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Abstract: Owing to its rapid advancement, information technology has emerged as a critical tool
in assembly construction for addressing market demands, improving project quality, and reducing
costs. However, the absence of unified informatization standards within the assembly construction
industry has led to the adoption of different technologies and systems by various businesses during
the development of informatization systems; this has generated issues such as unbalanced develop-
ment and mutual incompatibility. While researchers have examined these issues, a comprehensive
assessment of the maturity of informatization in assembly-building projects is lacking. Assessment of
the maturity of informatization can provide evaluation standards and methods for the development
of informatization of assembly buildings, explore the important and difficult points of applying
informatization technology to assembly buildings, and put forward corresponding countermea-
sures and suggestions to promote the benign development of informatization of assembly buildings.
Therefore, this study strives to develop a model for assessing the maturity of informatization of
assembly-building projects. This study begins by determining the level of the maturity level of in-
formatization, key process areas, and key practices for assembly-building projects using the capability
maturity model (CMM). On this basis, the maturity evaluation index system was constructed through
expert interviews and questionnaires. Furthermore, in order to assign weights to the indicators
comprehensively, the ordinal relationship method and entropy weight method were implemented.
The evaluation criteria were determined by consulting the relevant literature and expert opinions.
Followingly, an evaluation model was established based on the cloud matter element (CME) theory.
Finally, a case study demonstrates that the methodology can be utilized to quantify the maturity of
project informatization. In conclusion, this study unearths a system for assessing the level of maturity
of informatization of assembly-building projects, which provides a valuable reference for promoting
the continuous development of the maturity of informatization in assembly-building projects.

Keywords: assembly-building projects; informatization maturity evaluation; capability maturity
model; cloud matter element (CME) theory

1. Introduction

The construction industry contributes significantly to the country’s economy [1]. It
generates 5–10% of the country’s employment and leads to 5–15% growth in gross national
product [2]. Construction enterprises in China generated a total output value of CNY
29.3 trillion in 2021, representing a 1.14-fold increase compared to the previous year, 2012.
Despite this, the conventional construction model is troubled by a shortage of personnel,
low efficiency, inadequate technology, resource waste, and environmental pollution as the
economy of the construction sector grows exponentially [3]. To meet these challenges, coun-
tries are exploring ways to revolutionize the construction industry; assembly construction
is attracting attention as a novel method of building production. Assembled buildings can
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reduce the reliance on conventional construction modes of labor, conserve resources and
energy, mitigate environmental pollution, enhance construction efficiency and building
quality, and promote the industry’s transformation and upgrading [4].

The construction method of assembly building is founded upon standardized design,
factory production, mechanized construction, and information management; thus, this
construction method possesses an inherent compatibility with the implementation of infor-
mation technology. The application of various information technologies will substantially
increase the energy efficiency of assembled buildings, improve information collection and
communication throughout production, transportation, and on-site assembly, and reduce
human error [5]. Currently, the scientific community focuses on the assembly-building
informatization and emphasizes the practical application of technology in engineering
projects, which allows them to conduct in-depth research on a specific engineering seg-
ment or process. Nonetheless, technological enhancement alone is insufficient to advance
the informatization of assembly buildings. In order to identify the weaknesses of infor-
mation technology and propose improvements, it is necessary to evaluate its maturity
in assembly buildings. Existing studies on the evaluation of informatization have been
abundant with evaluation methods and indicators [6–8]. For example, hospital informati-
zation level evaluation, enterprise informatization performance evaluation, and logistics
informatization evaluation. However, a deficiency exists within the construction industry,
especially concerning assembly-building projects: the evaluation indexes for the maturity
of informatization in assembly-building projects have not yet been systematized. Con-
stantly utilized to evaluate the level of capability maturity across domains, the capability
maturity model (CMM) can provide a standardized framework for continuous process
improvement [9]. The development of informatization for assembly-building projects is a
process of continuous improvement and gradual advancement. The introduction of the
capability maturity model can define the capability characteristics of various stages of
informatization development, which prompted the organization to transition from a state
of chaos and disorder to one of standardization and continuous optimization [10].

To fill these gaps, this research aims to develop an overall evaluation model of the
maturity of informatization for assembly-building projects. Specifically, it includes (1) What
is the evaluation system of the maturity of informatization of assembly-building projects?
(2) What are the criteria for evaluating the maturity of informatization for assembly-
building projects? and (3) How can the evaluation of the maturity of informatization for
assembly-building projects be realized? This study first discusses the maturity level of
informatization for assembly-building projects. The key process areas and key practices
in the maturity model were initially identified through an examination of the relevant
literature and specification texts. Following the revision and validation of the key practices
via expert interviews and questionnaires, the evaluation index system was ultimately
constructed. After determining the index weights and evaluation criteria, an evaluation
model of informatization maturity of assembly-building projects was constructed through
the cloud matter element (CME) theory. The cloud matter element theory is the introduction
of the cloud model in the matter element theory, using the fuzzy and random nature of
the cloud model; it can solve the evaluation problem of qualitative problems, through
the quantitative numerical value to represent the results of the comprehensive evaluation,
which can clearly reflect the real characteristics of the evaluation object. The feasibility
of the model is then verified with an actual project case. Following the analysis of the
findings of the evaluation, recommendations are generated. By identifying the extent of
the development of informatization in assembly-building projects and the deficiencies
therein, this evaluation method facilitates the formulation of countermeasures to ensure
their high-quality development.

The subsequent sections provide descriptions of the literature review, methodology,
case study, results and discussion, as well as conclusions.
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2. Literature Review
2.1. Assembly Building Project Informatization

Assembly buildings are crucial to achieving the industrialization and informatization
of construction; furthermore, the implementation of information technology will signif-
icantly improve production efficiency, foster scientific and technological progress, and
elevate the efficiency and quality of the project. At present, information technology is
extensively employed throughout the entirety of assembly-building projects, including
design, production, construction, and administration. For example, the application of build-
ing information modeling (BIM) for component damage monitoring [11], the assessment
of implied carbon emissions via the Internet of Things (IOT) [12], the implementation of
radio frequency signal technology (RFID) to update real-time construction information [13],
the utilization of 3D printing technology to print prefabricated components [14], and the
optimization of simulations through virtual reality (VR) technology [15]. Additionally, the
researchers integrated various information technologies. Gao integrates the application of
BIM and geographic information system (GIS) technologies to assess the greenhouse gas
emissions of assembled buildings, which provides a reference for assessing the capacity
of assembled buildings to conserve energy and reduce emissions [16]. Zhou combines
digital twin technology and BIM to monitor risks during assembly building construction
and reduce safety hazards [1]. Zeynab integrates VR and RFID information technology to
create a regulatory platform system framework capable of risk identification, recording,
and pre-alarm processing in real-time [17].

In addition, there are some other informatization technologies applied in assembly-
building projects. For example, in the production, transportation, and construction of
prefabricated components. Xu established an automatic optimization framework for pro-
duction scheduling of prefabricated components based on manufacturing process models
and genetic algorithms, which improved the operability and accuracy of the production
process [18]. Mojtaba develops a tracking and condition monitoring system for damage
detection in the transportation of prefabricated components [19]. Xu proposes an assembly
building monitoring method based on feature extraction and point cloud segmentation,
which can find the quality problems caused by schedule delays and errors in construction
in a timely manner [20]. In the progress, safety, and management of the project, Yan uses
computer vision technology, the weighted kernel density estimation method, and the labor
duration management method to intelligently monitor and evaluate the progress of pre-
fabricated buildings [21]. Shen uses Autodesk Revit 2016 combined with ontology theory
to establish a construction monitoring system for prefabricated components to provide
timely information for construction safety risk decision making [22]. Yang developed a four-
dimensional construction management information model based on industry foundation
classes (IFC) and graphical databases, which improved the efficiency of data interoper-
ability and automation of progress analysis, and improved the management of assembled
buildings [23]. With the advancement in technology, the construction industry is increas-
ingly incorporating robots, including aerial robots and drones, that facilitate construction
site scanning [24]. However, research concerning the informatization of assembly-building
projects primarily focuses on the technical level, neglecting an assessment of the over-
all degree of informatization. Therefore, there is an urgent need to establish a maturity
evaluation model for informatization in assembly-building projects so that organizations
can gain a comprehensive understanding of the project’s information level and make
necessary improvements.

2.2. Capability Maturity Model

Originally applied to software development, capability maturity models generally
comprise maturity levels, key process areas, and key practices [25]. Owing to its concept
of continuous improvement, it is widely used in various fields to provide guidance and
pathways for improvement in order to facilitate the evolution of events [26]. In an effort
to assist the government in determining how to enhance its public emergency response
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capability, Wang, for instance, developed a maturity model for public emergency response
capability comprised five dimensions [27]. Liao developed a two-dimensional project
management maturity model by integrating project business management and information
technology [28]. Shen constructed a capacity maturity model to evaluate the performance
of low-carbon city practices, which allows policymakers to address specific areas of concern
by identifying weaknesses in these practices [29]. Certain researchers have also addressed
BIM maturity in the construction industry by developing a BIM capability maturity model,
which assesses the degree of advancement and the capabilities of building information mod-
eling (BIM). Lu constructs BIM maturity models to measure the degree of development and
level of competence in the application of BIM technology at the project, organization, and in-
dustry levels [30]. Sun constructs the BIM application maturity model (BIM-AMM) from the
perspectives of technology, social environment, and project participants [31]. Considering
the wide range of information technology utilized in assembly-building projects, includ-
ing but not limited to BIM [32], assessing informatization maturity cannot be considered
comprehensive by exclusively considering BIM. The informatization of assembly-building
projects involves numerous information technologies and the maturity level can be subdi-
vided. Meanwhile, the informatization of assembly building can continue to expand with
technological improvements and extensive applications. The capability maturity model
can provide an optimization framework for informatization maturity, avoid developmental
blindness through maturity level assessment, and ensure targeted promotion of informa-
tion technology development. Therefore, the capability maturity model can be effectively
employed to assess the maturity of informatization in assembly-building projects.

3. Methodology
3.1. Research Framework

Based on the capability maturity model and the development process, the information
technology maturity for assembly-building projects is categorized into four levels. The
primary sources of information for key process areas and key practices were obtained from
relevant specification texts and the literature on the Web of Science. To validate and revise
these key practices, expert interviews and questionnaires were utilized and an indicator
evaluation system was constructed based on key process areas and key practices. On this
basis, the weights of the indicators are determined through the comprehensive assignment
of the ordinal relationship method (G1) and entropy weight method. Subsequently, the
development of the evaluation model is grounded in the cloud matter element theory.
The feasibility of the model is ultimately verified by an example. The specific research
framework is illustrated in Figure 1.

3.2. Classification of the Maturity Level

The approach to the classification of maturity levels is subject to variation. Typically,
these levels are categorized into four to six levels based on a detailed description of the
developmental process [33]. The maturity of the informatization of an assembly building
project reflects its level of information and technology application. Due to the implemen-
tation of conventional management and technical methods, earlier projects had limited
application of informatization. Information technology is implemented in the construction
industry to improve efficiency, as it industrializes and transitions to information technology.
In order to solve the issues of resource waste and environmental pollution, the project
gradually adopts a greater amount of information technology to form a technical system.
With the rapid development of technology, information technology must be constantly up-
dated to secure sustainable development. Utilizing the concept of the division of capability
maturity model, the sequential and in-depth development of informatization in assembly-
building projects can be categorized into four levels: initiation, development, normative,
and continuous optimization. Figure 2 characterized each maturity level as follows.
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Figure 1. Research framework.

Figure 2. Maturity level and description.

3.3. Construction of the Indicator System
3.3.1. Identification of Key Process Areas

Key process areas are key capability indicators that represent critical maturity lev-
els [25]. A review of the relevant literature revealed that when extracting the key process
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areas of informatization maturity for assembly-building projects, it was found by analyzing
the related assessment literature that the key process areas usually start from the dimen-
sions of time and subject. Liu identified six first-level evaluation indicators from the subject
dimensions: personnel, materials, equipment, environment, management, and technology
when assessing the safety performance of assembly-building projects in China [34]. With
respect to the time dimension, Liang identified the following assessment indicators for the
efficiency of the industrialization of assembled residential buildings: standardized design,
off-site manufacturing, component transportation, and on-site construction [35]. Despite
the variations between these two divisions, the relevant evaluation objects are comprehen-
sively encompassed, with regard to both the time and subject dimensions of the division.
The logic is more lucid and the indicators are more comprehensive when time is designated
as the primary line and the subject is considered the complement. Therefore, a combination
of time and subject dimensions was chosen for the selection of key process areas.

The stages of design, production, and transportation, as well as construction and
assembly, comprise the majority of the time dimension of informatization of assembly-
building projects. The subject dimensions focus on schedule, cost, quality, personnel,
materials, equipment, collaborative management platform construction, and environmen-
tal management of the construction site environment. Directly or indirectly, the quality
and advancement of assembly-building projects are impacted by the informatization of
design, production transportation, and construction assembly. Therefore, the two subject
dimension elements of schedule and quality are incorporated into three key process areas.
Key process domains such as personnel, materials, machinery and equipment, costs, and
environmental protection can be considered relatively independent from one another. They
encompass various functions and areas of expertise, necessitate autonomous independent
decision-making and control capabilities, utilize non-interfering data, and demand spe-
cialized equipment and technical assistance, as well as targeted training and development.
Thus, independent management contributes to more flexible, efficient, and professional
project management. Collaborative management is an integrated process to improve the
management efficiency of all project participants and can also be evaluated independently
as a key process area to assess its information technology maturity. In the end, seven key
process areas were identified, as detailed in Table 1.

Table 1. Key process areas.

Dimension Key Process Areas Hidden Meaning

Time

Design informatization (B1) BIM forward design enhances efficiency and
refinement through BIM technology cloud platforms

Production and transportation informatization (B2) Integrated application of BIM, IoT technology and GIS
technology

Construction assembly informatization (B3) Visualization and virtualization of progress and
quality management

Subject

Informatization of personnel, material and
machine management (B4)

Real-time monitoring of personnel, materials and
equipment, transmission of monitoring data, and

dissemination of early warnings

Environmental management informatization (B5) Visualization and monitoring of construction sites,
automatic warnings, and proactive interventions

Business management informatization (B6) Computerization of cost, contract, and procurement
management informatization

Engineering collaborative management
informatization (B7)

Establishment of an information platform to facilitate
collaborative project administration
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3.3.2. Identification of Key Practices

Key Practices are detailed descriptions that specify the precise effort needed to achieve
a given level of maturity and correspond directly to the tasks or activities in key process
areas. To identify key practices, a literature search was initially conducted in conjunction
with key process areas. Web of Science searches were conducted using the following
keywords: “building informatization”, “intelligent construction”, “digital construction”,
“virtual construction”, “intelligent construction site”, and “information construction”.
After analyzing the literature that exhibited a high degree of content similarity with the
results of the search and this study, 33 key practices were initially screened. Second,
30 key practices were extracted from the “10 New Technologies in Construction Industry
(2017) [36]” issued by the Ministry of Housing and Urban–Rural Development of China in
October 2017. Among these, the 10th “informatization technology” covers the majority of
the informatization technologies applicable to the construction industry. A total of 17 key
practices were deleted and merged through integration with the 33 key practices screened
by the literature analysis, resulting in the retention of 46 initial key practices, as shown
in Table S1 provided in the Supplementary Materials. The opinions and suggestions of
seven experts regarding the initial 46 key practices that were screened were gathered via
in-person interviews and telephone conversations; the experts’ information is detailed
in Table 2. Expert input was integrated to optimize ambiguously stated key practices,
thereby preserving their original intent and enhancing comprehensibility, while merging
key practices that carry redundant meanings. A total of 28 key practices were retained after
refinement, which are detailed in Table 3.

Table 2. Specialist information.

Serial Number Work Unit Duties

1 A software company in the construction industry Product manager
2 China state construction corporation Manager of informatization department
3 China state construction corporation Project manager
4 Nanjing forestry university Associate professor
5 Nanjing forestry university Professor
6 A construction group Manager of informatization department
7 A design institute BIM designer

Table 3. The process of refinement of key practices.

Pre-Perfection Post-Processing Pre-Perfection Post-Processing

1. Extent of application of BIM
functionality [37]

The degree of application of
BIM design performance
(C11)

26. Stockpile planning [38]
Material supervision
informatization (C43)

2. BIM collaborative
design [39]

BIM collaborative design
(C12)

27. A system for engineering
resource management [40]

3. BIM precast splitting [41] Split design of prefabricated
components (C13)

28. Monitoring the safety
operations of large
equipment [42] Informatization of machinery

and equipment safety
monitoring (C44)

4. BIM modeling depth [43]

BIM modeling accuracy
(C14)

29. Management of
scaffolding engineering
informatization safety [44]

5. BIM deepening design [1]
30. Monitoring on-site for
informatization regarding
noise and dust [45,46] Environmental monitoring

informatization (C51)
6. BIM software data
interactivity [47]

BIM software data
interactivity (C15)

31. Linkage applications for
dust reduction, noise reduction,
and haze reduction [48]
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Table 3. Cont.

Pre-Perfection Post-Processing Pre-Perfection Post-Processing

7. Standardized and universal
design of components [49]

Standardized design of
components (C16)

32. Identification of
construction waste
vehicles [36]

Informatization of
construction waste regulation
(C52)

8. Intelligent component
production line [50]

Informatization of production
equipment (C21)

33. Identification and
classification and construction
waste [36]

9. BIM-based scheduling [18]
Component production
scheduling informatization
(C22)

34. Platforms for the
monitoring and management
of construction waste [36]

10. Component transportation
costs, route optimization [51]

Informatization of the
component transportation
program (C23)

35. Project cost data
acquisition model [36]

Cost management
informatization (C61)

11. IoT technology for
component information
collection and quality
traceability [52]

Informatization of component
traceability (C24)

36. An analysis model for
price indicator correlation [36]

12. Visualization of technical
briefings [53]

Construction assembly plan
informatization (C31)

37. Visualization and analysis
of project cost [36]

13. Construction site dynamic
layout simulation [54]

38. Platforms for cloud
procurement service [36]

Procurement management
informatization (C62)

14. 4D virtual build
construction solution
optimization [55]

39. Contract informatization
management [56]

Contract management
informatization (C63)

15. Progress simulation
optimization [21]

40. Platform for engineering
collaborative
management [57]

Informatization of an
engineering collaborative
management platform (C71)16. Deformation monitoring

informatization [11] Informatization of
construction assembly
monitoring (C32)

41. System integration
capabilities [36]

17. Automated monitoring of
deep foundation pits and
adjacent edges [58]

42. Real-time information
collection for collaborative
management [5]

Real-time information
collection for collaborative
management (C72)

18. Intelligent grouting and
lifting equipment [59,60] Construction equipment

informatization (C33)

43. Methods of data
acquisition [20]

Informatization of data
collection methods (C73)

19. Robotic applications such
as construction, surveying [24]

44. Automatic data
processing [36]

Data processing
informatization (C74)

20. Training and education of
VR safety [61] Informatization of personnel

security management
(C41)

45. Interactivity of hardware
and software [47]

Interactivity of hardware and
software (C75)

21. Personnel security
behavior monitoring [62]

46. Information management
for cloud deployment (cloud
computing) [36]

Cloud deployment
information management
(C76)

22. System for determining
the real name of laborers [63]

Labor monitoring
informatization (C42)

23. Attendance
management [36]

24. Wage regulation [36]

25. Statistical analysis of labor
force data [36]
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3.3.3. Establishment of an Evaluation Indicator System

The ultimate evaluation outcomes are directly influenced by the selection of evaluation
indicators. This study employs a questionnaire survey to ascertain whether the refined
28 key practices can serve as secondary indicators in order to construct the evaluation index
system, which uses seven key process areas as primary indicators.

The questionnaire consists of a general description, basic information about the respon-
dents, and scoring the level of significance of the indicators, comments, and suggestions. A
five-point Likert scale is utilized to score the significance of indicators [64]. From a total
of 150 questionnaires that were distributed through multiple channels including social
media platforms, field visits, phone calls, and emails, 142 were successfully recovered of
which 131 were valid, with an 87.3% recovery rate for valid questionnaires. The primary
causes of invalid questionnaires were respondents’ lack of knowledge regarding assembly
buildings or well-defined patterns in their responses. The characteristics of the respondents
were considered important [65]. A statistical analysis shows that the survey respondents
constitute a wide range of fields, including construction units, government departments,
design units, scientific research institutions, and institutions of higher education. Approx-
imately 87.03% of the respondents held a bachelor’s degree or higher, 48.85% held an
intermediate title or higher, and 75.57% had two to four years of work experience or more.
This indicates that the respondents possess a substantial amount of expertise and a solid
foundation of knowledge to evaluate this questionnaire in a scientific and evidence-based
manner. The reliability analysis of the questionnaire showed that the Cronbach’s coefficient
for the 28 item variables was 0.962, a value significantly greater than 0.7; this indicates
that the questionnaire exhibited a satisfactory level of reliability [66]. The examination
of the data revealed that the average value of the importance data for each key practice
varied between 3.96 and 4.40, reflecting that respondents generally considered the revised
key practices that were established through expert interviews as highly significant. The
observed standard deviation fell into the range from 0.784 to 0.961, indicating that there was
minimal variation in the level of importance of key practices and that the respondents were
largely in agreement. Therefore, in this study, all of these 28 key practices were retained
as secondary indicators. The final constructed evaluation index system of informatization
maturity of assembly building projects is illustrated in Figure 3.

Figure 3. Evaluation indicator system.
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3.4. Construction of the Evaluation Model
3.4.1. Determination of Weights

The G1 and entropy weight methods are employed to determine the subjective and
objective weights of the informatization maturity evaluation indexes of assembly-building
projects [67]. To improve the rationality of weight allocation, linear weighting is employed
to ultimately ascertain the comprehensive weight of each indicator.

Step 1: Questionnaires were distributed to seven experts with prior experience in
assembly-building projects from construction organizations, government departments,
design organizations, research institutes, and higher education institutions (refer to Table 3).
The evaluation data from the experts were used to determine the ordinal relationships and
relative importance of the evaluation indicators and subjective weights wj were calculated
using the G1 method.

Step 2: Using a five-point Likert scale, experts were requested to assign values to
the evaluation indicators and the objective weights uj of the evaluation indicators were
calculated using the entropy weight method.

Step 3: Using the comprehensive weighting method based on linear weighting, the
comprehensive weights of the evaluation indexes of the informatization maturity of the
assembly building project were obtained by combining the subjective weights wj and the
objective weights uj as follows:

Wj = αwj + βuj (1)

The linearly weighted composite weights can be determined by utilizing the adjust-
ment coefficients α and β associated with the weights. The constraints are established using
the distance coefficient function in a way that ensures the distance coefficient is equal to
the weight adjustment coefficient. This enables the calculation of the adjustment coefficient
values for both the subjective and objective weights. The distance between subjective
weight wj and objective weight uj is denoted as d

(
wj, uj

)
. The adjustment coefficients α and

β of subjective and objective weights of the evaluation indexes of informatization maturity
of assembly-building projects can be calculated using the following formula. α and β were
returned to Equation (1) to determine the comprehensive weight value Wj of the evaluation
indexes of informatization maturity of assembly-building projects.

d
(
wj, uj

)2
= ∑n

j=1

(
wj − uj

)2
= (α − β)2 (2)

where α + β = 1.
The experts in this step are the same individuals selected to build the indicator system.

Table 4 displays the weights assigned to each indicator of the maturity of assembly building
informatization, which are computed using the aforementioned methodology.

Table 4. Weight for each indicator.

Level 1
Indicators G1 Method

Entropy
Weight
Method

Combined
Weigh

Secondary
Indicators G1 Method

Entropy
Weight
Method

Combined
Weigh

B1 0.2145 0.1946 0.2050

C11 0.1072 0.1215 0.1136
C12 0.1192 0.1485 0.1324
C13 0.1527 0.2110 0.1789
C14 0.1721 0.1485 0.1615
C15 0.2331 0.2219 0.2281
C16 0.2157 0.1485 0.1855

B2 0.1798 0.1946 0.1869

C21 0.2931 0.1430 0.2420
C22 0.2261 0.4726 0.3100
C23 0.2094 0.2414 0.2203
C24 0.2714 0.1430 0.2277
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Table 4. Cont.

Level 1
Indicators G1 Method

Entropy
Weight
Method

Combined
Weigh

Secondary
Indicators G1 Method

Entropy
Weight
Method

Combined
Weigh

B3 0.2088 0.1946 0.2020
C31 0.3041 0.2879 0.2967
C32 0.3144 0.2879 0.3022
C33 0.3551 0.4241 0.3869

B4 0.1072 0.1344 0.1202

C41 0.3168 0.0601 0.2372
C42 0.2204 0.3693 0.2666
C43 0.1849 0.0759 0.1511
C44 0.2779 0.4947 0.3451

B5 0.0762 0.0733 0.0748
C51 0.5000 0.6712 0.5651
C52 0.5000 0.3288 0.4349

B6 0.0845 0.0741 0.0795
C61 0.3418 0.2426 0.3031
C62 0.3418 0.5158 0.4096
C63 0.3165 0.2416 0.2873

B7 0.1291 0.1344 0.1316

C71 0.2343 0.1938 0.2157
C72 0.1502 0.1427 0.1468
C73 0.1722 0.1535 0.1636
C74 0.1296 0.1535 0.1406
C75 0.2128 0.1938 0.2041
C76 0.1009 0.1627 0.1293

3.4.2. Determination of Evaluation Criteria

C11 and C31 are quantitative secondary indicators, while the remaining ones are
qualitative. C11 distinguishes maturity levels according to the quantity of relevant BIM
technology implementations during the design stage. The classification of the C31 maturity
level is determined by the schedule reduction ratio, which is calculated as (schedule
completion progress—actual completion progress)/schedule completion progress. Ranking
intervals for quantitative indicators were determined by consulting the experts listed
in Table 3, as well as an examination of the relevant literature and field research. For
qualitative indicators, [0, 100] is divided into four intervals that correspond to the maturity
level of informatization of assembly-building projects (refer to Table S2 provided in the
Supplementary Materials for the evaluation criteria of qualitative indicators). The average
value of these qualitative secondary indicators, as determined by expert scoring, is then
used as the evaluation value of the indicator. In order to mitigate the influence of the
indicators’ attributes on the evaluation, dimensionless standard intervals were utilized, as
listed in Table 5.

Table 5. Indicator evaluation criteria interval.

Indicator Initial Level Development
Level

Normative
Level

Continuous
Optimization

Level

C11 0–3 3–6 6–10 10–15
C31 0–0.05 0.05–0.01 0.01–0.15 0.15–0.3

Qualitative
indicator 0–25 25–50 50–75 75–100

3.4.3. Model Building

An evaluation method, known as the cloud matter element theory, integrates cloud
modeling with conventional matter element analysis. The essence of this method is to
substitute the numerical values assigned to items in the original matter element analysis
with the cloud model digital feature expectation (Ex), entropy (En), and super entropy
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(He). Then, a comprehensive evaluation of those items is conducted by repurposing the
concept of the conventional object meta-analysis. One advantage of employing this method
is that it permits the mapping of indicator value uncertainty via the ambiguity present
in the cloud model [68]. The formulas and specific steps are illustrated in Figure 4. The
upper and lower limits of the standardized interval for the evaluation of the indicators are
denoted by a and b, respectively. The value of the constant s may be adjusted in accordance
with the level of ambiguity during the grading process. En′ represents a normal random
number generated with Ex being the expected value and He being the standard deviation.
The assessment value of the indicator x was determined by averaging the scores of the
experts listed in Table 3 on a scale of 0–100.

Figure 4. The evaluation process of the cloud matter element mode.

4. Case Study

To validate the evaluation model, the first three-star green public building in Jiangsu
Province, China, which has passed the pre-evaluation certification of the 2019 version of
the green building standard, with a prefabricated assembly rate of 70%, is selected as a
typical case in this study for its analytical and evaluative value.

4.1. Project Overview

The Yangzijiang International Conference Center, situated in Nanjing, Jiangsu Province,
China, encompasses a planned site area of 87,000 square meters and a total construction
area of approximately 187,200 square meters. Through an examination of the project
information and communication with project participants, the technical points of the
project’s information technology are organized according to the first-level evaluation
indicators classified, as detailed in Table 6.

Table 6. The fundamentals of information technology for projects.

Level 1 Indicators Part of the Informatization Technology Key Points Combing

B1

Model design and analysis; BIM multi-functional applications: including drawing review, pit
simulation, material usage statistics, roaming, structural deepening simulation, collision checking,
finishing scheme, and low carbon scheme comparison; EVS (earth and environmental sciences 3D

visualization) for the analysis and visualization of pits

B2 TEKLA (structural steel detailing) for automated model undercutting; laser scanning to realize point
cloud model roof undercutting; and whole process BIM component progress control
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Table 6. Cont.

Level 1 Indicators Part of the Informatization Technology Key Points Combing

B3
Multi-sensor structural health inspection; roof structure morphology topology optimization;

GIS+inclined photography for earth balance; construction site fabric simulation; and steel structure
lifting simulation, quality, and safety inspection

B4

Personnel information management system; QR code personnel management system; WIFI+ safety
education subsystem; intelligent AI recognition system (open flame, not wearing helmet, not wearing
reflective clothing, crossing the boundary); multi-person VR safety education and experience system;
tower hook monitoring system, construction elevator safety monitoring system; unloading platform

load early warning system; tower safety monitoring system; and organ master system.

B5
Online surveillance for environmental protection; automatic monitoring of dust reduction linkage

and dust spraying; surveillance of noise and nighttime construction violations; and automatic
capture of unrinsed vehicles (data access to the regulatory platform)

B6 BIM modeling to compile a formal list to be submitted to commercial procurement

B7 BIM collaboration platform; enterprise cloud storage

4.2. Evaluation Process

The assessment value of quantitative indicators was determined through discussions
with project participants, project information, and a PowerPoint presentation on project
reporting. Seven experts, as detailed in Table 3, were requested to score the qualitative
indicators. The assessment value of the qualitative indicators was then determined by
averaging the scores, which are illustrated in Table 7.

Table 7. The assessed value of the indicator.

Secondary
Indicators

Assessed
Value

Secondary
Indicators

Assessed
Value

Secondary
Indicators

Assessed
Value

Secondary
Indicators

Assessed
Value

C11 14 C22 72 C42 66.9 C63 66.5
C12 84.5 C23 76 C43 51.7 C71 81.8
C13 70.9 C24 85.3 C44 84.4 C72 68.2
C14 71 C31 0.12 C51 91.5 C73 67.9
C15 72 C32 89.5 C52 61.5 C74 73.5
C16 66.5 C33 66.7 C61 69 C75 74.5
C21 71 C41 71.4 C62 66.9 C76 75.5

As an illustration, the standard cloud digital eigenvalue of the second-level index of
design informatization is calculated according to Table 5 and Figure 4. The outcomes of
this calculation are presented in Table 8.

Table 8. The standard cloud digital eigenvalue of the second-level index of design informatization.

Serial
Number

Initial Level
(Ex,En,He)

Development
Level

(Ex,En,He)

Normative Level
(Ex,En,He)

Continuous
Optimization

Level
(Ex,En,He)

C11 (1.5, 1.274, 0.1) (4.5, 1.274, 0.1) (8.0, 1.699, 0.1) (12.5, 2.123, 0.1)
C12 (12.5, 10.617, 0.5) (37.5, 10.617, 0.5) (62.5, 10.617, 0.5) (87.5, 10.617, 0.5)
C13 (12.5, 10.617, 0.5) (37.5, 10.617, 0.5) (62.5, 10.617, 0.5) (87.5, 10.617, 0.5)
C14 (12.5, 10.617, 0.5) (37.5, 10.617, 0.5) (62.5, 10.617, 0.5) (87.5, 10.617, 0.5)
C15 (12.5, 10.617, 0.5) (37.5, 10.617, 0.5) (62.5, 10.617, 0.5) (87.5, 10.617, 0.5)
C16 (12.5, 10.617, 0.5) (37.5, 10.617, 0.5) (62.5, 10.617, 0.5) (87.5, 10.617, 0.5)
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According to Table 8 and Figure 4, the correlation between design informatization
level 2 indicators and the standard cloud of each maturity level is calculated, with the
results presented in Table 9.

Table 9. The correlation between design informatization level 2 indicators and the standard cloud of
each maturity level.

Serial
Number Initial Level Development

Level
Normative

Level
Continuous

Optimization Level

C11 0.0000 0.0000 0.0020 0.7792
C12 0.0000 0.0001 0.1124 0.9658
C13 0.0000 0.0070 0.7316 0.2948
C14 0.0000 0.0069 0.7259 0.2988
C15 0.0000 0.0052 0.6703 0.3439
C16 0.0000 0.0240 0.9314 0.1416

The cloud correlation matrix for design informatization is constructed using the
correlation between design informatization level 2 indicators and the normal cloud of each
maturity level standard as follows:

KB1 =



0.0000 0.0000 0.0020 0.7792
0.0000
0.0000
0.0000
0.0000

0.0001 0.1124
0.0070 0.7316

0.0069 0.7259
0.0052 0.6703

0.9658
0.2948

0.2988
0.3439

0.0000 0.0240 0.9314 0.1416


The weights of the secondary indicators of design informatization are represented by

the vector shown below.

WB1 = (0.1136, 0.1324, 0.1789, 0.1615, 0.2881, 0.1855)

The cloud correlation of design informatization to each maturity level is determined
according to Figure 4:

RB1 = (0.0000, 0.0080, 0.5889, 0.4221)

Similarly, the cloud correlation of production and transportation informatization, con-
struction and assembly informatization, personnel, material and machine management
informatization, environmental management information, business management informati-
zation, and engineering collaborative management informatization for each maturity level
can be obtained as follows:

RB2 = (0.0000, 0.0036, 0.5044, 0.5242)
RB3 = (0.0000, 0.0386, 0.6580, 0.4311)
RB4 = (0.0002, 0.0689, 0.5193, 0.4598)
RB5 = (0.0000, 0.0034, 0.4464, 0.5480)
RB6 = (0.0076, 0.3771, 0.5884, 0.1072)
RB7 = (0.0000, 0.0061, 0.5634, 0.4685)
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The cloud correlation matrix for the integrated evaluation of the target layer is con-
structed using the first-level indicator cloud correlation as follows:

K =



0.0000 0.0080 0.5889 0.4221
0.0000
0.0000
0.0002
0.0000
0.0076

0.0036 0.5044
0.0386 0.6580

0.0689 0.5193
0.0034 0.4464
0.3771 0.5884

0.5242
0.4311

0.4598
0.5480
0.1072

0.0000 0.0061 0.5634 0.4685


The vector of weights for the level 1 indicators is

W = (0.2050, 0.1869, 0.2020, 0.1202, 0.0748, 0.0795, 0.1316)

The comprehensive evaluation of the project’s informatization maturity of the project
yielded the following result: R = (0.0006, 0.0494, 0.5646, 0.4380). According to the principle
of maximum affiliation, the comprehensive informatization maturity level of the Yangzi
River International Conference Center project is considered to be a normative level, which
is consistent with the degree of informatization of the project.

5. Results and Discussion

According to the previous analysis, the comprehensive informatization maturity
level of the project is considered to be a normative level. The evaluation outcomes of
production and transportation informatization and environmental management informa-
tion demonstrate a level of continuous optimization, with weights of 0.1869 and 0.0748,
respectively. With respective weights of 0.2050, 0.2020, 0.1202, 0.0795, and 0.1316, the
evaluation outcomes of design informatization, construction assembly informatization,
man-material-machine management informatization, business management informatiza-
tion, and engineering collaborative management informatization are all at the normative
level. Therefore, implementation should prioritize informatization in the following ar-
eas: design, construction assembly informatization, man-material-machine management
informatization, business management informatization, and project collaboration manage-
ment informatization.

5.1. Design Informatization

The case study evaluated the degree of BIM design performance application and BIM
co-design for this project at a continuous optimization level. It was found that this project
is an EPC general contracting undertaking and jointly led by the constructor and designer
such that it possesses a wide range of innovative BIM applications and a high degree of co-
design. Furthermore, it incorporated a substantial number of design specialties. Therefore,
this project provides a valuable reference for other undertakings. The standardized design
of components is evaluated at a normative level, given the limited level of normative in
assembly building design at present and the inability of the design to meet the standards
of industrialized buildings [69]. As there is currently no unified standard for the Industry
Foundation Class (IFC), instances of missing or incomplete data may arise during the
data exchange of various software applications [47]. Therefore, the project’s BIM software
interactivity received a rating of normative level. The maturity of prefabricated component
disassembly design and BIM modeling accuracy are also rated at the normative level, which
failed to reach the continuous optimization level. This indicates that the informatization
of assembly building design has the potential for further development, particularly with
regard to the standardized design of components and the IFC standard.

The efficiency of collaborative design for assembly-building projects involving multi-
ple fields of expertise is impacted by BIM software data interactivity (0.2281), which carries
the most weight in design informatization. Therefore, it is critical to adopt intermediary for-
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mats such as IFC and promote standardized BIM data interaction [70]. It enables effective
collaboration and communication of design information throughout the duration of the
project. Although their individual weightings are relatively low, component standardized
design (0.1855), prefabricated component split design (0.1789), and BIM modeling accuracy
(0.1615) collectively contribute to the achievement of streamlined, precise, and controllable
design processes. Design consistency and construction efficiency are improved by the
standardized design of components [49]. In order to improve the quality and stability of
components, the prefabricated component split design takes into account transportation
and installation constraints [41], while BIM modeling accuracy enhances design precision
by ensuring that the design model reflects the actual situation. Although assigned the
lowest weights (0.1136 and 0.1324, respectively), the degree of application of BIM design
performance and BIM collaborative design continue to exert an influence on the informatiza-
tion of assembly-building projects. Therefore, it is important to focus on BIM software data
interactivity during the development of informatization for assembly-building projects.

5.2. Production and Transportation Informatization

Information on production and transportation comprises the following: informa-
tization of production equipment, component production scheduling informatization,
informatization of the component transportation program, and informatization of compo-
nent traceability. Informatization of the production equipment and component production
scheduling informatization of the case are evaluated at the normative level. Informa-
tization of the component transportation program and informatization of component
traceability are evaluated at the level of continuous optimization. This demonstrates that
further improvements are required in the informatization of production and transporta-
tion in order to reduce the costs associated with producing and transporting assembly
components and prevent a significant increase in the cost of assembled buildings. This
can be achieved by enhancing the automation of component production, optimizing the
production plan, and real-time tracking and monitoring of dynamic information during
component transportation.

The component production scheduling informatization (0.3100) carries the most
weight. Informatization scheduling enables the formulation and optimization of pro-
duction plans, which substantially increases production efficiency by reducing waiting
time, cross work, and waste [71]. Although the weights assigned to the informatization
of production equipment (0.2420), informatization of component transportation program
(0.2203), and informatization of component traceability (0.2203) are relatively low, their
impacts on the overall informatization and construction efficiency of the project remain
significant. By monitoring and remotely controlling the production equipment in real-time,
planning the optimal transportation scheme using logistics information system and real-
time tracking technology, and applying digital marking, RFID technology, and information
management system to ensure the unique identification and full life cycle traceability of the
components, the project can achieve a more efficient, controllable, and traceable production
and transportation process.

5.3. Construction Assembly Informatization

The project used sensor-based monitoring of critical structural nodes and additional
technologies to effectively monitor the quality of assembly and informatization of the con-
struction assembly monitoring was assessed at the continuous optimization level. Nonethe-
less, the informatization in construction assembly planning and construction equipment
was evaluated at a normative level, failing to reach the level of continuous optimization.
Evidently, advancements in construction assembly informatization remain attainable; there-
fore, it is imperative to develop an optimization model for project scheduling that is both
user-friendly and intuitive and to implement more sophisticated construction equipment.

The highest weight in construction assembly informatization is construction equip-
ment informatization (0.3869), followed by informatization of construction assembly mon-
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itoring (0.3022), and finally construction assembly planning informatization (0.2976). In
addition to enhancing productivity, quality, and safety, intelligent equipment can allevi-
ate the workload of construction personnel. For example, robotic automated assembly
technology will improve the efficiency, quality, and safety of assembled buildings [72]. De-
spite construction assembly planning informatization carrying the least amount of weight,
precise planning is critical to facilitate a smooth assembly process [73].

5.4. Informatization of Personnel, Material, and Machine Management

The level of continuous optimization was assigned to the project’s informatization
of machinery and equipment safety monitoring and the normative level was assigned
to the information for managing personnel safety, workers, and material supervision
informatization. The project utilizes IoT technology and a remote monitoring system
to monitor the operational status of equipment in real-time, which is worth learning
from other projects. To ensure the seamless on-time completion and controllable quality
of the assembly construction project, however, it is still necessary to increase the input
of information technology in personnel and materials and to realize the integration of
personnel, materials, and machinery information management [74].

Informatization of personnel, material, and machinery management includes per-
sonnel safety management, labor monitoring, material supervision, and machinery and
equipment safety monitoring, with weights of 0.2372, 0.2666, 0.1511, and 0.3451, respec-
tively. In assembled construction, the safety of heavy equipment is crucial as it affects
the overall safety of the project and its personnel. Monitoring equipment status and per-
formance through informatization can effectively mitigate equipment failures, enhance
reliability and service life, and guarantee uninterrupted production. In assembly-building
projects, the traditional way of material supervision is still dominant and the application
of information technology has not been popularized yet [40]. Subsequent efforts should
therefore promote the integration of information technology into material supervision and
innovate the method of material supervision. Personnel safety management and labor
monitoring are relatively comparable in terms of weight, which are important compo-
nents of the informatization of assembly construction projects. On-site environments in
the construction industry are complex and dangerous and involve higher operating risks
than those in other industries [75]. Therefore, it is very important to strengthen personnel
safety management and labor monitoring. To this end, we can use the large data systems
architecture based on artificial intelligence for engineering personnel safety management,
enriching and improving construction safety of personnel management concepts and
technical means [76].

5.5. Environmental Management Informatization

Due to the direct connection between the project’s environmental data and the local
smart site supervision platform, the environmental monitoring informatization is rated at
the continuous optimization level in terms of model application. However, the oversight of
construction waste lacks a comprehensive visualization supervision system for the entire
process; it is thus rated at the normative level. At present, environmental problems are
becoming increasingly serious, especially climate change [77]. This has aroused the concern
of governments and environmental organizations, which have successively put forward
sustainable development strategies. Therefore, energy-saving technologies and carbon
emission reduction technologies are widely used in assembly-building projects [2]. How-
ever, there is still significant room for advancement in the informatization of construction
waste supervision.

The environmental monitoring informatization (0.5651) and construction waste super-
vision informatization (0.4349) share a relatively equal weight in environmental manage-
ment informatization, indicating that assembly-building projects place a comprehensive
emphasis on environmental protection and sustainable development. However, on-site
construction environmental monitoring is often conducted in a manual and random man-
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ner [78]. Such approaches are unable to monitor ongoing on-site environmental changes.
Hong collected empirical data on noise, vibration, and dust on a construction site through
several IoT sensors [79], which help manage the construction site environment. Therefore,
it is necessary to use information technology to assess the level of construction pollutants
emitted by on-site construction equipment and activities.

5.6. Business Management Informatization

Business management informatization is realized through the informatization of
procurement management, contract management, and cost management. Based on actual
instances, the level of informatization in cost management and contract management is
considered normative, whereas informatization in procurement management is regarded
at the developmental level. Due to the absence of an ideal e-commerce procurement
system and online supply chain, the project finds it challenging to monitor the procurement
process [80]. Future work should focus on bridging the gap of procurement management
informatization in order to reduce the impact of procurement on schedule and cost, shorten
the construction period, and reduce the cost.

With information asymmetry in the procurement process potentially causing project
delays or cost overruns, procurement management informatization (0.4096) has the highest
weight [81]. The project’s informatization maturity is impacted by the equally signifi-
cant cost management informatization (0.3031) and contract management informatization
(0.2873). With the appropriate software and technology, it is possible to reduce cost un-
certainty and improve contract management at the beginning of the project, increase
information transparency, and ultimately improve business management informatization.

5.7. Engineering Collaborative Management Informatization

The project incorporates a BIM collaborative work platform, which provides classifica-
tion management and preview and download functions of data. As a result, the engineering
collaborative management platform and cloud deployment information management are
rated at the continuous optimization level. However, there is still a certain failure rate
in the data collection, transmission, and calculation of its hardware and software inter-
action. Consequently, collaborative management information collection in real-time, the
informatization for data collection methods and data processing, and the interactivity of
hardware and software are rated at a normative level. Therefore, it is essential to enhance
the adaptability and further strengthen the data acquisition and transmission capabilities
of the collaborative management platform [82].

Of the engineering collaborative management informatization elements, informati-
zation of an engineering collaborative management platform holds the highest weight
(0.2157), which improves engineering management efficiency, reduces project execution
costs, guarantees that projects are completed on schedule, and fosters teamwork and com-
munication [83]. The second highest weight is attributed to the interactivity of hardware
and software (0.2041), following the informatization of an engineering collaborative man-
agement platform. Excellent hardware and software interactivity facilitates accurate data
support and user-friendly experiences, thereby enhancing decision-making support and
fostering collaborative work efficiency. The weight of collaborative management informa-
tion collection in real-time (0.1468), informatization of data collection methods (0.1636),
data processing informatization (0.1406), and cloud deployment information management
(0.1293) are relatively balanced. They affect the information level of prefabricated building
projects. Sophisticated artificial intelligence technologies, algorithms, and data process-
ing tools can capture project data in real-time and analyze and process it. This enables
a better response to changes and decision making. In terms of data reliability and secu-
rity, data can be centrally managed, shared, and backed up through cloud deployment
information management.
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6. Conclusions

As the construction industry shifts toward greener and lower-carbon practices, the
construction industry is beginning to use information technology to improve productivity
and reduce pollution. Assembly building is the trend of future development in the construc-
tion industry. In order to improve the maturity of informatization of assembly-building
projects and promote their sustainable development, it is critical to build a corresponding
evaluation system. The findings presented in this paper are as follows:

(1) An evaluation index system for the informatization maturity of assembly-building
projects is established. Utilizing the capability maturity model as a foundation,
this research strives to establish the level of informatization maturity of assembly-
building projects. Through a literature review and utilization of expert interviews and
questionnaire surveys, this study finalizes an evaluation system comprising seven
level 1 rating indicators and 28 rating level 2 indicators;

(2) An evaluation model is developed for assessing the informatization maturity in
assembly-building projects. Utilizing a comprehensive assignment method based on
the ordinal relationship method and entropy weight method, the weight of each index
is determined. Subsequently, the evaluation criteria for the maturity of informatization
in assembly-building projects are formulated via examination of relevant standards
and expert discussions. In conclusion, the evaluation model for the informatization
maturity in assembly-building projects is developed using the evaluation criteria and
the cloud matter element theory;

(3) The Yangzijiang International Conference Center project is chosen for empirical inves-
tigation. The information maturity of this assembly building project is evaluated by
applying the previously established index system and evaluation model. The com-
prehensive informatization maturity grade is of normative level and the evaluation
outcomes align with the project’s actual operations, thereby validating the feasibility
and effectiveness of the model.

In conclusion, this paper provides instances to demonstrate that the assessment of
the maturity of informatization in assembly-building projects based on the CMM-CME
methodology is scientific and reasonable. By converting the subjective evaluation into
numerical values that can be analyzed, this method enables a more precise determination
of the level of informatization maturity in assembly-building projects and enables the
monitoring of the maturity of the second-level indexes. Furthermore, it establishes a
scientific foundation for the management of informatization management in such projects.

Despite successfully achieving the intended research objectives, this paper bears a few
limitations. To begin with, the validation of the evaluations is based on a single case, which
may not be particularly representative; subsequent studies may be conducted with various
cases in consideration for the purpose of comparison and analysis. Second, the evaluation
index system developed in this paper comprises a significant portion of the qualitative
indexes and the evaluation of the indexes relies on the personal experience of the experts,
which introduces a degree of subjectivity. Therefore, future research will employ industry
big data to convert qualitative indicators into quantitative ones, to enhance the objectivity
of the evaluation.
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