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Abstract

:

Enterprises in the prefabricated building supply chain (PBSC) only share information according to their interests, which is bound to cause conflicts of interest and reduce the efficiency of supply chain operations. To promote information sharing (IS) in PBSC, it is necessary to construct an evolutionary game model that fits the realistic network. In this paper, based on the integration of existing research, 13 influencing factors of IS in PBSC are analyzed comprehensively from the perspective of information ecology theory. In addition, due to the complexity and uncertainty of the PBSC, enterprise interaction and supply chain network structure affect the IS decision. Therefore, this paper builds an evolutionary game model of IS in PBSC under a scale-free network, and conducts numerical simulation analysis with MATLAB 2017 software to analyze the evolution law of enterprise IS under different situations. The results show that (1) when the network scale is large, the density of information sharers generally increases, and the speed of network evolution to a steady state generally slows down; (2) eight factors can promote the increase in information sharers’ density, and five factors can inhibit it, but factors have no significant effect on the speed of network evolution to reach the steady state. Based on the simulation results, this paper proposes countermeasures and suggestions such as strengthening the support of the policy environment and social environment, setting up the demonstration benchmark of leading construction enterprises, establishing a directional information resource database, and improving information technologies and risk management systems to provide the scientific basis for government supervision and enterprise decision making.
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1. Introduction


Under China’s efforts to achieve “carbon peaking and carbon neutrality”, prefabricated buildings have been promoted nationwide as a construction method in line with the country’s green, low-carbon transformation and high-quality development goals. The prefabricated building supply chain (PBSC) involves many interdependent and interconnected enterprises [1], integrating logistics, capital flows, and information flows into a highly complex network structure. It has high requirements for information sharing (IS) in the whole life cycle of project decision making, implementation, operation and maintenance, demolition, and recycling [2]. However, many enterprises are weak in IS because of the hidden danger of trade secret disclosure and the high cost of human resources. On the one hand, PBSC is represented by various types of enterprises, including construction units, general contractors, design units, specialized subcontractors, component manufacturers, material and equipment suppliers, logistics and transportation units, regulatory units, operation and maintenance units, and demolition and recycling units. On the other hand, PBSC performance for enterprises has different endowment or behavioral characteristics, with significant differences in enterprise scale, production capacity, profitability, and other aspects. Such heterogeneity leads to information asymmetry in PBSC enterprises, aggravates the problem that benefits from IS are not proportional to costs, and may lead to low project quality, cost overruns, claims, and conflicts [3]. In addition, the evolving nature of supply chain networks leads to incorrect IS among policy and corporate decision makers, which can have serious unintended consequences [4]. How to effectively promote IS in PBSC enterprises has become a crucial problem to be solved urgently.



The complexity of PBSC brings volatility, uncertainty, and fuzziness [5,6], which makes it difficult for PBSC to share information. So far, scholars’ research on IS in PBSC can be divided into three categories. Combined with the application and obstacles of building information modeling (BIM) in prefabricated buildings [7], some scholars have studied the combination of integrated data multiplexer or radio frequency identification or multi-agent or blockchain and BIM to realize IS in PBSC [2,8,9]. Most scholars construct incentive mechanisms of IS [10] and supply chain management framework [11], aiming at problems such as “bullwhip effect” and “opportunistic behavior” in IS [2,12,13]. Constrained by bounded rationality and information asymmetry [14], enterprises in the supply chain will only partially provide the information they have mastered to maximize their interests. However, some scholars pointed out that enterprises can achieve better profitability by sharing information in the supply chain [15]. Therefore, some scholars quantified the factors affecting enterprise IS as parameters and analyzed the influence of parameter changes on enterprise IS [16,17].



As BIM and other information-sharing technologies become more and more mature, more and more prefabricated construction enterprises participate in supply chain IS. Most of the existing research systematizes the IS and neglects the interaction between enterprises in the PBSC. However, the IS between enterprises is not only affected by the income of the other enterprises but also by the interaction relationship between enterprises and the supply chain network structure. It is important to consider the interaction of prefabricated construction enterprises and supply chain network structure into the IS game model. In addition, these studies are mainly based on static and qualitative perspectives. It is of great practical significance to analyze the influencing factors and evolution process of IS in PBSC from dynamic and quantitative perspectives.



In conclusion, this paper integrates the factors affecting IS in PBSC from the micro level, adds the evolutionary rules of the scale-free network into the evolutionary game model, and conducts evolutionary game simulation analysis under different situations. The following three problems are intended to be solved: (1) What kind of network structure does the IS in PBSC have, and what kind of interaction relationships are there in the network? (2) How can the evolutionary game model be constructed under a scale-free network? (3) How does the IS in PBSC evolve in different situations? This paper can not only supplement the theoretical research on the IS in PBSC under the network game but also provide some references for the government to formulate relevant policies, supply chain enterprises to make future IS decisions, and PBSC sustainable development.



The structure of this paper is organized as follows. We summarize the literature on PBSC, IS in the supply chain, evolutionary game, and scale-free network in Section 2. Section 3 builds the evolutionary game model of PBSC under a scale-free network. In Section 4, this paper fits the above model for analyzing the influence of changes in different influencing factors on the evolutionary results, then discusses specific strategies to promote IS in PBSC in Section 5. Finally, Section 6 concludes this study.




2. Literature Review


2.1. PBSC


O’Brien and Fischer proposed the idea of construction supply chain in 1998 [18,19]. However, there still needs to be a clear definition of PBSC due to differences in study scope and perspectives. In this paper, PBSC is defined as an integrated and coordinated network structure involving construction units, general contractors, design units, professional subcontractors, component manufacturers, material and equipment suppliers, logistics and transportation units, supervisory units, operation and maintenance units, and demolition and recycling units in the whole life cycle of project decision making, implementation, operation and maintenance, and recycling [20,21]. As shown in Figure 1, the general contractor is at the core of the information-sharing network. Prefabricated construction projects usually adopt an EPC mode in the project [22], and each enterprise in PBSC is connected through the core enterprise general contractor [21]. PBSC management is divided into external and internal integration [23]. Research on the external integration of PBSC aims to design reasonable cost-sharing [24], risk management and control [25], and benefit allocation models [26]. Internal integration ensures real-time sharing of market requirements, inventory status, production plans, demand forecasts, and delivery plans among all participants [23].




2.2. IS in the Supply Chain


Information ecology theory was proposed by Horton F. W in the 1980s, emphasizing the harmonious coexistence of humans, information, environment, and technology factors in the information ecosystem. This theory explains the process of information dissemination and diffusion from the perspective of the ecosystem [27]. It has good explanatory power and applicability in information resource management and user information behavior [27]. This paper applies the theory of information ecology to the research of IS in PBSC. It constructs the structure network from the four dimensions of the information-sharing subjects, resources, environment, and technologies, as shown in Figure 1. IS enhances collaboration among decentralized PBSC enterprises and increases supply chain transparency and traceability [28]. It is a key factor in the success of supply chain management [29,30]. Human beings are the subjects of IS, and their information absorption capacity plays a significant role in promoting IS [31]. Information resources strongly regulate supply chain resilience [32]. Studies have shown that when the total amount of IS between enterprises in the supply chain is large, it is challenging to form cooperative sharing [17]. Modern information technologies such as BIM and blockchain promote the real-time acquisition and sharing of information among building supply chain subjects [33,34]. Information technologies have also reduced human error [35]. However, IT security risks also adversely affect supply chain productivity and competitiveness [36]. In terms of the policy environment, increasing incentives and penalties can improve the probability of IS and shorten the decision-making time [17]. Scholars have identified many factors affecting IS from different dimensions, which provides a theoretical basis for this paper.




2.3. Evolutionary Game Theory and Scale-Free Networks


Evolutionary game theory is a theory that combines game theory analysis with dynamic evolutionary process analysis [37]. The purpose of the game is to realize the increase in its income, so that the whole system gradually converges to the Pareto optimal state [38]. Under the premise of limited rationality and incomplete information, the core of game analysis is no longer the optimal strategy choice of game players, but the strategy adjustment process, trend, and stability of game participants [17]. Some scholars have considered the payoff matrix of the evolutionary game for the two central subjects in the supply chain and considered the influence of the total amount of information, degree of information absorption, cost coefficient, information leakage risk, and punishment mechanism on the IS of the supply chain [16,17].



In this technologically advanced era, every subject in the supply chain is expected to participate in IS [39]. Relevant studies show that enterprise interaction and supply chain network structure will also affect enterprises’ willingness to share information [17,40]. Ignoring network factors to study the evolution of IS is biased, which may lead to a disconnection between the research and the real-world situation. In order to describe the local interaction between game players, a more elaborate network model is proposed. Barabasi and Albert found that most real networks, in reality, are scale free [41]. Most nodes only have a small number of neighbor nodes, while a few have a large number of neighbors [41,42]. Therefore, in 1999, they proposed the famous scale-free network [41]. As time goes by, the scale of a scale-free network increases, and new nodes preferentially connect with larger nodes after entering the network [42,43]. Zhu et al. explored community user information-sharing strategies under the Barabasi–Albert scaling-free network and discussed the influences of different parameters and initial conditions on the evolution results of IS [44].



The combination of a scale-free network and the evolutionary game is rarely used in the research of IS in PBSC. Using a scale-free network to study the information-sharing network in PBSC is of practical significance [45]. Therefore, using other research as a reference, this paper uses a scale-free network and evolutionary game to describe the interactive correlation structure and strategy selection paradigm among enterprises. It provides a new research model for understanding and analyzing enterprises’ IS in a complex interactive environment.




2.4. Research Gap


The literature review shows that scholars have carried out some research on IS in PBSC, which also provides an important theoretical basis for this paper. However, the existing research has the following shortcomings:




	
The existing research mainly focuses on the game between two or three subjects in the supply chain. However, with the development of information-sharing technologies, more and more PBSC subjects participate in IS. The interaction between enterprises and the network structure of the supply chain are also more complex.



	
In addition to the influence of information-sharing subjects and information-sharing resources on IS decisions among enterprises, government policies and the development of social support technologies also have a significant impact on IS. Most studies consider government policies but ignore the evolution of IS in prefabricated buildings under social support and technological development.



	
Existing research mainly focuses on analyzing enterprises’ IS decisions through classical game theory but fails to consider the topological characteristics of real networks, which is a lack of scientificity and authenticity. In addition, the research methods also lack the use of a scale-free network evolutionary game to study IS in PBSC.








Based on the theory of information ecology, this paper regards information-sharing subjects, information-sharing resources, information-sharing technologies, and information-sharing environment as a whole. By simulating the real information-sharing network in PBSC through a scale-free network, the evolution law of IS in PBSC with the change in information absorption capacity, technology application degree, and enterprise reputation value is revealed. The results of the evolutionary game are compared by simulation. It is expected to provide a theoretical basis for promoting IS in PBSC, and fill the research gap in the evolutionary game of IS in PBSC under a scale-free network. This paper can provide a decision reference for the IS strategy adopted by prefabricated buildings, and provide a reference for government supervision and enterprise decision making.





3. Construction of Scale-Free Network Game Model


3.1. Problem Raising


Under the drive and supervision of the government and society, the enterprise takes advantage of the rapidly developing information technologies to effectively control the professional and public information resources to ensure the quality and quantity of the project delivery and the overall benefit of PBSC as far as possible, as shown in Figure 1. However, in the PBSC information-sharing network, each enterprise tries to obtain more information from the other agents while reducing the amount of information it shares. It makes it difficult to achieve and maintain a high level of IS in PBSC, resulting in a “prisoner’s dilemma”.




3.2. Basic Assumptions


During the evolution of the information-sharing network in PBSC, enterprises generally adjust their IS through revenue. Based on the evolutionary game model under a scale-free network and IS in PBSC, the basic assumptions of this paper are summarized as follows:



H1. 

The information-sharing network in PBSC is a scale-free network   G   V , L    , which is an unauthorized undirected network. The nodes in the network are enterprises, and the lines indicate that the two parties have a cooperative relationship [40].





H2. 

All game enterprises are under bounded rationality and information asymmetry [46,47,48]. Due to the specificity and limitation of the cooperation object of enterprises, it is difficult for enterprises to obtain relevant information about all enterprises in the supply chain. So, they do not play with all the enterprises involved in IS. They play with the enterprises in their neighborhood [40].





H3. 

In the game between Enterprise  i  and Enterprise  j  IS, the behavioral strategy set of both parties is only (IS, information non-sharing) [17]. The probability of choosing a strategy is related to the benefit of IS, and there is the possibility of misjudgment and not choosing the optimal strategy [40]. This paper assumes that all enterprises involved in IS adopt the same policy for updating rules. Each enterprise determines the strategy choice for the next round of the game only according to the income of the current game round when the strategy is updated [40].






3.3. Game Model Establishment


Based on the current research results [17,49], this paper summarizes the influencing factors into four dimensions: information-sharing subjects, resources, technologies, and environment according to the information ecology theory. To ensure the comprehensiveness and scientificity of the influencing factors, the information-sharing subject dimension considers the self-efficacy of the enterprise [50], the information-sharing resource dimension considers the usefulness and usability of the information [51,52], the information-sharing technology dimension considers the security and facilitation of the technology [53,54], and the information-sharing environment dimension considers the interactive atmosphere [55]. As shown in Figure 2, the influencing factors are quantified as parameters. The benefit function of IS of PBSC includes the benefits, costs, risks, and penalties [17,49,56]. Among them, the benefits are divided into direct benefits, spillover benefits, collaborative benefits, and incentive benefits. Both enterprises can gain additional collaborative and direct benefits if they share information. If only one party shares information, the collaborative benefit is 0 [17]. When both parties choose to share information, they obtain incentive benefits. If one party does not share the information, the incentive benefit accrues to the other party [49].



3.3.1. Information-Sharing Benefits


The direct benefits of IS    Π  D i   =  L i     P i   A i   I j   D j  +  P j   A j   I i   D i      are the benefits obtained by Enterprise  i  according to the proportion of benefit distribution.    P i   A i   I j   D j    and    P j   A j   I i   D i    represent the direct benefits of IS between Enterprise  i  and Enterprise  j  in the cooperation process.    L i    and    L j    denote the benefit distribution coefficients between Enterprise  i  and Enterprise  j ,    L i  +  L j  = 1  . In general, the benefits are distributed among enterprises by signing contracts. The objective gaps in the total amount of information    I i   , the degree of IS    D i   , the information absorption capacity    A i    and the ability to convert information into benefits    P i    in the pre-collaboration period of enterprises make the direct benefits of enterprise IS influence the decision [57]. In this paper, the product of the total amount of information and the degree of IS is equal to the amount of IS (   I i   D i   ).



Collaborative benefits of IS    Π  S i   =  δ i   T i       P i   A i   I j   D j     m       P j   A j   I i   D i     n    refer to the benefits formed by enterprises’ IS to achieve information interoperability, cooperation and reciprocity, and resource integration [17].    δ i    represents the coefficient of information collaboration ability, which is jointly determined by enterprises’ degree of information complementarity and communication and coordination ability.  m  and  n  respectively represent the elastic coefficients of IS of Enterprise  i  and Enterprise  j , namely, the degree of change in cooperative benefits caused by the income changes of both parties,   m + n = 1  ,  m  and  n  > 0.    T i    represents the degree of application of information-sharing technologies such as BIM by prefabricated building enterprises.



Information-sharing spillover benefits    Π  E i   =  μ i   A i   I j   D j    are the external benefits generated when Enterprise  j  adopts information-sharing strategies [58], benefited by Enterprise  i .    μ i    represents the ability of Enterprise  i  to absorb its information technologies or management systems when PBSC Enterprise  j  shares information.



Information-sharing incentive benefits    Π  I i   =  Π  I i  ′  +  Π  I i   ″   =  α 1   I i   D i  +  α 2   I i   D i  =    α 1  +  α 2     I i   D i    are the value of social corporate reputation and government financial subsidies that enterprises receive for sharing information. Incentive mechanisms can encourage IS in the supply chain [59]. The decision to enterprise IS can not only obtain government financial subsidies but also improve the image and reputation of enterprises, so as to generate reputation value and promote the development of enterprises in the future [60].    α 1    is the incentive coefficient of the corporate reputation value and    α 2    is the incentive coefficient of financial subsidies.




3.3.2. Information-Sharing Costs


Information-sharing costs    Π  C i   =  θ i   I i   D i    indicate the cost that Enterprise  i  invests in the process of IS. Enterprises with information-sharing technology platforms and management systems need to invest a certain amount of information-sharing costs. The sharing cost is proportional to the cost coefficient    θ i    and the amount of information shared by Enterprise  i  [17].




3.3.3. Information-Sharing Risks


Information leakage risks    Π  L i   =  γ i   I i   D i    refer to the loss caused by information leakage after sharing. On the one hand, when the information of PBSC enterprises is over-shared, the business secrets unique to the enterprises themselves may be leaked. On the other hand, if the stability of the information repository is poor and the security traceability of the information storage is low, problems such as information plagiarism, loss, and tampering may put the information security of that enterprise at risk [61]. This, in turn, undermines trust and market competitiveness among supply chain enterprises [9]. Therefore, the amount of IS and the level of risk of information leakage    γ i    have become hindrances for enterprises to share information.




3.3.4. Information-Sharing Penalties


Penalties    β i    are costly penalties negotiated by the company to the non-sharing party through a formal agreement or informal commitment. Penalties are used to compensate for the losses of the sharing party. Punishment is an important mechanism to promote the evolution of cooperation [17].



The payoffs of the game between Enterprise  i  and Enterprise  j  are different under different combinations of strategies. According to the dynamics of enterprise decision making in the process of IS, the game benefit matrix of “IS—information non-sharing” between Enterprise  i  and Enterprise  j  is constructed. The payoff matrix of the information-sharing game in PBSC is shown in Table 1.





3.4. Evolution Rules of Scale-Free Networks


3.4.1. Density of Information Sharers


At the initial moment of the game, enterprises choose the information-sharing, and information non-sharing strategy as the initial game strategy with probability    p 0    (  0 <  p 0  < 1  ) and   1 −  p 0   , respectively. The proportion of information-sharing enterprises in the whole network at moment  t  is called the density of information sharers [40]:


   f c   t  =  n c   t  / N  



(1)




where    n  c  t      represents the number of information sharers at the  t  moment.  N  indicates the number of enterprises in the entire network, that is the network scale.




3.4.2. Game Enterprise Information Penetration Mechanism


During the game, if Enterprise  j  chooses an information-sharing strategy, it may obtain shared information from Enterprise  i , resulting in changes in the total amount of information [14,62]. In the game, the growth of the total amount of information of an enterprise is related to the probability S of information penetration [63]. In this paper, with reference to the relevant research of Zhao et al., the expression of the total amount of information of Enterprise  i  at   t + 1   moment can be obtained as follows [14]:


   I i    t + 1   =        I i   t  + S  D j   I j   t                        j   s h a r e                                      I i   t                                j     d o e s   n o t   s h a r e        



(2)







Therefore, the total amount of information changes dynamically in the game at different moments, which leads to the change in the game income matrix related to the total amount of information. That is, the game income matrix changes dynamically in each round.




3.4.3. Game Enterprise Strategy Update Rules


Based on evolutionary game theory, IS in PBSC enterprises are bounded rationality. They cannot immediately find the optimal strategy, but keep learning, updating, and adjusting their strategies according to the real-time benefits in the process of the game. To satisfy the assumptions of bounded rationality, FEMI rules are adopted in this paper. The specific rule is to randomly select an enterprise in the neighborhood and adjust  W  based on whether or not to participate in the IS game strategy with a probability.  W  is expressed as [40]


   W   S  i , t   →  S  j , t     =  1  1 + e x p      U  i , t   −  U  j , t     / η      



(3)







   S  i , t      and     S  j , t     are the strategies of Enterprise  i  and Enterprise  j  at the  t  moment.    U  i , t      and     U  j , t     are the total revenue of Enterprise  i  and Enterprise  j  at the  t  moment.  η  is the environmental noise level, which indicates the irrational choice of each enterprise in the evolutionary game of IS in PBSC. In other words, aa is the probability that enterprises will still insist on not changing their strategies when their benefits are smaller than those of neighboring enterprises. Based on the existing research, the ambient noise level   η   is set as 0.1 in this paper [64,65].




3.4.4. Broken Edge Reconnection Mechanism of the Information-Sharing Network in PBSC


In this paper, an edge reconnection mechanism with preference is adopted. At the  t  moment, an edge is randomly selected to disconnect the original connection and start the reconnection with a probability  p . The method is to disconnect one end of the selected line and then connect to other nodes with probability  p . Nodes are not allowed to reconnect themselves to themselves and to repeat connections between nodes. The probability of a node  i  connecting to a node  j  is [40]


   p  i j , t   =   ∑   i ∈ G      U  j , t  φ     U  i , t  φ     



(4)




where  φ  is the preference tendency.   φ = 0   represents a non-preferred connection. It is a random connection. This paper selects high-preference connections   φ = 1   [40].



Because in the scale-free network evolutionary game model, the game between enterprises is embedded in the network. The payoffs of the game are not only related to market factors but are also influenced by the network structure and the strategies of neighbors. The characteristic of the network determines that the evolution process cannot be expressed analytically. The simulation analysis provides a method for understanding the enterprise network game relationship in the process of IS in PBSC. Therefore, following the existing research paradigm, this paper uses MATLAB software to analyze the evolution process and results under reasonable parameter settings.






4. Results


4.1. Design of Simulation Experiment


To study the influence of the information-sharing network scale in PBSC, three scale-free networks of different scales are simulated in the simulation. The network scale is 50, 200, and 500.



Each enterprise in the network is randomly assigned two game strategies: IS and non-sharing. The initial probability of IS is set as 0.5, and the density of information sharers is 0.5.



In each round of the game, enterprises update their total amount of information according to Formula (2), update their strategies according to Formula (3), and adjust their cooperative enterprises according to Formula (4).



Using the evolution game depth of IS in PBSC (the density of information sharers    f c   t   ) and speed (the speed of network evolution to reach steady state  v ) as measurement indicators, the evolution law of enterprise information-sharing strategy under the changes in parameter values and network scale is studied.    f c   t    used Formula (1) for the specific calculation method.



The specific steps of the simulation experiment are shown in Figure 3.




4.2. Parameter Description


According to the information-sharing game model in PBSC game model and specific evolution rules established above, the MATLAB 2017 software is used to conduct the simulations. This paper not only refers to the value of numerical simulation parameters formulated by Xu [40] but also to the consulting results of PBSC enterprises and experts in scale-free network-related fields. Accordingly, the simulation parameters of the information-sharing network in PBSC evolutionary game set are as follows:    I i  = 10 ,  D i  =  A i  =  P i  = 0.7 ,  α 1  = 0.2 ,  α 2  = 0.4 ,  γ i  = 0.45 ,  L i  = 0.3 ,  μ i  = 0.84 ,  θ i  = 0.8 ,  β i  = 1 , m = n = 0.5 ,  δ i  = 0.6 ,  T i  = 0.3  . Each simulation contains 100 iteration time steps. Each group of parameters tests 50 times to ensure the stability of simulation results, and the average value of the network evolution measurement index is selected to study the evolution of the information-sharing network [40].




4.3. Simulation and Sensitivity Analysis


Under the above initial setting conditions, the values of parameters in different situations are shown in Table 2. Other parameters remain unchanged. In this paper, using the scale-free network of 50, 200, and 500 nodes as the carrier, MATLAB software is used to simulate the influence of different parameter values on the IS of PBSC enterprises under different network scales. In Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, the simulation results for the three network sizes are named (a), (b), and (c). The  x -axis is the number of games, and the  y -axis is the density of information sharers.



Data from Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 were extracted and processed to obtain network evolution data with different parameter values and different network scales, as shown in Table 2 and Table 3.



Conclusion 1: According to      f c   t   ^  ,   Δ    f c   t   ^   ,    v ^  ,   Δ  v ^    and in Table 2 and Table 3, it can be seen that with the expansion of the network scale, the speed of network evolution to a steady state slows down, but the density of information sharers generally increases. It is because prefabricated buildings have entered a stage of rapid development, and the expansion of network scale is conducive to the heterogeneous PBSC enterprises to choose more suitable partners to expand their benefits.



4.3.1. Influence of Information-Sharing Subjects on Network Evolution


Information absorption capacity    A i   , information conversion capacity    P i   , benefit distribution coefficient    L i   , and collaborative coefficient    δ i    increased by 0.2,      f c   t  ,  ¯    respectively by 0.81, 0.45, 0.76, and 0.18, as shown in Figure 4 and Figure 5. It indicates that the higher the ability of the information subjects, the more people choose the information-sharing strategy in PBSC. However, it has no common effect on the speed of network evolution to reach a steady state. In large-scale networks, when the information absorption capacity or benefit distribution coefficient is too tiny (   A i     = 0.4 or    L i     = 0.4), the steady state    f c   t    is not reached within 100 iteration time steps. In large-scale networks, small information absorption capacity leads to less direct benefits, collaborative benefits, and spillover benefits from IS. An unsatisfactory benefit distribution coefficient leads to less direct benefits from the IS of PBSC enterprises. As a result, the income of enterprise IS (   E i    +    F i   ) is smaller than that of the non-sharing (   G i    +    H i   ) strategy. However, since the initial density of IS sets at 0.5, half of the enterprises choose to share information, and their total amount of information increases according to Formula (3). At this time, the income (   E i    +    F i   ) increases, and the income (   E i    +    F i   ) of enterprise IS may be higher than that of the non-sharing (   G i    +    H i   ) strategy. Especially in large-scale networks, more companies compare revenues with each other and change strategies. The income change makes it impossible for enterprises to make decisions quickly, so the evolution results fluctuate.



Conclusion 2: The information-sharing subjects can promote the IS, and the effects from the largest to the smallest are absorption capacity, benefit distribution coefficient, conversion capacity, and collaborative coefficient. Absorption capacity and benefit distribution coefficient significantly affect the density of information sharers and determine the speed at which the network evolution reaches a steady state.




4.3.2. Influence of Information-Sharing Resources on Network Evolution


As shown in Figure 6, when    I i   D i    = 3.6, 4, 4.5, 5, 5.4,      f c   t   ¯    decreases from 0.99 to 0.01. When    I i   D i    = 4, the density of information sharers increases with network scale. When    I i   D i    = 5, the density of information sharers decreases with the decrease in network scale. When    I i   D i    = 3.6, 4.5, 5.4, the change in network scale does not affect the density of information sharers. This is because this paper considers the influence of the infiltration mechanism of information on the total amount of information. With the increase in game nodes, the total amount of information “snowballs” increases, and the final evolution result is more different from the initial information-sharing density. As shown in Figure 7, the increase in cost coefficient (   θ i    = 0.6, 0.7, 0.8) not only affects the density of information sharers (     f c   t   ¯    = 0.98, 0.75, 0.12) but also slows down the evolution process of the network (  v ¯   = 16, 34, 50). The spillover effect has little influence on the choice of information-sharing strategy. When the spillover effect is 0.5, 1, and 4 times the direct income of IS (   μ i    = 0.21, 0.42, 0.84),      f c   t   ¯    decreases by 0.15 (     f c   t   ¯    = 0.77, 0.75, 0.61). Reasonable spillover effects (   μ i    = 0.21, 0.42) will promote IS, but the promotion effect is limited. However, an excessive spillover effect (   μ i    = 0.84) will lead to a “free rider effect”, which is not conducive to IS.



Conclusion 3: Information resources can inhibit IS. Because of an information infiltration mechanism, the amount of IS    I i   D i    dramatically influences the density of information sharers. The cost coefficient greatly influences the density of information sharers and the speed of evolution to a steady state.




4.3.3. Influence of Information-Sharing Technologies on Network Evolution


As the risk coefficient of information leakage increases (   γ i    = 0.3, 0.33, 0.36),      f c   t   ¯    decreases by 0.67 (     f c   t   ¯    = 0.93, 0.71, 0.25), as shown in Figure 8. It indicates that network evolution is particularly sensitive to the change in risk coefficient. When the risk coefficient sets at 0.33, the density of information sharers in the three scale networks changed significantly (   f c   t    = 0.5, 0.74, 0.9). The larger the network scale, the more enterprises share information when the initial proportion of IS is given. At this time, the application of BIM, blockchain, and other prefabricated building information-sharing technologies has also become more complete, and the network’s resistance to the risk of information technology leakage has risen significantly. The increase in the degree of technology application (   T i    = 0.4, 0.5) can rapidly improve the density of information sharers (     f c   t   ¯    = 0.58, 0.79). However, in large-scale networks, the influence of the degree of technology application on the density of information sharers presents a marginal decreasing effect (   f c   t    = 0.74, 0.9, 0.94).



Conclusion 4: The risk of information leakage has a strong inhibitory effect on the IS in PBSC, and the degree of technology application promotes the IS in PBSC. Both have little effect on the speed of network evolution to a steady state.




4.3.4. Influence of Information-Sharing Environment on Network Evolution


When the government does not set the reward and punishment mechanism (   α 1    = 0,    β i    = 0), all enterprises in PBSC choose not to share information, as shown in Figure 9. The coefficient of the fixed policy subsidy is 0.1, and the incentive coefficient of the reputation value is 0.45. When the penalty coefficient    β i    is 1, the density of information sharers reaches a stable value      f c   t   ¯    = 0.02 after 22 rounds of the game. When the penalty coefficient is 2, the average density of information sharers reaches      f c   t   ¯    = 0.8 after 44 rounds of the game. It indicates that the perfect punishment mechanism encourages enterprises to cooperate and share and improves the speed of evolutionary stability. To a large extent, the punishment mechanism limits the opportunistic behavior caused by the spillover effect of IS to ensure the effective sharing of information. Since the financial subsidy and corporate reputation value assumed in this paper have the same influence on IS in PBSC strategy selection, this paper uses the corporate reputation value as an example for simulation and analysis. When the reputation value coefficient (   α 2    = 0.4, 0.45, 0.5) increases,      f c   t   ¯    increases by 0.89, and   v ¯   increases by 14. On the one hand, in PBSC, the general contractor will pay more attention to the component suppliers’ social reputation and brand effect under information asymmetry. On the other hand, as prefabricated building products have the social value of low-carbon emission reduction, IS by enterprises in the supply chain can generate more corporate reputation value. When the reward and punishment mechanisms are perfect (   α 1    = 0.1,    α 1    = 0.5,    β i    = 2), the higher the density of information sharers is (     f c   t   ¯    = 0.99), the faster the network evolution reaches the steady state (  v ¯   = 32). When the reward and punishment mechanisms are not perfect (   α 1    = 0.1,    α 1    = 0.4,    β i    = 2 or    α 1    = 0.1,    α 1    = 0.5,    β i    = 1), the density of information sharers decreases sharply (     f c   t   ¯    = 0.09 or      f c   t   ¯    = 0.23).



Conclusion 5: The information environment can promote the choice of information-sharing strategy in PBSC. The promotion effect of a multi-dimensional policy is better than that of a single policy, so the government should set up reasonable reward and punishment mechanisms. Reasonable punishment mechanisms can promote IS but slow down the steady state of network evolution. Financial subsidies and reputation value can improve the density of information sharers and accelerate the network’s speed to reach a steady state and promote the development of prefabricated buildings.






5. Discussion


The simulation of the scale-free network evolutionary game model in Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 shows that the information-sharing strategies of PBSC enterprises are dynamically adjusted according to different situations. Prefabricated buildings have the advantage of being green and sustainable. Therefore, with the development of emerging information-sharing technologies such as BIM, the government and society also give corresponding support to the IS in PBSC. In this context, this paper sorts out the influence of factors influencing IS in PBSC, and puts forward countermeasures and suggestions to promote IS, as shown in Figure 10.



5.1. Strengthen the Support of the Policy Environment and Social Environment


Government and social support and supervision can promote IS in PBSC. In order to enhance PBSC’s initiative and enthusiasm for IS, the government can introduce special support measures for information management demonstration projects and preferential policies for VAT collection and refund. At the same time, high taxes and fees should be levied on enterprises that maintain the original mode to balance the financial pressure to deal with the information asymmetry caused by all parties considering their interests and achieve the balance of the entire PBSC [3]. Social media should be encouraged and guided to increase the positive publicity of IS in PBSC and improve the value of corporate brand reputation [60]. A green channel for middle and downstream enterprise financing should be opened up along with promoting the development of IS in PBSC from the “environmental end”. The “negative effect” of incentive measures also deserves attention [37]. The “negative effect” of incentive measures corresponds to a gradual slowdown in the growth rate of information sharers. For example, when the reputation value coefficient increases from 0.45 to 0.5, the density of information sharers only increases by 19%. Therefore, if the incentive is excessive, the government will bear tremendous financial pressure, and the incentive effect is insignificant. The government needs to implement a dynamic and balanced subsidy and tax policy.




5.2. Set up the Demonstration Benchmark of Leading Construction Enterprises


According to the simulation in Figure 4 and Figure 5 and the sensitivity analysis in Section 4.3, improving the enterprises’ information absorption capacity and benefit distribution coefficient can significantly increase the density of information sharers and improve the speed of IS evolution to a steady state. The government can consider setting up a model for leading construction enterprises to create a prefabricated construction industrial cluster with information absorption and strong core competitiveness [66], giving full play to the cluster effect of the supply chain from the “main end”, and share the high-input cost of the IS platform. Similar to Conclusion 1, Xu [40] found that expanding the network scale promotes the generation of cooperative behavior. As shown in Figure 1, most non-core enterprises have very few information-sharing relationships in the information-sharing network with scale-free network characteristics, and only general contractors have many information-sharing relationships. Setting up the demonstration benchmark of leading construction enterprises will also help to create an atmosphere of IS in PBSC and strengthen the connection between non-core enterprises, thus expanding the scale of the network [67], and improve the overall competitiveness of enterprises in the enterprise through a scale effect.




5.3. Creating a Directional Information Resource Base


According to the analysis, information-sharing quantity and cost coefficient have an inhibitory effect on network evolution. Excessive IS does not increase the income of all parties in the supply chain but leads to the risk of personal information theft [66]. Nozari and other scholars pointed out that the increase in cost increases the uncertainty in different scenarios [68]. This is a good explanation for the simulation results in this paper that with the increase in cost coefficient, the density of information sharers decreases, and the speed of evolution to a steady state slows down. Therefore, it is imperative to establish a directional information resource base based on the existing database [69]. It can use information means and analysis tools to target objects in all directions and at all times and integrate information resources of the whole life cycle of prefabricated buildings. It helps to create an “information cocoon” in the internal IS system and share PBSC quality information accurately from the “resource end”. It controls the huge cost caused by a large amount of information and reduces the spillover benefits of “free-riding” enterprises that do not share information.




5.4. Improve the Information Technology and Risk Management System


In the information-sharing technology dimension, the degree of technology application is essential in promoting network evolution. The government should coordinate and promote the construction of prefabricated building industry information service platforms. Through the new infrastructure, we will give full play to the enabling role of information technologies, break the professional construction barriers, and provide a secure information integration and sharing platform for PBSC enterprises. Information leakage risk has a strong inhibition effect on network evolution. Tan [17] also found that controlling the risk of information leakage can improve the level and efficiency of IS in the supply chain. To solve this problem, they proposed to sign an information confidentiality agreement and set up different rights according to enterprise positioning. This countermeasure is also applicable to heterogeneous PBSC enterprises. Enterprises should strengthen the identity authentication of users and sign information confidentiality agreements according to the information needs of different enterprises in PBSC. Moreover, different rights should be set according to corporate positioning to make all IS traceable [61]. It can improve the information ability of accurate and dynamic scheduling and configuration of people, materials, and machines and promote the sharing of PBSC information from the “technical end”.





6. Conclusions


This paper mainly involves three steps to promote IS in PBSC. Firstly, an information-sharing network is constructed based on the literature review and information ecology theory. It finds that the network structure consists of information-sharing subjects, resources, technologies, and the environment. Through the text-mining method, 12 influencing factors of IS in PBSC were identified from four dimensions of network structure.



Secondly, the key to further research is to use a scientific method to explore the influence of influencing factors on IS. This paper studies the network structure of IS in PBSC, sets up the strategy updating the rules of game enterprises, the information infiltration mechanism, and the network disconnection mechanism, and constructs the evolutionary game model under a scale-free network. Establishing scale-free network evolution rules makes the game model better fit the information-sharing network structure.



Finally, using MATLAB software to realize the effect simulation and sensitivity analysis, the system reveals the internal information-sharing requirements. The results show that the density of information sharers and the steady-state speed differ in different situations. When the network scale is large, the speed of network evolution slows down, but the density of information sharers generally increases. The change in the value of each influencing factor can promote or inhibit the density of information sharers in PBSC regularly. However, it has no significant effect on accelerating or delaying the steady state of network evolution. In the long run, the choice of information-sharing strategy is a dynamic process of continuous adjustment and linkage change. Therefore, adjusting these parameters can guide the evolution of IS in PBSC toward Pareto optimization. When improving information-sharing subjects, resources, technologies, and the environment is challenging, the government and enterprises can absorb more enterprises and cultivate them into a large-scale network with scale-free characteristics.



6.1. Implications


This paper further enriches the connotation of PBSC information-sharing research, which is significant to governments, enterprises, and academia.



6.1.1. Managerial Implications


This study identifies the corresponding influencing factors from four dimensions: information-sharing subjects, resources, technologies, and the environment. By adjusting and controlling the corresponding influencing factors, the government and enterprises can find that the key factors affecting the IS in PBSC are the information absorption capacity, the amount of IS, the information leakage risk coefficient, the cost coefficient, the financial subsidy coefficient, and the reputation value coefficient. Therefore, on the basis of strengthening the support of the policy environment and social environment, the government and enterprises can further establish the demonstration benchmark of leading construction enterprises, establish a directional information resource library, and improve the information technology and risk management system. These measures can promote the IS in PBSC, so as to provide inexhaustible power for the sustainable development of the building supply chain.




6.1.2. Academic Contributions


The academic circle has recognized the importance of IS in supply chain operations. However, there is still a research gap in the evolutionary game of IS in PBSC under a scale-free network. In particular, there is a lack of overall research and dynamic analysis on the influencing factors of IS in PBSC. In response to the objective fact that general contractors occupy the core position in PBSC, this study broadens the application area of scale-free networks by modeling the information-sharing network in PBSC through scale-free networks. Through the graphical results, this study directly illustrates the specific role of different influencing factors in the information-sharing network in PBSC in different network scales and supplements the integrity of the IS in PBSC. This model can help other enterprise systems understand supply chain IS and provide inspiration for further research on the supply chain IS of prefabricated buildings.





6.2. Limitations and Further Directions


Although the model constructed in this paper can effectively study the evolution law of IS in PBSC, it still has the following shortcomings: (1) Due to the limitations of the survey objects and conditions, this paper only considers quantifiable indicators as influencing factors to build the model. However, other factors that are difficult to quantify can skew the evolution of the network. (2) Different from the traditional evolutionary game, the evolutionary game model constructed in this paper is only applicable to the game problem under the scale-free network. When analyzing other practical problems, it is necessary to consider the network structure of the research object. It is still the future research direction to further improve the evolutionary game model under a scale-free network and make it more appropriate to describe the game problem of IS in PBSC. In addition, although the model is not suitable for game analysis in small-world networks, random networks, and other networks, it is expected to provide ideas for related research.
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Figure 1. Structure of information-sharing network in PBSC. 
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Figure 2. Structure of PBSC IS income function. 
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Figure 3. Simulation framework. 
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Figure 4. Influence of information absorption capacity and information conversion capacity on network evolution. (a) Evolution of small-scale networks. (b) Evolution of medium-scale networks. (c) Evolution of large-scale networks. 
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Figure 5. Influence of benefit distribution coefficient and collaborative coefficient on network evolution. (a) Evolution of small-scale networks. (b) Evolution of medium-scale networks. (c) Evolution of large-scale networks. 
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Figure 6. Influence of total amount of information and degree of IS on network evolution. (a) Evolution of small-scale networks. (b) Evolution of medium-scale networks. (c) Evolution of large-scale networks. 






Figure 6. Influence of total amount of information and degree of IS on network evolution. (a) Evolution of small-scale networks. (b) Evolution of medium-scale networks. (c) Evolution of large-scale networks.



[image: Sustainability 15 09885 g006a][image: Sustainability 15 09885 g006b]







[image: Sustainability 15 09885 g007 550] 





Figure 7. Influence of cost coefficient and spillover effect coefficient on network evolution. (a) Evolution of small-scale networks. (b) Evolution of medium-scale networks. (c) Evolution of large-scale networks. 
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Figure 8. Influence of information leakage risk coefficient and degree of technology application on network evolution. (a) Evolution of small-scale networks. (b) Evolution of medium-scale networks. (c) Evolution of large-scale networks. 
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Figure 9. Influence of reputation value coefficient and penalty coefficient on network evolution. (a) Evolution of small-scale networks. (b) Evolution of medium-scale networks. (c) Evolution of large-scale networks. 
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Figure 10. The influence of factors influencing IS in PBSC and the countermeasures and suggestions to promote IS. 
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Table 1. The payoff matrix of the information-sharing game in PBSC.
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Enterprise   j  




	
IS

	
Information Non-Sharing






	
Enterprise  i 

	
IS

	
   E i   =   Π  D i   +  Π  S i   +  Π  E i   +  Π  I i   −  Π  C i   −  Π  L i    

   E j   =   Π  D j   +  Π  S j   +  Π  E j   +  Π  I j   −  Π  C j   −  Π  L j    

	
   F i   =   Π  I i   −  Π  C i   −  Π  L i   + β  

   G j   =   Π  E j   −  Π  I i    ″    − β  




	
Information Non-Sharing

	
   G i   =   Π  E i   −  Π  I j    ″    − β  

   F j   =   Π  I j   −  Π  C j   −  Π  L j   + β  

	
   H i    = 0

   H j    = 0
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Table 2. Network evolution data with different parameter values.






Table 2. Network evolution data with different parameter values.





	
Dimensionality

	
Parameter

	
Parameter Values

	
       f c   t   ¯     

	
     Δ     f c   t   ¯     

	
    v ¯    

	
    Δ  v ¯     






	
Information-sharing subjects

	
Information absorption capacity

	
0.4

	
0.05

	
0.81

	
-

	
×




	
0.5

	
0.24

	
42




	
0.6

	
0.87

	
20




	
Information conversion capacity

	
1.1

	
0.07

	
0.45

	
42

	
2




	
1.2

	
0.24

	
42




	
1.3

	
0.53

	
44




	
Benefit distribution coefficient

	
0.4

	
0.09

	
0.76

	
-

	
×




	
0.5

	
0.62

	
31




	
0.6

	
0.85

	
25




	
Collaborative coefficient

	
0.6

	
0.49

	
0.18

	
32

	
×




	
0.7

	
0.62

	
31




	
0.8

	
0.67

	
29




	
Information-sharing resources

	
The total amount of information

	
8

	
0.84

	
−0.55

	
36

	
×




	
9

	
0.56

	
35




	
10

	
0.29

	
41




	
Degree of IS

	
0.4

	
0.99

	
−0.98

	
23

	
17




	
0.5

	
0.56

	
35




	
0.6

	
0.01

	
40




	
Cost coefficient

	
0.6

	
0.98

	
−0.86

	
16

	
34




	
0.7

	
0.75

	
34




	
0.8

	
0.12

	
50




	
Spillover effect coefficient

	
0.21

	
0.77

	
−0.15

	
38

	
×




	
0.42

	
0.75

	
34




	
0.84

	
0.61

	
38




	
Information-sharing technologies

	
Information leakage risk coefficient

	
0.3

	
0.93

	
−0.67

	
27

	
6




	
0.33

	
0.71

	
30




	
0.36

	
0.25

	
33




	
Degree of technology application

	
0.4

	
0.58

	
0.21

	
40

	
×




	
0.45

	
0.71

	
30




	
0.5

	
0.79

	
33




	
Information-sharing environment

	
Reputation value coefficient

	
0.4

	
0.09

	
0.89

	
46

	
−14




	
0.45

	
0.80

	
44




	
0.5

	
0.99

	
32




	
Penalty coefficient

	
1

	
0.02

	
0.78

	
22

	
22




	
2

	
0.80

	
0.81

	
44








For a fixed parameter value, the average value of    f c   t    in small-, medium-, and large-scale networks is used and denoted as      f c   t   ¯   . The difference between      f c   t   ¯    for different values of the same parameter is denoted as   Δ    f c   t   ¯   . Similarly, for a fixed parameter value, the average value of  v  under small-, medium-, and large-scale networks is used and denoted as   v ¯  . The difference between   v ¯   for different values of the same parameter is denoted as   Δ  v ¯   . In Table 2, “-” indicates that the game has not reached a stable state in the evolutionary period, so the average value cannot be calculated. “×” in Table 2 indicates that when this parameter changes, the speed at which the network reaches the steady state changes irregularly.
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Table 3. Network evolution data in different network scale.
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Dimensionality

	
Parameter

	
Number of Network Nodes

	
       f c   t   ^     

	
     Δ     f c   t   ^     

	
    v ^    

	
    Δ  v ^     






	
Information-sharing subjects

	
Information absorption capacity

	
50

	
0.39

	
×

	
8

	
×




	
200

	
0.38

	
26




	
500

	
0.39

	
×




	
Information conversion capacity

	
50

	
0.28

	
×

	
9

	
77




	
200

	
0.25

	
32




	
500

	
0.31

	
87




	
Benefit distribution coefficient

	
50

	
0.33

	
0.36

	
9

	
×




	
200

	
0.54

	
21




	
500

	
0.69

	
×




	
Collaborative coefficient

	
50

	
0.35

	
0.48

	
9

	
48




	
200

	
0.65

	
26




	
500

	
0.83

	
57




	
Information-sharing resources

	
The total amount of information

	
50

	
0.53

	
×

	
8

	
64




	
200

	
0.59

	
33




	
500

	
0.58

	
72




	
Degree of IS

	
50

	
0.5

	
0.05

	
6

	
62




	
200

	
0.52

	
24




	
500

	
0.55

	
68




	
Cost coefficient

	
50

	
0.5

	
0.21

	
7

	
52




	
200

	
0.63

	
34




	
500

	
0.71

	
59




	
Spillover effect coefficient

	
50

	
0.53

	
0.35

	
9

	
54




	
200

	
0.73

	
39




	
500

	
0.87

	
63




	
Information-sharing technologies

	
Information leakage risk coefficient

	
50

	
0.49

	
0.25

	
7

	
54




	
200

	
0.65

	
22




	
500

	
0.75

	
61




	
Degree of technology application

	
50

	
0.5

	
0.36

	
8

	
58




	
200

	
0.72

	
28




	
500

	
0.86

	
66




	
Information-sharing environment

	
Reputation value coefficient

	
50

	
0.59

	
0.08

	
12

	
63




	
200

	
0.63

	
35




	
500

	
0.67

	
75




	
Penalty coefficient

	
50

	
0.27

	
0.2

	
27

	
35




	
200

	
0.4

	
29




	
500

	
0.47

	
62








For a fixed network scale, the average values of the different values of    f c   t    are expressed as      f c   t   ^   . The difference of      f c   t   ^    for the network size of the same parameter is denoted as   Δ    f c   t   ^   . Similarly, for a fixed parameter value, the average value of  v  under different parameter values is used and denoted as   v ^  . The difference of   v ^   for the network size of the same parameter is denoted as   Δ  v ^   . “×” in Table 3 indicates that when the network scale changes, the speed of the network reaching the steady state changes irregularly.
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