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Abstract

:

It is of great theoretical and practical significance to achieve high-quality development that promotes the transformation of digestion, absorption, and re-innovation to an independent innovation model, actively participating in the restructuring of the industrial chain, and enhancing the status of the Yangtze River Delta in the global innovation chain. This study constructs a tripartite evolutionary game model of collaborative innovation led by the government, participated by upstream enterprises and downstream enterprises. Moreover, this article analyzes the strategic choices of the tripartite entities in the process of collaborative innovation, and the simulation analyzes the influencing factors of the government, upstream enterprises, and downstream enterprises’ collaborative innovation strategy selection. The results indicate that the government, upstream enterprises, and downstream enterprises have different degrees of influence on each other’s willingness to participate. In addition, the analysis proves that government policy support and financial support have different impacts on upstream enterprises and downstream enterprises.
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1. Introduction


Faced with the “structural slowdown” of the global economy, the Chinese government has proposed a national development strategy that shifts from relying mainly on factors and investment to being driven by technological innovation [1,2]. The manufacturing industry is a field that gathers many new patents, new technologies, and new product applications [3,4,5]. The scientific and technological innovation capability of the manufacturing industry is the key to promoting high-quality economic development and plays an important role in building a modern economic system [6,7,8,9,10]. From the perspective of domestic development, regional integration in the Yangtze River Delta has become a national strategy [11,12]. The market segmentation brought about by local free competition and the consequences of independent governance have seriously affected the collaborative innovation in the development of science and technology, resulting in weak cooperation between manufacturing enterprises [13]. From the perspective of international prospects, for a long time, multinational enterprises in developed countries in Europe and the United States have mostly occupied the R&D link of the manufacturing industry chain, mastered the key core technologies, and formed core competitiveness by relying on their dominant position in the global value chain to occupy the commanding heights of international competition [4,14,15]. The current trade friction between China and the United States and the outbreak of the new crown pneumonia have caused the global economy to continue to downturn [16]. The cut-off of certain “stuck neck” technologies has caused the entire industrial chain to break, with the effect of “one sword sealing the throat” [17]. The situation that key core technologies, key links in the production process, and key components are controlled by others has not been completely reversed [18]. How to achieve the “1+1>2” synergistic innovation effect in different fields and drive high-quality economic development is a common problem facing the current manufacturing industry [19]. Therefore, the purpose of this research is to strengthen the collaborative innovation of upstream and downstream enterprises, cultivate innovative competitive advantages in the industry chain, and ultimately achieve high-quality economic development [20,21,22,23].



This paper is organized as follows: The literature review of industry chain innovation is reviewed in Section 2. In Section 3, evolutionary game model assumptions are proposed, and a payment matrix is constructed. The stability of the evolutionary game model of technological innovation is analyzed in Section 4. Simulation analysis is presented in Section 5. Section 6 is devoted to the conclusions.




2. Literature Review


Prior research mainly studied the concept and mechanism of collaborating innovation. For example, Shi et al. analyzed that chain innovation is a process in which an enterprise establishes an information-sharing mechanism with other upstream and downstream enterprises in the industrial chain, participates in research and development, and realizes the innovation of the entire industrial chain through technology transfer [24,25]. In addition, Turken and Geda pointed out industrial development itself was a process of dynamic integration of industrial chains, and its formation and development were embodied in the synergy of different industrial chains [26]. Skippari et al. suggested that research on collaborative innovation in the industrial chain was mainly based on the mechanism and process of collaborative innovation and was reflected in the interactive innovation between upstream and downstream enterprises in the industrial chain [27]. Wang and Hu demonstrated that vertical industrial chain cooperative innovation was a common innovation model and effective knowledge sharing and cooperation between upstream and downstream enterprises, which could help improve innovation efficiency [28]. Furthermore, Cao and Zhang concluded that industrial chain collaborative innovation would promote industrial optimization and upgrading [29].



Current studies mainly explore the vertical industrial chain cooperative from the innovation model. Effective knowledge sharing and cooperation between upstream and downstream enterprises can help improve innovation efficiency to promote industrial optimization and upgrading [30,31,32]. Based on their research, Ge et al. established a multistage game model between suppliers and manufacturers and analyzed the strategic commitments and opportunistic behaviors of suppliers and manufacturers to determine whether certain types of commitments would reduce the uncertainty of the company and increase profitability [33]. Shen et al. studied a supply chain that included upstream suppliers and downstream manufacturers and found that the manufacturer should be the leader in product investment [34]. Hong et al. presented a green supply chain collaborative innovation and found that organization–organization, organization–government, and organization–institution collaborative innovation have an obvious effect on innovation output efficiency [35]. Xu et al. explained the process of university–industry–research (U-I-R) collaborative innovation and realized that knowledge sharing and application promoted process optimization [36]. Lee and Miozzo proposed that knowledge-intensive business services firms should collaborate with universities and indicated that the cooperation between companies and universities was different from cooperation between companies [37]. Based on evolutionary game theory, Yang et al. built a model to evaluate the collaborative and evolutionary process of government–university–industry and analyzed that industry and university would adopt the collaborative and betrayal strategy [38]. Yu et al. examined an R&D collaboration alliance that consisted of an innovator and a marketer and demonstrated that a marketer chooses a contract strategy based on the trade-off between R&D efficiency and sales efficiency [39]. Raweewan and Ferrell applied game theory and offered a model to weigh the competition and cooperation strategies of cooperative enterprises [40]. Yu et al. investigated a Stackelberg differential game where the manufacturer as the leader determined the wholesale price and the retailer as the follower determined the retail price, and the results showed that the supply chain tended to share the revenue rather than cost sharing [41]. Soh and Subramanian examined a firm’s R&D collaborations with universities and revealed that young and older companies shifted their R&D focus according to their R&D priorities [42]. Dong and Li constructed a wind power industry upstream, midstream, and downstream performance indicator evaluation system, dynamically evaluated the coupling coordination degree of the three subsystems, and concluded that the wind power industry’s mid-upstream coupling coordination degree changed more than the mid-downstream and the three subsystems [43]. Zhang et al. established an R&D evolutionary game model for upstream and downstream and considered that the technology-sharing strategy selected by the R&D team was closely related to the technology-sharing coefficient and the benefits obtained by free-riding [44]. Liao et al. selected 74 companies in the upstream and downstream manufacturing industries of Taiwan’s network communications industry to test their supply chain innovation capabilities and competitive advantages, and the research results showed that supply chain collaborative value innovation can enhance corporate competitive advantages through supply chain capabilities [45]. Zhu and Dou constructed an evolutionary game model between government and enterprise in the green supply chain and demonstrated that enterprise costs, benefits, government subsidies and punishments affected the outcome of the game [46]. Sun et al. built an evolutionary game model of investment between manufacturers and suppliers and found that the input–output ratio of manufacturers, suppliers, and government subsidies would cause different evolutionary game results [47]. In addition, some studies introduce the government as a participant in the evolutionary game model. Liu et al. took carbon-fiber manufacturing enterprises, application enterprises, and governments as three game players and revealed that the appropriate allocation ratio was the key to industrial cooperation and innovation [48]. Hou and Li believed that the government was an advocate of IoT infrastructure construction in China. They established an evolutionary game model that included the government, manufacturers, and operators, and the results showed that each factor had a different impact on them [49]. Li et al. built a game model that included enterprises, academic institutions, and governments to explore the impact of government subsidies on innovation [50].



The literature reviews reveal that chain-integrated innovation refers to the supply-chain-oriented, vertical enterprise division of labor and collaborative innovation. The existing industry chain research has a certain reference value for the development of collaborative innovation; however, first, some scholars utilize upstream and downstream enterprises in the industry chain as the main players of the game [51]. Nevertheless, the stability of the game between upstream and downstream enterprises is greatly affected by government policies and financial support [52,53]. Second, numerous studies regard upstream enterprises and downstream enterprises to be in the same innovative position. However, Zhang et al. found that upstream enterprises pay more attention to R&D [44], and the literature fails to conduct evolutionary game research on collaborative innovation led by upstream enterprises.



The behavior selection of chain-integrated innovation is a dynamic, continuously evolving process. Evolutionary game theory is a theory that combines game theory with the dynamic evolution process [54,55,56]. It assumes bounded rationality and incomplete information, breaking through the assumption of complete rationality [57]. Therefore, the evolutionary game is very practical and important development of classical game theory [58]. The evolutionary stability strategy is realized through continuous learning and adjustment of the participating players, which reflect the dynamic process of behavior selection and conforms to the general behavior rules of evolution [59].



Therefore, it is very necessary to introduce the government as a participant in the evolutionary game model, considering the impact of policy and financial support on collaborative innovation [60]. By constructing a tripartite evolutionary game model that includes the participation willingness of the government, upstream enterprises, and downstream enterprises, this paper analyzes the collaborative innovation mechanism intervened by the government, led by the upstream enterprises, and in which the downstream enterprises participated. Moreover, this study solves the stable strategy of the tripartite evolutionary game in different situations and reveals the factors that influence the choice of manufacturing chain collaborative innovation strategy through numerical analysis.




3. Evolutionary Game Model Construction


3.1. Evolutionary Game Model Assumptions


Chain-integrated innovation is a form of collaborative innovation [61]. In addition to upstream enterprises and downstream enterprises that directly participate in the chain-integrated collaborative innovation, the government has played an important role in chain-integrated innovation [62,63,64,65]. While receiving the tax paid by enterprises for R&D income, the government also provides upstream and downstream enterprises with preferential policies for collaborative innovation and supervises the collaborative innovation process between enterprises [66]. For example, the government regularly assesses the collaborative innovation performance of upstream and downstream enterprises to determine whether to continue to provide funding in the future [67,68]. Based on this, the following assumptions are made:

Hypothesis 1 (H1).

Participating subject. In the process of enhancing the independent controllability of the manufacturing industry chain in the Yangtze River Delta, for the convenience of research, enterprises in the industry chain are simply divided into two parts: one part is upstream enterprises, whose participation can solve scientifically oriented issues of innovation. The other part is downstream enterprises, whose participation can solve industrialization-oriented issues of innovation. Therefore, there are three major agents in the innovation process of the manufacturing industry chain in the Yangtze River Delta (the government  G , upstream enterprises  T , and downstream enterprises  D ). As the main body of industrial chain innovation, upstream enterprises and downstream enterprises can provide technological innovation services for society [69]. The upstream enterprises are mainly responsible for the output of collaborative innovation knowledge and technology [70], and the downstream enterprises are mainly responsible for providing the transformation of collaborative innovation achievement [71]. As the main body of supervision for collaborative innovation in the industrial chain, the government aims to provide policy support and public services for the society [72] and promote collaborative innovation and cooperation between upstream and downstream enterprises. There are cognitive differences between the government, upstream enterprises, and downstream enterprises, and they cannot be completely rational in the decision-making process. There is a problem of information asymmetry between the government, upstream enterprises, and downstream enterprises. Therefore, it is assumed that the government, upstream enterprises, and downstream enterprises are based on bounded rationality.





Hypothesis 2 (H2).

Cooperative strategy. In the process of profit distribution of the main body of the manufacturing industry chain in the Yangtze River Delta, upstream and downstream enterprises choose to maximize their interests based on the assumption of economic man [73]. Upstream and downstream enterprises can choose to cooperate or not. The strategy set is (collaboration, noncollaboration), where collaboration refers to the joint research and development of key technologies by upstream enterprises and downstream enterprises [74], and noncollaboration means that upstream enterprises and downstream enterprises separately carry out research and development of key common plans [75]. The government considers maximization based on the perspective of public interest [76]. It can choose to supervise upstream and downstream enterprises or not. Its strategy set is (supervision, nonsupervision), where government supervision means that the government creates conditions to actively promote the joint development of key common technology research and development by upstream and downstream enterprises [77], and nonsupervision means that the government is indifferent to the development of collaborative innovation between upstream and downstream enterprises.





Hypothesis 3 (H3).

Project benefits. Suppose the government chooses not to supervise upstream enterprises and downstream enterprises to obtain benefits as    E 0 G   , and upstream enterprises and downstream enterprises choose not to cooperate, then the initial benefits of upstream enterprises and downstream enterprises are    E 0 T    and    E 0 D   , respectively. Assuming that the government supervises upstream and downstream enterprises, the enthusiasm of enterprises in R&D is improved, and the increased revenues of the government, upstream, and downstream enterprises are   Δ  E 1 G   ,   Δ  E 1 T   , and  Δ  E 1 D   , respectively. If the upstream enterprises choose collaborative innovation and the downstream enterprises choose independent R&D, the benefit of the downstream enterprises’ independent R&D is   Δ  E 2 D   . If the downstream enterprises choose collaborative innovation and the upstream enterprises choose independent R&D, the benefit of the upstream enterprises’ independent R&D is   Δ  E 2 T   . The innovation chain is deployed around the industrial chain, and scientific and technological research is aimed at the middle- and high-end links [78]. It is assumed that the government rewards and supports upstream enterprises that actively participate in collaborative innovation   Δ  E 2 G   .





Hypothesis 4 (H4).

Project cost. Although the government does not directly participate in the collaborative innovation process as the main body of supervision of corporate innovation behavior to attract corporate investment and protect public interests, the government provides supporting policies including financing, construction, and operation, and the cost is recorded as    C 1   . As the actors of technology R&D, enterprises must invest a lot of energy, financial resources, and material resources. The cost of collaborative innovation input by upstream enterprises and downstream enterprises is    C 2    and    C 3   , respectively. If the government provides preferential policies for collaborative innovation of upstream and downstream enterprises, the cost of collaborative innovation of upstream and downstream enterprises is reduced by   Δ  C T    and   Δ  C D   , respectively.





Hypothesis 5 (H5).

Punishment mechanism. To avoid a breach of contract between upstream enterprises and downstream enterprises in the process of collaborative innovation, if upstream enterprises choose collaborative innovation and downstream enterprises choose not to conduct collaborative innovation, downstream enterprises need to pay certain penalties to upstream enterprises [79], which are recorded as  M . If downstream enterprises choose collaborative innovation and upstream enterprises choose not to conduct collaborative innovation, the upstream enterprises need to pay certain penalties to the downstream company, which are recorded as  N .





Hypothesis 6 (H6).

Net income. Assume that the net benefits of the government choosing to supervise collaborative innovation are higher than the net benefits of choosing not to supervise [80]; that is,   Δ  E 1 G  −  C 1  − Δ  E 2 G  > 0  . The net income of upstream enterprises choosing to carry out collaborative innovation is higher than the net income of not carrying out collaborative innovation; that is,   Δ  E 1 T  + N − Δ  E 2 T  −  C 2  > 0  . The net income of downstream enterprises choosing to carry out collaborative innovation is higher than the net income of not carrying out collaborative innovation; that is,   Δ  E 1 D  + M − Δ  E 2 D  −  C 3  > 0  .








3.2. Construction of Payment Matrix


In the game model, the government, upstream enterprises, and downstream enterprises make strategic choices according to their wishes. Given the probability of supervision upstream and downstream enterprises by the government  x , the probability of nonsupervision would be   ( 1 − x )  . Assuming the probability of collaboration by upstream enterprises  y , the probability of noncollaboration would be   ( 1 − y )  . Given the probability of collaboration by downstream enterprises  z , the probability of noncollaboration would be   ( 1 − z )  , and   x , y , z ∈ [ 0 , 1 ]  . According to the above assumptions, the payout matrix of the evolutionary game of income distribution of technology R&D participants is shown in Table 1 and Table 2.





4. Stability Analysis of Technological Innovation Evolutionary Game Model


4.1. Construction of Income Expectation Function


According to the evolutionary game payment matrix of the collaborative innovation of the industrial chain, let the expected return of the government under supervised strategy be    U  G 1    , let the expected return of the government under nonsupervised strategy be    U  G 2    , and let the average expected return of the government be     U ¯  G   , then:


     U  G 1   = y z (  E 0 G  + Δ  E 1 G  −  C 1  − Δ  E 2    G  ) + y ( 1 − z ) (  E 0 G  + Δ  E 1 G  −  C 1  − Δ  E 2    G  )                       + ( 1 − y ) z (  E 0 G  + Δ  E 1 G  −  C 1  ) + ( 1 − y ) ( 1 − z ) (  E 0 G  + Δ  E 1 G  −  C 1  )    



(1)






   U  G 2   = y z  E 0 G  + y ( 1 − z )  E 0 G  + ( 1 − y ) z  E 0 G  + ( 1 − y ) ( 1 − z )  E 0 G   



(2)






    U ¯  G  = x  U  G 1   + ( 1 − x )  U  G 2    



(3)







Let the expected return of the upstream enterprises under collaboration strategy be    U  T 1    , let the expected return of the upstream enterprise under noncollaboration strategy be    U  T 2    , and let the average return of the upstream enterprise be     U ¯  T   , then:


     U  T 1   = x z (  E 0 T  + Δ  E 1 T  −  C 2  + Δ  C T  + Δ  E 2    G  ) + x ( 1 − z ) (  E 0 T  −  C 2  + Δ  C T  + Δ  E 2    G  + M )                                                               + ( 1 − x ) z (  E 0 T  + Δ  E 1 T  −  C 2  )     + ( 1 − x ) ( 1 − z ) (  E 0 T  −  C 2  + M )    



(4)






   U  T 2   = x z (  E 0 T  + Δ  E 2 T  − N ) + x ( 1 − z )  E 0 T  + ( 1 − x ) z (  E 0 T  + Δ  E 2 T  − N ) + ( 1 − x ) ( 1 − z )  E 0 T   



(5)






    U ¯  T  = y  U  T 1   + ( 1 − y )  U  T 2    



(6)







Let the expected return of the downstream enterprises under collaboration strategy be    U  D 1    , let the expected return of the downstream enterprises under noncollaboration strategy be    U  D 2    , and the average return of the downstream enterprises be     U ¯  D   , then:


     U  D 1   = x y (  E 0 D  + Δ  E 1 D  −  C 3  + Δ  C D  ) + x ( 1 − y ) (  E 0 D  −  C 3  + Δ  C D  + N )                                                               + ( 1 − x ) y (  E 0 D  + Δ  E 1 D  −  C 3  ) +       ( 1 − x ) ( 1 − y ) (  E 0 D  −  C 3  + N )    



(7)






     U  D 2   = x y (  E 0 D  + Δ  E 2 D  − M ) + x ( 1 − y )  E 0 D                                                                  +   ( 1 − x ) y (  E 0 D  + Δ  E 2 D  − M )   + ( 1 − x ) ( 1 − y )  E 0 D     



(8)






    U ¯  D  = z  U  D 1   + ( 1 − z )  U  D 2    



(9)








4.2. Solving the Evolutionary Stability Strategy


Under the assumption of bounded rationality, the government, upstream enterprises, and downstream enterprises are repeated games that learn from each other, and the entire strategy process can be simulated by copying dynamic equations. Therefore, the replicator dynamic equation of the government can be written as:


  F ( x ) = x ( 1 − x ) ( Δ  E 1 G  −  C 1  − y Δ  E 2 G  )  



(10)







The replicator dynamic equation of upstream enterprises can be written as:


  F ( y ) = y ( 1 − y ) [ x ( Δ  C T  + Δ  E 2 G  ) + z ( Δ  E 1 T  − Δ  E 2 T  − M + N ) + M −  C 2  ]  



(11)







The replicator dynamic equation of downstream enterprises can be expressed as:


  F ( z ) = z ( 1 − z ) [ x Δ  C D  −  C 3  + y ( Δ  E 1 D  − Δ  E 2 D  + M − N ) + N ]  



(12)







Friedman proposed to construct the Jacobian matrix (J) of the system structure analysis, according to which the local stability of the evolutionary game can be judged, and then the system evolution stability strategy can be obtained. By combining Equations (10)–(12), together, a dynamic evolutionary game system for the tripartite game has been established, which can be expressed by Equation (13), then:


  J =  {      ( 1 − 2 x ) ( Δ  E 1 G  −  C 1  − y Δ  E 2 G  )     − x ( 1 − x ) Δ  E 2 G     0      y ( 1 − y ) ( Δ  C T  + Δ  E 2 G  )       ( 1 − 2 y ) [ x ( Δ  C T  + Δ  E 2 G  ) + z ( Δ  E 1 T      − Δ  E 2 T  − M + N ) + M −  C 2  ]       y ( 1 − y ) ( Δ  E 1 T  − Δ  E 2 T  − M + N )       z ( 1 − z ) Δ  C D      z ( 1 − z ) ( Δ  E 1 D  − Δ  E 2 D  + M − N )       ( 1 − 2 z ) [ x Δ  C D  −  C 3  +     y ( Δ  E 1 D  − Δ  E 2 D  + M − N ) + N ]        }  .  



(13)








4.3. Stability Analysis of Equilibrium


Let   F ( x ) = F ( y ) = F ( z ) = 0  , and the eight equilibrium points for pure strategy solution of the dynamic system have been calculated:    E 1  ( 0 , 0 , 0 )  ,    E 2  ( 0 , 0 , 1 )  ,    E 3  ( 0 , 1 , 0 )  ,    E 4  ( 0 , 1 , 1 )  ,    E 5  ( 1 , 0 , 0 )  ,    E 6  ( 1 , 0 , 1 )  ,    E 7  ( 1 , 1 , 0 )  , and    E 8  ( 1 , 1 , 1 )  . The eigenvalues of the Jacobian matrix obtained from the equilibrium point are shown in Table 3.



Since there are many parameters involved in the coevolutionary game model of the manufacturing industry chain, the following three scenarios are used to analyze the evolutionary game.



Type 1.  Δ  C T  + Δ  E 2 G  + M −  C 2  < 0  and  Δ  C D  + N −  C 3  < 0  .



As shown in Type 1, when the sum of the cost reduction of the upstream enterprises’ collaborative innovation, the government’s rewards for upstream enterprises, and the penalties paid by downstream enterprises for independent R&D to the upstream enterprises is less than the cost of the upstream enterprises’ collaborative innovation (moreover, when the sum of the cost of collaborative innovation by downstream enterprises and the penalties paid by upstream enterprises for independent R&D to downstream enterprises is less than the cost of collaborative innovation by downstream enterprises), there are two ESSs in the Jacobian matrix. They are    E 5  ( 1 , 0 , 0 )   and    E 8  ( 1 , 1 , 1 )  , respectively, and the corresponding evolutionary stability strategy is (supervision, noncollaboration, and noncollaboration) and (supervision, collaboration, and collaboration), which can be clearly shown in Type 1 of Table 4.



Type 2.  Δ  C T  + Δ  E 2 G  + Δ  E 1 T  + N − Δ  E 2 T  −  C 2  < 0  and  Δ  C D  + N −  C 3  > 0  .



As shown in Type 2, when the sum of the cost reduction of collaborative innovation of upstream enterprises, the government’s rewards for upstream enterprises, the benefits of upstream enterprises’ collaborative innovation, and the penalties paid by upstream enterprises for independent R&D to downstream enterprises is less than the sum of upstream enterprises’ individual R&D benefits and costs of collaborative innovation (moreover, when the sum of the cost reduction of collaborative innovation of downstream enterprises and the penalties paid by upstream enterprises for independent R&D to downstream enterprises is greater than the cost of collaborative innovation by downstream enterprises), there are two ESSs in the Jacobian matrix. They are    E 6  ( 1 , 0 , 1 )   and    E 8  ( 1 , 1 , 1 )  , respectively, and the corresponding evolutionary stability strategy is (supervision, noncollaboration, and noncollaboration) and (supervision, collaboration, and collaboration), which can be clearly shown in Type 2 of Table 4.



Type 3.  Δ  C T  + Δ  E 2 G  + M −  C 2  > 0  or  Δ  C T  + Δ  E 2 G  + Δ  E 1 T  + N − Δ  E 2 T  −  C 2  > 0  and  Δ  C D  + N −  C 3  < 0  .



As shown in Type 3, when the sum of the cost reduction of the upstream enterprises’ collaborative innovation, the government’s reward to the upstream enterprises, and the penalties paid by downstream enterprises for independent R&D to the upstream enterprises is greater than the cost of the upstream enterprises’ collaborative innovation, or when the sum of the cost reduction of the upstream enterprises’ collaborative innovation, the government’s reward to the upstream enterprises, the upstream enterprises’ collaborative innovation benefits, and the penalties paid by upstream enterprises for independent R&D to downstream enterprises is greater than the sum of upstream enterprises’ individual R&D benefits and the cost of collaborative innovation (moreover, when the sum of the cost of collaborative innovation by downstream enterprises and the penalties paid by upstream enterprises for independent R&D to downstream enterprises is less than the cost of collaborative innovation of downstream enterprises), there is an ESS in the Jacobian matrix; that is,    E 8  ( 1 , 1 , 1 )  , and the corresponding evolutionary stability strategy is (supervision, collaboration, and collaboration), which can be clearly shown in Type 3 of Table 4.





5. Simulation Analysis


There are differences in resource advantages between provinces and cities in the Yangtze River Delta of China; therefore, each province and city has its own industrial characteristics [81]. Shanghai is rich in scientific and technological resources; by that scale, the manufacturing industry reaches 924.321 billion yuan in 2020, occupying an advantage in the high-end equipment manufacturing industry [82]. Jiangsu’s advanced manufacturing industry is developing rapidly. In 2020, the province’s strategic emerging industries will account for 37.8% of the industrial output value above the designated size, and the output value of high-tech industries will account for 46.5% of the industrial output value above the designated size [83]. Zhejiang’s emerging industries are growing rapidly. In 2020, the total profits of high-tech, strategic emerging, and digital economy core industries are 414.7 billion yuan, 242.9 billion yuan, and 84.1 billion yuan, respectively [84]. In 2020, the added value of Anhui’s manufacturing industry exceeds one trillion yuan, and technological transformation investment ranks second in the Yangtze River Delta [85].



In the process of game collaboration, manufacturing enterprises have to bear certain penalties for their breach of contract to restrict the behavior of upstream and downstream enterprises. Based on the actual situation of collaborative innovation in the manufacturing industry chain in the Yangtze River Delta, the following assumptions are made on the parameter values of the evolutionary game matrix of the industrial chain collaborative innovation (unit: million yuan).



The increase in revenue from the government’s participation in the collaborative innovation of the industrial chain is denoted as   Δ  E 1 G  = 40  , the increase in revenue from the participation of upstream enterprises in collaborative innovation is denoted as   Δ  E 1 T  = 50  , and the increase in revenue from downstream enterprises’ participation in collaborative innovation is denoted as   Δ  E 1 D  = 50  . Moreover, the profit obtained by the upstream enterprises for independent R&D is denoted as   Δ  E 2 T  = 30  , the penalties paid by upstream enterprises for independent R&D to downstream enterprises is denoted as   N = 5  , the profit obtained by the downstream enterprises for independent R&D is denoted as   Δ  E 2 D  = 25  , and the penalties paid by downstream enterprises for independent R&D to the upstream enterprises is denoted as   M = 5  . The government’s reward for upstream enterprises that actively participate in collaborative innovation is recorded as   Δ  E 2 G  = 8  , the cost of the government participation in industrial chain innovation is recorded as    C 1  = 5  , the cost of upstream enterprises’ inputs for collaborative innovation is recorded as    C 2  = 24  , and the cost of downstream enterprises’ inputs for collaborative innovation is recorded as    C 3  = 20  . When the government participates in the collaborative innovation of the industrial chain, the extent of cost reduction of upstream enterprises is   Δ  C T  = 4  , and the extent of cost reduction of downstream enterprises is   Δ  C D  = 4  .



To clearly illustrate the evolution paths of the government, upstream enterprises, and downstream enterprises in different situations, Matlab R2016a has been used to simulate the dynamic evolution process. According to the results, the participants’ willingness to participate, the government’s reward and punishment mechanism, and the distribution of benefits are discussed.



5.1. Analysis of the Dynamic Evolution of Participants’ Initial Willingness


In Figure 1, when other parameters remain unchanged, assuming that the initial willingness of the government, upstream enterprises, and downstream enterprises to participate is   x = y = z = 0.3  , the government’s willingness to participate is very strong and converges to 1 in a short period, and the willingness of upstream enterprises and downstream enterprises not to participate in collaborative innovation declines rapidly. The acceleration of downstream enterprises affected by market behavior has exceeded the rate of convergence of upstream enterprises, and ultimately upstream and downstream enterprises have converged to zero. When the initial participation willingness of the government, upstream enterprises, and downstream enterprises rises   x = y = z = 0.5  , the government converges to 1 at a faster rate. In the initial stage, the speed of convergence between upstream and downstream enterprises is slow, but as the government participates in the collaborative innovation of the industrial chain, upstream and downstream enterprises gradually converge to 1, and the final stable point is (1,1,1). When the initial participation willingness of the government, upstream enterprises, and downstream enterprises rises   x = y = z = 0.7  , the government converges to 1 more quickly, while upstream enterprises and downstream enterprises also converge to 1 at a relatively faster rate. The final stable point is (1,1,1). The simulation results show that as the government, upstream enterprises, and downstream enterprises increase their initial willingness to participate, the government’s tendency to participate in the collaborative innovation of the industrial chain gradually increases. At the same time, upstream enterprises and downstream enterprises have changed from not participating in collaborative innovation to participating in collaborative innovation at a slow pace. When the government plays its leading role, it actively guides and encourages upstream and downstream enterprises to participate in collaborative innovation at a faster rate, as shown in Figure 1.



In Figure 2, assuming that the willingness to participate by the government and downstream enterprises remains unchanged when the willingness of upstream enterprises to participate is 0.1, the government converges to 1 at a faster rate, the upstream enterprises converge to 0 at a slow rate, and the downstream enterprises converge to 0 relatively quickly. The balance point is (1,0,0). When the willingness of upstream enterprises to participate is 0.5, the government converges to 1 at the same speed, and upstream enterprises and downstream enterprises are relatively slow to converge to 1, and the final equilibrium point is (1,1,1). As upstream enterprises’ willingness to participate increases to 0.9, the speed of government convergence to 1 is almost unchanged, while upstream enterprises quickly converge to 1 faster than downstream enterprises, and the final equilibrium point converges to (1,1,1). The simulation results show that as the initial willingness of upstream enterprises to participate increases, upstream enterprises and downstream enterprises gradually increase their willingness to participate. When upstream enterprises’ willingness to participate in collaborative innovation is large enough, both upstream and downstream enterprises ultimately choose to conduct collaborative innovation. Upstream enterprises are more affected by their own willingness to participate in collaborative innovation, while the government’s willingness to participate in collaborative innovation is not affected by upstream enterprises, as shown in Figure 2.



In Figure 3, Assuming that the willingness to participate by the government and upstream enterprises remains unchanged when the willingness to participate by downstream enterprises is 0.1, upstream enterprises and downstream enterprises converge to 0 at a slow rate, and the government converges to 1 at a faster rate. The final equilibrium point is (1,0,0). When the willingness of downstream enterprises to participate is increased to 0.5, both upstream enterprises and downstream enterprises converge to 1, but the speed is relatively slow, and the final equilibrium point of the three agents is (1,1,1). When the willingness of downstream enterprises to participate increases to 0.9, upstream enterprises and downstream enterprises converge to 1 at a relatively fast speed, and the government’s convergence to 1 speed remains unaffected. The simulation results show that as the initial willingness of downstream enterprises to participate increases, upstream enterprises and downstream enterprises gradually increase their willingness to participate, and ultimately both choose to engage in collaborative innovation, but the government’s willingness to participate in collaborative innovation is not affected by downstream enterprises, as shown in Figure 3.



In Figure 4, assuming that the participation willingness of upstream enterprises and downstream enterprises remains unchanged, when the government participation willingness is 0.1, upstream enterprises and downstream enterprises converge to 0 at a slow speed, the government converges to 1, and the final equilibrium point is (1,0,0). When the government’s willingness to participate increases to 0.5, both upstream and downstream enterprises converge to 1 at a relatively slow rate, and the final equilibrium point of the three agents is (1,1,1). When the government’s willingness to participate increases to 0.9, upstream enterprises and downstream enterprises converge to 1 at a relatively fast rate, upstream enterprises converge faster than downstream enterprises, and the government’s rate of convergence to 1 is gradually increased. The simulation results show that as the government’s initial willingness to participate increases, upstream enterprises and downstream enterprises gradually increase their willingness to participate, upstream enterprises are more affected by the government’s willingness to participate, and downstream enterprises are more affected by market behavior. At the same time, when the government’s willingness to participate is large enough, both upstream enterprises and downstream enterprises ultimately choose to carry out collaborative innovation, as shown in Figure 4.




5.2. The Influence of Government Support on Collaborative Innovation in the Industrial Chain


Under the circumstance that other parameters remain unchanged, the government provides policy support to reduce the cost of collaborative innovation in the industrial chain, and the impact on the collaborative innovation strategy of upstream and downstream enterprises is shown in Figure 5. For example, the “Measures for the Parallel Management of Average Fuel Consumption of Passenger Car Enterprises and New Energy Vehicle Credits” was implemented, and the government vigorously promoted the “double credit policy” for new energy vehicles to subsidize research and innovation. Assuming that the government’s support is small and the cost reduction of upstream and downstream enterprises is   Δ  C T  = Δ  C D  = 1  , then both upstream and downstream enterprises converge to zero, and the convergence rate of downstream enterprises is higher than that of upstream enterprises. With the increase in government policy support   Δ  C T  = Δ  C D  = 4  , upstream enterprises and downstream enterprises both converge to 1, and the convergence rate of upstream enterprises is slightly higher than that of downstream enterprises. However, when government policy support is sufficiently high, upstream enterprises and downstream enterprises both converge to 1 at a faster rate, and downstream enterprises are more willing to converge to 1. Simulation results show that government policy support has an impact on upstream and downstream enterprises. With the increase in government support, both upstream and downstream enterprises choose to participate in collaborative innovation, and downstream enterprises are more significantly affected by government policies.



Under the circumstance that other parameters remain unchanged, the influence of the government’s financial support on the collaborative innovation strategy of upstream and downstream enterprises is shown in Figure 6. Assuming that the government’s financial support is 1, upstream enterprises and downstream enterprises both converge to 0, but upstream enterprises decline faster than downstream enterprises. With the increase in government funding support, upstream enterprises and downstream enterprises both converge to 1, and upstream enterprises converge faster than downstream enterprises. This means that government funding support has a greater impact on upstream enterprises than downstream enterprises.




5.3. The Impact of Penalties on Collaborative Innovation in the Industrial Chain


Under the condition that other parameters remain unchanged, by increasing the penalties on upstream enterprises that do not choose collaborative innovation, the following policy simulation results were obtained, as shown in Figure 7. Assuming that the default penalty for upstream enterprises is low at 1, both upstream enterprises and downstream enterprises converge to 0, and downstream enterprises decline faster than upstream enterprises. With the increase in upstream enterprises’ default penalties, both upstream enterprises and downstream enterprises converge to 1, and the convergence rate of upstream enterprises is slightly higher than that of downstream enterprises. Similarly, under the condition that other parameters remain unchanged, the dynamic evolution process of downstream enterprises default penalty on the collaborative innovation of the industrial chain is shown in Figure 8. Assuming that the downstream enterprises’ default penalty is low at 1, both upstream enterprises and downstream enterprises converge to 0, and downstream enterprises decline faster than upstream enterprises. As the penalty for breach of contract by downstream enterprises is raised to 5, both upstream enterprises and downstream enterprises converge to 1, and upstream enterprises converge slightly faster than downstream enterprises. However, as the penalty for breach of contract by downstream enterprises is increased to 9, upstream enterprises and downstream enterprises both converge to 1, and downstream enterprises have a slightly higher rate of convergence than upstream enterprises.



The results indicate that the increase in the penalty on upstream and downstream enterprises has a significant impact on the tripartite result. When the default cost is small, upstream enterprises may not participate in collaborative innovation, and downstream enterprises gradually decrease their willingness to participate. In the end, they tend not to participate in collaborative innovation. When the cost of default for upstream enterprises increases, the willingness of upstream enterprises to participate continues to increase, which drives downstream enterprises’ willingness to participate. When the cost of default for downstream enterprises increases, downstream enterprises are initially not willing to participate, but as upstream enterprises’ willingness to participate increases to a certain extent, downstream enterprises’ willingness to participate increases rapidly, and they all choose to carry out collaborative innovation in the end.




5.4. Impact of Changes in Collaborative Benefits on Collaborative Innovation in the Industrial Chain


In the case of other parameters unchanged, Figure 9 shows the impact of changes in the collaborative benefits of upstream companies on the collaborative innovation of the industrial chain. Assuming that the benefit of upstream enterprises’ collaborative innovation is low at 10, both upstream enterprises and downstream enterprises converge to 0, and upstream enterprises decline faster than downstream enterprises. With the increase in the collaborative benefits of upstream enterprises, compared with downstream enterprises, upstream enterprises converge to 1 at a faster rate, and the final equilibrium point is (1,1,1). Under the condition that other parameters remain unchanged, the impact of changes in downstream enterprises’ collaborative benefits on the collaborative innovation of the industrial chain is shown in Figure 10. Assuming that the downstream enterprises’ collaborative innovation income is low at 10, both upstream enterprises and downstream enterprises converge to 0, and downstream enterprises decline faster than upstream enterprises. With the increase in the collaborative benefits of downstream enterprises, compared with upstream enterprises, downstream enterprises converge to 1 at a faster rate, and the final equilibrium point is (1,1,1). The simulation results show that the willingness of enterprises to participate is significantly affected by changes in returns. When the collaborative benefits are relatively low, upstream enterprises and downstream enterprises tend not to participate in collaborative innovation. As the collaborative benefits of upstream enterprises increase, the willingness of upstream enterprises to participate in collaborative innovation increases rapidly, which in turn drives downstream enterprises to participate in collaborative innovation. At the same time, with the improvement of the collaborative benefits of downstream enterprises, the enthusiasm of downstream enterprises to participate in collaborative innovation increases, thereby driving upstream enterprises to participate in collaborative innovation, and ultimately, both upstream and downstream enterprises choose collaborative innovation.




5.5. Discussion


The tripartite evolutionary game model involving government, upstream companies, and downstream companies were constructed and simulated, using manufacturing data from Shanghai, Jiangsu, Zhejiang, and Anhui provinces. The game model matrix parameter values were assigned, and simulation results were drawn. The government’s willingness to participate in collaborative innovation is significantly higher than that of upstream and downstream companies and has a greater impact on upstream companies and downstream companies, which is related to the government’s promulgation of support and punishment policies. The willingness of upstream companies and downstream companies to participate in collaborative innovation influences each other, and downstream companies are more sensitive to the willingness of upstream companies to participate in collaborative innovation, penalties, and benefits distribution. Zhang et al. built an evolutionary game model to study the technology-sharing strategy and demonstrated that synergy benefits, compensation mechanism, and reward amounts affect the technology sharing of upstream and downstream technical teams [44]. Comparing the other similar study [44], the mutual influence between the government, upstream companies, and downstream companies that converge to 0 or 1 have undergone an in-depth analysis.





6. Conclusions


Based on the assumption of bounded rationality, the evolutionary game theory is used to construct a payment matrix for collaborative innovation games led by the government and in which upstream enterprises and downstream enterprises participated. The evolutionary game process of collaborative innovation between the government, upstream enterprises, and downstream enterprises is systematically analyzed and combined with numerical simulation. Finally, the collaborative innovation strategic behavior and influencing factors of the government, upstream companies and downstream companies are analyzed, and conclusions are drawn. The study innovatively expands the scope of evolutionary game research and enriches the research perspective of manufacturing industry chain innovation.



	
The government, upstream enterprises, and downstream enterprises have different degrees of influence on each other’s willingness to participate. This is mainly reflected in two aspects: First, the government’s willingness to participate has a greater impact on upstream enterprises, while downstream enterprises are less affected by the government. For example, the new energy automobile industry has shifted from the financial subsidy funded by application promotion to the postsubsidy era that focuses on R&D. Second, upstream enterprises and downstream enterprises have different influence on each other, and downstream enterprises are more sensitive to upstream enterprises’ willingness to participate in collaborative innovation. With the increase in R&D investment of upstream manufacturing enterprises in the Yangtze River Delta, innovation resources have been brought together, which has led to an increase in the number of downstream enterprises participating.



	
Upstream enterprises are more affected by government funding support, and downstream enterprises are more affected by government policy support. The government provides R&D funding support to upstream enterprises to attract more upstream enterprises to participate in collaborative innovation. Achievement transformation, tax incentives, and other policies have reduced the cost of downstream enterprises participating in collaborative innovation, have increased the conversion rate of new technologies, and have also attracted more downstream enterprises to participate in collaborative innovation.



	
Penalties and benefits distribution has a more significant impact on downstream enterprises compared with upstream enterprises. Upstream enterprises focus on R&D and pursue social value, while downstream enterprises are more affected by the market and pursue their interests.






The study has some limitations, such as the absence of a quantitative empirical analysis of the upstream and downstream industrial chains of the manufacturing industry in the Yangtze River Delta. Additionally, in addition to the initial willingness of participants, government support, penalties, and synergistic benefits, the manufacturing industry chain in the Yangtze River Delta is affected by many other factors. In the future, the influencing factors of the manufacturing industry chain will be fully considered, and the quantitative empirical method will be used for further study.
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Figure 1. The dynamic evolution process of the initial participation willingness of the three agents. 
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Figure 2. The dynamic evolution process of upstream enterprises’ initial willingness to participate. 
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Figure 3. The dynamic evolution process of initial participation willingness of downstream enterprises. 
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Figure 4. The dynamic evolution process of the government’s initial willingness to participate. 
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Figure 5. The dynamic evolution process of government policy support. 
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Figure 6. The dynamic evolution process of government funding support. 
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Figure 7. The dynamic evolution process of upstream enterprises’ default penalties. 
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Figure 8. The dynamic evolution process of downstream enterprises’ default penalties. 
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Figure 9. The dynamic evolution process of changes in upstream enterprises’ collaborative benefits. 
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Figure 10. The dynamic evolution process of downstream enterprises’ collaborative benefits. 
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Table 1. The payment matrix of the evolutionary game of industrial chain collaborative innovation with government participation.






Table 1. The payment matrix of the evolutionary game of industrial chain collaborative innovation with government participation.





	
Strategy

	
Downstream Enterprises




	
   Collaboration   ( z )   

	
    Noncollaboration   ( 1 − z )    






	
Upstream enterprises

	
Collaboration ( y )

	
    E 0 G  + Δ  E 1 G  −  C 1  − Δ  E 2    G    

	
    E 0 G  + Δ  E 1 G  −  C 1  − Δ  E 2    G    




	
    E 0 T  + Δ  E 1 T  −  C 2  + Δ  C T  + Δ  E 2    G    

	
    E 0 T  −  C 2  + Δ  C T  + Δ  E 2    G  + M   




	
    E 0 D  + Δ  E 1 D  −  C 3  + Δ  C D    

	
    E 0 D  + Δ  E 2 D  − M   




	
Noncollaboration (  1 − y  )

	
    E 0 G  + Δ  E 1 G  −  C 1    

	
    E 0 G  + Δ  E 1 G  −  C 1    




	
    E 0 T  + Δ  E 2 T  − N   

	
    E 0 T    




	
    E 0 D  −  C 3  + Δ  C D  + N   

	
    E 0 D    
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Table 2. The payment matrix of the evolutionary game of industrial chain collaborative innovation without government participation.






Table 2. The payment matrix of the evolutionary game of industrial chain collaborative innovation without government participation.





	
Strategy

	
Downstream Enterprises




	
   Collaboration   ( z )   

	
    Noncollaboration   ( 1 − z )    






	
Upstream enterprises

	
Collaboration ( y )

	
    E 0 G    

	
    E 0 G    




	
    E 0 T  + Δ  E 1 T  −  C 2    

	
    E 0 T  −  C 2  + M   




	
    E 0 D  + Δ  E 1 D  −  C 3    

	
    E 0 D  + Δ  E 2 D  − M   




	
Noncollaboration (  1 − y  )

	
    E 0 G    

	
    E 0 G    




	
    E 0 T  + Δ  E 2 T  − N   

	
    E 0 T    




	
    E 0 D  −  C 3  + N   

	
    E 0 D    
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Table 3. The eigenvalues of the Jacobian matrix.






Table 3. The eigenvalues of the Jacobian matrix.





	Equilibrium Point
	Eigenvalues λ1
	Eigenvalues λ2
	Eigenvalues λ3





	    E 1  ( 0 , 0 , 0 )   
	   Δ  E 1 G  −  C 1    
	   −  C 2  + M   
	   −  C 3  + N   



	    E 2  ( 0 , 0 , 1 )   
	   Δ  E 1 G  −  C 1    
	   Δ  E 1 T  + N − Δ  E 2 T  −  C 2    
	   − ( −  C 3  + N )   



	    E 3  ( 0 , 1 , 0 )   
	   Δ  E 1 G  −  C 1  − Δ  E 2 G    
	   − ( −  C 2  + M )   
	   Δ  E 1 D  −  C 3  − Δ  E 2 D  + M   



	    E 4  ( 0 , 1 , 1 )   
	   Δ  E 1 G  −  C 1  − Δ  E 2 G    
	   − ( Δ  E 1 T  + N − Δ  E 2 T  −  C 2  )   
	   − ( Δ  E 1 D  −  C 3  − Δ  E 2 D  + M )   



	    E 5  ( 1 , 0 , 0 )   
	   − ( Δ  E 1 G  −  C 1  )   
	   Δ  C T  + Δ  E 2 G  + M −  C 2    
	   Δ  C D  + N −  C 3    



	    E 6  ( 1 , 0 , 1 )   
	   − ( Δ  E 1 G  −  C 1  )   
	     Δ  C T  + Δ  E 2 G  + Δ  E 1 T      − Δ  E 2 T  + N −  C 2      
	   − ( Δ  C D  + N −  C 3  )   



	    E 7  ( 1 , 1 , 0 )   
	   − ( Δ  E 1 G  −  C 1  − Δ  E 2 G  )   
	   − ( Δ  C T  + Δ  E 2 G  + M −  C 2  )   
	     Δ  C D  −  C 3  + Δ  E 1 D      − Δ  E 2 D  + M     



	    E 8  ( 1 , 1 , 1 )   
	   − ( Δ  E 1 G  −  C 1  − Δ  E 2 G  )   
	     − ( Δ  C T  + Δ  E 2 G  + Δ  E 1 T      − Δ  E 2 T  + N −  C 2  )     
	     − ( Δ  C D  −  C 3  + Δ  E 1 D      − Δ  E 2 D  + M )     
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Table 4. Local stability of equilibrium point.






Table 4. Local stability of equilibrium point.





	

	

	
E1

	
E2

	
E3

	
E4

	
E5

	
E6

	
E7

	
E8






	
Type 1

	
λ1

	
+

	
+

	
+

	
+

	
−

	
−

	
−

	
−




	
λ2

	
+/−

	
+

	
+

	
−

	
−

	
+/−

	
+

	
−




	
λ3

	
−

	
+

	
+

	
−

	
−

	
+

	
+

	
−




	
Stability

	
Unstable point

	
Saddle point

	
Saddle point

	
Unstable point

	
ESS

	
Unstable point

	
Unstable point

	
ESS




	
Type 2

	
λ1

	
+

	
+

	
+

	
+

	
−

	
−

	
−

	
−




	
λ2

	
+/−

	
+

	
+/−

	
−

	
+/−

	
−

	
+/−

	
−




	
λ3

	
+/−

	
+/−

	
+

	
−

	
+

	
−

	
+

	
−




	
Stability

	
Unstable point

	
Saddle point

	
Saddle point

	
Unstable point

	
Unstable point

	
ESS

	
Unstable point

	
ESS




	
Type 3

	
λ1

	
+

	
+

	
+

	
+

	
−

	
−

	
−

	
−




	
λ2

	
+/−

	
+

	
+/−

	
−

	
+

	
+

	
−

	
−




	
λ3

	
−

	
+

	
+

	
−

	
−

	
+

	
+

	
−




	
Stability

	
Unstable point

	
Saddle point

	
Saddle point

	
Unstable point

	
Unstable point

	
Unstable point

	
Unstable point

	
ESS
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