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Abstract

:

The transformation and upgrading of the construction industry has made obvious progress in China. However, the low degree of digitalization is still prominent. The digital transformation decision-making behavior of key participants in the construction industry is easily affected by economic interests, meaning that the implementation of digital transformation is a dynamic evolution process of repeated adjustment and continuous learning. Therefore, this study constructed a tripartite evolutionary game model of the government, service providers, and construction enterprises, and analyzed the strategy selection of each game player and the stability of the system equilibrium point. Moreover, the validity of the model and the influence of various factors on the system were verified and analyzed by numerical simulation. The results showed the following: (1) The government’s tax refund ratio and subsidy coefficient can significantly increase the motivation of construction enterprises and digital construction service providers within a certain threshold. (2) Whether enterprises carry out a comprehensive digital transformation depends on the revenue of the system solution strategy; the greater the revenue, the more positive the enterprises. (3) The adoption of high rewards and high penalties by the superior government can effectively encourage the local government to actively promote digital transformation. The contribution of this study lies in providing a theoretical basis and decision support for promoting the digital transformation of construction enterprises.
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1. Introduction


1.1. Research Background


In the era of the digital economy, digital technologies such as cloud computing, BIM, big data, artificial intelligence, robotics, and blockchain are gradually disrupting and changing global business practices and procedures [1,2]. Faced with the impact of the digital wave, the UK has issued a digital charter, Japan has promoted the super-intelligent society, and Singapore has proposed the smart nation plan. It is a general trend worldwide to promote the development of cities and industries through digital transformation [3,4]. As a national pillar industry, the construction engineering industry is characterized by fragmentation and complexity, as well as high energy consumption, high pollution, and sloppy development. Especially under the impact of the COVID-19 pandemic, the traditional construction industry model has been unable to meet the need for high-quality sustainable development in the construction industry [5,6,7]. Construction digitalization provides an opportunity for development and is becoming an important force driving the transformation and upgrading of the construction industry [8,9].



In 2020, the scale of the digital economy reached CNY 39.2 trillion, accounting for 38.6% of the GDP. The digital economy has become a key driving force to stabilize economic growth [10,11,12]. Industrial digitization is the main front of the development of the digital economy, providing a broad space for the development of the digital economy. The integration of the digital economy and traditional industry has become an inevitable trend in historical development. However, the construction industry, as the world’s largest ecosystem, is seriously behind in terms of capacity. The standardization of construction projects is low, business collaboration and industrial chain collaborative management are more extensive, and resource allocation efficiency is not high, meaning that the digitalization level of the construction industry lags behind that of other industries. However, most people recognize that digital technologies are transforming, or will eventually transform, the construction industry [13]. Over the past decade, the global construction industry has been actively promoting digital transformation, but some countries are still lagging behind in this regard. Among them, the digitization degree of the Chinese construction industry ranks last among all industries, far below the digitization level of foreign construction industries.



Construction enterprises have a serious polarization in terms of digital transformation. Small and medium-sized construction enterprises face the dilemma of not knowing how to transform, not having money to transform and not daring to transform due to insufficient funds, high costs and the weak foundation of digital transformation [14]. Large construction enterprises face confusion regarding what to transform, how to transform, and how to choose the transformation system due to the many business lines, wide project distribution, and the wide scale of organization. In addition, there are not many professional enterprises in the market that can provide specialized services and solutions for the digital transformation of construction enterprises, and mature programs are lacking [15,16]. All these problems have hindered the rapid development of the digital economy in the construction industry. Therefore, it is of great practical significance to explore how to resolve the digital transformation problems in the construction industry and effectively promote the development of the digital economy in industry.




1.2. Research Progress


In recent years, the government, industry practitioners and scholars have paid great attention to the digital transformation of the economy. This can be summarized into three aspects: First, the recognition of the digital transformation of the construction industry. In this regard, much research has been carried out by domestic digital construction service provider organization scholars, governments, and industry practitioners, focusing on the thinking, development status analysis, implementation strategy, and path discussions regarding the strategic direction of digital transformation, improving everyone’s understanding of the digital transformation strategy for the construction industry. The introduction of digital technology to the construction industry can produce synergy and the formation and development of the digital transformation concept of the construction industry is a necessary element for the full implementation of the nationwide digital economy. The second aspect is the application of various digital technologies in the construction industry. These technologies include, but are not limited to, radio frequency identification [17,18], robotics [19,20], blockchain technology [21,22], BIM [23,24], internet of things [25,26], and artificial intelligence [27]. This mainly explores the potential of these stand-alone technologies and their impact on productivity in the construction industry. In particular, BIM technology has been fully popularized and applied in the industry, but the most important and difficult challenge in practical cases considers the rigid institutional environment of the organization [28] and makes the further digitalization and effectiveness of digital technology possible. It is necessary to digitally transform construction projects and construction companies [29]. The third aspect is the technical methods, organizational changes, and research on the digital transformation of the construction industry, for example, the analysis of participants and policy tools of transformation, the construction 4.0 scheme drawing on Industry 4.0, the management change method of digital construction, the change means of business process digitalization, and the investigation of and research on the digital transformation of the construction industry in countries such as Nigeria [30] and Russia [31].




1.3. Applicability of Evolutionary Game Model Analysis Digital Transformation in the Construction Industry


Smith [32,33,34] first proposed the concepts of evolutionary game and evolutionary stability strategy. The basic logical idea is that in a game group of a certain scale, the game parties carry out repeated game activities. Due to the finite rationality of man, the probability that the game side can find the optimal equilibrium point in the first game is extremely small. The best strategy for the game parties, then, is to form the most advantageous strategy by imitating others or improving their own strategies. Through long-term imitation and improvement, all game parties tend toward a stable strategy; this stable strategy is called the “Evolutionary Stability Strategy” (ESS). Because the evolutionary game can be reflected by the premise of limited rationality, the game parties slowly learn by copying the dynamic mechanism and finally reach the dynamic equilibrium process [35]. Therefore, an increasing number of scholars are beginning to apply evolutionary game tools to analyze and predict group behavior [36], for example, industry–university–research co-operations [37], safety supervision [38,39], technology innovation behavior [40,41], and industrial digital transformation [42,43]. The domestic and foreign literature on the application of evolutionary game theory to analyses of the digital transformation of the construction industry are lacking. However, related studies have applied evolutionary game theory to analyses of the digital transformation of other industries. Xu et al. [44] considered the role of government subsidies, constructed an evolution game model of manufacturing industry, and found that the intensity of government subsidies has a significant impact on the strategic evolution results of the digital transformation of the manufacturing industry. Similarly, Fan et al. [45] used the evolutionary game model to demonstrate that government subsidies can effectively motivate manufacturing enterprises to carry out digital transformations, but can only play a role after reaching a certain threshold. Li et al. [46] applied evolution game theory to analyze the evolution law regarding co-operation behavior during the process of digital transformation, as well as the input behavior of the transformation service provider. The adaptation cost of military enterprises co-operating with the service party will have a significant impact on the strategies of both sides. Yang et al. [47] analyzed the digital transformation of small and medium-sized enterprises using evolutionary game theory, which proved that the government implemented the scientific reward and punishment mechanism by appropriately increasing subsidies for service providers and improving the social responsibility evaluation system of service providers, which is conducive to the digital transformation of small and medium-sized enterprises. Chen et al. [48] analyzed the synergy of digital transformation among construction enterprises and found that the improvement in the digital synergy coefficient and the enhancement of digital ability in the production process promote the digital transformation of construction enterprises. With the incentive of government subsidies, the tendency of both enterprises to implement digital transformation will be significantly enhanced. From the perspective of game theory, the digital transformation of the construction industry is also a process in which the parties play games multiple times. These games will share characteristics with the related industry; therefore, evolutionary game can be applied to analyze the game strategy of each participant in the digital transformation of the construction industry. Previous studies mainly focused on technology implementation and application studies of digital transformation, and rarely explored the internal organization driving force and role behavior factors of digital transformation. They also did not pay attention to the interaction between the main participants in digital transformation in the construction industry. However, according to the evolutionary game model, group behavior often determines the final choice of the organization. Therefore, to bridge these research gaps, based on the evolutionary game research method, this study constructed a tripartite evolutionary game model including construction enterprises, digital construction service providers, and the government, considering the role of digital technology service providers and the influence of financial institutions on the financial support available for the digital transformation of construction enterprises. The numerical simulation method was also used to verify the mechanism of different variable parameters when changing their own digital transition strategies, which provides a theoretical basis and suggestions for digital transition route selection and the policy formulation of the Chinese construction industry.



The remainder of the study is organized as follows. In Section 2, the problem is described and basic assumptions are elaborated. Section 3 constructs and solves the evolutionary game model for key participants’ behavior. Section 4 focuses on the tripartite game equilibrium analysis, including the unilateral stability strategy and the mixed stability strategy of the game players. In Section 5, the simulation analysis and discussion of the evolutionary model are presented. Finally, Section 6 presents conclusions and suggestions.





2. Model Assumptions


2.1. Problem Description


Different from other industries, the construction industry has unique characteristics such as labor intensive, fragmented, uncertain, and order-made production, etc. Therefore, the management of construction enterprises is generally divided into three levels: construction work layer, project management layer, and company management layer. From the purposes of digital transformation, the construction industry is trying to use all kinds of digital technology, such as replace people with machines to reduce the labor intensity of the construction work layer, use artificial intelligence/machine learning (AI/ML) techniques to reduce the uncertainty of the project management layer to realize a more accurate order production process, and use an intelligent decision support system (IDSS) to realize the intensive and high-efficient management of the enterprise management layer. The construction worker is not the main decision maker and guide in the digital transformation of the construction industry and one of the goals of the digital transformation of the construction industry is to reduce the large number of construction workers. However, construction workers are not a corporate organizational entity in the digital transformation of the construction industry and are a more scattered combination of groups. Therefore, from the perspective of the game subject, the digital transformation of construction enterprises focuses on two aspects: project-level digitization and company-level digitization. Specifically, the former is used to choose the project application plan for enterprise digital infrastructure construction or digital technology (hereinafter referred to as the basic solution), such as the use of BIM, a smart construction site, and intelligent construction equipment. The latter is used to select the digital solution of the system (hereinafter referred to as the system solution), such as the establishment of an ERP system, a project management system, and a centralized procurement system. All elements of the enterprise are incorporated into the entire system to carry out a comprehensive digital transformation of the enterprise. Service providers can provide corresponding services for different enterprise operations and, regardless of whether the enterprise is undergoing digital transformation, service providers will actively strive to promote the market.



The digital transformation of the Chinese construction industry is still in its infancy so the government has provided certain financial subsidies and preferential tax policies to digital-transformed enterprises and related service providers to further promote the digital transformation of the construction industry. The government also supports financial institutions to actively participate in the digital transformation of the construction industry and encourages financial institutions to provide inclusive finance for digital transformation enterprises, such as the use of low-interest loans to solve capital problems. Based on this, this study constructed a tripartite game model of the government, service provider, and enterprise from the perspective of the dual path of construction enterprises’ digital transformation. The synergy of government guidance was also considered regarding financial institutions’ provision of inclusive finance. The relationships of each game player are shown in Figure 1. Specifically, with the increasing number of enterprises undergoing digital transformation, the synergistic benefits between enterprises increase and the market scale of service providers expands. Service providers gain market benefits, which, in turn, promote the digital transformation of more enterprises. This promotes the digital transformation of the industry, accelerates the development of the local digital economy, and ultimately achieves an ecological win–win situation.




2.2. Basic Assumptions


Assumption 1. 

In the evolution game model for the key participants’ behavior in the digital transformation of the construction industry, the key participants include three parties: enterprises, service providers, and the government. Given the incomplete and asymmetric information, it is assumed that every participant in the game is a limited rationality group with the ability to learn. The participants’ strategy selection gradually evolves to the optimal strategy over time. Moreover, the enterprise is participant 1, the service provider is participant 2, and the government is participant 3.





Assumption 2. 

It is assumed that the enterprise, service provider, and government have two kinds of strategy choice. The strategy set for the enterprise is (digital transformation, non-digital transformation), and the probability is   x ( x ∈ [ 0 , 1 ] )   and   1 − x  , respectively. The strategy set of the service provider is (system solution, basic solution), and the probability is   y ( y ∈ [ 0 , 1 ] )   and   1 − y  , respectively. The strategy set of the enterprise is (active promotion, negative promotion), and the probability is   z ( z ∈ [ 0 , 1 ] )   and   1 − z  , respectively.





Assumption 3. 

It is assumed that the enterprise will obtain the income of    R D    when the enterprise chooses the basic solution strategy; when the enterprise chooses the system solution strategy, it will obtain the income of    R S   . Moreover, when the enterprise carries out the digital transformation, it will obtain the new technology subsidies supported by the government and the tax refund amount is   α T   ( α  is the tax refund proportion,  T  is the tax amount). No matter what kind of scheme is used, the cost that the enterprise needs to invest in the digital transformation is    C E   . If the system solution is selected, the service provider must pay an additional system update and maintenance fee of   ω  R S   , ( ω  is the cost benefit coefficient; that is, the proportion of the fees charged in the increased income). In order to promote the digital transformation of enterprises, the government guides financial institutions to provide low-interest loans   θ L   to enterprises with a certain probability after a comprehensive evaluation of their qualifications and projects ( θ  is the probability coefficient of loans and  L  is the amount of loans).





Assumption 4. 

As long as enterprises carry out digital transformation, no matter what kind of solution is provided, the service provider can obtain the direct benefits of    R P   . Moreover, the cost for the service provider to provide the basic solution is    C  P D     and the cost of providing the system solution is    C  P S    . When the government actively promotes this, it provides subsidies to encourage service providers:   β  M i  , i = D , S   ( β  is the government’s subsidy coefficient for service providers;    M i  , i = D , S   is the tax payment of enterprises when different solutions are provided). After the digital transformation of enterprises, due to the diffusion of innovation, the market influence of service providers is expanded and market utility    U i  , i = D , S   is generated.





Assumption 5. 

Under the policy of active promotion, the supervision, publicity, promotion, and guidance costs paid by the local government are     C z    ; the cost of the tax rebate subsidies for enterprises and support for service providers is    α M , β  M i    . After the comprehensive digital transformation of enterprises, the additional social benefits (tax, employment, investment) brought on by the development of the local construction industry digital economy are     R Z    , while the benefit of receiving praise from the superior is   F  . Under the negative promotion strategy, the local government is punished,   W  , by superior authorities because the enterprise did not carry out digital transformation.





These symbols are all shown in Table 1 to make them more reader friendly and easier to understand.





3. Evolutionary Game Model for Key Participants’ Behavior


3.1. Model Construction


According to the above assumptions, an evolutionary game model for the three participants of the enterprise, service provider, and government was constructed. The first line function represents the income of the enterprise, the second line function represents the income of the service provider, and the third line function represents the income of the government. The payment matrix for different decision-making behaviors combinations of the three participants is shown in Table 2.




3.2. Model Solution


According to the basic assumptions and the perceived payoff matrix of the game model of enterprises, service providers, and the government, the probability of the enterprise selecting the digital transformation strategy is   x   and the probability of choosing a non-digital transformation strategy is   1 − x  . The expected values of the two enterprise strategies are denoted by    E  11     and    E  12    , respectively, and the average value is symbolized as    E 1   .


     E  11   = y z  (   R S  − ω  R S  −  C E  + α T + θ L  )  + y  (  1 − z  )   (   R S  − ω  R S  −  C E  + θ L  )      + z  (  1 − y  )   (   R D  −  C E  + α T + θ L  )  +  (  1 − y  )   (  1 − z  )   (   R D  −  C E  + θ L  )     



(1)






   E  12   = 0  



(2)






   E 1  = x  E  11   +  (  1 − x  )   E  12    



(3)







According to the perceived payoff matrix, the expected values of the two service provider strategies are denoted by    E  21     and    E  22    , respectively, and the average value is symbolized as    E 2   . Then, the    E  21    ,    E  22    , and    E 2    can be obtained.


     E  21   = x z ( ω  R S  −  C  P S   +  R P  +  U S  + β  M S  ) + x ( 1 − z ) ( ω  R S  +  R P  −  C  P S   +  U S  )     + z ( 1 − x ) ( β  M S  −  C  P S   ) − ( 1 − x ) ( 1 − z )  C  P S      



(4)






     E  22   = x z (  R P  −  C  P D   + β  M D  +  U D  ) + x ( 1 − z ) (  R P  −  C  P D   +  U D  )     + z ( 1 − x ) ( −  C  P D   + β  M D  ) − ( 1 − x ) ( 1 − z )  C  P D      



(5)






   E 2  = y  E  21   + ( 1 − y )  E  22    



(6)







Similarly, the expected benefit of the government selecting an active promotion strategy is    E  31     and the expected benefit of the passive promotion strategy is    E  32    . The average expected payoff is denoted by    E 3   . Then, the    E  31    ,    E  32    , and    E 3    are calculated as follows:


     E  31   = x y ( F +  R Z  −  C Z  − α T − β  M S  ) + x ( 1 − y ) ( F −  C Z  − α T − β  M D  )     + y ( 1 − x ) ( −  C Z  − β  M S  ) + ( 1 − x ) ( 1 − y ) ( −  C Z  − β  M D  )    



(7)






   E  32   = x y  R Z  − y W ( 1 − x ) − W ( 1 − x ) ( 1 − y )  



(8)






   E 3  = z  E  31   + ( 1 − z )  E  32    



(9)









4. Tripartite Game Equilibrium Analysis


4.1. The Unilateral Stability Strategy of the Game Players


4.1.1. The Evolutionary Stability Strategies of Enterprise


According to the model construction and solution for key participants’ behavior in the digital transformation of the construction industry, the expected value of the digital transformation strategy and non-digital transformation strategy of the enterprise can be obtained as follows:


   {       E  11   = y  (   R S  − ω  R S  −  R D   )  +  R D  −  C E  + θ L + z α T        E  12   = 0        



(10)







According to Equation (10), the dynamic replication equation   F ( x )   of the enterprise can be obtained as follows:


    F ( x ) =   d x   d t   = x  (   E  11   −  E 1   )  = x  (  1 − x  )   (   E  11   −  E  12    )      = x ( 1 − x ) [ y (  R S  − ω  R S  −  R D  ) +  R D  −  C E  + θ L + z α T ]    



(11)







The influence of  x  on the evolutionary stable equilibrium strategy of the enterprise is calculated as:


    d F ( x )   d x   = ( 1 − 2 x ) [ y (  R S  − ω  R S  −  R D  ) +  R D  −  C E  + θ L + z α T ]  



(12)






  U ( z ) = z α T + y (  R S  − ω  R S  −  R D  ) +  R D  −  C E  + θ L  



(13)







According to the stability theorem of differential equations, the probability of an enterprise choosing the digital transformation strategy in a stable state must satisfy these conditions:   F ( z ) = 0   and   d ( F ( z ) ) / d z < 0  .   ∂ U ( z ) / ∂ z = α T > 0  ,   U ( z )   is increasing with respect to  z . Therefore, when   z =    C E  −  R D  − θ L − y (  R S  − ω  R S  −  R D  )   α T   =  z *   ,   U ( z ) = 0  . In this case,     d ( F ( z ) )   d z   ≡ 0   can be obtained. Any value of  z  can be taken, and the enterprise cannot determine the stability strategy. When   z >  z *   ,   U ( z ) > 0  . In this case,   d ( F ( z ) ) / d z  |     z = 1     < 0   can be obtained. Hence,   z = 1   is the equilibrium stable strategy of the enterprise, i.e., the digital transformation strategy. Conversely, when   z <  z *   ,   U ( z ) < 0  . In this case,   d ( F ( z ) ) / d z  |     z = 1     > 0   can be obtained.   z = 0   is the equilibrium stable strategy of the enterprise, i.e., the non-digital transformation strategy. The phase diagram of the evolution of the enterprise’s strategy is shown in Figure 2.



Figure 2 shows that the probability of the enterprise choosing the digital transformation strategy is volume    V   A 1      and the probability of choosing the non-digital transformation strategy is volume    V   A 2     . Therefore, the    V   A 1      and    V   A 2      values are calculated as follows:


   {       V   A 2    =    ∫ 0 1      ∫ 0 1      C E  −  R D  − θ L − y (  R S  − ω  R S  −  R D  )   α T         d y d x =   2  C E  − 2 θ L − ( 1 − ω )  R S  −  R D    2 α T        VA1=1−VA2=1−2CE−2θL−(1−ω)RS−RD2αT        



(14)







Proposition 1. 

The probability of digital transformation of the enterprise positively correlated with the benefits that are obtained and low-interest loans, and is negatively correlated with the cost of input and tax payment.





Proof. 

According to the expression of probability    V  A 1    , the first partial derivative of each variable in Equation (14) is solved and   ∂  V   A 1    / ∂  R S  > 0 ,   ∂  V   A 1    / ∂  R D  > 0 ,   ∂  V   A 1    / ∂  (  α T  )  > 0 ,   ∂  V   A 1    / ∂  C E  < 0   is obtained. Therefore, with the decrease in    C E    and the increase in    R S  ,    R D  ,   L ,   α T  , the probability of the enterprise’s digital transformation will increase. □





Proposition 1 indicates that the increase in profits, low-interest loans, tax rebates, and cost reduction can promote the transformation of more enterprises. The government can increase the financial support of enterprises undergoing this transformation, increase tax rebates, and increase support for service providers to encourage service providers to reduce product or system prices. In addition, the government can also reduce the procurement cost of digital products for enterprises, increase the guidance for enterprises, and enable enterprises to master their application of digital technology to improve profits.




4.1.2. The Evolutionary Stability Strategies of Service Provider


According to the model construction and solution regarding key participants’ behavior in the digital transformation of the construction industry, the expected value of the system solution strategy and basic solution strategy of the service provider can be obtained as follows:


   {       E  21   = x  (  ω  R S  +  R P  +  U S   )  + z β  M S  −  C  P S          E  22   = x  (   R P  +  U D   )  + z β  M D  −  C  P D          



(15)







According to Equation (10), the dynamic replication equation   F  ( y )    of the enterprise can be obtained as follows:


    F ( y ) =   d y   d t   = y  (   E  21   −  E 1   )  = y  (  1 − y  )   (   E  21   −  E  22    )      = y ( 1 − y ) [ x ( ω  R S  +  U S  −  U D  ) +  C  P D   −  C  P S   + z β (  M S  −  M D  ) ]    



(16)







The influence of  y  on the evolutionary stable equilibrium strategy of the enterprise is calculated as:


    d F ( y )   d y   = ( 1 − 2 y ) [ x ( ω  R S  +  U S  −  U D  ) +  C  P D   −  C  P S   + z β (  M S  −  M D  ) ]  



(17)






  G  ( x )  = x  (  ω  R S  +  U S  −  U D   )  +  C  P D   −  C  P S   + z β  (   M S  −  M D   )   



(18)







According to the stability theorem of differential equations, the probability of the service provider choosing the system solution strategy in a stable state must be satisfied using these conditions:   F ( y ) = 0   and   d ( F ( y ) ) / d y < 0  .   ∂ G ( x ) / ∂ x = ω  R S  +  U S  −  U D  > 0  ,   G ( x )   increases with respect to  x . Therefore, when   x =    C  P S   −  C  P D   − z β (  M S  −  M D  )   ω  R S  +  U S  −  U D    =  x *   ,   G ( x ) = 0  . In this case,     d ( F ( y ) )   d y   ≡ 0   can be obtained. Any value  y  can be taken and the service provider cannot determine the stability strategy. When   x >  x *   ,   G ( x ) > 0  . In this case,   d ( F ( y ) ) / d y  |     y = 1     < 0   can be obtained. Hence,   y = 1   is the equilibrium stable strategy of the enterprise, i.e., the digital transformation strategy. Conversely, when   x <  x *   ,   G ( x ) < 0  . In this case,   d ( F ( y ) ) / d y  |     y = 1     > 0   can be obtained.   y = 0   is the equilibrium stable strategy of the enterprise, i.e., non-digital transformation strategy. The phase diagram of the evolution of the service provider’s strategy is shown in Figure 3.



Figure 3 shows that the probability of the service provider choosing the basic solution strategy is volume    V   B 2      and the probability of choosing a system solution strategy is volume    V   B 1     . Therefore, the    V   B 1      and    V   B 2      values can be obtained as follows:


   {       V   B 2    =    ∫ 0 1      ∫ 0 1      C  P S   −  C  P D   − z β (  M S  −  M D  )   ω  R S  +  U S  −  U D          d z d y =   2  C  P S   − 2  C  P D   − β (  M S  −  M D  )   2 ( ω  R S  +  U S  −  U D  )        VB1=1−VB2=1−2(CPS−CPD)−β(MS−MD)2(ωRS+US−UD)        



(19)







Proposition 2. 

The probability of service providers providing system solution strategy is positively correlated with obtaining system maintenance and update costs, market utility differences, and government subsidies differences, and is negatively correlated with cost differences.





Proof. 

According to the expression of probability    V   B 1     , the first partial derivative of each variable in Equation (19) is solved and   ∂  V   B 1    / ∂ ( ω  R S  ) > 0 ,   ∂  V   B 1    / ∂ (  U S  −  U D  ) > 0 ,   ∂  V   B 1    / ∂ [ β (  M S  −  M D  ] > 0 ,   ∂  V   B 1    / ∂ (  C  P S   −  C  P D   ) < 0   can be obtained. Therefore, with the increase in   ω  R S  ,    U S  −  U D  ,   β  (   M S  −  M D   )    and the decrease in    C  P S   −  C  P D    , the probability of the service provider providing a system solution strategy will increase. □





Proposition 2 shows that the increase in the comprehensive income of service providers can effectively promote the comprehensive digital reform of the industry. The government can increase subsidies for system solution, promote and publicize system solution, and increase market utilization. However, enterprises have their own preferences, and project-level digitalization and enterprise-level digitalization complement each other. Therefore, while improving the benefits of the service provider’s system solution, the difference between this and the basic solution benefits are appropriately controlled, which promotes the improvement in the digital level of the project layer. However, the increase in digitization at the project level narrows this gap, leading to a reduction in comprehensive benefits. This situation will drive service providers to make more efforts to improve the individual benefits of digitization at the enterprise level, thus widening the gap and improving the overall benefits. The enterprise-level and project-level digitization promote each other, thus promoting the improvement in the enterprise digitization level.




4.1.3. The Evolutionary Stability Strategies of the Government


According to the model construction and solution for key participants’ behavior in the digital transformation of the construction industry, the expected value of the active promotion strategy and passive promotion strategy of the government can be obtained as follows:


   {       E  31   = x  (  y  R Z  + F − α T  )  + y β  (   M D  −  M S   )  −  (   C Z  + β  M D   )       E32=xyRZ−W(1−x)        



(20)







According to Equation (10), the dynamic replication equation   F  ( z )    of the government can be obtained as follows:


    F ( z ) =   d z   d t   = z  (   E  31   −  E 1   )  = z  (  1 − z  )   (   E  31   −  E  32    )      = z ( 1 − z ) [ − β y (  M S  −  M D  ) + x ( F − α T − W ) − β  M D  −  C z  + W ]    



(21)







The influence of  z  on the evolutionary stable equilibrium strategy of the government is calculated as:


    d F ( z )   d z   = ( 1 − 2 z ) [ − β y (  M S  −  M D  ) + x ( F − α T − W ) − β  M D  −  C z  + W ]  



(22)






  H ( y ) = − β y (  M S  −  M D  ) + x ( F − α T − W ) − β  M D  −  C z  + W  



(23)







According to the stability theorem of differential equations, the probability of the government choosing active promotion strategy in a stable state must satisfy these conditions,   F ( z ) = 0   and   d ( F ( z ) ) / d z < 0  . Since   ∂ H ( y ) / ∂ y = − β  (   M S  −  M D   )  < 0  ,   H ( y )   increases with respect to  y . Therefore, when   y =   x ( F − α T − W ) − β  M D  −  C z  + W   β (  M S  −  M D  )   =  y *   ,   H ( y ) = 0  . In this case,     d ( F ( z ) )   d z   ≡ 0   can be obtained. Any value  z  can be taken and the government cannot determine the stability strategy. When   y <  y *   ,   H ( y ) > 0  . In this case,   d ( F ( z ) ) / d z  |     z = 1     < 0   can be obtained. Hence,   z = 1   is the equilibrium stable strategy of the government, i.e., the digital transformation strategy. Conversely, when   y >  y *   ,   H ( y ) < 0  . In this case,   d ( F ( z ) ) / d z  |     z = 1     > 0   can be obtained.   z = 0   is the equilibrium stable strategy of the government, i.e., the non-digital transformation strategy. The phase diagram of the evolution of the government’s strategy is shown in Figure 4.



Figure 4 shows that the probability of the government choosing the active promotion strategy is volume    V   C 1      and the probability of choosing the passive promotion strategy is volume    V   C 2     . Therefore, the    V   C 1      and    V   C 2      values can be obtained as follows:


   {       V   C 1    =    ∫ 0 1      ∫ 0 1     x ( F − α T − W ) − β  M D  −  C z  + W   β (  M S  −  M D  )         d x d z =   ( F − α T + W ) − β  M D  −  C z    2 β (  M S  −  M D  )          V   C 2    = 1 −  V   C 1    = 1 −   ( F − α T + W ) − β  M D  −  C z    2 β (  M S  −  M D  )          



(24)







Proposition 3. 

The probability that the government chooses to actively promote is positively correlated with higher government incentives and fines, and is negatively correlated with subsidies, promotion costs, and tax refunds to enterprises.





Proof. 

According to the expression of probability    V   C 1     , the first partial derivative of each variable in Equation (24) is solved, and   ∂  V   C 1    / ∂ F > 0  ,   ∂  V   C 1    / ∂ W > 0  ,   ∂  V   C 1    / ∂ [ β (  M S  −  M D  ] < 0  , and   ∂  V   C 1    / ∂  C Z  < 0  ,   ∂  V   C 1    / ∂ ( α T ) < 0   is obtained. Therefore, an increase in   F ,   W   and a decrease in   β (  M S  −  M D  ) ,    C Z  ,   α T   can increase the probability of the government’s active promotion. □





Proposition 3 shows that the larger the amount of subsidies and tax refunds set by the government, the higher the cost of promotion, which will reduce the active promotion rate of the government. However, the increase in the number of rewards and penalties imposed by higher-level governments will prompt local governments to fulfill their responsibilities of active promotion. In addition, the digital transformation of the construction industry is difficult: the level of digitalization has been low and the government should actively promote digitization to boost market confidence and development prospects. At this time, the stronger the service providers’ market promotion, the more determined and motivated the enterprises are regarding digital transformation.





4.2. The Mixed Stability Strategy of the Tripartite Game Players


To further test the uniqueness of the evolutionary stable equilibrium, this study also carried out the Jacobian test. Firstly, set the dynamic replication equations   F  (  x , y , z  )  = 0  . Then, eight partial equilibrium points of the evolutionary game system can be obtained, namely,    E 1  ( 0 , 0 , 0 )  ,    E 2  ( 1 , 0 , 0 )  ,    E 3  ( 0 , 1 , 0 )  ,    E 4  ( 0 , 0 , 1 )  ,    E 5  ( 1 , 1 , 0 )  ,    E 6  ( 1 , 0 , 1 )  ,    E 7  ( 0 , 1 , 1 )  , and    E 8  ( 1 , 1 , 1 )  . It is worth noting that the equilibrium point is not the full evolutionary stable strategy since the evolutionary stable strategy must also possess the ability to resist the errors or deviations caused by bounded rationality [49]. Therefore, to explore the tripartite evolutionary stable strategy, the partial asymptotic stability method can be used for the Jacobian matrix to ascertain whether the equilibrium point of the evolutionary system is stable [50]. According to the replication dynamic Equations (11), (16), and (21), the Jacobian matrix  J  of the tripartite evolutionary game system can be obtained as follows:


    J =  [     J 1       J 4       J 7           J 2         J 5         J 8           J 3       J 5       J 9     ]  =  [    ∂ F ( x ) / ∂ x     ∂ F ( y ) / ∂ x     ∂ F ( z ) / ∂ x         ∂ F ( x ) / ∂ y       ∂ F ( y ) / ∂ y       ∂ F ( z ) / ∂ y         ∂ F ( x ) / ∂ z     ∂ F ( y ) / ∂ z     ∂ F ( z ) / ∂ z    ]      =  [       (  1 − 2 x  )   [    y (  R S  − ω  R S  −  R D  )     +  R D  −  C E  + θ L + z α T    ]      x  (  1 − x  )   (   R S  − ω  R S  −  R D   )      x  (  1 − x  )  α T       y  (  1 − y  )   (  ω  R S  +  U S  −  U D   )       (  1 − 2 y  )   [    x  (  ω  R S  +  U S  −  U D   )      +  C  P D   −  C  P S   + z β  (   M S  −  M D   )     ]      y  (  1 − y  )  β  (   M S  −  M D   )        z  (  1 − z  )   (  F − α T − W  )      z  (  1 − z  )   [  − β  (   M S  −  M D   )   ]       (  1 − 2 z  )   [    − β y  (   M S  −  M D   )      + x  (  F − α T − W  )  − β  M D  −  C Z  + W    ]       ]     



(25)







The stability of each equilibrium point is analyzed according to the eigenvalues of the above Jacobian matrix. In this study, the Lyapuov determination method was adopted, as follows: (1) If all eigenvalues have a negative real part, it is an evolutionary stability point (ESS). (2) When at least one of the eigenvalues has a positive real part or the real part sign cannot be determined, it is an unstable point. (3) If some eigenvalues are zero but the rest of the eigenvalues have negative real parts and are in a critical state, they are saddle points. The characteristics of each equilibrium point are shown in Table 3.



Since all the parameters are greater than 0 and the values of each parameter under the system solution are greater than those under the basic solution, the equilibrium solutions    E 3  ( 0 , 1 , 0 )   and    E 6  ( 1 , 0 , 1 )   have positive real parts in the eigenvalues, which do not satisfy the evolutionary stability condition and can be directly excluded. To reach practical significance, this study only analyzed three situations. The first is the initial state    E 1  ( 0 , 0 , 0 )  , which does not have research significance, but can be used as a benchmark reference for other states and has a realistic analysis value. Market state    E 5  ( 1 , 1 , 0 )   is the main role played by the market, with the government abdicating. In the synergy state    E 8  ( 1 , 1 , 1 )  , the government, service provider, and enterprise work together to promote the digital transformation of the construction industry.



Proposition 4. 

When conditions   W <  C Z  + β  M D   ,   F <  C Z  + β  M D  + α T  ,    R D  <  C E  + θ L   are satisfied, the system has only one stable point    E 1  ( 0 , 0 , 0 )   according to the determination method.





Proposition 4 shows that, in the initial state, all three parties in the game choose to maintain the original state due to the high cost and uncertainty regarding the future, meaning that the expected costs outweigh the benefits. Specifically, the government is fined less than the cost of promotion and the subsidies offered to the service provider for the basic solution, or the reward from the higher-level government is less than the sum of the promotion cost, the subsidy offered to the service provider for the basic solution, and the tax refund for the enterprise. Moreover, the benefits of the enterprise choosing the basic solution are less than the sum of the transition cost and the low-interest loan. The above situation will result in a stable strategy combination (non-digital transformation, negative promotion, basic solution). That is, the construction industry will not undergo a comprehensive digital transformation. This also shows that, to promote digital transformations in the construction industry, the first goal should be to solve the problem of building a digital infrastructure for enterprises and obtain the benefits of applying this digital technology to new projects.



Proposition 5. 

When conditions    C E  + ω  R S  < θ L +  R S   ,    C  P S   <  C  P D   + (  U S  −  U D  ) + ω  R S    are satisfied,    E 5   (  1 , 1 , 0  )    is only one stable point left in the system, which is the state of the market.





Proposition 5 shows that, in the market state, when the cost paid by enterprises and service providers when providing system solutions is less than the benefits, and the reward of the higher-level government to the local government is less than the cost, the situation of government abdication and the active promotion of market operators will occur. That is, a stable strategic combination (digital transformation, negative promotion, system solution) will be reached. The government can improve the social digital infrastructure through the following measures: scientific and technological research and development through production, education and research, strengthening talent training through schools, giving full play to policy tools to guide industrial capital or inclusive finance, expanding financing channels, reducing the cost of financing, research and development, talents and other costs of market operators, and improving their expected market returns. Thus, more service providers and enterprises are encouraged to participate, forming industrial synergies.



Proposition 6. 

When conditions    C E  + ω  R S  <  R S  + θ L + α T  ,    C  P S   −  C  P D   < (  U S  −  U D  ) + β (  M S  −  M D  ) + ω  R S   ,    C Z  + β  M S  + α T < F ∂   are satisfied, the system has only one stable point    E 7   (  1 , 1 , 1  )   ; that is, the synergy state.





Proposition 6 shows that, in a synergistic state, the combined benefits of all three parties must be greater than the costs required for a stable strategy combination to occur. That is, the cost of the enterprise choosing the system solution should be less than the sum of the income and low-interest loans, the cost difference between different solutions of the service provider should be less than the comprehensive income value, and the comprehensive cost paid by the government should be less than the reward of the superior. Only then can a stable strategic combination be achieved (digital transformation, active promotion, basic solution). The smaller the difference in cost between the system solution and the basic solution, the larger the difference in utility and tax; the greater the benefit of the enterprise system solution, the more it can promote the stable strategy. Therefore, after solving the basic solution, the government should focus on strengthening the promotion of the system solution. At the same time, the higher-level government should increase the number of incentives, as this would allow for the further promotion of the digital transformation of the construction industry. Moreover, the emergence of the stability strategy has little relationship with fines.





5. Simulation Analysis and Discussion


To verify the validity of the evolutionary stability analysis in this study, as well as the actual tax and enterprise loan policies, we set the parameters under the conditions that meet the ideal state in Proposition 6:    R S  = 13  ,    R D  = 8  ,    C E  = 12  ,    C  P S   = 36  ,    C  P D   = 29  ,    C Z  = 5  ,    U S  = 7  ,    U D  = 3  ,    M S  = 40  ,    M D  = 30  ,   T = 6  ,   L = 2  ,   F = 25  ,   W = 16  ,   α = 0.65  ,   β = 0.35  ,   ω = 0.3  , and   θ = 0.6  . In this study, the numerical simulation was carried out by Matlab2016a. Emphasis was placed on the analysis of the influence that government tax refund ratio  α , subsidy coefficient  β  for service providers, system maintenance and upgrade fee ratio  ω , loan probability of financial institutions  θ , and the number of higher-level government incentives  F , and fines  W  have on the digital transformation of the industry on each game player of industry digital transformation. It was assumed that the probability of the enterprise, government, and service provider choosing their respective strategies was 0.5 in the initial state. The simulation results of system evolution in the initial state are shown in Figure 5, which serves as a baseline for comparative analysis.



5.1. The Impact of the Tax Refund Ratio on Each Game Participant


In order to study the influence of the government tax refund ratio  α  on the evolution of the system, the values of  α  were set as 0.2, 0.4, 0.6, and 0.8, respectively, under the condition that other values remained unchanged, and the trajectory of the tripartite evolutionary game under different  α  values was explored. As shown in Figure 6a, within a certain range of values, with the increase in the government tax refund ratio, enterprises chose the digital transformation strategy and service providers were committed to promoting system services. When the tax refund subsidy strength was less than 0.4, enterprises tended to implement a non-digital transformation strategy. According to the above model analysis, the cost of digital transformation was too high at this time and the risk between benefits and costs needed to be borne by enterprises, which also has a direct impact on service providers (see Figure 6b). However, with the increase in the tax refund ratio, part of the enterprise risk is shared by the government and the enthusiasm for enterprise digital transformation significantly increased. Moreover, the rate of the transformation strategy selection significantly increased and was positively correlated with the tax refund subsidy. The evolution of enterprises’ digital transformation quickly reached a stable state. Therefore, the tax refund ratio was shown to have a significant impact on the digital transformation of enterprises. Figure 6b is compared with Figure 6c; it is obvious that service providers are more sensitive to changes in strategy than enterprises, which is also consistent with reality. Service providers pay more attention to the intensity of government subsidies to enterprises. When the subsidy intensity exceeds 0.6, the enterprise will obtain more benefits and be more active in digital transformation, and the service providers will have a greater probability of providing system services. Enterprises and service providers move toward stable states (digital transformation, system solution) at roughly the same rate. Figure 6c shows that the tax refund ratio does not have a great impact on the government’s active promotion strategy. The increase in the tax refund ratio has a certain effect on its evolution rate; that is, the larger the tax refund ratio, the slower the evolution rate. This also shows that the form of realization that is actively promoted by the government is reflected by the support for enterprises to a certain extent and the tax rebates provide one form of active promotion for enterprises.




5.2. The Impact of the Subsidy on Each Game Participant


To study the impact of subsidies  β  on service providers regarding system evolution, the  β  values were set as 0.2, 0.4, 0.6, and 0.8, respectively, under the condition that other values remained unchanged, and the trajectory of the tripartite evolutionary game under different amplitudes was explored. As shown in Figure 7, within a certain numerical range, with the increase in the government’s tax refund range, service providers are committed to choosing the system solution strategy. After the strategy is implemented, the government shifts between different passive/positive conversions. When  β  is greater than 0.6, after a period of government subsidy, the service provider receives the subsidy cost and does not actively provide the system solution, which is suspected of cheating the subsidy. In this case, the government will choose the negative promotion strategy. Within a short period of time, service providers are encouraged by the government subsidies and their strategy evolves into the system solution strategy. When the government does not subsidize, service providers gradually move toward the basic solution and enterprises also do not tend to carry out digital transformations. To encourage the digital transformation of the construction industry in this region, the local government found that enterprises and service providers chose passive strategies; so, after service providers could be subsidized for a period of time, service providers and enterprises all moved in the direction of digitalization transformation, but the impact of high-intensity government subsidies on service providers and enterprises was found to lag. The subsidy was less than the threshold and the evolution of service providers tended to promote the system solution service strategy. To some extent, this indicates that service providers conduct relevant risk assessments before digitalization of the construction industry. Their purpose is not to obtain government subsidies. If the government subsidies are too high, some enterprises will cheat on these subsidies. This may lead to the phenomenon of bad money driving out good money, which is not conducive to the digital transformation of the industry.




5.3. The Impact of the System Maintenance and Update Cost Ratio on Each Game Participant


Under the condition that other values remain unchanged, the values of  ω  are 0.25, 0.45, 0.65, and 0.85, respectively. The evolutionary game direction of the system is shown in Figure 8 under different charging ratio conditions. When the proportion of service fees charged by service providers is small, enterprises will choose system solution services; the rate of evolution and stability is inversely proportional to the proportion of value-added service fees that are charged. The government chooses to actively promote this and the system reaches a stable evolution state, i.e., the synergy state. When the proportion of system maintenance and update costs is slightly higher, the evolution process of enterprises and service providers is not stable and the system cannot reach a stable state. As shown in Figure 8, when the proportion of value-added service fees charged by service providers is small, enterprises will choose the system solution for comprehensive digital transformation. Moreover, the smaller the proportion factor of system maintenance and update costs, the faster the evolution rate of the enterprise’s choice of system solution. When the system maintenance upgrade fee collection ratio reaches 0.45, the impact on enterprise choice and enterprise evolution cannot reach a stable point in the short term. After a period of time, the benefits of digital transformation and upgrading will be obtained. Enterprises will gradually move closer to the comprehensive digital transformation strategy and reach a balanced and stable state. When the proportion of service fees charged is too high, enterprises will rapidly evolve toward the non-digital transformation strategy in the short term, but the enterprise strategy cannot reach a stable state. As can be seen from Figure 8, the digital transformation strategy of enterprises reaches a peak at around 0.5 and a low point below 0.1, indicating that the proportion of system maintenance and update expenses is too high and the choice of enterprise transformation strategy is not stable.



The evolution trajectory of the service provider is shown in Figure 8b; the threshold of  ω  is between 0.45 and 0.65. When the service provider charges a service fee ratio that is lower than the threshold, the service provider’s evolution stability strategy tends to provide system services and reach a stable state, and the charging ratio coefficient is proportional to the value-added service strategy selection. As shown in Figure 8a,b, when   ω > 0.65  , the service provider still tends to provide a system solution within a short period of time. However, when they find that enterprises do not choose, they will change their strategies and tend to provide a basic solution. After a period of time, it was found that after the enterprise begins to choose the system solution again, service providers will also begin to actively provide a system solution. There is a certain lag in the choice of service provider and the choice of strategy is directly affected by the enterprises, which cannot reach a stable equilibrium state. The proportion of system maintenance and upgrade fees that are charged has little impact on the government.




5.4. The Impact of the Loan Probability of Financial Institutions on Each Game Participant


In order to study the influence of financial institutions on loan probability  θ , the values of  θ  were set as 0.2, 0.4, 0.6, and 0.8 under the condition that other values remain unchanged. As shown in Figure 9, with the increase in loan probability, the evolution speed of the digital transformation of enterprise choice accelerates and reaches a stable state, and the service provider strategy selection is affected by the change in enterprise strategy selection. When the loan probability increases, the evolution rate of the service provider’s choice of system solution strategy is also improved and the government also uses an active promotion strategy, so the system reaches a stable equilibrium state. Figure 9 shows that as the probability of financial institutions offering a successful loan increases, the evolution rate of service providers and governments, which tends to be in a co-ordinated state, accelerates. Moreover, compared with enterprises, the changes in service providers are more sensitive and reach a stable state earlier, while the evolutionary stability rate of government slows down with the increase in loan success probability. These indicate that inclusive finance can effectively promote the digital transformation of enterprises and alleviate the capital pressure caused by the high cost of government subsidies. The government should actively guide industrial capital, inclusive finance, and other financing means to support the digital transformation of enterprises. Low-cost financing plays a positive role for each of the three participants in the game and has great practical significance for the digital transformation of the construction industry.




5.5. The Impact of Different Awards and Higher-Level Penalties on the Government’s Strategy


It can be seen from Figure 10 that when the government reward is under a certain value, the government tends to select a negative promotion strategy. It can be seen from Figure 11 that when the government’s punishment is below a certain threshold, the local policy and strategy choices are repeated. However, after the number of rewards and punishments has increased, the government tends to select an active promotion strategy, which is basically consistent with the analysis of Proposition 6. The mechanism of high rewards and punishments adopted by the superior government can effectively encourage the local government to actively promote the digital transformation of the construction industry.




5.6. The Verification of System Model


In order to test the evolutionary stability and validity of the system, Array 1 was assigned to satisfy the initial state, Array 2 to satisfy the market state, and Array 3 to satisfy synergy state.



Array 1: As shown in Figure 12a,    R S  = 13  ,    R D  = 8  ,    C E  = 12  ,    C  P S   = 36  ,    C  P D   = 19  ,    C Z  = 5  ,    U S  = 7  ,    U D  = 3  ,    M S  = 40  ,    M D  = 30  ,   T = 6  ,   L = 2  ,   F = 15  ,   W = 9  ,   α = 0.65  ,   β = 0.35  ,   ω = 0.3  , and   θ = 0.6  .



Array 2: As shown in Figure 12b,    R S  = 13  ,    R D  = 8  ,    C E  = 7  ,    C  P S   = 14  ,    C  P D   = 19  ,    C Z  = 5  ,    U S  = 7  ,    U D  = 3  ,    M S  = 40  ,    M D  = 30  ,   T = 6  ,   L = 2  ,   F = 17  ,   W = 38  ,   α = 0.65  ,   β = 0.35  ,   ω = 0.3  , and   θ = 0.6  .



Array 3: As shown in Figure 12c,    R S  = 13  ,    R D  = 8  ,    C E  = 12  ,    C  P S   = 26  ,    C  P D   = 19  ,    C Z  = 5  ,    U S  = 7  ,    U D  = 3  ,    M S  = 40  ,    M D  = 30  ,   T = 6  ,   L = 2  ,   F = 25  ,   W = 38  ,   α = 0.65  ,   β = 0.35  ,   ω = 0.3  , and   θ = 0.6  .



Array 1, Array 2, and Array 3 were substituted into the model for simulation and the results are shown in Figure 12.



Figure 12 shows that the simulation results are consistent with Propositions 4, 5, and 6. Under the conditions of Propositions 4, the system evolves to a traditional state and no efforts are made to digitally transform. Under the conditions of Proposition 5, the system evolves to the market state (1.1.0). The government abdicates and the market plays a decisive role. The market enterprises and service providers encourage each other to digitally transform the industry. Under the conditions of Proposition 6, the system eventually evolves to a co-ordinated state (1,1,1) (digital transformation, system solution, active promotion). Therefore, with the continuous implementation of the digital transformation policy, the government will gain enough benefits from the digital economy through active promotion. When the benefits to enterprises are greater than the costs after receiving various subsidies and the comprehensive benefits obtained by digital transformation service providers are greater than the costs, the digital transformation of the construction industry will become a reality. The simulation results of the system are consistent with the previous model analysis, which shows that the simulation analysis results have consistent conclusions and practical effectiveness according to the stability analysis of the tripartite evolution strategy. This has practical guiding significance for promoting the digital transformation of the construction industry.





6. Conclusions and Suggestions


The digital transformation of the construction industry is the most important part of the development of China’s digital economy and one of the most difficult industries to transform. Under the limited rationality of group decision-making participants, this study constructed an evolutionary model of the key participants in the promotion of the digital transformation of the construction industry: enterprise, service provider, and government. Then, this study introduced parameters such as tax refund ratios, subsidies to service providers, system maintenance and renewal cost coefficients, financial loan probabilities, and rewards and punishments from higher-level governments, and analyzed the impact mechanism of the evolution strategy on the digital transformation of the construction industry. Finally, a MATLAB simulation was used to analyze the influence of each parameter on the strategy selection of each subject and verify the effectiveness of the digital transformation evolutionary game model of each participant.



The following conclusions were obtained. ① Whether the enterprise is transformed depends on whether the income payment of the basic solution is positive. However, whether a company undergoes a comprehensive digital transformation depends on the benefits of the system solution; the greater the benefit, the more active the enterprise. ② Regardless of the strategic choice of the government, enterprises, and service providers, they all meet the bounded rationality; that is, when the total benefit is greater than the total cost, they tend to actively implement the comprehensive digital transformation of the construction industry. ③ As long as the tax refund ratio for enterprises exceeds the threshold, this can greatly mobilize enterprises’ enthusiasm for digital transformation. Then, all three participants tend to actively implement this transformation, but as the tax refund ratio increases, the evolution of the government’s active promotion strategy will slow down. ④ The subsidy coefficient for service providers should be controlled within a reasonable range, which has a good incentive effect on service providers and enterprises. ⑤ The system maintenance and upgrade fee charged by the service provider should not be too high and when it exceeds 50% of the revenue of the system solution, the enterprise will change synchronously with the service provider’s strategy. ⑥ The increase in the probability of loans from financial institutions to enterprises has a promotional effect on all three parties, which can effectively promote the digital transformation of the industry. ⑦ The use of high rewards and penalties by higher-level governments against local governments can effectively encourage local governments to choose active promotion strategies.



Based on the conclusions obtained from the tripartite evolution game, the following suggestions are put forward for the digital transformation of the Chinese construction industry:




	(1)

	
The current level of science and technology of other enterprises in China is low and extensive management modes are prevalent. The government should increase market publicity and promotion in intelligent construction, digital technology innovation, digital technology application, system platform construction, etc., and increase tax refund subsidies so that enterprises can reduce the cost of digital transformation, increase their confidence in future prospects, and overcome the painful wait-and-see period.




	(2)

	
The government must first establish a digital infrastructure for the construction industry, through digital construction talent training, industry–university–research cooperations, science and technology development, marketing, innovation and entrepreneurship, construction industry platforms, project-level BIM, and the building of intelligent machinery and equipment, etc., so that enterprises can obtain the benefits of project-level digital transformation. Then, enterprises will actively choose system solutions; that is, digital transformation will be carried out at the enterprise management level, such as ERP system, centralized procurement systems, and project management systems.




	(3)

	
At present, the digital level of China’s construction industry is low, offering a rare opportunity and challenge for service providers. The purpose of service providers is not to obtain government subsidies, but to pursue market expansion. Therefore, it is not that “the more subsidies, the better”; the government should co-ordinate more with service providers, support more enterprises in digital transformation, expand the digital application market of the construction industry, and achieve economies of scale, reducing the digital transformation costs of enterprises and expanding the market utility of service providers. Finally, the government should withdraw from the dominant market.




	(4)

	
Financial support policies should be innovated and social capital, industrial capital, inclusive finance, venture capital, and other financial capital tools should be guided to participate in the digital reform of the construction industry. With the blessing of financial capital, the digital transformation of the industry will be greatly accelerated.




	(5)

	
The higher-level government should establish and improve the digital-level evaluation system of the construction industry and encourage the local government to actively promote the digital transformation of the construction industry through means such as model enterprises of digital transformation and the regional digital transformation of advanced demonstration areas. The local government should be encouraged to actively promote the digital transformation of the construction industry through means such as transformation completion and transformation maturity championship rankings.









Despite the contributions of this study, several limitations should be acknowledged. Firstly, due to different national conditions, the digitalization development level of the construction industry differs, so the suggestions are only a reference for the digitalization transformation of the construction industry in other countries. Secondly, in practice, in addition to the transformation participants and influencing factors mentioned in the study, there are other participants, such as universities and scientific research institutions. Moreover, other influencing factors may have an important impact on the digital transformation of the construction industry, such as the maturity of digital technology in the industry, the level of digital technology innovation, the digital foundation level of enterprises, the digital service capability level of service providers, and the success rate of the digital transformation of enterprises. All these need to be further studied and explored. An empirical investigation and verification of the variables and parameters set in this study will also be a direction of future research.
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Figure 1. Game model of construction enterprises, service providers, and government. 
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Figure 2. Phase diagram for strategy evolution of the construction enterprise. 
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Figure 3. Phase diagram for strategy evolution of the construction service provider. 
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Figure 4. Phase diagram for the strategy evolution of the government. 
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Figure 5. System evolution path diagram under the initial strategy. 
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Figure 6. The impact of different tax refund ratios  α  on the enterprise, service provider, and government. 
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Figure 7. The impact of different subsidy intensities  β  on the enterprise, service provider, and government. 
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Figure 8. The impact of different system maintenance cost coefficients  ω  on the enterprise, service provider, and government. 
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Figure 9. The impact of different loan probability coefficients  θ  on the enterprise, service provider, and government. 
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Figure 10. The impact of different reward  F  on the government. 
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Figure 11. The impact of different fines  W  on the government. 
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Figure 12. The result of 100 evolutions of arrays 1, 2, and 3. 
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Table 1. The meaning of the variables and parameters in the perceived payoff matrix.






Table 1. The meaning of the variables and parameters in the perceived payoff matrix.





	Symbols
	Description





	  x  
	The probability of digital transformation.



	  y  
	The probability of the service provider’s system solution strategy.



	  z  
	The probability of an active promotion strategy for the construction enterprise.



	    R D    
	The enterprise will obtain an income when the enterprise chooses the base solution strategy.



	    R S    
	The enterprise chooses the system solution strategy; the enterprise obtains an income.



	  α  
	The tax refund proportion.



	  T  
	The amount of tax.



	    C E    
	The amount that the enterprise needs to invest in the digital transformation.



	  ω  
	The cost–benefit coefficient.



	  θ  
	The probability coefficient of loans.



	  L  
	The total loans.



	    R P    
	The service provider can obtain direct benefits regardless of the solution that is provided.



	    C  P D     
	The amount the service provider must pay to provide the basic solution.



	    C  P S     
	The cost of providing the system solution.



	  β  
	The government’s subsidy coefficient for service providers.



	    M i    
	Enterprises’ tax payments when different solutions are provided.



	    U i    
	The market influence of service providers.



	    C Z    
	The cost of supervision, publicity, promotion, and guidance, as paid by the local government.



	    R Z    
	The additional social benefits obtained by the local construction industry’s digital economy.



	  F  
	Prize from the superior government.



	  W  
	Local government punished by superior authorities.
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Table 2. The payment matrix for the game model including enterprise, service provider, and government.
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Enterprise

	
Service Providers

	
Government




	
Active Promotion   z  

	
    Negative   Promotion   1 − z    






	
Digital transformation

 x 

	
system solution

 y 

	
    R S  − ω  R S  −  C E  + α T + θ L   

	
    R S   (  1 − ω  )   R S  + θ L −  C E    




	
   ω  R S  +  R P  −  C  P S   + β  M S  +  U S    

	
   ω  R S  +  R P  −  C  P S   +  U S    




	
   F +  R Z  −  C Z  − α T − β  M S    

	
    R Z    




	
basic solution

  1 − y  

	
    R D  −  C E  + α T + θ L   

	
    R D  −  C E  + θ L   




	
    R P  −  C  P D   + β  M D  +  U D    

	
    R P  −  C D  +  U D    




	
   F −  C Z  − α T − β  M D    

	
  0  




	
Non-digital transformation

  1 − x  

	
system solution

 y 

	
  0  

	
  0  




	
   β  M S  −  C  P S     

	
   −  C  P S     




	
   −  C Z  − β  M S    

	
   − W   




	
basic solution

  1 − y  

	
  0  

	
  0  




	
   β  M D  −  C  P D     

	
   −  C  P D     




	
   −  C Z  − β  N D    

	
   − W   
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Table 3. The eigenvalues of each equilibrium point.
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	Equilibrium Point
	     λ 1  ,  λ 2  ,  λ 3     





	    E 1  ( 0 , 0 , 0 )   
	    R D  −  C E  + θ L      , − (  C  P S   −  C  P D   )      ,   W −  C Z  − β  M D    



	    E 2  ( 1 , 0 , 0 )   
	    C E  −  R D  − θ L      , − (  C  P S   −  C  P D   ) +  U S  −  U D  + ω  R S       ,   F −  C Z  − β  M D  − α T   



	    E 3  ( 0 , 1 , 0 )   
	   ( 1 − ω )  R S  −  C E  + θ L      ,    C  P S   −  C  P D        ,   W −  C Z  − β  M S    



	    E 4  ( 0 , 0 , 1 )   
	    R D  −  C E  + θ L + α T      , − (  C  P S   −  C  P D   ) + β (  M S  −  M D  )      ,    C Z  + β  M D  − W   



	    E 5  ( 1 , 1 , 0 )   
	    C E  − θ L − ( 1 − ω )  R S       ,    C  P S   −  C  P D   − (  U S  −  U D  ) − ω  R S       ,   F −  C Z  − β  M S  − α T   



	    E 6  ( 1 , 0 , 1 )   
	    C E  −  R D  − θ L − α T      ,    C  P S   −  C  P D   +  U S  −  U D  + β (  M S  −  M D  ) + ω  R S       ,    C Z  + β  M D  + α T − F   



	    E 7  ( 0 , 1 , 1 )   
	    R S  −  C E  + θ L + α T − ω  R S       ,    C  P S   −  C  P D   − β (  M S  −  M D  )      ,    C Z  + β  M S  − W   



	    E 8  ( 1 , 1 , 1 )   
	    C E  − θ L − α T − ( 1 − ω )  R S       ,    C  P S   −  C  P D   − (  U S  −  U D  ) − β (  M S  −  M D  ) − ω  R S       ,    C Z  + β  M S  + α T − F   
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