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ABSTRACT 

	[bookmark: OLE_LINK25]It is well known that industry-university-research-education is an effective way to cultivate postgraduates in universities and an important part of “Three-wide Education” project and talent strategy in China. In this paper, the industrial research institute-enterprise-university is taken as the main research subject to construct a tripartite evolutionary game model of industry-university-research collaborative innovation, and then discuss the strategic selection of industrial research institute-enterprise-university in the collaborative innovation process and simulate the model with Matlab software. The research results show that the high degree of participation by industrial research institute is conducive to promoting a positive cooperation attitude among industrial research institutes, enterprises and universities. Moreover, the different degrees of participation by industrial research institutes have different influence on enterprises and universities.
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1. INTRODUCTION 

Industry-university-research is the synergy and integration of industrial research institutes, universities and enterprises in terms of function and resource advantage, as well as the connection and coupling of upper, middle and lower reaches of technological innovation, thus forming a powerful advanced system that integrates research, development and production and reflecting and its comprehensive advantage in the process of operation to achieve the rapid development of production technology and the continuous improvement of innovation capability[1] [2]. However, there are still some disadvantages in the development of industry-university-research-education collaborative innovation currently. For example, the industrial research institute can be used as a bridge to coordinate and guide enterprises and universities participating in collaborative innovation, but some enterprises have speculative behavior in the industry-university-research-education collaborative innovation mechanism  involving enterprises and universities, resulting in some problems, such as weakening effect of industrial research institute, insufficient participation of universities in the collaborative innovation and low efficiency of collaborative innovation. Therefore, it is of great significance to improve the above phenomenon to research how to stimulate the innovation vitality and enthusiasm of multiple subjects of industry, university, research and education by participation of industrial research institute and improve the conversion rate of scientific research results from the micro perspective of industrial research institute.

[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Actually, some achievements have been made in the research of collaborative innovation, mainly based on the process and mechanism of collaborative innovation[3][4][5][6][7]. Among them, Li Ruixue et al.[8] researched the effect mechanism of different dimensions of dual innovation synergy on the sustainable development of enterprise and its various dimensions from the perspective of obtaining competitive advantages; Li Tao & Li Bin[9] analyzed the dynamic evolution law of process and internal mechanism of university-enterprise synergy and the influence of different levels on innovation performance with the university-enterprise synergy SD dynamic model; Chen Huaichao et al.[10] analyzed the impact of institutional support on industry-university-research collaborative innovation from the perspective of institutional support, finding that both formal and informal institutional support have a positive impact on industry-university-research collaborative innovation. Liu Xiaoyun & Zhao Weifeng[11] constructed the operation mechanism of the manufacturing collaborative innovation system from four aspects of system dynamic mechanism, resource supply mechanism, cooperation trust mechanism and incentive guarantee mechanism; Li Baizhou & Dong Hengmin[12] empirically measured the cross-sectional static and change velocity dynamic comprehensive measurement results of scientific and technological resource allocation capability of scientific research institute from the perspective of collaborative innovation based on the velocity excitation model that integrates evolution velocity state and evolution velocity trend; Huang Jingjing[13] researched the influence of R&D investment on the industry-university-research collaborative innovation with the Hansen threshold model; Cao Yangchun et al.[14] discussed the issue of collaborative innovation strategy selection between blockchain service enterprise and industrial research institutions, as well as simulated the evolutionary result of collaborative innovation strategy selection under change in factors; Chen Weidong & Li Xiaoxiao[15] comprehensively considered the development and synergy costs invested by scientific research institutions and enterprises in collaborative innovation, as well as researched the mechanism for improving the output level of collaborative innovation between enterprises and scientific research institutions.

[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK12][bookmark: OLE_LINK11]On the basis of the above research, the literature[16][17][18][19] takes universities and enterprises as the main game subjects of collaborative innovation to discuss by constructing a collaborative innovation game model. Ma Yonghong et al.[20] constructed a differential game model to research the respective optimal R&D efforts of enterprises and universities under the gaming situation of generic technology research and development in different industries; Zhang Hua[21] discovered that the increase in knowledge spillover is beneficial to the improvement of collaborative innovation efficiency and stability by constructing a collaborative innovation repetitive game model between enterprises, universities and scientific research institutions; Wang Guohong et al.[22] studied the dynamic evolution process of collaborative innovation behavior of small and medium-sized enterprises from the perspective of strategy and comprehensively analyzed the evolution mechanism of “cooperative strategy” and “competitive strategy” of collaborative innovation behavior; Yu Yu, Shi Qinfen[23] and Zhu Huainian[24] studied the issue of knowledge sharing between universities and enterprises under the industry-university-research collaborative innovation with differential game theory, finding that the cooperative game structure is better than Stackelberg game and Nash non-cooperative game in the whole industry-university-research knowledge sharing system. Chen Jin et al.[25] analyzed the collaborative innovation evolutionary mechanism, and the continuity and stability of cooperation with evolutionary game and simulation, finding that enterprises shall establish an effective communication mechanism together with academics and researchers to enhance mutual trust and improve the net yield of collaborative innovation; Ren Jiaqi et al.[26] took the higher vocational colleges as the research object to investigate the influence of knowledge accumulation, cooperation depth and cooperation breadth on the performance of industry-university-research collaboration innovation in higher vocational colleges; Wang Haijun et al.[27] studied the effect of industry-university-research collaborative innovation under product modularization, organization modularization and platform modularization by focusing on three dimensions of user collaboration-resource collaboration-organization coordination, finding that platform modularization is beneficial to the promotion of cooperative innovation between enterprises and universities; Yang Xiaowan et al.[28] took scholars from three university research teams in the engineering field to analyze the influence path of industry-university-research cooperation on the improvement of academic performance. The research results show that industry-university-research cooperation driven by intrinsic motivation is conducive to the improvement of academic performance.

[bookmark: OLE_LINK13]Throughout the existing literature, there are some problems. First of all, most scholars only considered enterprises and universities for the development of industry-university-research collaborative innovation, failing to take industrial research institutes into account; Second, they did not study the influence of game participation intention strategy selection among the subjects of industry-university-research collaborative innovation. To this end, the industrial research institute is taken as the acting subject of collaborative innovation into the game to construct a tripartite evolutionary game of participation intention of industrial research institutes, enterprises and universities in this research; And then, it analyzes the industry-university-research-education collaborative innovation mechanism under the guidance of industrial research institutes and the participation of universities and enterprises to solve the evolutionary stability strategy of the tripartite evolutionary game under different circumstances; In addition, it discusses the factors that affect the choice of industry-university-research-education collaborative innovation strategy through numerical analysis.

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

[bookmark: OLE_LINK15]General Secretary Xi Jinping has pointed out that “The world is undergoing profound changes unseen in a century now, while China’s development is also facing a domestic and international environment that is changing greatly and complexly. As a result, the development in the 14th Five-Year Plan period and a longer period of time is more urgent for accelerating scientific and technological innovation in China[29]. As everyone knows that scientific and technological innovation is inseparable from the cultivation of talents. After reviewing the development of industry-university-research-education system in the past ten years, it can be seen that talent cultivation has achieved remarkable achievements, but has some development problems simultaneously. Therefore, the education system needs to be further developed.

(1) Late start and high degree of dependence
[bookmark: OLE_LINK19][bookmark: OLE_LINK18][bookmark: OLE_LINK21]At the beginning of the 19th century, Sunderland Institute of Technology in the UK practiced the “sandwich” cooperative education model. That is, conduct three tasks of theoretical teaching, practical work and cooperative training alternately to realize the combination of industry-university theory and practice. Finally, the it became a typical mode of collaborative education between schools and enterprises. In the 1930s, the colleges and universities in some industrially developed countries in Europe put forward a talent training model of school-enterprise collaborative education according to social needs, thus cultivating a large number of inter-disciplinary talents urgently needed for the society. But in China, school-enterprise collaborative education started late, which was gradually implemented in some colleges and universities in the 1990s. Since 2000, the central and local governments have repeatedly issued documents to request to deepen the integration of production and education, give full play to industry-university-research characteristics and accelerate the construction of industry-university-research-education model[30]. At the 19th National Congress of the Communist Party of China, General Secretary Xi Jinping pointed out that “Deepen the reform of scientific and technological system, establish a market-oriented technological innovation system with enterprise as the subject and in-depth integration of production, learning and research, strengthen the support for innovation among small and medium-sized enterprises, and promote the application of scientific and technological achievements, so as to cultivate a large number of international-level strategic scientific and technological talents, leading scientific and technological talents, young scientific and technological talents and high-level innovative teams.[31]” The report points out the direction for industry-university-research work in the new era. Then, the development of industry-university-research-education system begins to enter the “fast traffic lane”. But while developing rapidly, it is still restricted by various factors. This system is still highly dependent on the policies of the government, universities and enterprises, seriously lacking self “hematopoietic” function.

[bookmark: OLE_LINK20](2) Abundant theoretical results but insufficient practical resources
[bookmark: OLE_LINK24][bookmark: OLE_LINK26][bookmark: OLE_LINK27]In the past 30 years, fruitful results have been achieved for the relevant theoretical research on industry-university-research-education system, while many researchers have put forward suggestions, such as innovation-driven, keeping a foothold in the society, perfecting system and integration of award and assistance, etc., through the analysis of various industry-university-research-education systems at home and abroad, thus effectively promoting the development of the  industry-university-research-education theoretical system[32][33][34]. However, it is impossible to accomplish such system in an action. There are still many difficulties in the conversion between theory and reality, and serious lack of practical interaction in universities: Firstly, the development of disciplines is uneven in universities and some university courses are out of touch with social needs; Secondly, the discipline advantages of universities are poorly integrated the local industry development, resulting in a limited scale of collaborative education; Thirdly, there is a shortage of teaching staff for industry-university-research-education work. Some college teachers only focus on theory, lack of practical experience and resources and unable to provide graduate students with sufficient practical guidance[35]. To sum up, the above-mentioned contradictions between the development of theories and practical resources have brought many challenges to industry-university-research-education work. Especially after 2017, the requirement of “Three-wide Education” project has made industry-university-research-education work highly valued by all parties. As a result, the gap of industry-university-research-education practical resources universities is rapidly expanding, thus making the contradiction between increasing demand for practice and insufficient practical resource become more and more prominent.

(3) Unclear function positioning and lack of working mechanism
[bookmark: OLE_LINK29][bookmark: OLE_LINK28][bookmark: OLE_LINK30][bookmark: OLE_LINK31]We all know that science and technology area primary productive forces. Only by applying science and technology to practice can it be transformed into actual productive force. But in this process, talent plays an irreplaceable role. Actually, the essence of establishing industry-university-research-education mechanism is to break the limitation of traditional talent training channels, integrate more resources and cultivate high-quality inter-disciplinary talents with solid theoretical knowledge, strong innovative and practical capabilities and abundant practice of social production, as well as get rid of the current constraint of valuing theory over practice in talent cultivation in colleges and universities, and open up a new situation of production practice and technological innovation[36]. Under the guidance of national innovation strategy and talent strategy, almost all universities have paid close attention to the industry-university-research-education work[37]. Universities, governments and enterprises continuously promote the establishment and construction of industry-university-research-education base, which have achieved some results and played a positive role in economic development and industrial innovation[38]. But in this process, there are still some obvious problems. For example, some bases lack overall planning, clear positioning and specific education function positioning, while the purpose of construction is only to meet the tasks of universities or the needs of enterprises. Moreover, some bases are only the “face-saving projects” of universities or enterprises, with the purpose of establishing an industry-university-research cooperative relationship or the school-enterprise joint declaration project. In addition to lacking the education mechanism, there is even a phenomenon of treating graduate students as “workers”. In recent years, the scale of school-enterprise industry-university-research-education base has continued to expand, while its functional positioning and working mechanism are facing increasing pressure. As a result, the sound development of industry-university-research-education mechanism is facing a great challenge.

(4) Chaotic educational process and low educational effectiveness
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK36][bookmark: OLE_LINK35]Industry-university-research-education mechanism is an organic integration of teaching, production and scientific research to guarantee the talent training effectiveness of students’ multi-faceted learning, multi-link practice and multi-environmental experience through the synergistic action of three resources, thus achieving the purpose of training high-quality inter-disciplinary talents[39][40]. However, the integration of resources will inevitably complicate the training process and have an impact on its standardization. As everyone knows that university is the cradle of training talents, with a bounden duty of educating persons. It can achieve stable educating quality with a complete education process. Furthermore, graduate students are supervised and guided by tutors in the training link, so the education work is standardized and orderly. In contrast, enterprises mainly focus on the production efficiency as the front line of production, so the work about education is easily marginalized. As a result, graduate students may face a dilemma of nowhere to apply theoretical knowledge and no way to conduct production practice in enterprises. Although he corporate “tutors” may help them, their educational method and effectiveness are much worse than that university tutors. Besides, educational process lacks supervision and the educational effectiveness needs to be verified. Some corporate “tutors” have rich work experience, but still have the inherent concept that “masters shall guide apprentices”, and even treat graduate students as “unskilled labourer” or “temporary worker”. It has a negative impact on the industry-university-research-education work and restricts its expansion and extension.

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]In this paper, Matlab software is used to simulate and analyze the evolutionary game model of the above-mentioned industrial research institute, enterprise and university, and then explore the dynamic evolutionary process of the cooperative behaviors of  three evolutionary game subjects in the industry-university-research-education collaborative innovation. 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

描述已自动生成]
Figure 3. The evolutionary behavior of university with the participation of industrial research institute


6.  Conclusion

In this paper, it firstly adopted tripartite evolutionary game to construct the payment matrix of collaborative innovation game among the industrial research institute, enterprise and university under the premise of bounded rationality of the game parties; And then, it systematically analyzed the influence of participation degree of the industrial research institute on the evolutionary process of collaborative innovation between enterprise and university, as well as conducted empirical research in combination with numerical examples; Finally, it mainly drew the following three conclusions: First, any degree of industry research institute’s participation will promote the stability of industry-university-research-education collaborative innovation, while the high degree of its participation will have a greater influence on the cooperation intention of three parties; Second, the active participation of industry research institute in industry-university-research-education collaborative innovation can greatly promote the participation of the enterprise; Third, the incentive mechanism of of the industry research institute for university to participate in the industry-university-research-education collaborative innovation is conducive to improving the enthusiasm of university to participate in industry-university-research-education collaborative innovation.

Therefore, on the one hand, it is necessary to maintain the cooperation stability of the subjects of industry-university-research-education collaborative innovation with the participation of industry research institute; On the other hand, it is necessary to maintain a high degree of participation of the industrial research institute while encouraging it to actively participate in. The high degree of participation of industrial research institute and its rewards for university to actively participate in collaborative innovation can create a good environment for collaborative innovation among industrial research institute, enterprise and university.

[bookmark: _GoBack]
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