have carried out a lot of research work in different industries, different regions and different research methods. Zheng Yixuan and others (2021) discussed the basic connotation of “pollution reduction and carbon reduction” from different angles, clarified the identification method of key collaborative areas and the concept of collaborative governance of key industries, and on this basis, systematically address the collaborative approach of atmospheric environmental governance and carbon reduction in China [19]. Ma Yingying et al. (2023) took the central, local and high-emission enterprises as the research objects, established an evolutionary game model of tripartite collaborative governance, and identified the key evolutionary conditions and paths to promote the coordinated governance of the system [20]. Yao Rongrong and Zheng Shiming (2023) take the cooperation between government and enterprises in Yongding River basin as a case, analyze the embedded cooperation between government and enterprises and its internal mechanism from two dimensions of structure and system, and construct the “embedded cooperation” model between government and enterprises [21].
By combing the literature, we can find that both air pollution and carbon emissions will have a negative impact on economic development and even human health. According to the characteristics of the same root and homology, researchers have put forward the related concepts of collaborative governance and conducted a lot of research on how to carry out collaborative governance. In the collaborative governance of reducing pollution and carbon, the strategy choice between the government and enterprises involves the mutual game between the subjects. However, few researchers take the governance of a specific region as an example to determine the equilibrium solution and optimal strategy of collaborative governance by using evolutionary game model. In view of this, this paper takes the coordinated governance of government and enterprises in Yongding River Basin as an example, and constructs a tripartite evolutionary game model with reference to the analytical framework of Yao Rongrong and Zheng Shiming (2023) [21]. By analyzing the interest demands and behavior strategies of the central government, local governments and Yongding River Basin Investment Co., Ltd. in the coordinated governance of pollution reduction and carbon reduction, this paper puts forward corresponding suggestions, so as to form a joint effort to enhance the effect of coordinated governance of government and enterprises.
3 EVOLUTIONARY GAME MODEL CONSTRUCTION
3.1 Theoretical basis
The difference between evolutionary game and traditional game is that the former has no necessary assumption that the participants are completely rational, and the information does not need to be complete. In the collaborative governance of pollution reduction and carbon reduction in Yongding River Basin, there are certain conflicts and confrontations among the central government, local governments and Yongding River Basin Investment Co., Ltd. due to the interest relationship. Local governments will choose to actively implement or passively implement the pollution reduction and carbon reduction policies issued by the central government according to the degree of reward or punishment; At the same time, due to information asymmetry, river basin companies can make their own choices according to the strategies of local grass-roots governments and the central government (they can choose to take emission reduction measures or not) when making decisions on pollution reduction and carbon reduction in river basins, thus creating a dynamic cycle, which leads to the evolution of the three-party game. Therefore, using evolutionary game method to study the game balance strategy of the three stakeholders in the coordinated governance of pollution reduction and carbon reduction in Yongding River Basin has a good fit.
3.2 Model assumption and parameter setting
3.2.1 Model assumptions
Assumption 1. On the premise of ignoring other restrictions, this paper constructs three different types of stakeholders: central government Z, local government X and river basin companies Y. Local governments can choose whether they need to actively implement pollution reduction and carbon reduction policies, that is, their strategy sets are (active implementation and passive implementation), and their probabilities are x and 1-x respectively; River basin companies can choose whether to take corresponding emission reduction measures in response to the implementation of pollution reduction and carbon reduction policies, that is, their strategy set is (take or not take), and their probabilities are y and 1-year respectively; The central government has the right to decide whether to implement active supervision and management on the implementation of pollution reduction and carbon reduction policies by local governments, that is, the set of strategies is (active supervision and passive supervision), and the probabilities are z and 1-z respectively. Where 0 ≤ x ≤ 1, 0 ≤ y ≤ 1 and 0 ≤ z ≤ 1. In this model, decision makers are bounded rationality, and the information possessed by each subject is incomplete, so the best decision can not be made in a single decision, and the strategy can only be adjusted through continuous game.
Assumption 2. For the central government, whether the central government actively supervises the local government or not after the introduction of the pollution reduction and carbon reduction policy, it will provide some financial support for the local government to implement the pollution reduction and carbon reduction policy, and the local government will allocate the funds to the river basin companies that take emission reduction measures according to the specific situation. When the central government adopts an active supervision strategy for local governments, it is necessary to formulate corresponding supervision strategies and pay a large supervision cost C2. If the local government chooses to passively implement the pollution reduction and carbon reduction policy, it will be discovered by the central government, and the local government needs to refund the funds allocated by the central government and pay a fine C3. In addition, whether the central government actively supervises or not, the measures taken by river basin companies to reduce emissions can bring certain environmental benefits to the central government.
Assumption 3. For local governments, whether they actively implement pollution reduction and carbon reduction policies or not, as long as river basin companies take emission reduction measures, local governments need to provide corresponding support funds and obtain environmental benefits E2 brought by river basin companies’ emission reduction. If the local government chooses to actively implement pollution reduction and carbon reduction policies, it also needs to invest the corresponding governance cost C4. For river basin companies, if they take emission reduction measures, they need to invest in the corresponding costs such as technology development and pollution control, and at the same time get the potential benefits E1 brought by the company’s image improvement; If emission reduction measures are not taken, local governments need to pay corresponding fines and more environmental taxes and carbon taxes C6, and local governments need to hand over the fines and taxes received to the central government according to a certain proportion.
3.2.2 Relevant parameter settings and their meanings
The main parameters involved in this model are shown in Table 1.
TABLE 1 | Main parameters and their meanings.	Parameter	Meaning
	C1	The central government gives subsidies to local governments for implementing pollution reduction and carbon reduction policies
	C2	Supervision cost paid by the central government when it actively supervises
	αE2	The benefits of pollution reduction and carbon reduction brought by river basin companies to the central government
	E4	The central government actively monitors all kinds of potential benefits gained from enhancing the international image
	C7	The environmental cost of the central government when the local government passively implements it and the river basin companies do not reduce emissions
	C3	When the central government actively supervises, the local government passively implements the fine that should be paid to the central government
	α	Influence coefficient of the central government’s income from pollution reduction and carbon reduction when river basin companies take emission reduction measures (α > 1)
	β	Local governments should pay the central government’s environmental tax, carbon tax and the proportion of fines imposed by river basin companies. (0≤β ≤ 1)
	C4	Governance cost when local governments choose to actively implement it
	E2	The benefits of pollution reduction and carbon reduction brought by river basin companies to local governments by adopting emission reduction measures
	C5	The input cost of river basin companies when they take emission reduction measures
	C8	Fines that should be paid to the local government if the basin company does not take emission reduction measures when the local government actively implements them
	C6	When local governments actively implement it, river basin companies do not take emission reduction measures, compared with the extra environmental protection tax and carbon tax that need to be paid when taking emission reduction measures
	δ	The proportion of central subsidies paid by local governments to river basin companies when they take emission reduction measures. (0≤δ ≤ 1)
	E1	The benefits of pollution reduction and carbon reduction obtained by river basin companies by adopting emission reduction measures


3.3 Establishment of evolutionary game model between two parties
Combined with the above assumptions and related parameters, the income matrix of the three-party game players is constructed in this study as shown in Table 2.
TABLE 2 | Revenue matrix of strategic game.	Local government	Valley company	Central government
	Active supervision z	Negative supervision 1-z
	Actively implement x	take measures
y	E2-C4+(1-δ)C1, E1-C5+δC1, E4+αE2-C1-C2	E2-C4+(1-δ)C1, E1-C5+δC1, αE2-C1
	without measures
1-year	-C4+(1-δ)C1+(1-β)C6+(1-β)C8, -C6-C8, E4-C1-C2+βC6+βC8	-C4+(1-δ)C1+(1-β)C6+(1-β)C8, -C6-C8, -(1-δ)C1+βC6+βC8
	Passive implementation
1-x	take measures
y	E2-C3, E1-C5+δC1, E4+αE2-δC1-C2+C3	E2, E1-C5+δC1, αE2-δC1
	without measures
1-year	-C3, 0, E4-C2+C3-C7	0, 0, -C7


3.4 Evolutionary stability strategy analysis
3.4.1 Evolution and stability strategy of local government
Using E11 and E12 to represent the revenue function of local government’s choice of “active implementation” and “passive implementation” strategies, and  E1¯ to represent the average revenue, we can get:
The expected revenue function of local government’s choice of “active implementation” strategy is:
E11=y*z*E2−C4+1−δC1+y*1−z*E2−C4+1−δC1+1−y*z*−C4+1−δC1+1−βC6+1−βC8+1−y*1−z*−C4+1−δC1+1−βC6+1−βC8
The expected revenue function of local government’s choice of “passive implementation” strategy is:
E12=y*z*E2−C3+y*1−z*E2+1−y*z*−C3+1−y*1−z*0
The average expected return function of local governments is:
E1¯=xE11+1−xE12
The replication dynamic equation of local government can be obtained:
Fx=dxdt=xE11−E1¯=x1−xE11−E12
Fx=dxdt=x*1−x*C1−C4+C6−C6*β−C1*δ−C6*y+C3*z+C8*z+C6*β*y–C8*β*z−C8*y*z+C8*β*y*z
3.4.2 Evolution and stability strategy of river basin companies
Using E21 and E22 to represent the expected income of river basin companies when they choose to “take” and “not take”, and E2¯ to represent the average income, we can get:
The expected revenue function of river basin companies choosing “adopt” strategy is:
E21=x*z* E1−C5+δC1+x*1−z* E1−C5+δC1+1−x*z* E1−C5+δC1+1−x*1−z* E1−C5+δC1
The expected revenue function of river basin companies choosing “no-take” strategy is:
E22=x*z*−C6−C8+x*1−z*−C6−C8+1−x*z*0+1−x*1−z*0
The average expected return function of river basin companies is:
E2¯=yE21+1−yE22
The replication dynamic equation of river basin company can be obtained:
Fy=dydt=yE21−E2¯=y1−yE21−E22=y*1−y*E1−C5+C1*δ+C6*x+C8*x
3.4.3 Evolutionary stability strategy of the central government
Using E31 and E32 to represent the revenue function of the central government’s choice of “positive supervision” and “negative supervision”, and E3¯ to represent the average revenue, we can get:
The expected revenue function of the central government’s choice of “active supervision” strategy is:
E31=x*y*E4+αE2−C1−C2+x*1−y*E4−C1−C2+βC6+βC8+1−x*y*E4+αE2−δC1−C2+C3+1−x*1−y*E4−C2+C3−C7
The expected return function of the central government’s choice of “passive supervision” strategy is:
E32=x*y*αE2−C1+x*1−y*−1−δC1+βC6+βC8+1−x*y*αE2−δC1+1−x*1−y*−C7
The average expected return function of the central government is:
E3¯=zE11+1−zE12
The replication dynamic equation of the central government can be obtained:
Fz=dzdt=zE31−E3¯=z*z−1*C2−C3−C7−E4−C6*β+C3*x+C7*x+C7*y+C6*β*x+C6*β*y+C1*δ*x−C7*x*y−C6*β*x*y−C1*δ*x*y
3.5 Evolutionary equilibrium point analysis
According to Lyapunov’s first law: if all eigenvalues of Jacobian matrix have negative real parts, the equilibrium point is asymptotically stable; If the eigenvalue of Jacobian matrix has a positive real part, the equilibrium point is unstable. From F(x) = 0, F(y) = 0 and F(z) = 0, 13 system equilibrium points can be obtained. The Jacobian matrix of the three-way evolutionary game system is:
J=dFxdxdFxdydFxdzdFydxdFydydFydzdFzdxdFzdydFzdz=a11a12a13a21a22a23a31a32a33
Among them:
dFxdx=−x*C1−C4+C6−C6*β−C1*δ−C6*y+C3*zz+C8*+C6*β*y−C8*β*z−C8*y*z+C8*β*y*z−x−1*C1−C4+C6−C6*β−C1*δ−C6*y+C3*z+C8*z+C6*β*y−C8*β*z−C8*y*z+C8*β*y*z
dFxdy=x*x−1*C6−C6*β+C8*z−C8*β*z
dFxdz=−x*x−1*C3+C8−C8*β−C8*y+C8*β*y
dFydx=−y*y−1*C6+C8
dFydy=−y*E1−C5+C1*δ+C6*x+C8*x−y−1*E1−C5+C1*δ+C6*x+C8*x
dFydz=0
dFzdx=z*z−1*C3+C7+C6*β+C1*δ−C7*y−C6*β*y−C1*δ*y
dFzdy=−z*z−1*C7*x−C6*β−C7+C6*β*x+C1*δ*x
dFzdz=z−1*C2−C3−C7−E4−C6*β+C3*x+C7*x+C7*y+C6*β*x+C6*β*y+C1*δ*x−C7*x*y−C6*β*x*y−C1*δ*x*y+z*C2−C3−C7−E4−C6*β+C3*x+C7*x+C7*y+C6*β*x+C6*β*y+C1*δ*x−C7*x*y−C6*β*x*y−C1*δ*x*y
The stability of eight equilibrium points with asymptotic stability is analyzed, and the results are shown in Table 3:
TABLE 3 | Equilibrium points with asymptotic stability and their eigenvalues.	Equilibrium point	λ1	λ2	λ3
	A(0,0,0)	C1-C4+C6-C6*β-C1*δ	E1-C5+C1*δ	C3-C2+C7+E4+C6*β
	B(1,0,0)	C4-C1-C6+C6*β+C1*δ	C6-C5+C8+E1+C1*δ	E4-C2-C1*δ
	C(0,1,0)	C1-C4-C1*δ	C5-E1-C1*δ	C3-C2+E4
	D(0,0,1)	C1+C3-C4+C6+C8-C6*β-C8*β-C1*δ	E1-C5-C1*δ	C2-C3-C7-E4-C6*β
	E(1,1,0)	C4-C1+C1*δ	C5-C6-C8-E1-C1*δ	E4-C2
	F(1,0,1)	C4-C1-C3-C6-C8+C6*β+C8*β+C1*δ	C6-C5+C8+E1+C1*δ	C2-E4+C1*δ
	G(0,1,1)	C1+C3-C4-C1*δ	C5-E1-C1*δ	C2-C3-E4
	H(1,1,1)	C4-C3-C1+C1*δ	C5-C6-C8-E1-C1*δ	C2-E4


Bold values indicate the asymptotically stable equilibrium points obtained by the game model.
For point A (0,0,0), when (1-δ)C1 + (1-β)C6 < C4, E1 + δC1 < C5, E4 + βC6 + C3 + C7 < C2, the system is gradually stable at point A (0,0,0). At this time, the sum of the extra external bonded tax revenue and carbon tax revenue obtained by the local government when it actively implements is less than the cost it needs to pay for its active implementation; The sum of the benefits and policy subsidies obtained by river basin companies by taking emission reduction measures is less than the related costs invested by them when taking emission reduction measures; The sum of the potential income, tax revenue, related fine income and environmental protection cost saved by the central government when it actively supervises is less than the supervision cost it pays when it actively supervises; Therefore, local governments choose passive implementation, river basin companies choose not to take it, and the central government chooses passive supervision.
For point B (1,0,0), when C4 < (1-δ)C1 + (1-β)C6, E1 + δC1 + C6 + C8 < C5, E4 < C2 + δC1, the system is gradually stable at point B (1,0,0). At this time, the sum of the extra external bonded tax revenue and carbon tax revenue obtained by the local government when it actively implements is greater than the cost it needs to pay for its active implementation; The sum of the income, policy subsidies and taxes and fines saved by the river basin company when it takes emission reduction measures is less than the related costs when it takes emission reduction measures; The potential benefits of active supervision by the central government are less than the supervision costs paid by the central government and the policy subsidies saved by river basin companies when they do not reduce emissions; Therefore, river basin companies choose not to take it, and the central government chooses passive supervision. However, local governments choose to actively implement it because the total income they get from active implementation is greater.
For point C (0,1,0), when (1-δ)C1 < C4, C5 < E1 + δC1, E4 + C3 < C2, the system is gradually stable at point C (0,1,0). At this time, the local government’s subsidy from the central government is less than the related costs it needs to pay for its active implementation; The sum of the benefits and policy subsidies obtained by river basin companies by taking emission reduction measures is greater than the related costs invested by them when taking emission reduction measures; The sum of the potential benefits obtained by the central government when it actively supervises and the fine income obtained by the central government when the local government passively implements is less than the supervision cost paid by it when it actively supervises; Therefore, local governments choose passive implementation and the central government chooses passive supervision. However, because the total income obtained by the river basin company by taking emission reduction measures is greater, the river basin company chooses to take it.
For point D (0,0,1), when (1-δ)C1+(1-β)C6+(1-β)C8+C3<C4, E1-δC1<C5, C2< E4+C3+βC6+C7, the system is gradually stable at point D (0,0,1). At this time, the sum of the extra external bond, carbon tax revenue, policy subsidies, fines saved and extra external bond and carbon tax revenue obtained by local governments when they actively implement is less than the cost they need to pay for their active implementation; The net income obtained by river basin companies by taking emission reduction measures is less than the related costs they invested when taking emission reduction measures; The sum of the potential income, tax revenue, related fine income and environmental protection cost saved by the central government when it actively supervises is greater than the supervision cost it pays when it actively supervises; Therefore, local governments choose passive implementation, and river basin companies choose not to take it. However, because the central government’s total income from active supervision is greater, the central government chooses active supervision.
For point E (1,1,0), when C4<(1-δ)C1, C5<E1+δC1+C6+C8, E4<C2, the system is gradually stable at point E (1,1,0). At this time, the local government’s subsidy from the central government is greater than the related costs it needs to pay for its active implementation; The sum of the benefits, policy subsidies and taxes and fines saved by the river basin companies when they take emission reduction measures is greater than the related costs when they take emission reduction measures; The potential benefits of the central government’s active supervision are less than the supervision costs it pays; Therefore, the central government chooses passive supervision. However, because the total income obtained by the river basin companies taking emission reduction measures and the local governments actively implementing them is greater, the river basin companies choose to take them and the local governments choose to actively implement them.
For point F (1,0,1), when C4<(1-δ)C1+(1-β)C6+(1-β)C8+C3, E1+δC1+C6+C8<C5, C2+δC1<E4, the system is gradually stable at point F (1,0,1). At this time, the sum of the extra external bond, carbon tax revenue, policy subsidies, fines saved and extra external bond and carbon tax revenue obtained by local governments when they actively implement is greater than the cost they need to pay for their active implementation; The sum of the income, policy subsidies and taxes and fines saved by the river basin company when it takes emission reduction measures is less than the related costs when it takes emission reduction measures; The potential benefits of active supervision by the central government are greater than the supervision costs paid by the central government and the policy subsidies saved by river basin companies when they do not reduce emissions; Therefore, the basin company chose not to take it. However, because the local government actively implemented and the central government actively supervised, the total income was greater, so the local government chose to actively implement and the central government chose to actively supervise.
For point G (0,1,1), when (1-δ)C1+C3<C4, C5<E1+δC1, C2<E4+C3, the system is gradually stable at point G (0,1,1). At this time, the sum of policy subsidies and fines saved by local governments when they actively implement them is less than the cost they need to pay for their active implementation; The sum of the benefits and policy subsidies obtained by river basin companies by taking emission reduction measures is greater than the related costs invested by them when taking emission reduction measures; When the central government actively supervises, the sum of the potential income obtained by the central government when the local government passively implements it is greater than the supervision cost paid by the central government when it actively supervises. Therefore, local governments choose to implement it passively, but because the total benefits obtained by the basin companies adopting emission reduction measures and the central government actively supervising it are greater, the basin companies choose to adopt them and the central government chooses to actively supervise them.
For point H (1,1,1), when C4<(1-δ)C1+C3, C5<E1+δC1+C6+C8, C2<E4, the system is gradually stable at point H (1,1,1). At this time, the sum of policy subsidies and fines saved by local governments when they actively implement them is greater than the cost they need to pay for their active implementation; The sum of the benefits, policy subsidies and taxes and fines saved by the river basin companies when they take emission reduction measures is greater than the related costs when they take emission reduction measures; The potential benefits of the central government’s active supervision are greater than the supervision costs it pays. Therefore, local governments choose to actively implement, river basin companies choose to adopt, and the central government chooses to actively supervise. The three parties tend to be in a stable state of cooperation.
3.6 Evolution simulation analysis
3.6.1 Trilateral evolutionary game simulation
Considering the practical significance of each evolutionary stability strategy and the specific governance situation of Yongding River Basin, A to G all indicated that the three parties did not form effective cooperative governance behavior, only at point H (1,1,1), the central government actively supervised whether the local government actively implemented pollution reduction and carbon reduction policies and whether the basin companies took emission reduction measures, implemented financial subsidies and tax penalties, while the local government and the basin companies responded to the call to participate in carbon emission governance, and finally the three parties made efforts to achieve a stable state and achieve Nash equilibrium. Therefore, this paper only selects the evolution game situation of H (1,1,1) and uses Matlab software to simulate the strategy evolution trajectory of the participants.
If the equilibrium point H (1,1,1) is the evolutionary stability strategy of the system, it should satisfy C4 < (1-δ)C1 + C3, C5 < E1 + δC1 + C6 + C8 and C2 < E4,Based on the above conditions, let E1 = 13, E4 = 11, C1 = 12, C2 = 8, C3 = 9, C4 = 10, C5 = 7, C6 = 5, C7 = 6, C8 = 7, δ = 0.7, β = 0.5. Therefore, the evolutionary game simulation results of the system are shown in Figure 1, assuming that the probability of local governments choosing active implementation is x = 0.5, the probability of river basin companies taking emission reduction measures is y = 0.5, and the probability of central government choosing active supervision is z = 0.5. Therefore, the evolutionary game simulation results of the system are shown in Figure 2.
[image: Three-dimensional line graph with multiple colorful lines curving downward, representing various data sets. The axes are labeled as X, Y, and Z, with values ranging from zero to one.]FIGURE 1 | A (0,1,1) evolutionary game simulation (1).[image: Line graph showing probabilities over time for variables X, Y, and Z. X and Z quickly reach a high probability, while Y rises more gradually before leveling off. Time is on the x-axis, probability on the y-axis.]FIGURE 2 | A (0,1,1) evolutionary game simulation (2).In order to verify the influence of subsidies given by the central government to local governments for implementing pollution reduction and carbon reduction policies on the game system, C1 is increased from 4 to 20 at intervals of 4, and other parameters are assigned as follows: let E1 = 13, E4 = 11, C2 = 8, C3 = 9, C4 = 10, C5 = 7, C6 = 5, C7 = 6, C8 = 7, δ = 0.7, β = 0.5. As can be seen from Figure 3, the critical value of central government subsidies to encourage local governments to actively implement pollution reduction and carbon reduction policies is between 12 and 16, and when the value is between 16 and 20, H (1,1,1) is ESS; When the value is 4–12, G (0,1,1) is ESS. Financial subsidies can be regarded as an incentive to encourage local governments to take specific actions through economic means. The higher the subsidies provided by the central government, the higher the enthusiasm of local governments to implement pollution reduction and carbon reduction policies, because such subsidies can reduce the economic burden of local governments in the process of policy implementation and increase their economic benefits in implementing related policies. In addition, high subsidies can provide more resources for local governments to support the research and implementation of pollution reduction and carbon reduction projects. This includes not only technological innovation, but also the transformation and optimization of existing infrastructure, as well as public education and awareness-raising activities. Therefore, the central government’s financial subsidies play a vital role in promoting local governments to actively participate in the implementation of pollution reduction and carbon reduction policies. To sum up, the increase of financial subsidies from the central government not only reduces the economic pressure of local governments, but also provides necessary resources and incentives to ensure that local governments can effectively implement pollution reduction and carbon reduction policies, thus pushing the whole society towards the goal of sustainable development. Therefore, the higher the subsidies given by the central government to local governments for implementing pollution reduction and carbon reduction policies, the more favorable it is for local governments to actively implement pollution reduction and carbon reduction policies.
[image: 3D line graph displaying multiple datasets with lines diverging from a common point and curving downward. Each line represents a different \(C_{1}\) value, ranging from 4 to 20, indicated by different colors. The axes are labeled x, y, and z.]FIGURE 3 | The influence of changes in subsidies given by the central government to local governments.In order to verify the influence of fines collected from local governments for negative implementation of pollution reduction and carbon reduction policies during active supervision by the central government on the game system, C3 is increased from 3 to 15 at intervals of 3, and other parameters are assigned as follows: let E1 = 13, E4 = 11, C1 = 12, C2 = 8, C4 = 10, C5 = 7, C6 = 5, C7 = 6, C8 = 7, δ = 0.7, β = 0.5. As can be seen from Figure 4, the critical value of central government subsidies to encourage local governments to actively implement pollution reduction and carbon reduction policies is between 6 and 9, and when the value is between 9 and 15, H (1,1,1) is ESS When the value is 3–6, G (0,1,1) is ESS. According to the negative incentive theory in economics, when local governments passively implement pollution reduction and carbon reduction policies, the fine imposed by the central government can be regarded as an economic punishment, aiming at curbing this behavior by increasing the cost of negative behavior. Therefore, the greater the amount of fines, the higher the economic costs borne by local governments. This economic pressure will prompt local governments to reconsider their policy stance and turn to actively implement pollution reduction and carbon reduction policies. In addition, the fine mechanism can also play a demonstration role and warn other local governments that may implement policies negatively, thus promoting the effective implementation of policies in a wider scope. At the same time, the fine income can be reinvested in environmental protection projects by the central government, forming a positive cycle, which not only punishes negative behavior, but also provides financial support for environmental improvement. Therefore, the more fines that local governments need to pay for passive implementation, the more favorable it is for local governments to choose to actively implement pollution reduction and carbon reduction policies.
[image: A 3D scatter plot showing data points grouped into five categories, labeled C3x, C3x6, C3x8, C3x12, and C3x45. Each category is represented by different colored symbols. The axes are labeled as v, y, and t.]FIGURE 4 | Influence of changes in fines payable by local governments when they are passively implemented.In order to verify the influence of the proportion of central subsidies paid by local governments to river basin companies on the game system, δ is increased from 0.1 to 0.9 at intervals of 0.2, and other parameters are assigned as follows: let E1 = 13, E4 = 11, C1 = 12, C2 = 8, C3 = 9, C4 = 10, C5 = 7, C6 = 5, C7 = 6, C8 = 7, β = 0.5. As can be seen from Figure 5, the critical value of the central subsidy payment ratio to encourage local governments to actively implement pollution reduction and carbon reduction policies is between 0.5 and 0.7, and when the value is between 0.1 and 0.5, H (1,1,1) is ESS When the value is 0.7–0.9, G (0,1,1) is ESS. When the central government provides financial subsidies to local governments to support pollution reduction and carbon reduction policies, the proportion of subsidies has an important impact on the behavior of local governments. If the proportion of central subsidies is low, local governments will reserve more funds for other local needs, which may lead to insufficient investment in pollution reduction and carbon reduction measures. However, when the subsidy ratio increases, local governments will get more funds to support emission reduction measures, which will not only enhance their financial capacity, but also enhance their motivation to implement these policies. In addition, the increase of subsidy ratio can also promote the cooperation between local governments and river basin companies, because local governments can provide more economic support to encourage river basin companies to take effective emission reduction measures. This kind of economic incentive can help basin companies to cover the R&D and implementation costs of emission reduction technologies, thus lowering the threshold of their emission reduction actions. Therefore, the higher the proportion of central subsidies, the more favorable it is for local governments to actively implement pollution reduction and carbon reduction policies.
[image: Three-dimensional scatter plot displaying points in various colors corresponding to different delta values, such as delta equals zero point three, zero point four, and so on. The axes are labeled x, y, and z, with a legend indicating delta values using distinct colors and shapes.]FIGURE 5 | The influence of the change in the proportion of central subsidies paid by local governments to river basin companies.In order to verify the impact of the relevant costs that local governments need to pay when actively implementing pollution reduction and carbon reduction policies on the game system, C4 is increased from 2 to 18 at intervals of 4, and other parameters are assigned as follows: E1 = 13, E4 = 11, C1 = 12, C2 = 8, C3 = 9, C5 = 7, C6 = 5, C7 = 6, C8 = 7, δ = 0.7, β = 0.5. As can be seen from Figure 6, the critical value of input cost for encouraging local governments to actively implement pollution reduction and carbon reduction policies is between 6 and 10, and when the value is between 2 and 6, H (1,1,1) is ESS; When the value is 10–18, G (0,1,1) is ESS. If the relevant costs borne by local governments in implementing pollution reduction and carbon reduction policies are too high, the economic pressure they face may inhibit them from taking positive actions. This is because local governments will consider that the increase in costs may have a negative impact on their financial health and political stability when making decisions. However, if the central government can reduce the cost burden of local governments through fiscal transfer payments, tax incentives or other economic means, the enthusiasm of local governments to implement pollution reduction and carbon reduction policies will be enhanced. Reducing costs not only reduces the economic pressure of local governments, but also increases their marginal income from implementing environmental policies. In addition, low-cost implementation may also bring other benefits, such as raising public awareness of environmental issues, enhancing the environmental governance capacity of local governments, and promoting sustainable development. Therefore, the lower the relevant costs for local governments to actively implement pollution reduction and carbon reduction policies, the more favorable it is for local governments to actively implement pollution reduction and carbon reduction policies.
[image: A 3D scatter plot shows data points grouped in distinct colors with a key indicating symbols for different 'C' values ranging from two to eighteen. Axes are labeled x, y, and z, with values ranging from zero to one. The plot has a butterfly-like pattern with two symmetrical wings.]FIGURE 6 | Influence of input cost changes when local governments actively implement it.4 RESEARCH CONCLUSION
In this paper, a tripartite game model involving the central government, local governments and river basin companies is built on the background of Yongding River basin management, and the numerical simulation analysis is carried out accordingly, and the decision evolution path, influencing factors and decision stability changes of the central government, local governments and river basin companies are studied. The results show that:
	(1) The financial subsidies provided by the central government have a significant impact on the enthusiasm of local governments to implement pollution reduction and carbon reduction policies. The increase of subsidies can reduce the economic burden of local governments, provide necessary resources and incentives, and thus promote local governments to actively participate in environmental governance.
	(2) As a negative incentive measure, the fine mechanism can effectively restrain the tendency of local governments to passively implement pollution reduction and carbon reduction policies by increasing the cost of negative behavior. The reinvestment of fine income can form a positive cycle and promote the development of environmental protection projects.
	(3) Increasing the proportion of central subsidies paid by local governments to river basin companies will help local governments to cooperate with river basin companies, support effective emission reduction measures, and lower the implementation threshold of emission reduction technologies.
	(4) The cost borne by local governments in implementing pollution reduction and carbon reduction policies has a direct impact on their enthusiasm. The central government can reduce the cost burden of local governments through economic means, which can enhance the motivation of local governments to implement environmental policies.

Watershed is the most basic and obvious feature of rivers and lakes, and its governance should follow the overall concept [22]. Therefore, the governance of Yongding River Basin is a systematic project, and its successful implementation depends on many interrelated strategies and measures. This project not only includes the saving and allocation of water resources, river regulation and restoration, water conservation and ecological construction, water environment management and protection, and the construction of water resources monitoring system, but also involves the comprehensive management and collaborative management of river basins. These measures together ensure that the demand for ecological water is met, the ecological environment of rivers is improved, and the water quality is improved. At the same time, the water conservation capacity is enhanced and the ecological security barrier in mountainous areas is constructed. The establishment of digital, informational and intelligent watershed monitoring platform has realized the online monitoring of pollution sources and emissions, and the improvement of watershed collaborative governance mechanism has promoted the reform of water rights and forest rights system. The central government plays a vital role in this project, and its financial strategy plays a core role in encouraging the enthusiasm of local governments and river basin companies. First of all, the central government can promote local governments to take more active measures to reduce pollution and carbon by increasing financial subsidies to local governments, especially in the two key areas of technological innovation and infrastructure transformation. This kind of financial support can not only help local governments to cover the research and development costs of new technologies, but also accelerate the upgrading of old facilities, thus improving the overall efficiency of environmental governance. Secondly, perfecting the fine mechanism is another key link to ensure the implementation of the policy. The amount of fines should be set high enough to ensure that negative behaviors such as illegal discharge can be effectively suppressed. At the same time, earmarking the fine income for environmental protection projects can form a positive incentive to encourage river basin companies and local governments to abide by environmental protection laws and regulations and invest in environmentally friendly projects. In addition, the central government should reasonably adjust the proportion of subsidy payment according to the actual needs of local governments and river basin companies. This measure will ensure the necessary financial support for pollution reduction and carbon reduction policies, so that these policies can be effectively implemented at the local level. Finally, the central government can reduce the direct cost of local governments to implement pollution reduction and carbon reduction policies through measures such as fiscal transfer payments and tax incentives. This can not only improve the marginal benefits of policies, but also increase the enthusiasm of the public to participate in environmental protection, thus forming a good atmosphere for reducing pollution and carbon at the social level. To sum up, the central government’s fiscal strategy should comprehensively consider incentives and constraints, support and guidance, as well as costs and benefits, and form a coordinated and mutually promoting policy system. Such a policy system can not only promote the actions of local governments and river basin companies to reduce pollution and carbon, but also provide solid financial guarantee and policy support for achieving the goals of green development and sustainable development.
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Game participant

Variable
code

Variable description

Medical Insurance Regulatory Agency | C; Cost incurred by the regulatory department in supervising pharmaceutical companies and third-party auditing
organizations
L Losses to the health insurance fund due to pharmaceutical companies not complying with regulations
L, Losses to the health insurance fund due to misconduct by third-party auditing organizations
Ny Recovered amount from pharmaceutical companies: The amount of funds successfully recuperated by the
government from non-compliant pharmaceutical companies
Ny Recovered amount from third-party auditing organizations: The amount of funds successfully recuperated by
the government from non-compliant third-party auditing organizations
Fy Fines imposed on pharmaceutical companies: Penalties levied on non-compliant pharmaceutical companies
Pharmaceutical Companies w, Normal income under compliance: Normal business revenue of pharmaceutical companies when compliant
W, Income under non-compliance: Revenue of pharmaceutical companies when in violation of regulations
C Sales cost: Cost of sales for pharmaceutical companies
R Health insurance compensation under compliance: Compensation received by pharmaceutical companies
under rule compliance
R Health insurance benefits under non-compliance: Benefits gained by pharmaceutical companies from
non-compliant collaborations with third parties
G Speculative cost: Cost incurred by pharmaceutical companies in pursuing higher returns through high-risk,
non-compliant strategies
Third-Party Auditing Organizations E; Cost of routine inspections carried out by third-party auditing organizations on pharmaceutical enterprises
St Financial subsidies/awards provided by the health insurance department to third-party auditing organizations
Fs Fines imposed by the Medical Insurance Regulatory Agency on third-party auditing organizations for violations
E; Losses/risks faced by third-party auditing organizations due to non-compliant operations
w; Normal earnings of third-party auditing organizations
M Additional earnings obtained by third-party auditing organizations from bribes received from pharmaceutical

companies
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compliance Wi+ M—E—F+C Wi +M—E+C;
with Health =Ci—Li—L+N+No+F+F -G -L-L
Insurance
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Impact on

pharmaceutical
companies

Impact on third-party
auditing organizations

Impact on medical
insurance regulatory
agency

Regulatory costs (C;)

Low regulatory costs may prompt
pharmaceutical companies to
adopt high-risk strategies.

Reduced regulatory costs could ease the
auditing burden.

Increased regulatory costs may lead to a
shift toward more flexible and efficient
supervision strategies.

Recovery of violation amounts (N1, Nz)

High recovery amounts enhance
compliance.

When violation amounts are high,
reduce bribery and promote
compliance.

High recovery amounts indicate strong
punitive measures by regulatory bodies,
promoting industry compliance.

Penalties (Fj,)

Increased penalties encourage
compliance with industry
regulations.

The risk of accepting bribes is related to
penalties; high penalties promote
compliance.

Strengthening penalties enhances
regulatory effectiveness and ensures
enforcement of regulations.

Health insurance compensation (Ry, R,)

High compensation under
compliance encourages
compliance; high illicit gains
increase the risk of violations.

Higher compensation levels for
pharmaceutical companies can reduce
the auditing workload by promoting
rule compliance.

Higher compensation levels may require
stronger regulatory measures.

Financial subsidies/rewards (St)

Financial incentives can encourage
companies to adopt more
compliant business strategies.

Financial incentives promote more
rigorous and detailed auditing.

Appropriate financial incentives can
improve auditing quality and efficiency,
while controlling costs.

Bribery benefits (M)

Accepting bribes may increase
short-term profits but raises
long-term legal and reputational
risks, affecting sustainability.

Balancing the short-term benefits and
long-term risks of accepting bribes.

Strengthening oversight of auditing
organizations to ensure independence
and credibility.
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E, ‘The basic benefits when the Internet of vehicles platform adopts
the no supervision strategy

E “The basic income when the manufacturing enterprise adopts the
not-sharing strategy

Ey Basic earnings when a sales firm adopts a not-sharing strategy
A ‘The adequacy of data shared by oV data sharing platform

A ‘The adequacy of data shared by manufacturing enterprises

A Adequacy of data shared by sales businesses

B, “The ability of the sharing platform to understand the use of data,

that s, the greater the ability to use the data, the greater the
additional revenue. 0 < B, < 1

B, ‘The ability of manufacturing enterprises to understand the use of
data, the stronger its ability Lo use data, the greater the additional
benefits. 0< B, < 1

By “The ability of sales enterprises to understand and use data, the
stronger its ability to use data, the greater the additional benefits.
0<By<1

K “The cost of sharing data with IoV data sharing platform

K “The cost required when the oV data sharing platform adopts a
supervisory strategy

K “The cost required for manufacturing companies to share data

K, ‘The cost required for sales businesses to share data

a Afier an enterprise adopts data sharing, the probability of data

leakage risk ranges from [0,1]

B Cooperation coefficient, that is, when all entities adopt data
sharing, the total income of the supply chain is greater than the
sum of the income of each entity > 1

y ‘Compensation coefficient
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