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Introduction: Facility agriculture, as an important part of modern agriculture, is transforming from a traditional model to a digital and intelligent model.

Methods: In order to accelerate the development of facility agriculture, this paper constructs a three-party evolutionary game model of facility agriculture operating entities, government and consumers based on evolutionary game theory, and simulates and analyzes the influencing factors of the digital transformation of facility agriculture.

Results: The results show that there is an optimal threshold for government subsidies. Exceeding this threshold will bring a heavy burden to the government's finances, and the subsidy policy is difficult to sustain; government propaganda plays a significant role in promoting facility agriculture operating entities to choose facility agriculture digitalization, but excessive propaganda will also increase the fiscal burden and reduce the enthusiasm of government propaganda; the higher the digital literacy of facility agriculture operating entities, the more inclined they are to digital transformation; in the absence of government subsidies, facility agriculture operating entities need to have higher digital literacy to cope with the risks and challenges in the transformation process.

Discussion: This study provides theoretical guidance for facility agriculture operating entities to make scientific decisions and provides policy references for the government to develop facility agriculture.
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1 Introduction

Facility agriculture is supported by science and technology and market-oriented. It represents the development direction of modern agriculture, and its development level is one of the important indicators of the level of agricultural modernization (Zhi-xin and Yun-hua, 2020). As an important part of modern agriculture, facility agriculture has become a key force in promoting agricultural modernization and sustainable development with its high efficiency, intensiveness and controllability. It plays an important role in farmers' income, agricultural productivity and upgrading of agricultural industrial structure. Compared with traditional agriculture, facility agriculture overcomes the problems of traditional agriculture's dependence on weather and poor resistance to natural disasters. However, traditional facility agriculture requires a lot of capital and equipment (Huimin et al., 2020), including land leasing, greenhouse construction, equipment purchase, technology introduction, etc. (Jian, 2024), and daily maintenance and management also require a lot of labor. It has gradually become difficult to adapt to the needs of modern society for environmental protection and smart agriculture. It is necessary to rely on modern technology to provide a more suitable environment for agricultural production and realize the standardization and precision of Camanzi et al. (2020). Digital transformation has become an inevitable trend in the development of facility agriculture (Shuzhong et al., 2022).

In recent years, the Chinese government has attached great importance to the development of facility agriculture. The report of the 20th National Congress of the Communist Party of China clearly proposed to establish a big food concept, develop facility agriculture, and build a diversified food supply system. The Central Document No. 1 also mentioned the need to develop facility agriculture many times. In June 2023, the Ministry of Agriculture and Rural Affairs, the National Development and Reform Commission, the Ministry of Finance and the Ministry of Natural Resources jointly issued the “National Modern Facility Agriculture Construction Plan (2023-2030).” The plan proposed to optimize the layout of modern facility agriculture, appropriately expand the scale, and upgrade and transform old facilities. This is also China's first modern facility agriculture construction plan. Among them, the digital transformation of facility agriculture is an important aspect of the development of facility agriculture. The “National Modern Facility Agriculture Construction Plan (2023-2030)” emphasizes the comprehensive improvement of agricultural digital greenhouse construction, and through the application of digital technology to carry out all-round and in-depth transformation, realize the intelligentization, informatization, and precision of agricultural production, improve agricultural production efficiency, reduce production costs, optimize resource allocation, improve the quality of agricultural products, and meet consumers' demand for high-quality agricultural products (Wei-ping et al., 2024). At the same time, the Chinese government encourages and guides various entities to participate in the construction of modern facility agriculture, provides moderate subsidies for facility agriculture procurement, and many financial institutions also provide financial support for the development of facility agriculture.

China's facility agriculture has developed rapidly (Li et al., 2024), the scale has continued to expand, and the technical level of facility agriculture has significantly improved (Chen et al., 2024). In 2021, the country's facility planting area will reach about 40 million acres, of which 80% of the facility vegetable area ranks first in the world. As of 2023, more than 70% of China's facility agriculture is operated by small farmers (Yi and Jinjiang, 2024), the mechanization rate of facility planting exceeds 42%, the water efficiency of high-efficiency facility planting is more than 50% higher than that of field, and the use of pesticides and fertilizers is relatively reduced by 30% and above 20%.1 However, there is still a large gap compared with Western developed countries. Among them, the Netherlands and Israel have relatively developed facility agriculture (Shirong et al., 2012). The Netherlands mainly uses glass greenhouses, and its facility agriculture widely uses advanced glass greenhouses, plant factories, etc. In addition, the Netherlands has also explored vertical agriculture to efficiently utilize land, pesticides and water resources. However, due to carbon footprint issues, environmental issues. The conservation perspective has not been further promoted (Blom et al., 2022; Chappin et al., 2024). Israel, known as the “Kitchen of Europe,” has developed desert greenhouses suitable for desert areas, built an oasis in the desert, and produced high-quality flowers to meet domestic demand and export them abroad (Liu, 2015). Developed countries have achieved large-scale and intensive development of facility agriculture by introducing policy support and integrating relevant resources (Lubberhuizen, 2024). They have carried out various innovative activities, prioritized scientific and technological progress in important positions, and promoted smart agriculture using the Internet of Things (Yamashita et al., 2024), promoting the development and commercialization of agricultural technologies (Lassoued et al., 2023).

Digital transformation is an important way to achieve high-quality development of facility agriculture (Saleem et al., 2021). Although China's facility agriculture area currently ranks first in the world, modern facility agriculture still has problems such as insufficient resource utilization, low marketization, scattered factors, low integration (Peng-bo et al., 2024; Xudong et al., 2020). Through digital transformation , modern information technology can be deeply applied to monitor and accurately control relevant parameters in the facility, such as temperature, humidity, and carbon dioxide concentration, to achieve scientific management, and the trend of “technical integration” is obvious (Zhen and Xueyu, 2015). In addition, facility agriculture operating entities can use big data to explore the potential value of agricultural production data (Junhu et al., 2020), provide a more scientific basis for planting, predict crop growth cycles and market demand, and timely adjust planting structures and sales strategies to reduce operating risks. In addition, digital transformation has also promoted the integration of facility agriculture with other industries. Facility agriculture operating entities continue to build new paths for collaborative innovation (Jiabin et al., 2021), especially in combination with tourism and e-commerce, which has promoted the integration of rural industries and promoted the diversification and overall prosperity of the rural economy (Xue et al., 2023). Through the joint efforts and support of all sectors of society, digital transformation will lead facility agriculture to develop in a higher quality and more sustainable direction, and contribute to the realization of agricultural modernization (Lee et al., 2023; Wei-jiang and Bing-qi, 2024).

In reality, facility agriculture is an integrated system composed of multiple factors such as technology, capital, land, and management. Realizing the digital transformation of facility agriculture is a complex project, covering multiple links of production, transportation and sales, involving multiple subjects such as enterprises, facility agriculture operating entities, and governments. Therefore, this paper uses evolutionary game theory, takes the digitalization of facility agriculture as the main line, selects facility agriculture operating entities, governments, and consumers as representative participants, and expounds on the issue of facility agriculture digitalization, providing theoretical reference for the development of facility agriculture under the background of digitalization. Compared with existing studies, the marginal contribution of this paper is: on the one hand, using evolutionary game theory, the facility agriculture operating entities, governments, and consumers are included in the same system, the key influencing factors of facility agriculture digitalization are analyzed, and the practical significance behind facility agriculture digitalization is explored; on the other hand, based on the perspective of dynamic evolution, the key influencing factors are simulated and analyzed to improve the scientificity of the decision-making of facility agriculture operating entities in the future digital transformation of facility agriculture.

The rest of this paper is structured as follows: Section 2 introduces the theoretical basis of this paper, including model assumptions and the selection of key parameters. Section 3 constructs a three-party game model among the government, facility agriculture operating entities, and consumers, and analyzes the dynamic system stability of the model. Section 4 discusses the results of the simulation. Section 5 summarizes the main research conclusions of this paper and puts forward relevant policy recommendations based on them.



2 Theoretical analysis


2.1 Evolutionary game theory

Recent studies have enriched the application of evolutionary game theory in understanding how commitment, incentives, and enforcement mechanisms promote cooperation and agreement compliance. For example, Sasaki et al. (2015) studied peer punishment as an endogenous mechanism for sustaining cooperation in commitment games. More recently, Ogbo et al. (2022) extended this to multiplayer settings, emphasizing the role of prior commitments in coordination dynamics. Similarly, Barrett (2016) explored how international environmental cooperation can be sustained through voluntary vs. enforced mechanisms, shedding light on the interplay between policy enforcement and self-motivated compliance.

These contributions offer valuable insights into the role of contractual and incentive-based frameworks in promoting cooperation, and they provide theoretical underpinnings that are highly relevant to our model. Specifically, we draw on these works to design and interpret the strategic interactions between facility agriculture operators, the government, and consumers, where digital transformation is seen as a cooperative endeavor requiring multi-party alignment and credible policy support.

Recent advances in stochastic evolutionary game modeling have extended its application to a wide range of three-agent interaction scenarios, offering valuable reference points for our research. For instance, Encarnação et al. (2016) investigated the dynamic cooperation between the state, business, and civil society in environmental monitoring, highlighting how cross-sectoral collaboration emerges through paradigm shifts. Similarly, Alalawi and Zeng (2020) examined public-private interactions in healthcare provision, showing how government investment incentives and patient choices co-evolve. In the domain of safe technology regulation, recent studies such as “Both eyes open” and “Media and responsible AI governance” have illustrated the critical role of vigilant incentives and media oversight in shaping actor behavior in AI safety frameworks (Bova and Di Stefano, 2024; Balabanova et al., 2025). From an energy policy perspective, Liu et al. (2021) explored the strategic responses of private firms in public-private partnerships for green energy, emphasizing the role of institutional trust and government commitment.

These studies enrich our understanding of how multi-party evolutionary games operate in real-world governance settings. Drawing on these insights, our model of facility agriculture digitalization is positioned within a similar triadic structure—comprising government, business, and consumers—facing coordination challenges under policy, economic, and behavioral uncertainty.



2.2 Theoretical framework

Based on the interactive relationship between the three parties of facility agriculture operating entities, government and consumers, the following hypothesis is proposed:

Hypothesis 1: The game players are the government, the operator of facility agriculture and consumers. The government, the operator of facility agriculture and consumers are limited rational economic persons, and the three parties play games under incomplete information.

Hypothesis 2: The strategy set of the facility agriculture operator is (transformation, no transformation). Among them, the probability of the facility agriculture operator choosing transformation is x, and the probability of not transforming is 1–x. In the process of digital transformation of facility agriculture, the digital greenhouse will improve the output and quality of the facility agriculture operator's products and obtain additional benefits. The benefits SP are related (Zhongming et al., 2011). While increasing the benefits, it reduces the labor costs Ca1. However, the introduction of facilities requires a certain economic cost Ca2, including the maintenance cost of the digital greenhouse. In the process of digital transformation, the facility agriculture operator will receive help from the government and obtain financial subsidies from the government αCg2. In addition, when the digital literacy of the facility agriculture operator is high, choosing a digital greenhouse will reduce the perceived risk (Kahneman and Tversky, 2013) and increase the perceived benefits R2(including market share, social recognition, personal sense of accomplishment, etc.). The perceived benefits of not choosing digital transformation are R1.

Hypothesis 3: The government's strategy set is (support, not support). Among them, the probability that the government supports the digital transformation of facility agriculture operating entities is y, and the probability of not supporting is 1–y. For the sake of agricultural construction, the government encourages and supports facility agriculture operating entities to build agricultural digital greenhouses, publicizes and promotes digital transformation, incurs publicity costs Cg1, and requires manpower and time to supervise the publicity effect Cg4. When facility agriculture operating entities choose facility agriculture digital transformation, the government will also give appropriate financial subsidies, incurring subsidy costs Cg2. Facility agriculture operating entities can make up for the government's absence in the digital transformation process, promote agricultural digital transformation, enhance the government's political and social reputation, and the government can obtain social benefits Rg. On the contrary, if the government chooses not to support the strategy, it will need to bear the consequences of traditional facilities damaging the environment, pay for environmental pollution control costs Cg3, and lose reputation due to the decline in government credibility L (McConnell and Hart, 2019).

Hypothesis 4: The strategy set of consumers is (buy high-quality agricultural products, buy non-high-quality agricultural products). Among them, the probability of consumers buying high-quality agricultural products is z, and the probability of buying non-high-quality agricultural products is 1–z. Consumers actively purchase high-quality agricultural products from digital greenhouses and support the digital transformation of facility agriculture operating entities. They need to pay additional costs C, bring incremental benefits from actively purchasing high-quality agricultural products R3, and obtain government subsidies (1−α)Cg2. Consumers are satisfied with the quality of agricultural products and have a strong willingness to consume. They increase their trust in agricultural products and enable facility agriculture operating entities to obtain other benefits R5. If consumers have doubts about the quality of agricultural products in digital greenhouses, are unwilling to take risks, and have a weak willingness to purchase agricultural products in digital greenhouses, then the consumer's benefit is R4.

Based on the above assumptions, the game model payoff matrix is constructed as shown in Table 1, and the definitions and relationships of the variables are shown in Figure 1.

TABLE 1  Profit matrix of facility agriculture operating entities and the government.


	Stakeholders
	Strategies
	Consumers
	Facility agriculture operating entities





	
	
	
	Choose digital transformation
	Refuse digital transformation

 
	Government
	Support
	Buy high-quality agricultural products
	mSP+mR2+αCg2+R5−Ca2
	R1−Ca1


 
	
	
	
	mRg−Cg1−Cg2−Cg4
	−Cg1−Cg3


 
	
	
	
	mR4+(1−α)Cg2−mC
	0


 
	
	
	Buy not-high-quality agricultural products
	mSP+mR2+αCg2−Ca2
	R1−Ca1


 
	
	
	
	mRg−Cg1−Cg2−Cg4
	−Cg1−Cg3


 
	
	
	
	0
	R3


 
	
	Not support
	Buy high-quality agricultural products
	mSP+mR2+R5−Ca2
	R1−Ca1


 
	
	
	
	mRg−L
	−Cg3−L


 
	
	
	
	mR4−mC
	0


 
	
	
	Buy not-high-quality agricultural products
	mSP+mR2−Ca2
	R1−Ca1


 
	
	
	
	mRg−L
	−Cg3−L


 
	
	
	
	0
	R3







m represents the probability of successful digital transformation of facility agriculture operating entities by facility agriculture operating entities, α is the government subsidy allocation coefficient for facility agriculture operating entities, and 1−α is the government subsidy allocation coefficient for consumers.




[image: Flowchart illustrating decision points and impacts of digital transformation on agricultural operating entities. Decision options include choosing or refusing digital transformation, with influences such as digital income, subsidies, costs, and consumer purchasing behavior. Government roles in support, including supervision and publicity, are depicted, along with the environmental and reputational impacts. The chart ultimately shows consumer choices between high-quality and non-high-quality agricultural products, affected by incremental revenue, costs, and subsidies. Arrows indicate relationships and directions of influence between these elements.]
FIGURE 1
 Explanation of variables and their relationships.


The digital transformation of facility agriculture will bring a series of advantages such as improved production efficiency, increased product quantity, and improved product quality. It will help facility agriculture operators stand out in the fierce market competition, improve market competitiveness, gain more market share, and obtain more benefits. In addition, government subsidies have also alleviated the cost pressure of facility agriculture operating entities to a certain extent. When consumers make consumption decisions, they usually analyze the cost-benefit after consumption. When the expected incremental benefits are greater than the costs to be paid, consumers will consume. Therefore, this article assumes that the benefits generated by the digital transformation of facility agriculture operating entities are greater than the costs to be paid, and the incremental benefits of consumers R4are greater than the costs paid C.

Taking into account the influence, controllability, and importance of each parameter in the model on the equilibrium of the game model, this paper selects three parameters: government subsidies, government publicity, and digital literacy of facility agriculture operating entities for simulation analysis. First of all, government subsidies are of great significance to the digitalization of facility agriculture, and are one of the important means to promote agricultural modernization and promote rural revitalization (Qing et al., 2023). Through the implementation of government subsidy policies, the process of digitalization of facility agriculture can be accelerated, agricultural production efficiency and product quality can be improved, the income of facility agriculture operating entities can be increased, and the level of rural governance can be improved. Government subsidies play a vital role in the digital infrastructure of facility agriculture. Subsidy funds can be used to purchase advanced agricultural equipment, such as smart greenhouses, automated irrigation systems, etc. (Heyl et al., 2022).

Government publicity is an important part of promoting the participation of governments at all levels, enterprises and agricultural operators in the digital transformation of facility agriculture. It has increased the popularity of facility agriculture and strengthened its importance. By widely publicizing the achievements and advantages of digitalization of facility agriculture, it can increase the confidence and support of agricultural operators in facility agriculture, help to form a good agricultural atmosphere, make agricultural operators realize the importance of facility agriculture, provide a solid social foundation for the digitalization of facility agriculture, and promote the transformation of agricultural modernization (Jiangyi and Fan, 2022).

The digital literacy of facility agriculture operating entities has a multifaceted impact on the digitalization of facility agriculture. When operators have high digital literacy, they can accept and master new technologies faster and better, and realize functions such as precision planting and pest and disease warning in facility agriculture. Through the digitalization of facility agriculture, it can also help facility agriculture operating entities improve production efficiency and crop quality and reduce production costs. At present, most facility agriculture operating entities lack agricultural expertise, especially digital agriculture knowledge, and lack relevant skills training, resulting in low digital literacy and low ability to use digital technology (Yang et al., 2023).

In general, in the process of digital transformation of facility agriculture, the government, facility agriculture operating entities and consumers have different cooperation scenarios based on their respective interests. Therefore, the construction of the three-party game interaction relationship is shown in Figure 2 below. In addition, there is a cooperative relationship among the three of them, and a sustainable agricultural supply system has been constructed through synergistic cooperation: facility agriculture operating entities act as core producers, relying on modern digital technologies such as smart greenhouses and soilless cultivation to achieve high efficiency output. The government reduces the investment risk of facility agriculture operating entities and ensures product quality and safety by formulating subsidy policies and regulatory systems. Consumers will form a demand-side pull by purchasing green certified agricultural products, and their consumption data feedback will further guide production optimization. Through the closed-loop mechanism of “policy guidance—technology empowerment—market response,” the three parties jointly promote the digital transformation of facility agriculture, forming a win-win ecology for all three parties (Sasaki et al., 2015; Barrett, 2016; Ogbo et al., 2022).


[image: Flowchart showing the relationship between three entities: government, facility agriculture business entities, and consumers. Arrows indicate processes like digital transformation, policy support, and consumption subsidies. The government and agriculture entities influence each other and consumers, focusing on digital transformation, policy support, and meeting consumer demands.]
FIGURE 2
 The interactive relationship between the three parties.


To improve the interpretability of the model and clarify the function of each parameter, we categorize them based on the role of the three core actors (agricultural operating entities, government, and consumers) and their respective economic and policy-related dimensions (see Table 2). This classification helps to better understand the structure of incentives and constraints within the evolutionary game and facilitates targeted sensitivity analysis for key decision variables.

TABLE 2  Parameter grouping in the evolutionary game model.


	Actor
	Parameter
	Description
	Category





	Facility agriculture operator
	SP
	Digital income from high-quality agricultural product pricing
	Benefit-related


 
	
	Ca1
	Labor cost of digital transformation
	Cost-related


 
	
	Ca2
	Economic cost of digital transformation
	Cost-related


 
	
	R5
	Other revenue from operations
	Benefit-related


 
	
	Cb
	Digital subsidy received from government
	Policy incentive


 
	
	R2
	Incremental revenue from consumers' active purchases
	Market feedback

 
	Government
	Cg
	Government supervision cost
	Administrative cost


 
	
	Cp
	Government publicity cost
	Administrative cost


 
	
	Cs
	Environmental pollution management cost
	Externality management


 
	
	Cb
	Digital subsidy expenditure
	Fiscal expenditure


 
	
	β
	Government subsidy coefficient
	Policy parameter


 
	
	R6
	Social benefit generated by digital transformation
	External benefit


 
	
	L
	Government reputation loss when not supporting digitalization
	Reputational risk

 
	Consumers
	C2
	Additional cost of purchasing high-quality products
	Price sensitivity


 
	
	R3
	Incremental revenue from purchasing high-quality products
	Consumption utility


 
	
	R4
	Incremental revenue from non-high-quality agricultural products
	Consumption utility









3 Game model construction and analysis


3.1 Model solution

According to the profit matrix constructed by evolutionary game theory, the expected and average profits of facility agriculture operating entities, governments and consumers under different decisions are obtained as follows:

Assuming that the probability of facility agriculture operating entities choosing transformation is x, and the probability of not transforming is (1–x), the expected returns and average returns of facility agriculture operating entities adopting the “transformation” and “no transformation” strategies are E11, E12, and E1, respectively, and the expressions are as follows:

E11=yz(mSP+mR2+αCg2+R5−Ca2)+y(1−z)       (mSP+mR2+αCg2−Ca2)+(1−y)z(mSP+mR2             +R5−Ca2)+(1−y)(1−z)(mSP+mR2−Ca2)                        =mSP+mR2+yαCg2+zR5−Ca2      (1)

E12=yz(R1-Ca1)+y(1-z)(R1-Ca1)+(1-y)               z(R1-Ca1)+(1-y)(1-z)(R1-Ca1)                                          =R1-Ca1      (2)

E1=xE11+(1-x)E12      (3)

Therefore, the replication dynamic equation of the facility agriculture operator is obtained as follows:

f(x)=dxdt=x(1-x)               (mSP+mR2+yαCg2+zR5+Ca1-R1-Ca2).      (4)

Assuming that the probability that the government supports the digital transformation of facility agriculture is y, (1–y) represents the probability that the government does not support it, the expected benefits and average benefits when the government adopts the “support” and “non-support” strategies are E21, E22, and E2, respectively, and the expressions are as follows:

E21=xz(mRg-Cg1-Cg2-Cg4)+x(1-z)          (mRg-Cg1-Cg2-Cg4)          +(1-x)z(-Cg1-Cg3)+(1-x)(1-z)(-Cg1-Cg3)          =xmRg+xCg3-xCg2-xCg4-Cg1-Cg3      (5)

E22=xz(mRg-L)+x(1-z)(mRg-L)+(1-x)         z(-Cg3-L)+(1-x)(1-z)(-Cg3-L)        =xmRg+xCg3-Cg3-L      (6)

E2=yE21+(1-y)E22      (7)

Therefore, the government's replication dynamic equation is obtained as follows:

f(y)=dydt=y(1-y)(L-xCg2-xCg4-Cg1).      (8)

Assuming that the probability of consumers purchasing high-quality agricultural products is z, (1–z) represents the probability of consumers purchasing non-high-quality agricultural products, the expected benefits and average benefits of consumers adopting the strategies of “purchasing high-quality agricultural products” and “purchasing non-high-quality agricultural products” are E31, E32, and E3, respectively, and their expressions are as follows:

E31=xy[mR4+(1-α)Cg2-mC]+x(1-y)(mR4-mC)       =x[mR4+y(1-α)Cg2-mC]      (9)

E32=(1-x)yR3+(1-x)(1-y)R3=(1-x)R3      (10)

E3=zE31+(1-z)E32.      (11)

Therefore, the consumer's replication dynamic equation is:

f(z)=dzdt=z(1−z)[xmR4+xy(1−α)Cg2−xmC−                (1−x)R3]      (12)
 

3.2 Dynamic system stability analysis

The replication dynamic equation describes the dynamics of the evolutionary system of facility agriculture operating entities, governments and consumers. In order to obtain the local stationary points of the two parties in the dynamic system and the evolutionary stable strategy point (ESS) of the system, Equations 4, 8, 12 are set to 0 (as shown in Equation 13), indicating that the strategies of the three parties in the game no longer change with time. At this time, the choice of each participant is the optimal strategy.

{f(x)=dxdt=x(1−x)(mSP+mR2+yαCg2+zR5+Ca1−R1−Ca2)=0f(y)=dydt=y(1−y)(L−xCg2−xCg4−Cg1)=0f(z)=dzdt=z(1−z)[xmR4+xy(1−α)Cg2−xmC−(1−x)R3]=0      (13)

According to Equation 13, the entire evolving dynamic system has nine local stationary points, namely (0,0,0), (0,0,1), (0,1,0), (0,1,1), (1,0,0), (1,0,1), (1,1,0), (1,1,1), (x0, y0, z0). Among them, x0 = L − Cg1/Cg2 + Cg4, y0 = (L − Cg1)(mC − R3 − mR4) +  R3(Cg2 + Cg4)/Cg2(1 − α)(L − Cg1), z0 = (1 − α) (L − Cg1) (R1 + Ca2 − mSP − mR2 − Ca1) − α(L − Cg1)(mC − R3 − mR4) − αR3(Cg2 + Cg4)/ R5(1 − α)(L − Cg1 ).

An evolutionary stability strategy must satisfy a pure strategy Nash Equilibrium, while other forms of Nash equilibrium are unlikely to be stable strategies in the system (Selten and Selten, 1988; Hofbauer and Sigmund, 1998; Ohtsuki and Nowak, 2008; Han et al., 2012). (x0, y0, z0) represents a mixed strategy Nash equilibrium, which is unlikely to be a system stable point, so it will not be discussed in this article. According to the Lyapunov system stability theory, the eigenvalues of the Jacobian matrix can be used as a basis for judging the evolutionary stability of the other four local stationary points. At a certain point, if the eigenvalues of J are all < 0, then the stationary point has asymptotic stability and is an evolutionary stable point; if the eigenvalues of J are all >0, then it is an unstable point; if one or two of the eigenvalues of J are >0, then it is a saddle point.

Based on the above analysis, the Jacobian matrix is constructed:

J=[df(x)dxdf(x)dydf(x)dzdf(y)dxdf(y)dydf(y)dzdf(z)dxdf(z)dydf(z)dz]   =[(1−2x)(mSP+mR2+yαCg2+zR5+Ca1−R1−Ca2−Ca1)y(1−y)(−Cg2−Cg4)(1−2z)[mR4+y(1−α)Cg2−mC+R3]                                                                         x(1−x)αCg2                                                (1−2y)(L−xCg2−xCg4−Cg1)                                                               z(1−z)x(1−α)Cg2                                                                                 x(1−x)R5                                                                                            0                  (1−2z)[xmR4+xy(1−α)Cg2−xmC−(1−x)R3]]      (14)

Substituting each local stationary point into the Jacobian matrix, its eigenvalues are shown in Table 3 below:

TABLE 3  Eigenvalues of local stationary points.


	Local stationary
	Eigenvalue





	(0,0,0)
	mSP + mR2 + Ca1−R1−Ca2, L−Cg1, −R3

 
	(0,0,1)
	mSP + mR2 + R5 + Ca1−R1−Ca2, L−Cg1, R3

 
	(0,1,0)
	mSP + mR2 + αCg2 + Ca1−R1−Ca2, Cg1−L, −R3

 
	(0,1,1)
	mSP + mR2 + αCg2 + R5 + Ca1−R1−Ca2, Cg1−L, R3

 
	(1,0,0)
	R1 + Ca2−mSP−mR2−Ca1, L−Cg2−Cg4−Cg1, mR4−mC

 
	(1,0,1)
	R1 + Ca2−mSP−mR2−R5−Ca1, L−Cg2−Cg4−Cg1, mC−mR4

 
	(1,1,0)
	R1 + Ca2−mSP−mR2−αCg2−Ca1, Cg2 + Cg4 + Cg1−L, mR4 + (1−α)Cg2−mC

 
	(1,1,1)
	R1 + Ca2−mSP−mR2−αCg2−R5−Ca1, Cg2 + Cg4 + Cg1−L, mC−mR4−(1−α)Cg2






In this paper, we analyze the stability of the evolutionary game system using replicator dynamics. It is important to distinguish between evolutionarily stable strategy (ESS) and stable fixed points of replicator dynamics. While every ESS corresponds to a stable fixed point under certain conditions, not all stable fixed points of the replicator dynamics are ESS (Weibull, 1997; Hofbauer and Sigmund, 1998). Specifically, ESS is a static concept introduced by Smith and Price (1973), which refers to a strategy that, if adopted by almost all members of a population, cannot be invaded by a small number of individuals using an alternative strategy. In contrast, stable fixed points of replicator dynamics are dynamically stable under the trajectory of population strategy adjustments over time, and are identified by analyzing the Jacobian matrix near equilibrium. In this study, we focus primarily on local stability of equilibrium points as derived from the replicator dynamic system. While these points represent stable behavioral tendencies, we clarify that this does not automatically imply they are evolutionarily stable strategies (ESS) in the strict sense unless further conditions are satisfied.

From the above analysis, we can see that under different parameter settings, the evolutionary game model constructed in this paper may have 4 ESSs: (0,0,0), (0,1,0), (1,0,1), and (1,1,1). The specific situations are as follows:

Case 1: SP1 + R2 + Ca1 < Ca2 + R1, and L < Cg1.

When the evolutionary system satisfies the above constraints, the system can achieve local stability. At this time, the parameters are assigned as follows: α = 0.7, Cg1 = 2, Cg2 = 3, Cg3 = 1, Cg4 = 1, Rg = 1, L = 1, S = 10, P = 0.012, Ca1 = 2, Ca2 = 4, R1 = 3.3, R2 = 2, R5 = 1, m = 0.7, R3 = 2, R4 = 3, C = 1.5, and the results are shown in Figure 3 below . The evolutionary stability strategy is that the main body of facility agriculture does not choose digital greenhouses, the government does not support the main body of facility agriculture to choose digital greenhouses, and consumers take a wait-and-see attitude toward the products of digital greenhouses. In other words, at this time, the main body of facility agriculture still follows the traditional agricultural production and management methods and adopts traditional greenhouses; the government does not intervene in the business behavior of the main body of facility agriculture in any form; consumers cannot buy high-quality agricultural products.


[image: Four graphs depict probabilistic changes over time. (a) Probability(x) vs. Time(t), showing a declining trend. (b) Probability(y) vs. Time(t), also showing a decline. (c) Probability(z) vs. Time(t), displaying a similar trend. (d) A 3D plot with axes labeled Government, Consumer, and Facilities agricultural business entity, showing curves converging and diverging.]
FIGURE 3
 Evolution simulation results of case 1. (a–c) represent the evolution simulation results of facilities agricultural business entity, government, and consumer under case 1, respectively. (d) represents the evolution of the system's stable state under case 1.


Case 2: mSP + mR2 + αCg2 + Ca1 < R1 + Ca2, and Cg1 < L.

When the evolutionary system satisfies the above constraints, the system can achieve local stability. At this time, the parameters are assigned as follows: α = 0.7, Cg1 = 2, Cg2 = 3, Cg3 = 1, Cg4 = 1, Rg = 1, L = 4, S = 10, P = 0.012, Ca1 = 2, Ca2 = 6, R1 = 1.3, R2 = 2, R5 = 1, m = 0.7, R3 = 2, R4 = 3, C = 1.5, and the results are shown in Figure 4 below . The evolutionary stability strategy is that the main body of facility agriculture does not choose digital greenhouses, the government supports the main body of facility agriculture to choose digital greenhouses, and consumers take a wait-and-see attitude toward the products of digital greenhouses. At this time, the government adopts a series of measures to encourage and support the main body of facility agriculture to carry out digital transformation of traditional greenhouses and gradually introduce digital greenhouses. At this time, the main body of facility agriculture may not choose to carry out digital transformation due to problems such as imbalanced cost and benefits, and consumers cannot choose to buy high-quality agricultural products.


[image: Four graphs display probability trends over time, labeled (a) through (d). Each graph features multiple colored lines. Graphs (a), (b), and (c) plot probability vs. time on a two-dimensional plane, focusing on different variables x, y, and z respectively. Graph (d) is a three-dimensional plot showing relationships among government, consumer, and facilities in the agricultural business entity.]
FIGURE 4
 Evolution simulation results of case 2. (a–c) represent the evolution simulation results of facilities agricultural business entity, government, and consumer under case 2, respectively. (d) represents the evolution of the system's stable state under case 2.


Case 3: R1 + Ca2 < mSP + mR2 + R5 + Ca1, andL < Cg2 + Cg4 + Cg1.

When the evolutionary system satisfies the above constraints, the system can achieve local stability. At this time, the parameters are assigned as follows: α = 0.7, Cg1 = 1, Cg2 = 3, Cg3 = 1, Cg4 = 1, Rg = 1, L = 4, S = 10, P = 0.012, Ca1 = 6, Ca2 = 4, R1 = 1.3, R2 = 2, R5 = 1, m = 0.7, R3 = 2, R4 = 3, C = 1.5, and the results are shown in Figure 5. The evolutionary stability strategy is that the facility agriculture entity chooses digital greenhouses, the government does not support the facility agriculture business entity to choose digital greenhouses, and consumers actively purchase products from digital greenhouses. At this time, the facility agriculture business entity realizes that it is necessary to digitally transform the traditional greenhouses and gradually introduce digital greenhouses. At this time, the government does not provide any support to the facility agriculture business entity due to its own cost issues. Consumers pursue high-quality life and choose to buy high-quality products from digital greenhouses to improve their quality of life.


[image: Four probability graphs labeled (a) to (d) display various probability trajectories over time. Graph (a) shows Probability(x), increasing over time. Graph (b) presents Probability(y), decreasing over time. Graph (c) illustrates Probability(z), with varying trajectories over time. Graph (d), a 3D plot, depicts interactions among Consumer, Government, and Facilities agricultural business entity, showing complex probability paths.]
FIGURE 5
 Evolution simulation results of case 3. (a–c) represent the evolution simulation results of facilities agricultural business entity, government, and consumer under case 3, respectively. (d) represents the evolution of the system's stable state under case 3.


Case 4: R1 + Ca2 < mSP + mR2 + αCg2 + R5 + Ca1, andCg2 + Cg4 + Cg1 < L.

When the evolutionary system satisfies the above constraints, the system can achieve local stability. At this time, the parameters are assigned as follows: α = 0.7, Cg1 = 2, Cg2 = 3, Cg3 = 1, Cg4 = 1, Rg = 1, L = 7, S = 10, P = 0.012, Ca1 = 4, Ca2 = 4, R1 = 1.3, R2 = 2, R5 = 1, m = 0.7, R3 = 2, R4 = 3, C = 1.5, and the results are shown in Figure 6 below . The evolutionary stability strategy is that the facility agriculture operator chooses digital greenhouses, the government supports the facility agriculture operator to choose digital greenhouses, and consumers actively purchase products from digital greenhouses. At this time, the government provides relevant support for the digital greenhouses of facility agriculture operating entities, provides relevant subsidies to reduce costs, and helps facility agriculture operating entities to transform traditional agricultural greenhouses more quickly and conveniently, enhance consumers' confidence in agricultural products, and increase sales.


[image: Four graphs illustrate probability over time. (a) Shows probability(x) with curves converging towards one. (b) Displays probability(y) with a similar convergence pattern. (c) Represents probability(z) with diverse, converging curves. (d) A 3D chart shows the probability relations among government, facilities, and consumers, with lines converging at the top. Each graph uses multicolored lines for different data sets.]
FIGURE 6
 Evolution simulation results of case 4. (a–c) represent the evolution simulation results of facilities agricultural business entity, government, and consumer under case 4, respectively. (d) represents the evolution of the system's stable state under case 4.





4 Simulation analysis

Xianju County, Taizhou City, Zhejiang Province is known as the “Hometown of Chinese Bayberry.” In 2023, there are 145,000 mu of bayberry in Xianju County, with an output of 120,000 tons and a fresh fruit output value of 1.12 billion yuan, which will increase the average income of bayberry farmers by 35,200 yuan and the output value of the entire industry chain by 4 billion yuan. Zhejiang Province has specially introduced a subsidy policy for the construction of smart greenhouses in the provincial regional coordination funds, implemented 60 million fiscal funds, and subsidized 30,000 yuan per mu to promote the intelligent greenhouses of bayberry. It is planned to promote 2,000 mu of intelligent greenhouses of bayberry within 3 years from 2023. According to the survey results, as of 2023, Xianju County currently has more than 1,500 mu of intelligent greenhouse bayberry, with an output of about 1,600 tons and an output value of more than 141 million yuan, and the average output value per mu is 6 times that of open-air bayberry. According to statistics from the Zhejiang Provincial Taxation Bureau of the State Administration of Taxation, in 2023, local villagers will receive an average income of 10,800 yuan per person from bayberry alone, an increase of 11% year-on-year. In order to promote the development of facility agriculture, the Provincial Department of Agriculture and Rural Affairs and the Provincial Department of Finance of Zhejiang Province issued the “Implementation Rules for Subsidies (Assistance) for the Construction of Agricultural Facility Greenhouses in Zhejiang Province” and the “Implementation Rules for Subsidies for the Construction of Modern Agricultural Service Centers in Zhejiang Province.” Relevant regions have issued relevant policies on financial support for the construction of agricultural facility greenhouses based on actual conditions. In principle, the proportion of financial subsidies at all levels shall not exceed 50% of the total investment, and the subsidy for a single project shall not exceed 5 million yuan. Secondly, the maintenance and upkeep of greenhouses is the basis for ensuring their normal operation. Regular cleaning and pest control of equipment can extend the service life of greenhouses. When the facilities are aging or there are some problems that affect production, the equipment maintenance and replacement are carried out. The resulting maintenance cost is about 5,000 yuan. Among them, the annual labor cost is between 10,000 and 30,000 yuan. To facilitate subsequent analysis, the assignment of the above parameters has been simplified. Based on the typical scenario of the stable point (1,1,1), that is, the digital transformation of the facility agricultural business entity, the government's choice of support strategy, and consumers' purchase of high-quality agricultural products, the logical framework diagram of the digital transformation path of the facility agricultural business entity is constructed, as shown in Figure 7, and further numerical simulation is performed using MATLAB software. The initial values of the model parameters are set as: α = 0.7, Cg1 = 2, Cg2 = 3, Cg3 = 1, Cg4 = 1, Rg = 1, L = 7, S = 10, P = 0.012, Ca1 = 2, Ca2 = 4, R1 = 1.3, R2 = 2, R5 = 1, m = 0.7, R3 = 2, R4 = 3, C = 1.5.


[image: Flowchart illustrating the relationship between government, facility agriculture operating entities, and consumers. The government provides subsidy and advocacy policy support to agriculture entities, which impacts government subsidy and market revenue, leading to digital transformation. Consumer demand influences the purchase of high-quality agricultural products, which feeds back as information to the government. Color-coded entities: blue for entities, green for strategies, and gray for influence factors.]
FIGURE 7
 Logical framework diagram of digital transformation of facility agriculture operating entities.



4.1 Digital transformation of facility agriculture under the context of government subsidies
 
4.1.1 Government subsidies

Based on the initial government subsidy parameter assignment, this paper performs a scaling of [−50%, 50%], that is, 0, 1.5, 3, 4.5, 6, keeping other variables unchanged. The simulation results are shown in Figure 8 below. Figures (a), (b), and (c), respectively, represent the degree of influence of government subsidies on the strategies of facility agriculture operating entities, government and consumers. The simulation results show that when the government subsidy is < 3, the operator will not choose digital greenhouses, and consumers will not be able to buy high-quality products. However, as the government subsidy increases, the operator will choose digital greenhouses, and consumers will also actively buy high-quality products. For the government, when the government subsidy is < 4.5, the government will support the operator to choose digitalization, but when the government subsidy is >4.5, the government strategy will change from support to non-support as the evolution proceeds. However, when the government subsidy is 6, both the facility agriculture operator and the government are in an unstable state, which shows that the instability of the government subsidy decision also leads to the instability of the facility agriculture operator, and the consumer strategy is also slightly affected.


[image: Three line graphs labeled (a), (b), and (c) display probability vs. time for variables x, y, and z, respectively. Each graph shows curves for different Cg2 values: 0, 1.5, 3, 4.5, and 6. The y-axis represents probability, and the x-axis represents time from 0 to 20. Graph (a) shows fluctuating probabilities, graph (b) shows periodic variations, and graph (c) depicts decreasing trends with different Cg2 values.]
FIGURE 8
 The impact of government subsidies on the system. (a–c) represent the impact of government subsidies on facilities agricultural business entity, government, and consumer, respectively.


Theoretically, government subsidies to business entities should have more benefits than disadvantages, but according to the evolutionary results, there are differences. When the government chooses a subsidy strategy, due to the small initial subsidy level, considering their own economic capabilities and risk tolerance, facility agriculture business entities will not choose digital greenhouses. When government subsidies increase, the cost that facility agriculture business entities need to pay is reduced, which alleviates the economic pressure of facility agriculture business entities. Related technical training also enhances the confidence and acceptance of facility agriculture business entities in digital greenhouses, making them more inclined to choose digital greenhouses. For the government, too much subsidy has caused certain cost pressure on itself (Fredriksson and Svensson, 2003), and may also cause business entities to develop a dependent mentality, gradually weakening their enthusiasm and initiative in business management, making government strategies unstable.



4.1.2 Government propaganda

Based on the initial government propaganda parameter assignment, this paper performs a scaling of [−50%, 50%], that is, 0, 1, 2, 3, 4, keeping other variables unchanged. The simulation results are shown in Figure 9 below. Figures (a), (b), and (c), respectively, represent the degree of influence of government subsidies on the strategies of facility agriculture operating entities, government and consumers. The simulation results show that when government propaganda is < 4, facility agriculture operating entities always choose digital greenhouses, the government always chooses a support strategy, and consumers also actively purchase. When the government subsidy is 4, the government propaganda strategy becomes unstable, the strategy affecting the facility agriculture operator is also unstable, and the impact on consumers is small.


[image: Three line graphs labeled (a), (b), and (c), show probability over time (t) for different values of Cg1 (0 to 4). Each graph represents different axes: (a) Probability(x), (b) Probability(y), and (c) Probability(z). All graphs demonstrate similar trends with varying degrees of fluctuation, especially noticeable in (a) and (b), where probabilities rise and fall significantly.]
FIGURE 9
 The impact of government propaganda on the system. (a–c) represent the impact of government propaganda on facilities agricultural business entity, government, and consumer, respectively.


In terms of the current development of China's agriculture, most agricultural operators have a low level of education and limited ability to accept new things. It is difficult for government propaganda to be effective, and operators need some time to accept it. The government, through persistent propaganda and correct policy guidance, can increase the popularity of digitalization, increase the recognition of digitalization by agricultural operators, and provide strong policy support and practical help for the digital transformation of facility agriculture. However, the government needs to spend time and manpower to promote digitalization, which costs the government a certain amount, leading to a change in the government's strategy in the overall decision-making process.



4.1.3 Digital literacy

This paper assigns the perceived benefits of facility agriculture operating entities choosing digitalization to 0, 0.25, 0.5, 0.75, and 1, indicating that the digital literacy of facility agriculture operating entities is 0, 25%, 50%, 75%, 100%, keeping other variables unchanged, the simulation results are shown in Figure 10 below. Figures (a), (b), and (c), respectively, represent the degree of influence of government subsidies on the strategies of facility agriculture operating entities, government and consumers. The simulation results show that when the perceived benefits of facility agriculture operating entities are < 0.25, facility agriculture operating entities will not choose digitalization, but as the digital literacy of facility agriculture operating entities increases, the perceived benefits of digitalization increase, and facility agriculture operating entities will change their strategies and choose digital transformation, and as the perceived benefits increase, the evolution rate accelerates. For the government, the government improves the digital literacy of operators through continuous publicity, reduces the perceived risks of digital transformation, and increases perceived benefits. Therefore, the government has always supported operators to choose digital greenhouses. For consumers, if facility agriculture operating entities do not choose digital greenhouses, they will not be able to buy high-quality agricultural products. Therefore, the strategic choices of consumers are closely related to the strategic choices of facility agriculture operating entities.


[image: Three graphs labeled (a), (b), and (c) showing probability over time for different R\texttwosuperior values. Each graph has separate probability axes labeled x, y, and z. The lines represent R\texttwosuperior values of 0, 0.25, 0.5, 0.75, and 1. Lines show initial increase, then plateau, except for R\texttwosuperior=0 which decreases in (a) and (c).]
FIGURE 10
 The impact of perceived benefits on the system. (a–c) represent the impact of perceived benefits on facilities agricultural business entity, government, and consumer, respectively.


The greater the perceived benefit, the smaller the perceived risk, indicating that the better the expectations of the business entity after choosing digital facilities, the more inclined it is to choose digitalization. Perceived benefits are also a relatively subjective factor. The level of perceived benefits mainly depends on the sensitivity of the business entity in digitalization and whether it can choose digitalization accurately and timely at the right opportunity. For the government, the impact of digital literacy on itself is relatively small, but the government also hopes to improve the digital literacy of business entities through measures such as government publicity. When consumers choose agricultural products, they will comprehensively consider multiple factors such as price, quality, and brand reputation, and make purchasing decisions based on the market and their own needs. Therefore, consumer strategies are closely related to the strategic choices of facility agriculture operating entities.




4.2 Digital transformation of facility agriculture without government subsidies

According to the above analysis, the government can accelerate the digital transformation of facility agriculture operating entities by increasing subsidies, but government subsidies require the government to invest a lot of costs, which will bring financial pressure to the government. Therefore, in order to further explore the development of digital transformation of facility agriculture operating entities, this section adjusts government subsidies to zero, and further discusses the impact of changes in digital literacy of facility agriculture operating entities on the strategies of each entity without government subsidies.

With the widespread promotion of facility agriculture, the digital literacy of facility agriculture operating entities will inevitably be improved. Therefore, this paper assigns digital literacy to 0, 1, 2, 3, and 4, keeping other variables unchanged. The simulation results are shown in Figure 11 below. Figures (a), (b), and (c), respectively, represent the degree of change in the strategies of facility agriculture operating entities, government, and consumers. The simulation results show that compared with government subsidies, facility agriculture operating entities need to bear greater economic pressure, so they need to have higher digital literacy to achieve digital transformation. When the government subsidy is zero, digital transformation can only be achieved when the digital literacy of facility agriculture operating entities is >2. Therefore, the digital literacy of facility agriculture operating entities is the key to the digital transformation of facility agriculture. By improving the digital literacy of facility agriculture operating entities, we can promote intelligent agricultural management, improve production efficiency, enhance brand competitiveness, and provide a strong guarantee for the healthy development of facility agriculture.


[image: Three graphs show probability over time for different R2 values ranging from zero to four. Graph (a) plots Probability(x), (b) plots Probability(y), and (c) plots Probability(z). All graphs exhibit rapid changes in probability initially, stabilizing between eleven and fifteen on the time axis, except for R2 equals zero, which declines more gradually.]
FIGURE 11
 The impact of digital literacy on the system without government subsidies. (a–c) represent the impact of digital literacy on facilities agricultural business entity, government, and consumer, respectively.





5 Conclusion and policy recommendations

In the process of achieving high-quality agricultural development, facility agriculture is accelerating its transformation to digitalization. In order to further improve the popularization and application of digital greenhouses in facility agriculture, this paper constructs a three-party game model among facility agriculture operating entities, the government, and consumers, and combines numerical simulation to explain the evolution of the three-party game strategy, and discusses the impact of different parameters on the game results. The study found that:

(1) The optimal value of government subsidies should be between 3 and 4.5. When the government subsidy is < 3, the main operators of facility agriculture will refuse to transform due to financial pressures such as economic costs. When the subsidy is higher than 4.5, the unstable state of government subsidy decision-making leads to the unstable transformation decision-making of the main operators of facility agriculture.

(2) When government publicity is < 4, the main operators of facility agriculture will carry out digital transformation of traditional greenhouses. However, the higher the government publicity, the greater the cost pressure, which leads to instability in government publicity decisions, which in turn affects the decision-making of facility agriculture operating entities.

(3) The higher the digital literacy of the facility agriculture operating entities, the more inclined they are to digitalize facility agriculture, and the faster the transformation. However, no matter what level of digital literacy the facility agriculture operating entities have achieved, the government always chooses to support policies.

(4) In the absence of government subsidies, only when the digital literacy of facility agriculture operating entities is >2 will they be able to bear the risks brought about by the digitalization of facility agriculture and actively choose digital transformation.

Based on the above conclusions, the following countermeasures and suggestions are put forward:

First, formulate a stable and effective government subsidy policy. First, according to the actual needs of the digitalization of facility agriculture, clearly define the scope and method of subsidies to improve agricultural production efficiency. The subsidy method adopts direct subsidies and indirect subsidies. Direct subsidies are directly issued to qualified facility agriculture operating entities. Indirect subsidies can reduce the financial costs of facility agriculture operating entities through tax incentives, loan interest subsidies and other methods. Secondly, different types of subsidy projects should formulate different standards, and differentiated subsidies should be provided according to factors such as region, scale, and technical level to ensure the fairness and effectiveness of subsidies. After the implementation of the subsidy policy, it is necessary to strengthen the follow-up investigation of the use of subsidy funds to ensure that the subsidy funds are used for their intended purposes, and to maximize the benefits of the use of subsidy funds, so as to provide strong support for the digitalization of facility agriculture.

Second, strengthen the publicity and implementation of government policies. In the process of promoting the digitalization of facility agriculture, the government should make full use of new media platforms, widely publicize the relevant policies, subsidy measures and successful transformation cases of facility agriculture digitalization, carry out more face-to-face policy Q&A activities, and enhance the transparency and credibility of policies. The government needs to establish and improve the policy implementation supervision mechanism, evaluate the implementation of policies, and ensure that the policies are truly implemented and effective. At the same time, set up complaint reporting channels to encourage facility agriculture operating entities to actively feedback problems and correct deviations in a timely manner.

Third, improve the digital literacy of facility agriculture operating entities. In response to the actual needs of facility agriculture operating entities, organize and carry out relevant digital knowledge and skills training, cultivate high-quality and professional digital talents, make full use of the Internet platform, cultivate the digital thinking and innovation capabilities of facility agriculture operating entities, improve their digital skills, promote the development of facility agriculture in the direction of intelligence and precision, and achieve sustainable development of agricultural production.

Fourth, build a comprehensive digital system for facility agriculture. In the process of digitalization of facility agriculture, the main operators of facility agriculture must strengthen infrastructure construction, widely use sensors, smart irrigation and other Internet of Things equipment, and establish a big data processing and analysis platform when necessary to achieve real-time monitoring and regulation of the agricultural production environment and provide support for their own decision-making. Facility agriculture operating entities also need to pay attention to the digital skills training of employees in order to provide support for the construction and operation of the comprehensive digital system. At the same time, actively seek policy support and financial support from relevant government departments to reduce the costs and risks of facility agriculture operating entities in the process of digital transformation.

It should be noted that this paper has certain limitations. For example, this paper simplifies the decision-making of each participant in the game model to a certain extent, and also simplifies the assignment of relevant parameters, ignoring other complex cost-benefit relationships that may exist between the three parties. This needs to be further supplemented in subsequent research.
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