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Abstract

:

The adoption of Building Information Modeling (BIM) will definitely improve the efficiency and quality of the AEC (architecture, engineering and construction) industry. However, many factors need to be improved before BIM adoption. Based on the interaction between institutions and technology, factors affecting BIM adoption in AEC organizations, within the context of China, are identified and analyzed. Firstly, 21 factors are identified by literature research. Then, an interpretive structural model (ISM) technique is used to establish a hierarchical structure, and matrix impacts cross-reference multiplication applied to a classification (MICMAC) is used for factor classification. The results indicate that corporate/project leadership and software functionality are the two fundamental factors. What’s more, the dynamic mechanism has gradually changed from top-down to a combination of top-down and bottom-up.
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1. Introduction


BIM is a digital representation of physical and functional characteristics and a shared knowledge resource for information about a facility, forming a reliable basis for making decisions during its life cycle [1]. Because BIM realizes the integration and sharing of building life-cycle information [2], it will fundamentally fill in the information gap between different stages [3]. In addition, BIM enables the resolution of traditional project performance issues such as cost overruns, schedule delays and quality defects [4], which is of great significance to improve production efficiency in the construction industry. Therefore, BIM will gradually become an essential element rather than a choice [5].



Despite the advantages of BIM in many aspects, the breadth and depth of applying BIM in practice are not satisfactory [6,7,8]. Many scholars have carried out research on BIM. Succar et al. conducted a comparative analysis for the BIM proliferation policies adopted by different countries. From the national level, suggestions were recommended for BIM adoption [9,10]. Son et al. [11], Lee et al. [2], and Gurevich et al. [12] discussed how to promote BIM adoption in design organization, construction organization and public facility institution respectively. From the personal level, Ding et al. [13] and Aibinu et al. [14] studied the key factors that affected the adoption of BIM by designers and cost consultants. Mamter et al. [15] and Grit et al. [16] constructed system dynamics models to find out the root cause of the realization of BIM adoption-affecting factors such as BIM awareness.



It can be found that, regardless of the level of BIM adoption research, influencing factors or key success factors are applied in most studies. However, previous research has seldom systematically focused on the interactive relationships between these factors. It will be of great difficulty for managers to figure out which factors are more important. For this reason, managers in AEC organizations tend to have no idea how to adopt BIM on a step by step basis. Therefore, identifying interactive relationships among these factors is necessary. On this basis, fundamental factors can be found, together with interactive relationships, in order to develop a practical strategy.



Orlikowski et al. [17] studied how information technology spreads under the co-evolution system of institutions and technology, which is an inspiration for the research angle of this paper. Therefore, from the AEC organization level, this study attempts to study the factors affecting BIM adoption from the perspective of interaction between institutions and technology. ISM is a good method to find out fundamental factors and direct factors. Further, the hierarchical model indicates the dynamic process of improving factors. On this basis, this paper aims to uncover the dynamic mechanism of BIM adoption by clarifying the interaction between institutional and technological factors with the ISM method and MICMAC technique.




2. Literature Review


BIM Adoption


Many scholars have spared no effort to enhance the adoption of BIM. According to different objects, based on their respective research perspectives or theories, they adopted different research methods and discussed this issue separately.



Critical success factors (CSFs) have been always a hot topic. Researchers from different countries tend to study domestic CSFs for BIM adoption. Ding et al. [12] and Tsai et al. [18,19] conducted questionnaire surveys in Shenzhen and Taiwan respectively. However, their conclusions seem to be contradictory. Tsai et al. concluded that support from top management is the most important factor by ranking analysis, and Ding et al. concluded that management support is not the statistically significant factor within the structural equation model (SEM) [20]. Attarzadeh et al. [21] studied CSFs for BIM adoption in building projects and government agencies in Singapore; Ozorhon and Karahan [22] surveyed in Turkey. Sixteen CSFs were identified and the relative importance of them was also examined. Won et al. [23] conducted an international survey with leading BIM experts and quantitative data analysis to derive a manageable number of CSFs.



Some researchers regard BIM as a technology. Research from a technology acceptance perspective has been conducted. Lee et al. [2] employed technology acceptance behavioral related theory, including the theory of planned behavior (TPB) and task-technology fit model, to conduct a BIM acceptance model for construction organizations. Hypothesis testing was performed with SEM. Son et al. [11] studied critical factors affecting architects’ behavioral intentions to adopt BIM with extended the technology acceptance model (TAM); Lee & Yu [5] and Juan [24] realized that the ratio of users who abandoned BIM is rather high, which resulted from organizations not being ready for various elements required to utilize BIM. A discriminant model of BIM acceptance readiness, and an organizational readiness and technology acceptance assessment model with ANN were developed to determine firms to adopt BIM respectively. Lee and Yu [25] compared different influences of the same factor on BIM adoption in the United States and South Korea. On this basis, a BIM acceptance strategy suitable for the South Korea was proposed. On the individual level, Unified theory of acceptance and use of technology (UTAUT) is usually employed for BIM adoption. Addy et al. [26] studied factors affecting BIM adoption for quantity surveyors in Ghana with UTAUT; Howard et al. [27] added the variable of attitude and employs moderators of experience and voluntariness to UTAUT. Empirical study indicated that BIM was perceived as an unrewarded addition to existing work processes.



However, the research above focuses more on factors affecting BIM adoption and ignores the BIM effect in turn, which attracts the attention of scholars. Arayici et al. [28] incorporated technology implementation in socio-cultural environment. A case study demonstrated a guideline at the operational level. Sackey et al. [29] used the Leavitt sociotechnical model to analyze the alignment process of multiple interest groups in a BIM-enabled intra-organizational construction context. Ahuja et al. [30] adopted the framework of technology-organization-environment (TOE) to analyze barriers of low adoption in India and concluded that India was in experimentation stage. According to case studies of five large UK government facility agencies, Gurevich et al. [12] proposed a BIM adoption impact map, within which social impacts and outcomes were emphasized.



Taking BIM as an innovation is also an important perspective. Singh and Holmstrom [31] employed innovation diffusion theory (IDT) and Maslow’s motivational theory on a hierarchy of needs to explore psychological processes behind the motivation. They found that organizations also demonstrated a hierarchical ordering of innovation-related needs as well as individuals. Similar to Singh and Holmstrom’s research, Hosseini et al. [32] divided BIM adoption into three levels. The conclusions indicated that only 5% smart medium-sized enterprises (SMEs) had tried Level 3 and an uncertain return on investment (ROI) is the main barrier. From a broad perspective, namely market scale, Succar and Kassem [9,10] introduced five new conceptual constructs for assessing macro-BIM adoption and informing the development of market scale BIM diffusion policies. On the consideration of the dynamic nature of technology evolution, Lu et al. [33] used activity theory to establish an analytical activity system model (ASM) to analyze the BIM use in building Operation & Maintenance in a dynamic way. Innovation-oriented and demand-oriented drivers were identified with the context of social, political and technical influences. According to three case studies with a theoretical lens of loosely coupled systems, Papadonikolaki [34] connected intro and inter-organizational levels of BIM implementation and figured out the mechanism within the process. Ahmed and Kassem [35] constructed a unified BIM adoption taxonomy to classify adoption drivers and factors in different stages of the BIM adoption process.



Some other perspectives are employed for BIM adoption research. Mamter et al. [15] adopted system dynamics modelling approach to develop casual loop diagram which presented the relationship between the perceived variables in Malaysia; Ngowtanasuwan and Hadikusumo [16] also employed system dynamics to find the root cause of BIM adoption in Thai. They found that BIM training was the best choice to optimize company performance. Base on institutional theory, Cao et al. [36] studied the impacts of isomorphic pressure on BIM adoption in construction projects. Empirical study indicated that coercive and mimetic pressures both significantly influenced the extent of project-level BIM adoption. Cao et al. [37] also linked the motivations and practices of design organizations to implement BIM. Zhao et al. [38] considered that BIM implementation involved various risks and modelled the paths of these risks.



From a review of the literature above, several conclusions can be drawn: (1) The technology acceptance model, innovation diffusion theory and key success factors are the three main theoretical bases for research perspectives of BIM adoption; (2) Although there are differences in theoretical bases of research perspectives, the structural equation model (SEM) is the mainstream analytical method; (3) The main object covers individuals, projects, organizations, industries and countries. More detailed studies have been carried out within each object, for example, the organizational level includes design organization, construction organization and small and medium-sized company; (4) The results of previous studies are mainly validated models, factors or frameworks.



It can be seen that most of the research has studied the factors affecting BIM adoption through questionnaires or literature as the basis for further analysis. However, the identification of these factors mostly lacked a unified perspective. In addition, the structural equation model, statistical analysis and other methods can’t figure out the interactive relationships among these factors. Therefore, from the perspective of the interaction between institutions and technology, this study attempts to figure out interactive relationships among these factors and find fundamental factors.





3. Research Methods


A hybrid method is employed to achieve this study (Figure 1). Firstly, critical factors affecting BIM adoption are identified by literature studies. Next, a questionnaire survey by E-mail and face-to face interview is used to collect expert opinion on the contextual relationship between these factors. We could get the initial reachable matrix by aggregating their opinion. This is followed by an ISM analysis, including power analysis and hierarchical analysis, to calculate the final reachable matrix and depict the hierarchical structure. Finally, MICMAC technique is used to classify these factors as a supplement.



3.1. ISM


Interpretive structural modeling (ISM) was first proposed by Warfield in 1973 [39]. The main idea of this method is to decompose a complex system into multiple subsystems (elements) by way of the expert’s practical experience and knowledge, and to construct a multi-level structural model [40] which helps to clarify the complex relationship between system elements [41]. The ISM technique demands a small, but high-quality sample of questionnaire surveys. Because of its high efficiency, the ISM technique has been widely used in the energy industry, knowledge management, and construction management etc. [42,43,44,45].




3.2. MICMAC


Dependency power and driving power are two key concepts of MICMAC. The driving power and dependence power can be calculated by adding together all the entry values of the row and the column respectively, corresponding to the concerned factor in the final reachable matrix [45]. As a result, the influencing factors can be divided into four categories: autonomous group, dependent group, linkage group and independent group.




3.3. Questionnaire Survey


Before conducting questionnaires, we organized several workshops to discuss and modify the preliminary questionnaire for easy understanding and convenient completion. What’s more, we investigated design companies, construction organizations and government agencies etc. to further understand what the industry cares about. After that, a snowball sampling technique was applied to recruit experts with rich knowledge and expertise on BIM adoption. Twenty experts from different kinds of organizations were contacted by telephone, WeChat, and e-mails. Five of them agreed to participate in this research.



BIM has been implemented for several years in China. However, the promulgation of “Outline of Informatization Development in the Construction Industry from 2011 to 2015” marks the beginning of BIM implementation at the government level. In the construction industry of China, the policy issued by the government has major effects on practice, such as the supervision system, Public-Private Partnership and Engineering Procurement Construction. Nevertheless, the implementations of PPP and EPC, as well as BIM, are not satisfactory. At present, BIM policy doesn’t induce deep BIM adoption. BIM application is also fragmented without a unified system. The twenty experts we contacted are knowledgeable in BIM. The five experts who participated in our research are also experienced in BIM. According to their BIM-related experiences, they are pioneers for BIM adoption in China. What’s more, we found that quite a few BIM practitioners could not understand what these factors mean. To acquire relative real data, we didn’t send the questionnaire to those who were unfamiliar with the factors. On the considerations above, the selection of experts was difficult. Finally, only five experts completed our questionnaire. We should clarify that the selection criteria are well developed. Besides, the five experts come from different construction organizations, and included an owner, a designer, a contractor and a researcher. Therefore, their aggregated opinion on BIM adoption is representative for the construction industry in China.



Although the number of samples is relatively small, no previous references suggested the required minimum number of experts for ISM [45]. According to references [46,47], this is common and acceptable in construction research, and meaningful results can be obtained when well-developed selection criteria are used for sampling. However, the experts’ subjectivity is indeed unavoidable. Therefore, consensus analysis, a technique for structured interview data analysis, was used to validate the data in our survey. In summary, ISM is pertinent for this research. Profiles of the five experts are shown in Table 1.



A structured questionnaire is designed for the acquisition of the experts’ opinion. The five experts conducted a pairwise comparison of 21 factors by answering the questions “Do you think factor i directly affect factor j?”. Explanations of 21 factors are attached to the questionnaire to ensure precise and consistent understanding. Previous studies [43,45] suggested the principle “the minority gives way to the majority” for the integration of different opinions. However, with the consideration of a small number of experts, the conceptual relationship is confirmed when five experts share the same opinion. Therefore, we may omit some direct relationships. However, the identified conceptual relationships exist to a great degree, which give more inspiration for future research.





4. Literature Studies on the Factors Affecting BIM Adoption of the AEC Organization


Before identifying factors from the perspective of interaction between institution and technology, it is necessary to clarify the essence of these concepts, including formal institution, informal institution and technology. Institutions are the human-devised constraints that shape human interactions [48]. An important difference between formal and informal institutions is the speed at which they can evolve: while a determined policy-maker (legislator, reformer) can change formal institutions overnight, informal institutions cannot but evolve relatively slowly and are more difficult to influence by policy [49]. Technology in this paper refers to technology related to BIM, especially collaboration with BIM.



The formal institutional factors, informal institutional factors and technological factors of BIM adoption are identified by literature research. It should be pointed out that all the factors here are intra-organizational, and factors of this paper focus on how to enhance BIM adoption in the AEC organization. External factors such as government policies [9,10] are not within the scope of the study.



4.1. Identification of Formal Institutional Factors


Through literature research, we have refined the following eight formal institutional factors: recruitment policy, BIM training system, financial support, standardized work procedures for BIM, BIM effectiveness evaluation criteria, formal incentive programs for using BIM, new or amended forms of construction contracts, and R&D plan. For their respective explanations, see Table 2.




4.2. Identification of Informal Institutional Factors


The following eight informal institutional factors are obtained with the same approach as the previous section. The eight factors are awareness of BIM and its benefits, organizational innovation and learning, information and knowledge sharing, effective cooperation among project participants, corporate/project leadership style, early involvement, willingness to change the way of thinking and working, and trust and respect. The respective explanations of these factors are shown in Table 3.




4.3. Identification of Technological Factors


Five technological factors can be obtained in the same way. These factors are simplicity, interoperability and compatibility, cooperative management platform, standards to guide specific implementation, and functionality. The respective explanations of these factors are shown in Table 4.





5. ISM Based Analysis on Representative Factors


5.1. Establishment of Initial Reachable Matrix (IRM)


Four symbols are usually used to express the relationship among factors in ISM method:

	
V indicates that factor i directly affects factor j;



	
A indicates that factor j directly affects factor i;



	
X indicates that factor i and factor j interact with each other;



	
O indicates that factor i has nothing to do with factor j.








A structured questionnaire is designed based on the above symbols. Consensus analysis was used to validate the data from experts with UCINET 6 for Windows (Version 6.232). Specifically, the largest eigenvalue is 0.562, the 2nd largest eigenvalue is 0.160, then the ration of largest to next is 3.50, which is greater than 3. This supports the assumption that the overall relationship between these factors is single. In sequence, the structural self-intersection matrix (SSIM) of influencing factors can be obtained, as is shown in Table 5.



By transforming the SSIM of the aforementioned factors into the IRM, symbols like V, A, X and O can be replaced by 0 or 1 according to Equation (1). The IRM is shown in Table 6.


(i,j)={V, (i,j)=1,(j,i)=0;A, (i,j)=0,(j,i)=1;X, (i,j)=1,(j,i)=1;O, (i,j)=0,(j,i)=0.



(1)








5.2. Establishment of Final Reachable Matrix (FRM)


A basic assumption of ISM method is transitivity. If factor i affects factor j, factor j affects factor k, then factor i will definitely affect k. The FRM can reveal whether there is a path connecting one factor to another. If the cell (i, j) in the final reachable matrix is equal to 0, then there is no direct or indirect relationship from factor i to factor j. According to this principle, the final reachable matrix can be computed according to the following Boolean rules:


R=(A+I)r=(A+I)r−1≠(A+I)r−2≠⋯≠(A+I),r≤20



(2)







In Equation (2), A is the initial reachable matrix, I is the unit matrix, and R is the final reachable matrix. According to Equation (2), the final reachability matrix is obtained with MATLAB 2018a by loop statement, as shown in Table 7.




5.3. Hierarchical Analysis


In order to understand the hierarchical relationship of influencing factors, the reachable set R (Fi) and the antecedent set A (Fi) of each factor are listed. The reachable set R (Fi) represents that Fi can influence elements whose corresponding value is 1 on line i. The antecedent set A (Fi) represents that elements whose corresponding value is 1 on column i. C (Fi) contains elements that can affect Fi and also be affected by Fi. If R (Fi) is a complete subset of A (Fi), the element will be picked out and assigned with a specific level [62]. Specifically, this paper finds out the elements in which C (Fi) is equal to R (Fi) as the first level. Then the rows and columns of the first layer elements will be deleted, and the remaining elements form a new reachable matrix. Then the authors will find out the elements in which C (Fi) is equal to R (Fi) as the second layer. Likewise, the authors can find out the factors contained in each level. The hierarchical division of factors is shown in Table 8.



To make the hierarchical structure clearer, the interpretive structural model for AEC organizations’ BIM adoption shown in Figure 2 is constructed. In Figure 2, factors at the same level in previous analysis are placed in the same layer.



Corporate/project leadership and software functionality are two fundamental factors affecting BIM adoption in AEC organizations. They influence the other factors directly or through transmission. This conclusion is consistent with Dossick’s [63] conclusion that information technology adoption in the construction industry depends on personal leadership. Further, Won [26] concluded that the interest and willingness of project managers are the most important success factors in BIM adoption. Especially in AEC organizations in China, a leader always has administrative power. Without leaders’ authorization, the organization can’t promote BIM adoption from bottom to top. The importance of leadership determines that BIM adoption must be from top to bottom. In addition, BIM technology is a powerful tool to solve the problems associated with an information island. Accordingly, BIM-related software should be able to realize the integration and customization of lifecycle information. This is also the reason why software functionality is another fundamental factor.



The factors including training system, BIM effectiveness evaluation criteria, R&D plan, cooperative management platform, early involvement, and contract templates are at the top of the model. These factors are the most related to BIM adoption. It can be concluded that most of these factors belong to the formal institution. Hence, the establishment of BIM-related formal institution can directly enhance BIM adoption in AEC organizations.



The factors in the middle layer are the indirect factors affecting BIM adoption. They transfer the improvement of the underlying factors to the top level. However, it is worth noting that trust and respect, as well as the simplicity of software are two relatively independent factors. They are not affected by the underlying factors and should be improved independently. This is another key point for organizations to enhance BIM adoption.



An overview of the interpretive structural model shows that the improvement of leadership style and software functionality are the most fundamental for BIM adoption. Then, a series of financial support is formed based on the leaders’ support for BIM implementation. In this background, the informal institutional factors such as awareness of BIM, way of thinking and willingness to change have gradually improved. It is shown that the dynamic mechanism for BIM adoption has gradually changed from top-down to combination of top-down and bottom-up after the previous improvement. This also confirms that BIM adoption is promoted by the co-evolution of formal institution, informal institution and technology.




5.4. MICMAC Analysis


In order to clearly describe the strength relationship among the influencing factors and further explore the characteristics of the influencing factors, this paper applies MICMAC to supplement the interpretive structural model. Dependency power is obtained by summing the columns of elements in the final reachable matrix, and driving power is obtained by summing the rows of elements in the final reachable matrix. Based on dependency and driving power, the influencing factors can be divided into four categories: autonomous group, dependent group, linkage group and independent group. The final classification is shown in Figure 3.



According to the results achieved by MICMAC analysis, we can draw the following four conclusions:

	(1)

	
The influencing factors of autonomous group are 5, 8 and 20. For weak dependence and force, they are not closely related to other elements in the system. Therefore, these factors are not the focus of attention.




	(2)

	
The influencing factors of the dependent group are 2, 4, 7, 14 and 19. These factors have the characteristic of strong dependence and weak force, and their improvement mainly depends on the improvement of other elements in the system. For example, the most dependent factor 19 (cooperative management platform) is affected directly or indirectly by other factors inevitably, except for the rest of the five factors on the same top level. The BIM cooperative management platform integrates all the project information and process. Therefore, only if the institutional and technological factors are improved, a BIM cooperative management platform can be built in the organization. Usually, most of these factors belong to the formal institution, which indicates that the formation of a formal institution related to BIM depends more on the improvement of other factors. In addition, these factors are mostly at the top of the model, so we should pay attention to whether these factors have been improved in time.




	(3)

	
The influencing factors of the linkage group are 1, 6, 9, 12 and 15. The characteristics of the group are that they are all highly dependent and motived, so they are susceptible to other factors and generate self-feedback. For instance, only when the members have a full understanding of BIM and its benefits can they try this new way of working. Besides, their thinking mode will be gradually influenced in the process. As the members are able to cooperate effectively based on BIM, BIM and its benefits will be deepened in their mind and again drive the transformation of their thinking patterns. Considering that most of the factors belong to the informal institution, it is necessary for managers to establish reasonable standards to measure these factors.




	(4)

	
The influencing factors of the independent group are 3, 13, 16, 17, 18 and 21, which have strong driving power but weak dependence. The improvement of these factors often promotes the improvement of other factors, which are the key factors of BIM adoption. These six factors involve three aspects: formal institution, informal institution and technology, indicating that BIM adoption needs coordination among these three aspects. In addition, BIM traits including the simplicity, interoperability and compatibility, and software functionality belong to an independent group. These technological factors are essentially required to reduce the time and monetary cost of BIM adoption for organizations. If an organization can’t complete the transformation in a relatively fast and low-cost way, the transformation process may have a bad effect on the organization causing irreversible damage. Therefore, the key for an organization to enhance BIM adoption is to reduce the cost of technology transformation.











6. Conclusions, Shortcomings and Prospects


This paper mainly studies how BIM adoption can be enhanced in AEC organizations. Starting from research on the interaction between institutions and technology, this paper firstly identifies the factors affecting BIM adoption through literature research. Then, the ISM and MICMAC method are used for empirical analysis. Several conclusions can be drawn as follows. First, the corporate/project leadership and software functionality are two fundamental factors. Second, solving the related technological factors to reduce the cost of transformation is the key to further enhance BIM adoption. In addition, the dynamic mechanism has gradually changed from top-down to a combination of top-down and bottom-up, which is manifested in informal institutions promoting the formation of formal institutions and improving technological factors. These conclusions will provide innovative guidance for AEC organizations in technological change and depict a roadmap for enhancing BIM adoption.



Compared with previous studies, the main contribution of this paper is to conduct a systematic study of the relationships among these factors. We not only find out the two fundamental factors, but also figure out the conceptual relationships among them. In addition, there is also a preliminary quantitative understanding of the driving power and dependency power of each factor. For managers in AEC organizations, the fundamental factors are the beginning of BIM adoption and the source of power for continuous enhancement; factors characterized with high driving power are the key for BIM adoption; the direct factors, namely factors at the top level, are important indicators to reflect the level of BIM adoption. In summary, effective guidance for AEC organization lies in clear casual relationships and exterior-interior relationships among these factors.



However, there remain some shortcomings in this study. Although the ISM method adopted in this study can find out the fundamental factors affecting BIM adoption, it is difficult to quantify the relationships among them. In addition, this study adopts the perspective of AEC organizations. In fact, the adoption of BIM requires the joint promotion of countries, associations, organizations and individuals, which is also the point for further study. Further, the number of consulted experts is small, and the research context is in China. Different conclusions may be drawn with a large number of experts from different countries. With deeper BIM implementation and the improvement of BIM awareness in China, an extensive investigation will overcome these shortcomings. In the future, we can also employ structural equation modeling (SEM) to test the conceptual relationships established in this study.
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Figure 1. Research process. 
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Figure 2. Hierarchical structure of factors affecting BIM adoption. 
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Figure 3. Factor classification by dependence and driving power. 
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Table 1. Profiles of the five experts.






Table 1. Profiles of the five experts.





	Expert
	Working Organization
	Position
	Years of Work Experience
	BIM-Related Years
	Interview Method





	1
	University
	Professor
	28
	10
	3 E-mail rounds



	2
	Contractor
	Project manager
	18
	6
	2 Face-to-face rounds



	3
	Designer
	Professional engineers
	8
	5
	2 E-mail rounds



	4
	Owner
	Department heads
	11
	6
	3 Face-to-face rounds



	5
	University
	Associate professor
	12
	7
	3 Face-to-face rounds
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Table 2. Formal institutional factors and their explanations.
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	Factors
	Description
	References





	Recruitment policy
	Requirements and incentive policies for BIM skills when recruiting new employees
	[16,22,50,51,52,53]



	BIM training system
	A series of training activities for employees to apply BIM in practice, including BIM software, collaboration, etc.
	[16,18,20,22,23,24,52,53,54]



	Financial support
	Startup cost and continuous investment for BIM
	[16,23]



	Standardized work procedures for BIM
	BIM platform based standardized project process, including procurement process, capital audit process, change process, etc.
	[18,23,38,52,55,56]



	BIM effectiveness evaluation criteria
	Quantitative evaluation of the effectiveness of BIM implementation
	[15,23]



	Formal incentive programs for using BIM
	An incentive system for employees who master and apply BIM in practice.
	[16,23]



	New or amended templates of construction contracts
	The contract template matching BIM is to redistribute the rights and obligations of all parties.
	[52,57,58]



	R&D plan
	The R&D plan for BIM collaboration technology, including secondary development, etc.
	[18]
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Table 3. Informal institutional factors and their explanations.






Table 3. Informal institutional factors and their explanations.





	Factor
	Description
	References





	Awareness of BIM and its benefits
	Organization members’ awareness of BIM and its benefits, including application points, etc.
	[16,22,50,55,57,59,60]



	Organizational innovation and learning
	The organization tends to be a learning and innovative organization and can work at the forefront of the industry.
	[2,18,24]



	Information and knowledge sharing
	The members are willing to share their professional knowledge and unique information with each other.
	[15,18,22,23,24,38,55]



	Effective cooperation among project participants
	The members show the willingness to cooperate actively, and they form mutual coupling.
	[22,23,38,55]



	Corporate/project leadership
	The leadership style is dictatorial or democratic, and also includes leaders’ attitude and support towards BIM.
	[18,22,23,24]



	Early involvement
	The members get involved in the project as early as possible to propose optimization suggestions.
	[15,18,20,54]



	Willingness to change the way of thinking and working
	Dependence on the old work style, and ability to adapt to the new way of work
	[18,20,38,51,53,56,57,59,61]



	Trust and respect
	A good trust mechanism among members, and mutual respect in personality or profession.
	[18,23]
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Table 4. Technological factors and their explanations.
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	Factors
	Description
	References





	Simplicity
	BIM technology is easy to learn and easy to use.
	[11,16,18]



	Interoperability and compatibility
	Interoperability and compatibility of software (for data exchange).
	[2,11,15,16,18,23,38,52,53,55,58]



	Cooperative management platform
	The organization level BIM cooperation and communication platform are mainly for the integration of project information and processes.
	[15,23]



	Standards to guide specific implementation
	Modeling standards for BIM and other operational specifications, etc.
	[52,53,54,56,57]



	Functionality
	Integrity, technology efficiency and customization demand satisfaction of BIM software function.
	[18]
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Table 5. Structural self-intersection matrix.
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	21
	20
	19
	18
	17
	16
	15
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	12
	11
	10
	9
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	6
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	1
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	O
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	O
	A
	O
	A
	O
	O
	O
	O
	O
	O
	O
	O
	O
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	O
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	O
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	A
	O
	A
	O
	A
	A
	O
	O
	O
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	O
	O
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Table 6. Initial reachable matrix.
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	Factor
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	Dri.





	1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	2



	2
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1



	3
	0
	0
	1
	0
	0
	1
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	3



	4
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	2



	5
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1



	6
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2



	7
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1



	8
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1



	9
	0
	0
	0
	0
	0
	1
	1
	0
	1
	0
	1
	1
	0
	1
	1
	0
	0
	0
	0
	0
	0
	7



	10
	0
	1
	0
	0
	0
	0
	0
	0
	0
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	3



	11
	1
	1
	0
	0
	0
	0
	1
	0
	0
	1
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	6



	12
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	3



	13
	1
	1
	1
	0
	1
	0
	0
	1
	0
	0
	0
	1
	1
	0
	0
	0
	0
	0
	1
	1
	0
	9



	14
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	1



	15
	0
	1
	0
	0
	0
	0
	0
	0
	1
	1
	1
	0
	0
	1
	1
	0
	0
	0
	0
	0
	0
	6



	16
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	1
	0
	0
	0
	1
	0
	0
	0
	0
	0
	3



	17
	0
	0
	0
	0
	1
	0
	0
	1
	1
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	4



	18
	0
	1
	0
	1
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	0
	0
	4



	19
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1



	20
	0
	1
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	3



	21
	0
	1
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1
	4



	Dep.
	3
	8
	2
	4
	3
	3
	3
	4
	3
	5
	5
	7
	1
	3
	3
	1
	1
	2
	3
	2
	1
	67







Note: Dri. represents driving power; Dep. represents dependence power.
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