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ABSTRACT 

	Industrial research institutes serve as vital intermediaries connecting enterprises and universities in the process of collaborative innovation, yet their quantitative influence within the industry–university–research–education (IURE) system remains underexplored. This study develops a tripartite evolutionary game model to analyze the strategic interactions among industrial research institutes, enterprises, and universities, using MATLAB simulations to capture their dynamic evolution. The findings indicate that a higher level of participation by industrial research institutes significantly enhances cooperative stability and promotes positive behavioral convergence among the three actors. Furthermore, variations in participation intensity generate differentiated impacts on enterprise initiative and university engagement. These results provide theoretical guidance for optimizing collaboration mechanisms and offer policy insights for strengthening the governance efficiency of the IURE innovation ecosystem in China.
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1. INTRODUCTION 

Industry–university–research collaboration represents the synergistic integration of industrial research institutes, universities, and enterprises that combines complementary functions and resource advantages across the upstream, midstream, and downstream of technological innovation. This cooperative system integrates research, development, and production to promote technological advancement and enhance innovation capability (Li & Zhang, 2022; Liu & Sun, 2023). However, despite its potential, current models of industry–university–research–education (IURE) collaborative innovation still face several constraints. In practice, industrial research institutes are expected to function as coordination hubs that link academic and industrial actors, yet opportunistic behavior among enterprises and the limited engagement of universities often weaken the bridging role of these institutes. Consequently, the efficiency of innovation cooperation remains suboptimal. It is therefore essential to explore mechanisms through which the participation of industrial research institutes can stimulate innovation vitality among multiple stakeholders and improve the transformation rate of scientific research outcomes from a micro-level perspective.

Previous studies have provided valuable insights into the mechanisms of collaborative innovation, focusing primarily on process design and organizational interaction (Wang & Hu, 2023; Qin & Yu, 2022). For instance, Li et al. (2018) examined how dual innovation synergy affects enterprise sustainability from the perspective of competitive advantage, while Li and Bin (2019) used system dynamics to reveal the evolution of university–enterprise synergy and its impact on innovation performance. Chen et al. (2020) emphasized that both formal and informal institutional support positively influence industry–university–research cooperation. Similarly, Liu and Zhao (2021) proposed a multidimensional framework addressing system dynamics, resource supply, cooperation trust, and incentive mechanisms. More recent contributions, such as Huang (2021) and Cao and Li (2023), analyzed strategic decision-making in collaborative innovation and simulated strategic equilibria using evolutionary game approaches. These studies collectively demonstrate that collaboration can be effectively modeled and optimized through quantitative methods.

Building on these foundations, scholars have increasingly adopted game theory to examine the behavioral evolution of IURE entities (Tang & Liu, 2021; Zhou & Gao, 2023). Ma et al. (2020) developed a differential game model to assess optimal R&D investment strategies between universities and enterprises, while Zhang (2021) demonstrated that increased knowledge spillover enhances both innovation stability and efficiency. Subsequent studies further explored knowledge-sharing mechanisms and behavioral dynamics using evolutionary game simulations (Ren & Liu, 2022; He & Chen, 2024). For example, Chen et al. (2021) revealed that establishing an effective communication mechanism among enterprises and academics can significantly improve trust and cooperative stability. These contributions underscore that the interactive behavior among IURE participants evolves dynamically under varying incentive and cost-sharing structures.

Nevertheless, several research gaps remain. Most existing works focus on bilateral collaborations between universities and enterprises, often overlooking the mediating role of industrial research institutes. Moreover, few studies have incorporated the strategic participation intention of multiple entities into a unified analytical framework. To address these deficiencies, this study introduces industrial research institutes as active participants in a tripartite evolutionary game involving enterprises and universities. The model investigates the strategic stability and behavioral evolution of IURE collaborative innovation under varying participation levels of research institutes. Furthermore, numerical simulations are used to identify key factors influencing strategic equilibrium, thereby providing both theoretical and policy insights into optimizing China’s IURE innovation governance system.

[bookmark: OLE_LINK14]2. Current Situation of Industry-University-Research-Education Development

China’s national strategy for innovation-driven development has highlighted the critical role of technological advancement and talent cultivation in sustaining economic transformation. General Secretary Xi Jinping emphasized that the world is undergoing profound changes unseen in a century and that China must accelerate scientific and technological innovation to adapt to complex global and domestic challenges. Over the past decade, the IURE system has made remarkable progress in cultivating innovative talents, but several structural limitations remain. Although the institutional framework has improved, imbalances between policy guidance, resource allocation, and practical implementation continue to constrain the system’s overall effectiveness.

(1) Late Start and Policy Dependence
Historically, cooperative education between academia and industry originated in early industrialized nations such as the United Kingdom, where the “sandwich” education model integrated theoretical learning with enterprise-based practice. In contrast, China’s adoption of industry–university cooperation began relatively late, emerging gradually in the 1990s and becoming institutionalized after 2000 through a series of national and local policy directives (Li & Zhang, 2022). The 19th National Congress of the Communist Party of China reaffirmed the need to deepen the reform of the science and technology system and to establish a market-oriented innovation mechanism that integrates enterprises, universities, and research institutions (He & Chen, 2024). Since then, the IURE model has entered a phase of rapid expansion. However, this growth remains heavily dependent on governmental policy and institutional support rather than endogenous market incentives. The lack of a self-sustaining mechanism--often described as weak “hematopoietic” capacity--hinders the long-term vitality of IURE cooperation.

(2) Theoretical Abundance but Limited Practical Resources
During the past three decades, theoretical research on the IURE system has yielded substantial insights, producing frameworks for innovation-driven development, institutional reform, and talent training (Wang & Hu, 2023). Nevertheless, the translation of these theoretical advances into practice remains inadequate. Universities still face challenges such as uneven disciplinary development, limited alignment between academic programs and industrial needs, and insufficient teaching staff with practical experience. As a result, there is a widening gap between theoretical discourse and practical implementation (Zhou & Gao, 2023). Since the introduction of the “Three-Wide Education” initiative in 2017, the demand for practice-oriented educational resources has grown rapidly, but corresponding industrial and institutional support has lagged behind. This mismatch has intensified the contradiction between expanding demand for applied learning and the scarcity of experiential resources in universities.

(3) Unclear Function Positioning and Weak Governance Mechanisms
The essence of the IURE mechanism lies in integrating science, technology, and education to cultivate high-level interdisciplinary talents capable of driving innovation and applying scientific knowledge to production (Cao & Li, 2023). While universities, enterprises, and governments have jointly established numerous IURE bases, problems of overlapping responsibilities, unclear objectives, and fragmented governance persist. Some bases were created primarily to fulfill administrative mandates or symbolic achievements rather than substantive educational outcomes. In certain cases, students are treated as temporary workers rather than active participants in innovation learning. The rapid expansion of IURE bases has thus outpaced the establishment of effective governance mechanisms and functional differentiation, creating increasing pressure on coordination and quality assurance (Tang & Liu, 2021).

(4) Disorganized Educational Process and Low Training Effectiveness
The IURE model, in principle, integrates teaching, research, and industrial practice to cultivate high-quality talents through multi-dimensional learning environments. However, the integration of academic and industrial resources also complicates management and supervision processes. Universities traditionally operate under standardized pedagogical structures that ensure systematic training and evaluation, while enterprises focus primarily on production efficiency and economic output (Ren & Liu, 2022). Consequently, educational responsibilities in enterprises are often marginalized. Although some enterprise mentors possess extensive technical experience, they frequently adopt apprenticeship-style training rather than structured educational approaches, sometimes even treating graduate students as auxiliary labor. This lack of pedagogical alignment undermines both learning quality and innovation outcomes, posing a major obstacle to the sustainable development of the IURE system.

3. Game Analysis of Industry-University-Research-Education Collaborative Collaborative Innovation

(1) Fundamental hypotheses
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]In this paper, the tripartite evolutionary game method is used to conduct a tripartite game on the participation behaviors of industrial research institutes, enterprises and universities in the process of industry-university-research-education collaborative innovation. Now, it proposes the following hypotheses:
1. The main participation subjects include industrial research institute, enterprise and university, all of which are bounded rationality;
[bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK41]2. The strategy space of the industrial research institute is “participation” or “non-participation”. The industrial research institute will not directly participate in the process of collaborative innovation, but it can provide a platform of collaborative innovation for enterprise and university, as well as supervise the collaborative innovation process between enterprise and university. Its revenue shall be , while the total cost incurred shall be . If the industrial research institute does not participate in collaborative innovation, it is assumed that the proportion of the revenue obtained by the industrial research institute when selecting “non-participation” strategy to the revenue obtained by the industrial research institute when selecting “participation” strategy is , then the revenue obtained by the industrial research institute when selecting “non-participation” strategy shall be ; As the main participants of collaborative innovation, the total cost of enterprise and university incurred shall be ; When the industrial research institute participates in collaborative innovation, the scientific research platform provided by it will reduce the total cost invested by enterprise and university in the process of collaborative innovation . The amount of reduced cost shall be . At the moment, the total cost invested by enterprise and university in the process of collaborative innovation shall be . The cost is allocated according to the ratio of and  between the enterprise and the university, then the cost paid by the enterprise shall be  or , while the cost paid by the university shall be  or .
3. The strategy space of the enterprise is “collaboration” or “non-collaboration”. It is assumed that the revenue of the enterprise before collaborative innovation is . If both the enterprise and the university select “collaborative innovation”, then the extraneous earnings brought by the collaborative innovation to the enterprise and the university shall be . At the moment, it is allocated according to the ratio of  and  between the enterprise and the university, then the collaborative innovation revenue obtained by the enterprise shall be  and that obtained by the university shall be . If the enterprise selects “non-collaboration” but the university selects “collaboration”, then the revenue obtained by the enterprise shall be . But meanwhile, it shall be punished accordingly and shall pay a certain amount of liquidated damages  to the university.
4. The strategy space of the university is “collaboration” or “non-collaboration”. It is assumed that the revenue of the university before collaborative innovation is . If the university selects “collaboration” but the enterprise selects “non-collaboration”, then industrial research institute will give the university a certain amount of financial support; If the enterprise selects “collaboration” but the university selects “non-collaboration”, then the revenue of the university shall be . At the moment, it shall be punished accordingly and shall pay a certain amount of liquidated damages  to the enterprise.

(2) Payoff matrix of tripartite game among industrial research institute, enterprise and university 
The payout matrix of the mixed strategy evolutionary game among the three game subjects (i.e. industrial research institute, enterprise and university) is shown in Table 1.

Table 1 Collaborative innovation game matrix among industrial research institute, enterprise and university
	
	University

	
	Collaboration ()
	Non-collaboration ()

	Industrial research institute selects “participation” (x)
	Enterprise selects “collaboration” (y)
	R1-C1-C2
R2+rR-b(C-S)
R3+(1-r)R-(1-b)(C-S)+C2
	R1-C1
R2-b(C-S)+W
R3-W+L2

	
	Enterprise selects “non-collaboration” (1-y)
	R1-C1-C2
R2+L1-K
R3-(1-b)(C-S)+K+C2
	R1-C1
R2
R3

	Industrial research institute selects “non-participation” (1-x)
	Enterprise selects “collaboration” (y)
	aR1
R2+aR-bC
R3+(1-r)R-(1-b)C
	aR1
R2-bC+W
R3-W+L2

	
	Enterprise selects “non-collaboration” (1-y)
	aR1
R2+L1-K
R3-(1-t)C+K
	aR1
R2
R3




[bookmark: OLE_LINK44]4. Solution to Evolutionary Stability Strategy of Industry-University-Research-Education Collaborative Innovation


(1) Construction of revenue expectation function
Revenue expectation function when the industrial research institute selects the strategy of “participation”:
										(1)
[bookmark: OLE_LINK43]Revenue expectation function when the industrial research institute selects the strategy of “non-participation”:
	(2)
[bookmark: OLE_LINK42]Mean revenue expectation function of the industrial research institute:
							(3)
Revenue expectation function when the enterprise selects the strategy of “collaboration”:
				(4)
Revenue expectation function when the enterprise selects the strategy of “non-collaboration”:
													(5)
Mean revenue expectation function of the enterprise:
					(6)
Revenue expectation function when the university selects the strategy of “collaboration”:
												(7)
Revenue expectation function when the university selects the strategy of “non-collaboration”:
													(8)
Mean revenue expectation function of the university:
						(9)
(2) Solution to evolutionary stability strategy by adopting the replicator dynamics equation
The replicator dynamics equation selected in industry-university-research-education collaborative innovation when the industrial research institute selects the strategy of “participation”:
										(10)
The replicator dynamics equation selected in industry-university-research-education collaborative innovation when the enterprise selects the strategy of “collaboration”:
							(11)
[bookmark: OLE_LINK46][bookmark: OLE_LINK45]The replicator dynamics equation selected in industry-university-research-education collaborative innovation when the university selects the strategy of “collaboration”:
					(12)
Evolutionary game analysis of industry-university-research-education alliance
Jacobian matrix of dynamics equation (10), (11) and (12):



[bookmark: OLE_LINK48][bookmark: OLE_LINK49]Describe the evolutionary process of industry-university-research-education collaborative innovation under the participation of industry research institute with the replicator dynamics equation, while  can be used to obtain 8 special equilibrium points in the evolutionary game among three subjects of industry-university-research-education innovation, namely (0, 0, 0), (1, 0, 0), (0, 1, 0), (0, 0, 1), (1, 1, 0), (1, 0, 1), (0, 1, 1) and (1 ,1,1). According to the stability determination principle of Jacobian matrix, it is found that (1,0,0) and (1,1,1) are the stable equilibrium points for the industry-university-research-education collaborative innovation.


5.  Numerical Analysis of Industry-University-Research-Education Collaborative Innovation

[bookmark: OLE_LINK50]Based on the theoretical model developed in the previous section, MATLAB simulations were conducted to verify the behavioral dynamics and cooperative evolution of the three agents under varying participation levels of industrial research institutes. Figure 1 shows the evolutionary behaviors of industrial research institute, enterprise and university with different participation degree of industrial research institute. It can be seen that both enterprise and university tend to actively coordinate and innovate through the influence of participation behavior of the industrial research institute, indicating that participation of industry research institute is helpful to promote the effective collection of collaborative innovation forces between enterprise and university. Therefore, the three subjects complement each other.
[image: 图片包含 图表

描述已自动生成]
Figure 1. The evolutionary behaviors of industrial research institute, enterprise and university with the participation of industrial research institute

(1) Analysis of the influence of industry research institute’s participation on enterprise
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]Figure 2 shows the evolutionary behavior of the enterprise with different participation degree of industrial research institute. It can be seen that with the extension of time, the medium and high degree of industrial research institute’s participation is more able to stabilize the cooperative attitude of enterprise than the low degree of its participation, while the the low degree of industrial research institute’s participation cannot promote the enterprise to evolve towards cooperative trend in a short period of time. On the one hand, it may be because the low degree of industrial research institute’s participation makes the enterprise distrust the scientific research platform provided by it, it is impossible to move faster towards stable cooperation; On the other hand, it may be because the participation behavior of the industrial research institute can provide a scientific research platform to the enterprise and enable it to grow rapidly. As a result, the enterprise mistakenly believes that it can realize the development and innovation of new products without cooperating with the industrial research institute.
[image: 图示

描述已自动生成]
Figure 2. The evolutionary behavior of enterprise with the participation of industrial research institute

(2) Analysis of the influence of industry research institute’s participation on university
Figure 3 shows the evolutionary behavior of the university under the participation of industrial research institute. It can be seen that for university, the high degree of of participating in collaborative innovation by the industrial research institute  is more able to stabilize the cooperative attitude of university than the low degree of its participation. It is worth mentioning that the high degree of industry research institute’s participation can make the university tend to stabilize quickly, which may be because the industry research institute will provide certain financial support for university to participate in collaborative innovation. Therefore, the university’s participation in collaborative innovation is greatly affected by the participation of industrial research institute.
[image: 图片包含 图示
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Figure 3. The evolutionary behavior of university with the participation of industrial research institute


6.  Conclusion and Policy Implications
This study constructed a tripartite evolutionary game model to analyze the collaborative innovation mechanism among industrial research institutes, enterprises, and universities under bounded rationality. By incorporating MATLAB-based simulations, the paper examined how different participation levels of industrial research institutes influence the behavioral evolution and cooperation stability of all parties involved. The main conclusions are as follows:

(1) Industrial research institutes play a decisive role in stabilizing cooperation within the IURE system. Any degree of participation by industrial research institutes promotes the equilibrium and sustainability of collaboration, while a higher level of participation significantly enhances the cooperative intention of all three actors.

(2) Active participation by industrial research institutes strengthens enterprise engagement. When industrial research institutes provide credible platforms and policy support, enterprises are more likely to sustain innovation-oriented cooperation and invest in long-term R&D partnerships.

(3) Effective incentive mechanisms encourage university participation. Financial and institutional rewards offered by industrial research institutes increase universities’ willingness to participate in collaborative innovation, thereby promoting knowledge transfer and talent cultivation.

From a policy perspective, maintaining a high degree of participation by industrial research institutes is essential to ensuring cooperation stability and innovation efficiency. Policymakers should design differentiated incentive structures that reward sustained collaboration, integrate financial subsidies with performance-based evaluation, and establish transparent supervision mechanisms to prevent opportunistic behavior. Universities should strengthen alignment between academic programs and industrial demands, while enterprises should actively engage in shared R&D platforms. These measures will foster a resilient and efficient industry–university–research–education (IURE) ecosystem that supports China’s innovation-driven development strategy.
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