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Abstract: Building information modeling (BIM) has been widely applied throughout
the entire lifecycle of projects in the architecture, engineering, and construction (AEC)
industry. The errors in BIM models can lead to significant losses in engineering projects,
thus leading to BIM-based model checking (BMC) technology garnering an increasing
amount of attention. Despite numerous documents detailing the BMC process, there is a
lack of systematic analysis and visualization of existing research. This study employs a
combined approach of scientometric analysis and a critical review to survey articles on
BMC published from 2008 to 2024 in the Web of Science (WOS) and Scopus databases.
The scientific analysis objectively presents the status and evolution of this research field
through quantitative data, including publications, authors, and references. Furthermore,
the critical review is employed to analyze the content of the articles, summarizing the
topics and challenges of current research. Finally, potential promising directions for future
development are proposed.

Keywords: building information modeling (BIM); automated compliance checking; scien-
tometrics; critical review; industry foundation classes (IFC)

1. Introduction

Building information modeling (BIM) plays a crucial role in the digital transformation
of the architecture, engineering, and construction (AEC) industry, serving as a bridge
between the physical and virtual worlds. The information it carries forms the founda-
tion of digital data in the AEC domain. However, as the data expands, errors and losses
occur during the design, modification, and conversion processes of BIM models, due to
human negligence or conflicts between heterogeneous data. These omissions can signif-
icantly impact the quality of buildings, and even endanger user safety. Therefore, the
comprehensive checking of BIM data is essential. However, manual checking methods
are inefficient, especially when assessing enormous amounts of abstract data in complex
projects. For example, according to the “Singapore Fire Safety and Shelter Department Fire
Code 2.3.5”, “Basement exit staircases which are vertically aligned with the exit staircases
of non-basement storeys shall be separated from such other exit staircases”. This rule
involves multiple interrelated building objects, requiring inspectors to expend considerable
effort comparing and switching between multiple design documents. In contrast, similar
issues have been automatically batch processed in the CORENET ePlanCheck project in
Singapore [1]. This demonstrates the potential of automated checking tools, which can
rival or even surpass human capabilities. Consequently, numerous researchers are striving
to develop high-performance automated tools for BIM model checking.
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A unified terminology has not yet been established in this field because the checking
process of BIM models involves multiple stages and various techniques. The ISO [2] does
not include terms related to it, such as “Model checking”, “BIM-checking”, or “Code
compliance checking”, etc. In relevant articles, terms such as “automated compliance
checking (ACC)”, “automated rule checking (ARC)”, and “BIM-based model checking
(BMC)” are commonly used but easily confused. ACC and ARC are not limited to the AEC
domain. For example, in computer science [3] or pharmacology [4], they represent different
meanings. Therefore, for an accurate description, they should be restricted to the AEC
domain, such as “ACC in the AEC domain” or “ARC for BIM models”. It is worth noting
that BIM has become the hallmark of three-dimensional modeling in the AEC industry.
BMC explicitly identifies BIM models as the checking objects, but it does not emphasize
automation, so manual checking should also be included. However, due to the focus of
researchers on automation, the automation aspect of BMC is usually taken as default and
does not require additional clarification. For a uniform expression, this study primarily
adopts BMC to refer to the automated compliance checking of BIM models.

Fenves [5] successfully used decision tables to compute steel structures, marking the
beginning of BMC research. Subsequently, many researchers have proposed new theories
and methods. Cunha et al. [6] conducted a comprehensive survey of ACC technology in
the Industry 4.0, finding that 40.5% of ACC research, spanning business, law, AEC, and
computer science, was associated with AEC. This demonstrates that the AEC domain has
become the primary application area for ACC technology, signifying significant investment
from the construction industry in this aspect. Ataide et al. [7] analyzed the maturity of
digital building permits and processes, a broader process than BMC, including not only
rule checking but also reviews of government-required workflows. Ataide found that
technologies related to rule checking have undergone significant modernization, while
the organizational structures and workflow development have lagged behind the new
technologies. This point was also discussed in the article by Amor [8], who stated that
national policies are one of the necessary conditions for ACC development. From a macro
perspective, BMC benefits multiple stakeholders. As regulators, governments can achieve
higher work efficiency and more precise inspection reports through automated checking
processes. On the other hand, as the institutions that set rules and standards, governments
significantly influence rule interpretation and data standardization, which is crucial for the
development of BMC.

Eastman et al. [9] summarized research and applications related to ARC, and defined
the rule checking process into four stages: rule interpretation, building model preparation,
rule execution, and rule check reporting. This has become a classic paradigm in the BMC
field, influencing much BMC research. Within the scope of this review, over 60% of the
articles mention his theory. According to this classification method, 30% of the research is
related to rule interpretation, 12% to building model preparation, and 53% simultaneously
involve both. Additionally, Hjelseth [2] categorized BMC theory from the perspective
of research objects, including validation checking, model content checking, smart object
checking, and design option checking. These definitions help researchers to precisely
use and jointly understand the terms, thereby avoiding confusion and ambiguity among
different studies. In contrast, since most research is related to rule interpretation, some
review studies focus on the classification of rules [1,10]. Furthermore, most current studies
use cases and models related to residential buildings, but Schuk et al. [11] discussed the
categorization of regulations, rule storage, and development standards of ACC tools in
infrastructure engineering.

With the evolution of BMC technology, more theories and techniques are being in-
troduced. As a result, some studies focus on specific vertical domains rather than the
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entire BMC process. For example, Pauwels et al. [12] discussed the extensive applications
of the semantic web technology in the AEC domain, including overcoming information
silos, cross-domain linking, and logical reasoning, which efficiently facilitated information
management and exchange. Zhong et al. [13] revealed that ACC is a prominent research
topic in the ontology domain through critical cluster analysis. He found that significant key-
words related to ontology have transitioned from “project management” and “knowledge
management” to “building information modeling” and “compliance control”, indicating
the widespread dissemination of ontology concepts in BMC.

Additionally, current reviews and research articles primarily focus on the rules, with
little research approached from the perspective of data within BIM models. Altintas [14]
reviewed and analyzed studies about the integration of BIM and GIS (geographic infor-
mation system) in the building permit process. The interoperability discussed involves
the compatibility and scalability of data. The former refers to the capability of data to be
interpreted by different systems without modification, while the latter refers to the capa-
bility of data to be modified according to system requirements, both aimed at accurately
transmitting data. The interoperability ensures the interaction between the BIM models
and the surrounding environment, and is one of the necessary conditions for data flow in
the BMC process.

Theories and technologies related to BMC have been developing for decades, with
the number of related studies increasing annually and new methods continuously being
introduced to this field. However, the maturity of BMC remains insufficient, with few
studies systematically analyzing it using quantitative methods. To address this gap, this
study combines scientometric analysis and a critical review, proposing the following four
research questions:

RQ1: How has the publication situation of BMC evolved?

RQ2: What are the core topics associated with the BMC process?
RQ3: What are the challenges facing the development of BMC now?
RQ4: What are the potential directions of BMC in the future?

This study searched 891 research articles related to BMC from the WOS and SCOPUS
databases. After multiple rounds of screening, 145 articles were obtained. The co-authors,
keyword co-occurrence, co-citation, and clusters were analyzed from the articles published
over the past 16 years. Through an in-depth discussion of the collaboration networks and
the core topics in past research, this study summarizes the current challenges facing this
field and proposes future research directions that will be beneficial for BMC development.

2. Materials and Methods

To gain an initial understanding of the topics and keywords about BMC, “BIM-based
model checking” and “automatic compliance checking” were searched in WOS, Scopus,
and Google Scholar. As a result, eleven review articles and some journal articles were
obtained. Then, notes were taken on the topics and keywords traced, which informed the
next step of the review. During the process of reading these articles, more keywords were
added to make the final analysis comprehensive. The retrieval process was completed in the
WOS and Scopus databases, with the conference papers excluded. The asterisk (*) operates
as a wildcard; as an example, the term “automat*” allows the search to find “automatic”,
“automated”, “automatical”, “automatically”, etc. The complete search process is shown in
Figure 1. All the searched keywords are as follows:

“BIM-based model check*\ BMC\ model-based model check*\ BIM code check*\
automat* compliance check*\ ACC\ automat* rule check*\ ARC\ automat* model check*\
compliance check*\ automat* code compliance check*\ rule-based design check*\ reg-
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ulation compliance check*\ code-conformance check*\ BIM model check*\ BIM design
check*\ code compliance check*\ CCC”.
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Figure 1. The methods for screening and analyzing articles. (The asterisk (*) operates as a wildcard; as

an example, the term “automat*” allows the search to find “automatic”, “automated”, “automatical”,
“automatically”, etc.).

Zotero was used to record and edit article information, which is an analysis tool
compatible with various citation formats across multiple databases. In the WOS, the
search scope is Topic Search (TS), which includes the title, abstract, author keywords, and
Keywords Plus, resulting in 566 articles. In Scopus, the search scope is TITLE-ABS-KEY,
which includes the title, abstract, and author keywords, resulting in 385 articles. In the
first round of screening, 951 articles, duplicates and no-access articles in the databases
were removed, with 811 articles included in the next stage. After reading the abstracts, we
removed review articles and non-English articles, which were confused in the database
search, retaining 804 articles. Since BMC is an interdisciplinary study involving computer
science, knowledge engineering, and linguistics, etc., the research field was not limited
initially to avoid missing relevant articles. In the next round of screening, articles related
to building construction, infrastructure, power systems, and municipal projects were
selected by reviewing their abstracts, introductions, and methodologies. Additionally,
studies broadly discussing the design, construction, building, and operational phases of
engineering without focusing on specific project cases were retained. Articles unrelated
to the AEC field were removed, and 272 articles were included in the next stage. Finally,
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after reading the full text, the conclusions of the articles were referenced, because they
reflect the research intentions and contributions. If the conclusions did not address topics
related to this survey, such as building regulations, BIM model checking, or BIM model
information extraction, other sections of the articles were further reviewed to identify their
relevance to BMC. After reading the full text, the articles unrelated to BMC were removed.
In this study, BMC is defined as a method that uses computer code to automatically check
the compliance of BIM models. Some studies were found to focus not on BIM models or
the digital assets of buildings, but on project management processes. Additionally, some
studies, although utilizing BIM models, did not discuss the association between the data or
code and building regulations. These studies were removed, and 145 articles were included
in the final statistics and analysis. It should be acknowledged that the 145 articles collected
are unlikely to encompass all of the relevant publications related to BMC. Instead, the
search process sought to gather representative samples. In the future, other articles may be
used to supplement the views in this study.

Citespace, Bibliometrix, and Scimago Graphica were used for the scientometric anal-
ysis of 145 selected articles, including the publication overview, co-authorship, keyword
co-occurrence, co-citation, and cluster. The steps and parameters are outlined in the de-
scriptions of the figures. Based on the quantitative statistics and analysis results, a critical
review of BMC was carried out, focusing on the research directions and methods adopted.
Regarding the current paradigm for executing BMC, including framework design, rule
interpretation, and building model preparation, the development status and methods were
summarized. Furthermore, the practical significance of these methods was explained in
connection with their real-world applications. From the gap between theoretical approaches
and practical needs, the current gaps and future research directions were identified.

3. Scientometric Analysis
3.1. Publication Overview

The number of annual publications collected from January 2008 to October 2024 was
analyzed and plotted, as a line chart of the annual number and a histogram of cumulative
number, to comprehensively understand the research status of BMC, as shown in Figure 2.
The number of publications conforms to the trend of the technology maturity curve [15].
From 2008 to 2013 [16-25], BMC research was in its innovation trigger phase. The number
of articles in this stage showed a slow upward trend. From 2014 to 2016 [26—48], the
number increased rapidly, corresponding to the peak of inflated expectations, showing
that researchers paid attention to this innovative technology. From 2016 to 2018 [49-59],
the number of publications declined and reached the trough of disillusionment. This
occurred because early research had been repeated, and new ideas had entered a bottleneck
period. From 2018 to 2022 [60-125], the number of published papers entered the slope of
enlightenment, indicating that BMC entered a recovery period, and reached the second
peak between 2022 and 2024 [126-160].
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Figure 2. The number of annual publications from 2008 to 2023.

Overall, the number of publications shows a continuous growth trend. With the devel-
opment of other supporting technologies, opportunities for BMC have grown. Specifically,
the rapid advancements in artificial intelligence technologies in recent years have provided
additional methods and tools for BIM model checking and the parsing of machine-readable
rules. An increasing number of researchers have begun to focus on this area, and no-
tably, some local governments and official institutions have started exploring the use of
automated methods for reviewing and regulation. This indicates that such approaches
have gained widespread recognition, and are gradually becoming an essential part of the
AEC field. It is worth noting that, as of October, the data for 2024 is incomplete. During
the drawing and scientometric analysis process, the 2024 data has been appropriately
accounted for.

3.2. Co-Authorship Analysis
3.2.1. Co-Author Network

The co-author network is the core basis for analyzing the relevance of articles. Figure 3
(by Bibliometrix) is provided by Bibliometrix and shows the top ten most productive
authors in the BMC field, among whom Nora El Gohary (University of Illinois at Urbana
Champaign), Jiansong Zhang (Purdue University), Charles Eastman (Georgia Institute of
Technology) and Jin Kook Lee (Yonsei University) rank in the top four.

Institution Burst Count  Author
University of Illinois at Urbana-Champaign (USA) ~ 3.91 18 Nora El-Gohary ) o1
Purdue University (USA)  1.79 11 Jiansong Zhang s 3
Georgia Institute of Technology (USA) ~ 2.50 Charles Eastman |+ . . L3

'YONSEI University (South Korea) ~ 2.29 Jin Kook Lee

KYUNG HEE University (South Korea) 1.1 Inhan Kim 10
FORNAX Pte Ltd (Singapore)  1.45 Wawan Solihin . . 0
Seoul National University of Science and Technology (South Korea) ~ 1.58 Bonsang Koo . B Saryear

Hanyang University (South Korea)  1.48 Jungsik Choi

9
2
8
Louisiana State University (USA)  1.89 6 Yongcheol Lee . . . 30
6
5
5
5

University of Illinois Urbana-Champaign (USA) ~ 1.59 Zhou Peng

2009 2011 2013 2015 2017 2019 2021 2023 Year

Figure 3. The top ten most productive authors.

The impact of authors on the research field was further analyzed through the burst
intensity of publications, based on the Kleinberg algorithm [161], which is used to measure
a sudden increase in quantity within a short period. The burst intensities exceeding 1.8 are
considered as peaks of author productivity [162]. For example, the burst intensity of Nora
El Gohary was 3.66 from 2016 to 2017, during which time he published eight articles.
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The co-author network generated in CiteSpace is shown in Figure 4 (by Citespace), in
which g-index analysis is used. The scale factor is determined to be 100. The Pathfinder,
the Pruning sliced networks, and the Pruning merged network are checked by pruning.
The generated Figure 4 contains 193 nodes and 302 edges. Each node represents an author,
and linked authors indicate that they have co-authored a publication. The size of a node
represents the number of publications. The color indicates the time of publication, with the
purple tone indicating the most recent time of publication.
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Figure 4. Co-author network.

Several communities distributed throughout the network represent a group of re-
searchers who have co-operative relationships in BMC publications. Figure 4 identifies
three large communities, including communities with Charles Eastman, Jin Kook Lee,
Inhan Kim, and Bonsang Koo as the core, communities with Nora El Gohary, Jiansong
Zhang, and Zhou Peng as the core, and communities with Yongcheol Lee and Wawan
Solihin as the core. The core authors are determined according to the Price law [163], and
the number of publications by the core authors should follow Formula (1):

m = 0.749\/Max 1

where m is the minimum number of publications by the core authors, and 7,y is the
highest number of publications by an author within the community. For example, in
Figure 3, Nora El Gohary has the highest number of publications, with #,,,, of 18 and m
of 3.18, so the number of publications by the core authors in this community should be at
least 4. As a result, Nora El Gohary, Jiansong Zhang, and Zhou Peng were elected.

In the co-author network, the influence of researchers depends on the betweenness
centrality in CiteSpace. The nodes with high centrality are the key hubs considered as
central authors connecting different research communities [164]. When the centrality is
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higher than 0.1, the purple ring of the node can be displayed. However, in the entire co-
author network of BMC, the node with the highest betweenness centrality is Jin Kook Lee,
with a value of 0.06, which is less than the threshold of 0.1. The result indicates that there
are currently no authors in this field who have established a strong network of contacts,
and the overall communication intensity is low. More academic collaborations between
different research communities should be established to promote the development of BMC.

3.2.2. Network of Countries and Institutions

Based on the number of publications, a map of publications was generated in Scimago
Graphica to analyze the distribution of articles on BMC, as shown in Figure 5. The numbers
in the parentheses represent the total number of publications in the region from 2008 to
2024. The quantity is calculated based on the country of the publishing institution to which
the first author belongs.

g X
>: r
B'ﬁ =y

P\muslllu) %

o
Tsrael(3)

Number of Publications (Articles)

i 35
Figure 5. The network of countries with the number of publications.

The size of the circle and the intensity of the blue color represent the number of
publications, while the connecting lines between nodes represent researchers from the
two connected countries who have co-authored an article. In addition, the line width
of the pink ring indicates the betweenness centrality of the publishing country. China
(centrality = 0.5), United Kingdom (centrality = 0.46), Singapore (centrality = 0.43) and the
United States (centrality = 0.38) are highly intermediate nodes in the network, reflecting
their crucial position in international co-operation. It is worth noting that statistics on the
betweenness centrality include the countries to which all co-authors belong, not just the
first author. Additionally, the United States (35 articles), China (35 articles), South Korea
(18 articles), the United Kingdom (13 articles), and Canada (9 articles) are the top five
countries in terms of publication volume, indicating that these countries have a higher
output in the BMC field. Figure 6 shows their annual publication volume, with the top two
countries in terms of burst intensity being China (intensity = 4.08) and the United States
(intensity = 4.04). The burst period in the United States began earlier, in 2016, while the
number of publications in China has gradually increased in the past three years. The burst
intensities in South Korea and Canada were weaker. This indicates that BMC has received
concentrated attention in these regions in recent years, but that its development period and
level vary in different regions.
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Figure 6. The top five countries with the highest number of publications.

As shown in Figure 7 (by Citespace), a network was generated based on the contri-
butions of the institutions to which the first authors belong. The network is generated by
selecting a g-index of 100 and the pruning options in Citespace, with a total of 104 nodes
and 72 edges. University of Illinois Urbana Champaign (18 articles), Georgia Institute of
Technology (9 articles), Hanyang University (8 articles), University of Georgia (8 articles),
and Kyung Hee University (7 articles) are the top five institutions in terms of publication
volume. However, in the entire network, Hanyang University has the highest betweenness
centrality of 0.02, which is less than the threshold of 0.1. This indicates that the intensity of
communication among research institutions is low, which is consistent with the results of
the co-author network statistics.
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Figure 7. The network of institutions with the number of publications.
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3.3. Keyword Co-Occurrence Analysis

The g-index of 100 and pruning options were selected in Citespace to generate a
keyword co-occurrence network (Figure 8, by Citespace) and a keyword evolution network
(Figure 9, by Citespace). The co-occurrence network consists of 217 nodes and 463 edges,
and the node size is determined by the frequency of keywords in the articles. The linked
nodes appeared in the same article. Due to the possibility of different expressions of
the same keyword in different articles, the keywords in 145 articles were moderately
integrated before the statistics. For example, “building information modeling” and “BIM”
are merged into “BIM”. The top ten most commonly used keywords are (frequency
in parentheses) “BIM (67)”, “ACC (41)”, “IFC (20)”, “compliance checking (19)”, “NLP
(18)”, “rule checking (17)”, “building code (13)”, “design (11)”, “deep learning (11)”, and
“automated construction management systems (10)”. In addition, the line width of the
purple ring represents the betweenness centrality of the keyword. There are 15 keywords
with a betweenness centrality greater than 0.1, including (centrality in parentheses) “design
(0.46)”, “compliance checking (0.40)”, “BIM (0.39)”, “building code (0.39)”, “IFC (0.27)”,
“code checking (0.25)”, “ACC (0.18)”, “ARC (0.18)”, “knowledge representation (0.17)”,
“CFG (0.15)”, “Machine learning (0.14)”, “Semantic web (0.13)”, “NLP (0.12)”, and “Design
checking (0.12)”. Among them, “BIM”, “ACC”, and “compliance checking” are popular
because they are relatively broad, and the BMC field is based on BIM and ACC. The high
frequency of “NLP” and “deep learning” reflects the attention of artificial intelligence
technology in the BMC field. In addition, the “IFC” has become the most common data
standard in the BMC and even AEC fields. The frequency and centrality of “design” are
both high, indicating that researchers in this field are more focused on the design phase,
hoping that errors can be resolved as soon as possible rather than being discovered during
or after the projects.
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Figure 9. The evolution network of keywords.

The co-occurrence network is static representation of the specific field, while the evo-
lution network considers time factors to analyze changes in the research trends. Figure 9
shows the development of the keywords from 2008 to 2024. The year in which the keywords
were first involved in model checking and the linked keywords indicate that they appeared
in the same article. The top five keywords with the highest burst intensity are “semantic sys-
tems (intensity = 1.92)”, “automated construction management systems (intensity = 3.13)”,
“ARC (intensity = 2.77)”, “NLP (intensity = 2.39)”, and “design (intensity = 2.29)”. With the
widespread application of BIM and the development of IFC, the keywords have evolved
from “design” and “compliance checking” to “BIM”, “ACC”, and “IFC”, etc. In recent years,
keywords have evolved into “NLP”, “deep learning”, and “ARC”, etc. With the develop-
ment of artificial intelligence technology, the focus on BMC has shifted from traditional
engineering management to new directions about intelligent technology.

3.4. Co-Citation Analysis

Co-citation is defined as two articles being cited together by another article, which
is considered a method of measuring semantic similarity between articles [165]. In this
study, co-citation analysis includes three aspects: journal co-citation, author co-citation,
and literature co-citation.

3.4.1. Journal Co-Citation Network

The journal co-citation network is still generated through Citespace, as shown in
Figure 10 (by Citespace). Selecting a g-index 0f100 and pruning options in Citespace results
in 601 nodes and 2989 edges. The size of the node represents the frequency at which journals
are being co-cited, with the top ten journals ranked as shown in Table 1. Considering
both the number of co-citations and the number of analyzed publications, “Automation in
Construction” (co-citation = 218, publication = 40) and “Advanced Engineering Informatics”
(co-citation = 107, publication = 13) are identified as the most widely influential journals in
the current BMC field.
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Figure 10. The co-citation network of journals.

Table 1. The number of co-citations and publications in journals.

COMPUTER-AIDED CIVIL AND INFRASTRUCTURE ENGINEERING
°

Source Journal Host Country Number of Co-Citations Number of Publications
Automation in Construction Netherlands 218 40
Advanced Eng}neermg England 107 13
Informatics
Journal of Co.mpu.tmg in Civil United States 60 18
Engineering
].ourn;.al of Construction United States 53 4
Engineering and Management
Expert Systems with Applications United States 33 1
Building and Environment England 35 1
Journal of Compgtatlc?nal Design England o7 5
and Engineering
Buildings Switzerland 26 12
Journal of Intelligent & Robotic Netherlands o4 2
Systems
Journal of. Archltectural United States » 2
Engineering

3.4.2. Author Co-Citation Network

The author co-citation network helps to analyze the relationship between authors
and the evolution of the community. As shown in Figure 11 (by Citespace), Citespace can
obtain 935 nodes and 411 edges by selecting a g-index of 100 and pruning options. The
size of the node represents the number of times that the author has been co-cited, and the
linked nodes indicate articles that have been co-cited by one or more publications. The top
three authors co-cited are Eastman (frequency = 102, USA), Pieter Pauwels (frequency = 52,

Belgium), and Zhong Botao (frequency = 43, Singapore).
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Figure 11. The co-citation network of authors.

In terms of betweenness centrality, the top three authors are Fenves SJ (centrality = 0.20),
J. Beetz (centrality = 0.19), and Vladimir Bazjanac (centrality = 0.16). Unlike the number
of publications, co-cited authors can be identified as having influenced other authors and
helping to connect multiple research communities. Table 2 lists the rankings of authors
across four dimensions to demonstrate their productivity and collaborative abilities. There
is no reliable calculation method to merge data from different dimensions into a compre-
hensive evaluation index, so this study did not obtain a final ranking to consider the ability
and contribution. However, some authors, such as Charles Eastman, Jin Kook Lee, and
Wawan Solihin, are considered to have had a strong influence on other researchers because
they rank higher in multiple dimensions.

Table 2. The contributions of authors in the BMC field.

Number of Publications

Co-Authorship Betweenness Co-Citation

Co-Citation Frequency

Centrality Betweenness Centrality
El-Gohary N (18) Lee JK (0.06) Eastman C (102) Fenves SJ (0.20)
ZhangJ (11) Eastman C (0.03) Pauwels P (52) Beetz ] (0.19)
Eastman C (9) See R (0.03) Zhong BT (43) Bazjanac V (0.16)
Lee JK (9) Johannes D (0.02) Solihin W (40) Amor R (0.15)
Kim I (8) Kim I(0.02) Nawari NO (40) Delis EA (0.12)
Lee YC (6) Koo B (0.01) Beach TH (38) Eastman C (0.11)
Solihin W (6) Ding LY (0.01) Choi] (36) Azhar S (0.11)
Koo B (5) Solihin W (0.01) Lee H (29) Ciribini A (0.11)
Choi] (5) Lee YC (0.01) Lee JK (26) Kasim T (0.09)
Zhou P (5) Yun YS (0.01) Malsane S (29) Boukamp F (0.14)

3.4.3. Literature Co-Citation Network

The literature co-citation network can be used to analyze the underlying knowledge
structure in a field. As shown in Figure 12 (by Citespace), the network is generated by
Citespace and has 1030 nodes and 4173 edges, with each node representing an article
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marked with the first author and the year of publication. The node size indicates the
frequency of citation. Linked articles indicate that they have been co-cited by one or more
other articles.
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Figure 12. The co-citation network of literatures. (Refs. [1,5,8,9,17,19-21,24-27,32,34,44,50-52,57,59,
62,64,68,76,78,119]).

Table 3 lists the top ten co-cited articles within the scope of 145 articles, among
which the review article “Automatic rule-based checking of building designs [9]”, pub-
lished by Eastman in 2009, has had a profound impact on the BMC field. In addition,
the top three articles ranked by co-citation betweenness centrality are [166] (by Jungsik
Choi, centrality = 0.25), [8] (by Robert Amor, centrality = 0.18), and [59] (by Tanya Bloch,
centrality = 0.14). This indicates that these articles have been cited and analyzed multiple
times by researchers along with various other articles, demonstrating their broad impact
on the development of this field.

3.5. Cluster Analysis

Cluster analysis can organize domain knowledge through statistics of data, which
helps to classify topics and analyze the interrelationships between research. First, a refer-
ence network was generated in Citespace using a g-index of 50 and pruning options, and
then a title-content (T) clustering method based on the LLR algorithm was used [167]. The
references of the 145 articles were identified as 15 cluster labels, each representing a focus
topic of the cluster. The clustering results unrelated to BMC were removed, and the final
10 cluster labels were retained, as shown in Figure 13 (by Citespace). The node represents
the literature, and the size of the node indicates its frequency of citation. The most repre-
sentative three articles in each cluster are marked, and the two linked articles have been
co-cited by other articles. Different colors represent different clustering results, with blue
indicating earlier clusters and yellow indicating later clusters. The red arrows indicate
dependencies between the clusters, and the cluster at the tail of the arrow has developed
from the cluster which the arrow points towards. For example, cluster 10 developed from
clusters 1 and 4, indicating that clusters 1 and 4 provide a foundation of knowledge for the
research of cluster 10.
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Table 3. The top ten co-cited articles.
Title First Author Keywords Year Citation DOI Ref.
Automatic rule-based BIM; Design assessment;
checking of building Eastman C Building codes; Design 2009 101 doi:10.1016/j.autcon.2009.07.002 [9]
designs guides.
A semantic rule Semantic web:
Checﬁmrgbe’g:&i“mem Pauwels P Construction industry; 2011 34 doi:10.1016/j.autcon.2010.11.017 [19]
orbu 5 Rule checking; Reasoning.
performance checking
Classification of rules BIM; Building codes;
for automated BIM Solihin W Code checking; Rule 2015 31 d0i:10.1016/j.autcon.2015.03.003  [1]
rule checking checkin.
development &
Translating building Buii?gi?f?%r?ﬁ;? "
legislation into a Automate%:l desig,n
computer-executable Lee H assessment; Rule 2016 27 doi:10.1016/j.autcon.2016.04.008 [44]
format for evaluating checking; Logic rule;
bulldl.ng permit Computer-executable
requirements form
Compliance checking;
A rule-based semantic Regulations; Rule engine;
approach for Construction industry;
automated regulatory Beach TH Regulatory compliance; 2015 27 doi:10.1016/j.eswa.2015.02.029 [27]
compliance in the Semantics of regulations;
construction sector Semantics of regulatory
compliance.
Ontc?logy-bas.ed Construction quality;
semantic modelmg of Compliance checking;
reg}‘li“"? Clﬁnftgamt Zhong BT Regulation constraint; 2012 27 doi:10.1016/j.autcon.2012.06.006 [21]
or avromatec Ontology; Semantic
construction quality modelin
compliance checking &
Development of an BIM standards;
ob'ectpmo del for Interoperability;
) tomated Malsane S Knowledge formalization; 2015 25 doi:10.1016/j.autcon.2014.10.004 [32]
cutomated Object model; Compliance
compliance checking checking
Automated code checking;
Automated information
Integrating semantic extraction; Automated
NLP and logic reasoning; Building
reasoning into a information modeling . .
unified system for Zhang ] (BIM); Natural language 2017 21 doi:10.1016/j.autcon.2016.08.027 [55]
fully-automated code processing; Logic;
checking Semantic systems;
Automated construction
management systems.
Automated checking
system; Building
Development Of. information modeling
BIM-based evacuation (BIM); Quality check.
reg:ﬂa“fon ;}?efllfl.ng Choi ] Evacuation regulation; 2014 20 doi:10.1016 /j.autcon.2013.12.005 [26]
sys ;:;1 Orml‘? Xrlse High-rise and complex
buicl(c)linp Se buildings; Industry
& foundation classes (IFC);
Open BIM.
Visual language
approach to Visual language; BIM
representing (Building Information
KBimCode-based . Modeling); Korea .. ..
Korea building code Kim H building act; Building 2019 19 doi:10.1016/j.jcde.2018.08.002 [61]
sentences for permit; Design
automated rule assessment.

checking




Appl. Sci. 2025, 15, 49 16 of 39
. . 090 o
8.Rule-based inferencing oels o °
o ° e
o N 5‘230‘) °
A8 ) 'I’mnst'()rn‘n);‘tof(;)nﬂl rule ®s o0 00 10.Natural language generation
s s 0% ¥
Sacks ) P ° , 0-0g
Preidel £(2015)8 . Ifal SN§(2017)
Zhong BY (2012)" 2.8 N\
A A= e S5 T Preifie}6,(2016)
Zhang ¢§ (2016) %o 0 A\
TEURLA? o
o0 ® o\ B ) )
19) @®°° = N 6. BIM-based model checking
o o T i
< o l.Automat‘ié,flﬂc-based checking i3 e B2
o® © = 4 R 4 oo é‘:
B: S.Infrastructure project = OJOO °
= L A 38500
*’!_.(?910) 4.()ntulogy—basedbgemantic modelingco;gioi"
i\ N ofs8e > A
3 = o 5 %0
& T;m X@(2010) YongchephlLee (2015)
® 0 8505 °
o Eastn%%)o Yongchéo!)%ge (2018)
. o 2
(2006) Y
L) ® @s
°Q \
Beag 0y PauwelgP (2011)
P o °

o \ DELIS BA (1995) : 2o
ﬁ‘_q - 2 SR,
\ 09 00 0 9R8eeE ©
.Semantic NLP-b: rmation extraction "N So' e
3.Semantic base ormation extract OZhang:r g %5 Nawari NO (2019)

X/ 9.Knowledge representation
, 7- Automatic safety checking

Figure 13. The network of clusters. (Refs. [5,9,18,19,21,24,36,48,50,52,62,78]).

Table 4 lists detailed information on the clustering results, including core topics and

cluster size.

Table 4. The detailed information on the clustering results.

Cluster

Silhouette

Most Cited

D Size Score Cluster Label Time Span Article Journal DOI
Automatic rule-based . .

1 92 0.946 . 1966-2020 [5] J. Struct. Div. doi:10.1061/JSDEAG.0001567
checking
Transformational . J. Comput. Civ.  doi:10.1061/(ASCE)CP.1943-

2 78 0.934 rule 1992-2022. [40] Eng. 5487.0000536
Semantic NLP-based Autom

3 77 0.926 information 1956-2022 [78] Constr ’ doi:10.1016/j.autcon.2020.103285
extraction :

4 73 0917 Ontology-based 1988-2021 [9] Autom. doi:10.1016 /j.autcon.2009.07.002
semantic modeling Constr.

. > J. Constr. Eng. doi: 10.1061/(ASCE)C0.1943-

5 72 0.961 Infrastructure project ~ 1987-2020 [168] Manag. 7862.0000131

6 62 0.935 BIM-based model 19602022 [24] Autom. doi:10.1016 /j.autcon.2012.05.006
checking Constr.

7 61 0.905 Automatic safety 19922020  [36] Autom. d0i:10.1016 /j.autcon.2015.07.010
checking Constr.
Rule-based J. Comput. Civ.  doi: 10.1061/(ASCE)CP.1943-

8 >7 0972 inferencing 1985-2018 [169] Eng. 5487.0000705

9 53 0.984 Knowledge 1999-2022 [62] Buildings doi:10.3390/buildings9040086
representation
Natural language Autom. . .

10 48 0.914 . 1969-2022 [50] doi:10.1016/j.autcon.2017.06.018
generation Constr.

The two most cited articles in each cluster based on their co-citation frequency are
listed. The silhouette score reflects the average homogeneity of the cluster [170]. Clustering
results are considered reliable when the silhouette score exceeds 0.7. The largest cluster
is “Automatic rule-based checking” with 92 references, while the smallest is “Natural

language generation” with 48 references.
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As shown in Figure 14 (by Citespace), the influence of time on the cluster analysis was
considered. This is another form of cluster analysis for literature co-citation, which can
display the development process of each cluster. The time spans of the top five clusters
in terms of the scale are “Automatic rule-based checking (1966-2020)", “Transformational
rule (1992-2022)”, “Semantic NLP-based information extraction (1956-2022)”, “Ontological-
based semantic modeling (1988-2021)", and “Infrastructure project (1987-2020)". For
decades, topics about the automation of rule checking and semantic transformation have
been focal points, and remain research topics today. The emergences of the rule reasoning
and the knowledge representation were late, but they have become hot research trends at

present.
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Figure 14. The evolution network of clusters. (Refs. [5,9,18,19,21,24,36,48,50,52,62,78,168]).
4. Critical Review

This section includes a systematic critical review of the results from the scientometric
analysis. The 145 articles were read in full to answer RQ3 and RQ4, focusing on the research
focus, the methods adopted, and the application of BMC.

As shown in Figure 15, based on the research objects of the articles and the results of
quantitative analysis, 145 research papers were divided into three categories: framework
design (88 papers, 60.7%), rule interpretation (41 papers, 28.3%), and building model
preparation (16 papers, 11.0%). The category on framework design is considered special as
it intersects with the other two, including rule representation, model data extraction, and
the validation process for data matching. The articles on rule interpretation focus on rules
and ignore the model data. On the contrary, articles about models focus on the data of the
model, ignoring the rules. Table 5 summarizes the different research methods used in the
subfields of BMC, along with their focus areas and applicability.

Table 5. Existing approaches used in the subfields of BMC.
Subfield Approach Applicability for BMC Representative Articles Advantage

Rule interpretation

e The well-designed logic is specific,
leading to efficient operation.
e Thelogic is strictly followed,
[16,55,140] preventing errors.
e The structured approach to
expression, enabling quantifiable
behavior.

Rule modeling, automated

Logic-based .
reasoning systems
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Table 5. Cont.

Subfield Approach Applicability for BMC

Representative Articles

Advantage

Information modeling,

Semantic web rule modeling

[19,109,135]

. Forming a complete and organized
system for the rule interpretation.

. Clearly illustrating the
relationships between elements.

. The discretization approach allows
the semantics to be computed.

Information extraction,

Machine learnin . R
& semantic analysis

[23,28,70,83]

. The automated operations replace
the manual efforts.
. The data-driven models allow the

method to

. The probability-based model

be scalable.

enhances the robustness of the
method under different conditions.
. The compatible machine learning
framework allows the operation to
transfer across similar
requirements.

Model
standardization

Format conversion, model
data extraction

Building model
preparation

[35,36,47]

e  The standardized modeling

approach allows interoperability

between different projects.
o The well-designed modeling

framework leads to efficient and
accurate classification.

Model data extraction,

Machine learnin X .
& anomalies detection

[121,122,146]

e  The automated operations replace

the manua

1 efforts.

o Computers have superior reading
and processing capabilities for
model data compared to humans.

e The program can quickly and
accurately detect errors in the

model.
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Figure 15. Overview of research directions in 145 articles.
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4.1. Framework Design

BMC is a complex process, and each of its subtasks is indispensable. Therefore, some
researchers have taken a macroscopic perspective to understand the entire process, em-
ploying methods such as interviews or case studies to investigate BMC. Some of them have
focused on specific topics about BMC, such as the development in various countries [127],
the acceptance level [95], or the effect of application [80].

Moreover, many logical frameworks regarding the BMC process have been constructed
to execute the entire process rather than isolated segments. In these studies, specific execu-
tion scopes were planned, such as architecture [74], safety [73], and the environment [78],
and then the specific rules were selected and transformed into the computer-recognizable
logics. On the other hand, model data were prepared in a format suitable for these rules.
Finally, the feasibility of the framework was validated in specific practical cases. This type
of research accounts for over 50% of the total articles, indicating that researchers not only
focus on the method of a certain step, but also hope to achieve the rationality of the BMC
framework. However, some studies have been found to be limited and difficult to verify
in larger scale practice. Although efforts under specific conditions should not be denied,
portability and scalability are crucial for the development of BMC. Therefore, research on
the framework of the BMC process should increase attention to the expansion of results to
benefit more researchers and users.

4.2. Rule Interpretation

Rule interpretation is considered as the first step in the BMC process and is also the
most prominent research direction, aiming to enable computers to analyze rules. Itis a
broad concept that includes legislation [17,22], rule classification [39,43], reasoning [23,144],
and rule representation [103,132]. In addition, linguistics, knowledge engineering, and
NLP are often involved to facilitate the conversion of natural language rule statements into
machine language.

The building specifications and standards mostly operate on a complete sentence basis.
Whether short or complex long sentences, most sentences are independent of each other.
If a statement can be thoroughly extracted from the context, it can be explained through
lexical analysis, syntactic analysis, and sentence semantic analysis. At the current stage,
few BMC research has focused on the discourse-level semantic analysis. The contextual
content is often used as classification criteria or constraints, manually distinguished during
rule interpretation.

In the AEC field, besides internationally recognized standards such as FIDIC (the
International Federation of Consulting Engineers), most standards are applicable within na-
tional or regional boundaries. The expression methods of different languages are different,
resulting in difficulty in sharing rule interpretation methods between different languages.
As shown in Section 3.2.2, current research on BMC is primarily conducted in English,
Chinese, and Korean. While some BMC methods among these languages are logically
compatible, in many cases, grammar needs to be adjusted or reconstructed.

4.2.1. Logic-Based Rule Representation

Logic-based rule representation refers to the use of logical methods to efficiently
incorporate complex building rules into BMC, providing a systematic and structured
approach to this process [171], which is essential in automated reasoning systems [52].
Different types of logic possess varying capabilities of representation and reasoning, with
first-order logic (FOL) being the most used logic method for automated reasoning in the
current AEC field [28].
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FOL employs a specific sequence of logical operators, variables, and expressions
to explicitly represent logics. It aims to express conditions under which things can or
cannot be satisfied and to perform deductive reasoning [172]. FOL is machine-readable,
allowing facts to be directly input into logic-based checking systems without the need for
further processing of model information. FOL can interpret and express many simple rules,
especially those with binary properties (true or false) in the building standards. If the logic
can be correctly represented in the FOL format, the reasoning process will become fully
automated, making FOL a very suitable method for automating BMC execution [173,174].

In addition to FOL, some specific logical methods have been developed. For example,
Hjelseth [175] proposed the Requirement, Application, Selection, and Exception (RASE)
method to capture and represent regulatory requirements in the AEC industry through se-
mantic labels. Subsequently, Beach et al. [176] expanded the RASE method to represent the
requirements of the Building Research Establishment Environmental Assessment Method
(BREEAM) in the UK. Macit Ilal [50] integrated the RASE method and the four-level frame-
work to create a computable format for ACC. Additionally, new modeling languages, such
as Drools [177], BIM Rule Language (BIMRL) [84], and tree structures [98], have been used
to interpret and represent the logic of rules.

4.2.2. Semantic Web

With the development of the Semantic Web, ontology as the core layer has become a
popular method for information modeling. Originating from the philosophical systems of
interpreting existence, it represents a formal specification of shared concepts [178]. Ontol-
ogy is applicable to modeling rules because the classes and properties in ontology models
can easily represent the basic concepts and logics in the rules. Furthermore, semantic rea-
soning based on the ontology, rather than basic syntax, can achieve high-quality retrieval
and matching of the rules. The use of ontology can enhance the integration and reuse of
structured information, thereby improving the efficient interaction of different systems
without misunderstanding and data loss [13].

The domain ontology focusing on a specific field offers more practicality and profes-
sionalism. It includes concepts, entities, relationships, and properties aimed at expressing
domain knowledge, providing a common understanding of the specific knowledge required
for communication between humans and machines [179]. Since the domain knowledge is
continually evolving and expanding, the methods of representing knowledge should be
adjusted according to the problems to be solved. Ontology development should focus on
how to capture the most important concepts in a structured and scalable format, rather than
blindly pursuing the coverage. Therefore, determining the purpose and scope is crucial
when starting to create an ontology model.

In BMC, the primary purpose of domain ontology is knowledge modeling. Several
ontologies have already been created to address specific problems [90,91]. On one hand,
ontology models can express the semantics of rules with strong logic of building standards.
On the other hand, the structure of ontology models is extensible and flexible, adapting to
the building standards that are frequently updated or modified. By establishing mappings
between the building standards and the specific ontologies, the rules that need to be
updated can be adaptively corrected. Additionally, there are commonalities between
different professions or projects in the AEC field, allowing for the sharing and reuse of the
similar ontologies to reduce the cost of rule expression.

Information extraction aims to obtain useful information from the corpora to support
rule expression and matching [51,97]. Compared to the syntax-based text extraction,
semantic extraction based on the domain ontology is more challenging, but the information
obtained is more logical and valuable. This approach to information extraction maps the
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extracted semantic features to concepts and relationships in the ontology models. The
implementation methods can be divided into rule-based and machine learning-based
categories. The former requires domain experts to develop explicit rules and matching
methods based on professional knowledge, which incurs higher initial preparation costs
but leads to more accurate results. The latter relies on machine learning algorithms to
train and optimize the models based on the sample data, automatically obtaining semantic
features.

4.3. Building Model Preparation

From the perspective of publication quantity, fewer studies specifically focus on the
model data stage compared to rule interpretation. These studies concentrated on the
interoperability and scalability of BIM models. The BMC process involves the interaction
and transformation of data, where applications require simultaneous access to data at
various scales. For example, BIM models and rules need to follow transformation protocols
to facilitate checking processes. Additionally, heterogeneous BIM model data require
compatible formats for interaction and reconstruction. Without interoperable data, each
new rule or BIM model would need to be defined separately, which is inefficient and
could lead to errors in handling enormous amounts of data [32]. Therefore, based on
ISO-STEP technology, two major publicly available building product data models described
in EXPRESS language are IFC and CIS/2 [180]. CIS/2 is an industry standard widely used
in the steel structure engineering and manufacturing industry in North America [181].
The IFC standard is considered as the central medium for collaboration and information
sharing, which is currently the most popular object-oriented data model in the AEC field
and has been adopted by many countries as the universal BIM standard. IFC supports data
exchange between various application systems, addressing data management throughout
the lifecycle of projects.

Most building regulations or standards are hierarchical structures where the concepts
are classified progressively. For instance, the “Minimum Design Loads and Associated
Criteria for Buildings and Other Structures [182]” regulation states that “Single-story steel
intermediate moment frames in structures assigned to Seismic Design Category D are
permitted up to a structural height of 65 ft (20 m)”. This is a constraint for the components
designated as seismic design category D. Furthermore, it targets the steel intermediate
moment frames. Finally, it is a constraint on the selection of the structural systems. This
provides favorable conditions for the mapping of the rules on the BIM models created by
IFC standards.

The generic IFC standard does not address all specific issues, and diversity in in-
formation expression leads to inconsistencies. Based on the foundational IFC standard,
processes such as information delivery manual (IDM) and model view definition (MVD)
are defined to capture standard workflows for data exchange requirements [35,183]. The
latest IDM schema dictates how to generate rules in the idmXML format [99]. These efforts
provide valuable insights and practical value for generating regulatory texts in the AEC do-
main. Additionally, many studies focus on IDM and MVD for different exchange scenarios
to propose conventions and constraints for corresponding data descriptions. For exam-
ple, Luo [30] proposed a delivery requirement definition template for IDM development,
enabling the BMC process for the deep excavation construction. Solihin [38] described
how the CORENET ePlanCheck project utilized a knowledge-based approach to record
rule requirements, enabling the mapping of conceptual diagrams (CG) to related MVD.
Lee et al. [67] developed rule-checking functionality based on MVD in the IfcDoc tool to
validate the procedures, scope, and complexity related to BIM data. The limitations of
data interchange in the BMC process, whether it is the generic international standard or
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specific-case IDM and MVD, have not been thoroughly investigated, potentially leading to
syntactic issues, semantic errors, and unexpected geometric transformations. Therefore,
data interoperability remains one of the most critical unresolved issues in current BMC,
and even BIM, development.

4.4. Application Cases of Platforms and Projects

The applications of BMC can be roughly categorized into three types: code checking,
model checking, and complex rule checking. The basic object of BMC is computer code,
but it differs from the code checking of computer programs. Most BIM data is created by
modeling software, like Autodesk Revit V2025, Bentley AECOsim Building Designer V8i,
and Dassault Systemes CATIA V5 6R 2023, rather than being manually written as program
code. This means that the final model data already conforms to the constraints set by these
software systems, making additional code checking unnecessary. However, code checking
becomes meaningful and necessary for custom information added by users, such as incor-
rect statements, unauthorized interfaces, and invalid values. For example, Express Data
Manager involves semantic and structural validation of model data in certain cases, but it
is still not a tool directly used for checking code errors. In other applications, one feature is
model checking, including the completeness and logical consistency of information. For
example, the collision detection function that most BMC systems already have is a simple
rule, i.e., that the co-ordinates of points contained in different components of the model
cannot be repeated in space. On the other hand, complex rule checking is a more form
of advanced model checking, involving more complex logic. Both comprise judgments
about the correctness or errors in model information, i.e., comparing the differences be-
tween existing model information and rules, rather than validating the code statements
themselves.

Some BMC systems have been successfully developed and applied in actual engi-
neering project management. This study surveyed the software and systems mentioned
in the 145 articles that are capable of implementing different functionalities. Dozens of
outcomes have been achieved worldwide, with the top ten most cited ones shown in Table 6.
Among them, the Solibri Model Checker (SMC) is currently the most popular checking
system, which continues to expand. The CORENET and ePlanCheck projects, developed
by the Singapore government based on FORNAX, have the most significant impact on
BMC practice. Admittedly, this survey cannot cover all BMC-related systems, and their
frequency of appearance in the surveyed articles does not fully represent their popularity
and performance. The systems ranking higher could have been developed earlier, resulting
in broader influence and more citations.

4.4.1. Solibri Model Checker (SMC)

The most widely cited system is the Solibri Model Checker (SMC), a Java-based
application supporting the open format IFC [9]. SMC has multiple built-in rule templates,
allowing users to define parameterized rules for checking the architectural designs. In some
articles [36,38], SMC has been successfully used to verify the rules related to the spatial
and system characteristics within the specific regions. The advantages of SMC include
the ability to interpret IFC entities, comprehensive sets of spatial operations, and high
maturities and popularities [142]. However, due to its hardcoded nature, custom extensions
in SMC are currently limited to the rules provided by the software provider. Adding
entirely new rules requires development permission through the Application Programming
Interface (API). Additionally, the rule validation process in SMC is not fully accessible,
resulting in a lack of transparency and credibility.
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Table 6. The popular applications for BMC process.

Name Application Scope Key Function Citation  Provider and Link
Building and infrastructure,
Solibri Model particularly for quality Solibri (Helsinki, Finland)
Checker control, clash detection, and  BIM model check 64 solibri.com (accessed on 1
(software) regulatory compliance January 2024)
checking
. e Singapore Government
Projects in Singapore, E-submission and (Singapore)
CORENET particularly during the model 5ap
. regulatory 55 corenet.gov.sg/general/e-
(platform) submission and approval li hecki nf
stages compliance checking info.aspx (accessed on 1
January 2024)
. . . International Code Council
SMARTcodes Pro]gcts in the Umted S’Fat.e.s, Regulatory and (Miami, FL, USA)
particularly during the initial ~standards 32 )
(platform) desion phase compliance checkin iccsafe.org (accessed on 1
shp P & January 2024)
JOTNE CONNECT (Oslo,
Express Data Data management and Norway)
P validation of building, Data interoperability jotneconnect.com/
Manager . . . . 28
infrastructure, and industrial  solutions products/express-data-
(software) .
facility manager (accessed on 1
January 2024)
FORNAX Complex multidisciplinary " novaCITYNETS (Singapore)
. . BIM data validation 21 fornaxcloud.com (accessed
(software) collaborative projects
on 1 January 2024)
Cospec Innolab (Seoul,
Large-scale projects that need  Design quality Republic of Korea)
KBIM . .
(software) complex rule sets and review for IFC 17 inno-lab.co.kr/Home
standards validation models (accessed on 1 January
2024)
Projects that require multiple Solidworks (Waltham, MA,
Design Checker design iterations, such as Design elements 1 USA)
(software) residential buildings and validation solidworks.com (accessed
commercial buildings on 1 January 2024)
Autodesk (San Francisco,
Building, infrastructure, and CA, USA)
Model Checker 1ndgstr1al projects dqrmg the Revit model check 6 interoperability.autodesk.
(software) design and construction com/modelchecker.php
stages (accessed on 1 January
2024)
Autodesk (San Francisco,
. Transportation infrastructure, 3D model review, CA, USA)
Navisworks 1 1di 1 o autodesk.com.cn/
(software) arge building complexes, co-ordination, and 5 products/navisworks/
and industrial facilities clash detection .
overview (accessed on 1
January 2024)
Government-funded building BIM delivery Statsbygg (Oslo, Norway)
Statsbygg dinf . . . . d
(platform) and infrastructure projects in  requirement 5 statsbygg.no/bim (accesse
P Norway verification on 1 January 2024)

4.4.2. CORENET

In the practical project applications of BMC, the CORENET project [9] in Singapore
is the earliest and most successful case, still regularly releasing various templates and
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guidelines. Its users cover over 2500 companies, including professional firms, service
providers, and government agencies, such as Revit, Archicad, and Bentley. The CORENET
platform provides significant control to the governmental authorities and benefits multiple
stakeholders. Although it has made significant efforts in BMC, most of them are limited
to one or more areas, such as spatial validation, fire inspection, and energy consumption
simulation, etc.

As shown in Figure 15, over 60% of studies on BMC conducted case studies to validate
the feasibility of their proposed methods. Most of these studies defined approaches to rule
interpretation and integrated rules with specific engineering projects. The significance of
automation lies in replacing manual processes to enhance efficiency and minimize errors,
particularly in complex projects and frequently updated regulations. For instance, Tan
et al. [18] demonstrated the ability to update rules embedded in EBC decision tables to
reflect changes in building codes without modifying the compliance checking rule engine.
Additionally, some studies focused on extracting rules and model data, particularly using
Al methods. For example, Zhou and El-Gohary [39] proposed a machine learning-based text
classification algorithm for categorizing clauses in environmental regulatory documents.
Testing on 10 documents achieved an average recall of 97% and accuracy of 84%. Similarly,
Koo and Shin [58] employed machine learning to validate the integrity and interoperability
of mapping model elements to IFC classes, achieving accuracy and TNR scores exceeding
0.8 and 0.85 across various IFC classes.

4.4.3. Practical Cases

BMC has established a foundational theoretical framework and demonstrated signifi-
cant value and potential across various subfields in the AEC domain. It has been applied to
diverse project types, such as residential buildings, infrastructure, and energy engineering,
to improve the efficiency and accuracy of BIM model checking. Most studies focus on the
design phase of projects, where errors in BIM model creation are more likely to emerge.
During this stage, BMC addresses conflicts between regulatory rules and models created
based on the intentions of designers.

Many studies have shown that the practical application and value of BMC currently
lie in its feasibility and efficiency. On one hand, it can extract machine-readable rules and
knowledge from extensive regulatory texts, replacing manual efforts. For example, Wang
and El-Gohary [130] used knowledge graphs to represent relationships in construction
safety regulations concerning fall protection, including general fall protection, fall protec-
tion systems, guardrail systems, and positioning device systems. Tested across 20 sections,
their method proved effective in automatically identifying and classifying domain-specific
relationships in unstructured texts, minimizing the need for manual intervention. Similarly,
Xue and Zhang [83] developed a more accurate POS tagger for building rules, enabling
automated compliance checking systems to handle more regulatory requirements with a
precision of 95.11%. Additionally, Zhou et al. [98] proposed an automated rule interpre-
tation method based on Chinese building codes for fire protection, achieving accuracies
of 99.6% for simple sentences and 91.0% for complex sentences. Overall, most studies
indicate that, by integrating NLP techniques and text analysis methods, BMC has been
successfully employed for rule interpretation. Specifically, for extracting and translating
large volumes of complex textual information, BMC significantly outperforms manual
methods in efficiency.

On the other hand, automated BIM model checking has been adopted by some re-
searchers and governments to improve workflows in digital engineering reviews. For
instance, Li et al. [46] tested compliance checking in GIS using four synthetic scenarios,
including the compliance of underground utility burial depths, pipeline spacing, and staff
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permissions. Zhang and El-Gohary [55] developed a system to check wall compliance in
residential buildings based on the International Building Code (IBC), achieving a recall
rate of 98.7%. Additionally, Zhong et al. [57] used the International Exhibition Center as a
case study to assess its compliance with building environmental data, such as air pollutant
sensors, temperature ranges, and light values. Many findings of the studies suggest that,
compared to manual methods for reviewing regulatory documents, NLP-based approaches
are more intelligent. By leveraging prior knowledge, such as syntactic and semantic fea-
tures, these methods extract critical information from unstructured data and formalize it
for spatial reasoning, significantly enhancing compliance review processes.

The applications of BMC are not yet widespread, and many specific rules and project
requirements in the AEC domain cannot be met by current software or platforms. Therefore,
some developers offer customized or user-defined modules to meet diverse needs. The
updating and optimization of these systems are still ongoing. Unfortunately, some BMC
systems have ceased development, including SMARTcodes and UpCodes Al In addition,
although some new systems have emerged in recent years, such as Solar Automated Permit
Processing Plus (SolarAPP+) [184] in 2021, the focus of most systems is narrow. In recent
years, no more powerful system has been found to comprehensively replace the previous
ones. Developers and users are more focused on efforts to extend and customize the
capabilities of existing systems. This is because current systems are not yet perfect, and
further research is needed to construct and expand the rule sets. Additionally, computers
lack the ability to understand the semantics of texts as thoroughly as humans do, so human
involvement in the rule translation process is essential. This situation may improve with
increasing the understanding capabilities of AL

5. Challenges and Future Directions

The development of BMC faces many challenges, including policy support, techno-
logical advancement, and comprehensive design. This study addressed RQ3 and RQ4
after the scientometric and critical review, summarizing the challenges of advancing BMC.
In addition, current hot topics and mainstream technologies are combined to propose
potential future directions.

5.1. Challenges
5.1.1. The Lack of Universally Recognized Criteria for Rule Classification

The classification methods of the rules in building standards or specifications have
not been thoroughly researched. Many studies directly select partial rules for validation,
and there are few comprehensive studies related to the rule classification. The article by
Solihin [1] is representative, in which rules are divided into the following four categories:
requiring a small number of explicit data, requiring simple derived attribute values, re-
quiring an extended data structure, and requiring a “proof of solution”. However, in most
studies and systems, the classification methods are not the same, and widely accepted
classification criteria have not been established.

Current studies have adopted various rule classification methods and custom stan-
dards. For example, Xu and Zhang [83] used accurate part-of-speech (POS) tagging of build-
ing code texts to distinguish rules. Zhou and El-Gohary [41] and Salama and El-Gohary [43]
implemented multi-label text classification of construction regulatory documents based
on ontology. However, their ontology designs and classification methods differ. For this
reason, when experts or BMC systems encounter a new rule, it is difficult to directly de-
termine which type it belongs to, resulting in these new rules being unable to follow a
fixed workflow for execution. Clear classification criteria are the basis for automatic rule
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interpretation. Otherwise, the rule interpretation will be unable to escape manual work by
experts, which is inefficient and unsustainable.

5.1.2. The Lack of Representation Methods for Rules

There is no standardized method for representing rules and knowledge specific to the
AEC field. This has led to the borrowing of representation methods from other domains,
resulting in some semantics with low accuracy and scalability. For example, translating
fuzzy rules into computer languages poses significant difficulties, and these fuzzy rules
constitute more than half of all clauses. Although efforts have been made to understand
and address these rules, the lack of targeted representation methods has led to the inability
to accurately express rules or knowledge in certain domains, resulting in ambiguity or loss
of information.

Furthermore, in the process of matching the rules and models, the domain experts and
code experts need to encode information of the rules and models synchronously. However,
the representation of some rules is limited by the rule engines, and some information in
the BIM models is also constrained by the modeling software and data standards. The
performance of these engines and software determines the upper limit of the BMC systems
they construct. Additionally, mainstream rule representations are logic-based, while the
commonly used standards for the BIM models are object-oriented. This point leads to
inconsistencies in their underlying structures of data, which is the fundamental cause of
matching errors between rules and models. Similarly, there are semantic gaps among the
rules in different languages. When the rules are translated into computer languages, the
same conversion methods may not be effective across multiple languages simultaneously.
There has been a lack of constructive communication between research in different regions
and fields, resulting in knowledge and methods not being aggregated and shared. Similar
rules often need to be re-researched or expressed in different structures.

For example, Bao et al. [114] constructed a component topology graph (CTG) to
optimize and visualize chaotic object attributes and relationships for dynamic safety check-
ing. Zhang et al. [24] used OSHA construction safety standards and best practices in the
construction industry to convert rules into machine-readable formats, addressing safety
concerns of construction models and schedules. Wang et al. [130] represented the relation-
ships and named entities of extracted safety requirements in the form of a query graph,
facilitating the discovery of implicit or missing information in the future. The lack of
a unified representation method will lead to a lot of repetitive work and compatibility
risks. Additionally, this may also be one of the reasons for the limited opportunities for
collaboration among the research groups from different regions, as demonstrated by the
results of the scientometric analysis in Section 3.2.

5.1.3. The Lack of Consistent Evaluation Methods for the Model Qualities

The aim of BMC is to automatically assess the model quality, with the current research
focus being on the implementation process. However, the specific metrics used to evaluate
the model qualities have not yet been defined. For example, the level of detail (LOD) [101]
and level of geometry (LOG) [124] are used to assess the level of details in a model, with a
higher LOD indicating richer information. However, the models with a higher LOD are not
necessarily superior to those with a lower LOD, as different applications require different
levels of detail. For instance, when considering BIM or CIM models for city-level disasters,
only LOD 100 or 200 is required, instead of LOD 400, which is used for fabrication [185].
The lower LOD models have lower computational and storage costs, provided meeting
application requirements. On the other hand, the consistency of BIM is sometimes defined
as the consistency between BIM models and 2D drawings, sometimes as the consistency
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across multiple stages of a BIM model, and sometimes as the consistency between BIM
models and physical buildings.

Most studies defined evaluation metrics for BMC research as the percentage of rules
that are correctly identified. However, in some studies related to machine learning, some
classic metrics, such as accuracy, precision, and F1 score are more heavily focused on. In
the presence of multiple dimensions of measurements coexisting, the measurement of
the weights for each dimension has not been thoroughly researched. This has resulted in
the absence of a unified standard for measuring the qualities of BMC systems, making it
difficult to fairly compare the outcomes of different studies.

5.2. Future Directions
5.2.1. Unified Policies and Standards

The AEC industry is influenced by policies, and the standards it adheres to are issued
by the government or associations. Legislative branches should provide clearer definitions
of rules, as ambiguous rules are difficult for machines, or even experts, to understand, caus-
ing significant obstacles to rule interpretation. Additionally, the administrative departments
or management associations focusing on BMC should establish standards and methods for
research groups within their scope, such as the standards for BIM model evaluation and
unified methods for rule representation. An effort should be made to establish libraries of
methods and rules to reduce discrepancies and redundant work among different studies.

For digital review and regulation in the AEC field, the establishment of rules is
paramount. The automation of the execution process relies on structured rules. When
building rules are proposed, they should be designed as machine-readable, following the
same translation methods, combined with the logic and technology of natural language
processing, rather than in traditional language. Currently, this step is carried out by
different researchers and in specific regions. For example, the MVD and IDM developed
by BuildingSMART provide customized workflows and document conversion platforms.
The rule sets from the Occupational Safety and Health Administration (OSHA) guidelines
have been adopted by many studies [42,142] to develop inspection tools. Similar platforms
and standards can be used by users from different regions, with varying demands to create
more customized workflows. Independent workflows that do not rely on any unified
standards or platforms have limitations. These workflows are difficult to replicate and
scale, which obstructs the development of BMC.

5.2.2. Expansion of Existing Supporting Platforms for BMC

There is still significant potential for enhancing the performance of supporting plat-
forms currently used in the development of BMC systems. By conducting in-depth research
and expanding existing platforms, rather than creating new ones, it is possible to quickly
establish some BMC systems that researchers trust. For example, existing platforms should
be more open, allowing users to create customized and complex rules at deeper levels.
Additionally, more data standards applicable to BMC should be developed and expanded.
Although some research has already extended customized IFC standards based on BMC
needs, their goals and scopes are limited to their own research content. More comprehensive
data standards can interpret and represent data to match rules accurately.

Like rule interpretation, the driving force behind the development of BMC systems
should be legislative and regulatory bodies, rather than businesses or individuals. The
CORENET [9,77] of Singapore has already become an excellent example, demonstrating
the effectiveness and benefits of government-driven platform establishment. When users
within a region or sector adopt the same system to execute model checking, rule formulation
and model information extraction become more efficient and accurate.
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5.2.3. Interoperability of Data

The interoperability of model data during retrieval and conversion processes is crucial
for data exchange. This forms the foundation for the interaction between BIM models and
other formats of documents (such as 2D drawings, GIS) or rule-based data. Moreover, the
current AEC domain is transitioning from the text and 2D drawings to the multidimensional
data, where the interaction and integration of multi-source information affect both BMC
research and the development of the AEC field. However, the discussions on this topic are
currently inadequate, so further research is necessary to ensure the completeness, accuracy,
and efficiency of data circulation.

The unification of the basic format for creating BIM models is a crucial prerequisite.
Currently, there are numerous modeling software available for different demands, such
as Autodesk Revit, Bentley, CATIA, and SketchUp. Some common 3D file formats, like
“.fbx” and “.obj”, can partially enable conversion between different models, but some local
information may be lost. Data exchange that is based on proprietary file formats typically
only works within different software produced by the same manufacturer. This means
these formats usually cannot be directly converted with other BIM models. The significance
of IFC is gradually becoming more apparent, as it has become an important foundation
for software exchange and information sharing in construction projects. Additionally,
the application of universal formats, such as Green Building XML (GBXML) and City
Geography Markup Language (CityGML), as well as mainstream software, like Solibri
Model Checker V9 and FORNAX, should be promoted to reduce heterogeneous data.

5.2.4. Artificial Intelligence

Artificial intelligence, particularly machine learning methods, has been demonstrated
to effectively extract key information from complex texts and models for use in BMC [28,84].
This technology relies on data and network architectures, requiring users to accumulate
raw data and develop customized models based on specific demands. Legislative bodies
and regulatory agencies related to BMC, rather than enterprises or individuals, are better
positioned to access resources due to their higher authority and requirements. To implement
rigorous workflows, improving data quality and designing robust network architectures
are critical for enhancing the credibility of AI methods, thereby facilitating their broader
adoption in the BMC field.

The rules in the AEC field are primarily written in natural language, providing condi-
tions for the application of NLP technologies in this domain. Many studies have demon-
strated the feasibility and efficiency of using NLP technology for the rule extraction, trans-
lation, and expression. Over the years, research on language models has gone through
the development of one-hot encoding, Word2vec (Word to Vector), GPTs (generative pre-
trained transformers), BERT (bidirectional encoder representations from transformers), and
LLMs (large language models). Currently, the concept of deep learning is widely applied in
the language processing. New language models have gradually improved their abilities to
understand general texts. For example, ChatGPT 4.0 [186] can engage in multi-turn conver-
sations and text generation. However, understanding and generating texts in specialized
domains still require more specialized training and adjustments. Many excellent models
and algorithms are open source, allowing BMC researchers to explore and extend them
further to create more powerful language processing tools tailored for BMC applications.

Natural Language Processing (NLP)

To enhance the automation of BMC, machine learning methods such as NLP and
graph neural networks (GNN) have been introduced. Most of these studies aimed to
automatically extract information from rules and convert it into computer language. Ex-
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isting NLP methods in the AEC industry can be divided into three aspects: text mining,
feature extraction, and knowledge extraction. For example, Hosseini et al. [187] conducted
text mining on BIM-related texts from job advertisements, extracting keywords and co-
occurrences to capture the required abilities and skills of BIM workers. Zhou et al. [96]
extracted semantic information from safety rules to generate classes and entities of ontology,
providing a corpus foundation for rule classification based on NLP. Such research expands
the knowledge base of the AEC domain, demonstrating the potential of NLP methods in
insight discovery. In addition, Zhang [28] introduced NLP to capture syntactic text features
and automatically transform information from the “International Building Code 2009”
(USA) into logical clauses. Similarly, Wang [129] applied deep learning to automatically
identify named entities about fall protection requirements from the “Occupational Safety
and Health Act (OSHA)” (USA). These studies trained the models to learn features of
the rules and then attempted to interpret the new rules. Additionally, some research has
begun to adopt more complex frameworks and models, attempting to directly extract and
construct knowledge from the rule libraries. For example, Bloch et al. [143] proposed using
GNN to develop representation methods for encapsulating design and regulatory rules,
expanding machine learning capabilities to address relationships between the building
elements for checking the residential accessibility. Peng [137] utilized knowledge graphs
and NLP to convert rules from drawing checking into structured language, forming human-
readable knowledge graphs to achieve BMC. Such research maps extracted information
into structured knowledge designs. This knowledge can classify and associate various
rules, forming systematic rule sets to adapt to more complex BMC requirements.

Visual Programming Language (VPL)

BMC is an interdisciplinary field that requires collaboration across different domains.
This requires practitioners to possess diverse expertise, such as civil engineering and com-
puter knowledge. However, this increases learning and communication costs, hindering the
development and popularization of BMC. Visual programming language (VPL) alleviates
this problem by allowing users to create programs through graphical operations, rather
than complex computer codes [76,80,82,112], thus enabling practitioners to invest less time
in mastering this skill. VPL serves as an intermediary to translate professional requirements
into computer programs. For example, Autodesk Revit provides a VPL component called
Dynamo, which allows users to create, extract, and edit data for BIM models, providing
great convenience for BMC [114,138,141]. Compared to traditional computer programming
languages, such as Java or Python, the performance of VPL programs may not be optimal.
However, considering the current level of BMC development, the operability and feasibility
of the program is emphasized more strongly than its performance. Therefore, VPL has been
applied in multiple studies in the field of AEC, including BMC. It has become a tool for
researchers with domain knowledge, but who lack the programming knowledge needed to
implement their ideas.

Al Validation of Model Information

Machine learning methods have also been introduced for validating model data,
including model classification and anomaly detection. Automated classification of models
or components enables the definition of the geometric and functional aspects of the building
elements to support precise simulation and compliance checking. The preliminary detection
of model anomalies is often considered the preprocessing step in the BMC process, such
as anomalies in file formats, naming errors, data integrity, etc. Only after these basic data
anomalies are addressed can compliance with standards be further verified.
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Artificial intelligence methods can describe features that are difficult for humans to
describe, and they are more automatic, flexible, and efficient, which can reduce the manual
workload of constructing rules. With further research and optimization, the performance of
the models has improved significantly, with most studies achieving accuracy and precision
of over 90%. However, compared to more precise logic-based methods, machine learning is
probabilistic and therefore struggles to achieve 100% performance. Additionally, it requires
effective data to drive. Many semantic features calculated through deep neural networks
are inexplicable, posing certain data risks, so it needs to be comprehensively studied and
regulated.

5.2.5. Integration of BMC and the Management Platform

BMC has been developed as software or as a plugin for modeling tools, and is widely
used. With the advancement of 3D modeling technologies and improvements in network
transmission and computational performance, digital assets in the AEC industry are increas-
ingly shifting from local systems to web-based platforms. To manage these data, platforms
developed by governments and enterprises for project and data management, such as
schedule management platforms, cost management platforms, and energy monitoring
platforms, have emerged. The future integration and interoperability of these platforms
will facilitate the circulation and consolidation of engineering data. However, the use of
different loading formats or model versions across platforms may result in changes or
information loss during transmission and conversion. Therefore, integrating BMC concepts
and technologies into these management platforms is essential to ensure the data quality
of BIM models during uploading and transmission. This approach enhances platform
interoperability and compatibility, enabling the AEC industry to build and fully utilize
data assets.

Furthermore, the inclusion of increasing amounts of multimodal data, such as text,
images, and physical information, in basic BIM models introduces risks of incompatibility
or errors. Integrating BMC into management platforms can automatically prevent such
issues. Rules and BIM engines should be integrated into these platforms. The former
can be accessed by platforms in various forms, such as databases, knowledge graphs, or
embedded vectors. The emergence of large language models also enables the utilization
of text rules expressed in natural language on platforms. The latter is used to load or edit
various BIM model formats on the Web. The workflows for information storage, extraction,
rule interpretation, and information matching within the models should be customized
according to the requirements of projects and management platforms.

5.2.6. Application and Supervision of BMC Throughout the Project Process

BMC can enhance multiple processes in engineering, including design, construction,
and operation and maintenance (O&M). In the design phase, BMC assists in checking the
compliance of design outcomes. This checking is real-time and frequent, rather than a one-
time process, helping to alert designers to errors during their workflows. In the construction
phase, the changes and errors in BIM models caused by engineering modifications differ
from those in the design phase. Construction engineers often lack the motivation and
capability to update BIM models in real-time, unlike designers. Therefore, the application of
BMC can significantly improve the quality of models during the construction phase. In the
O&M phase, BIM models are more closely associated with the built entities, particularly for
monitoring energy consumption and managing maintenance tasks. However, discrepancies
often arise between the initial BIM models from the design phase and the as-built BIM
model in the O&M phase due to a series of model revisions and construction deviations.
It is essential to integrate BMC technology into the project delivery workflow to check
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for inconsistencies between the final BIM models, the initial models, and the actual built
entities.

Opverall, the lifecycle of BIM models spans the entire project timeline, involving many
transmissions and frequent updates. This poses a challenge for human supervisors to
ensure accuracy and timeliness. Adopting BMC to oversee the qualities of BIM models
requires only the inputs of original rules and interfaces for model information extraction,
enabling consistency throughout the project lifecycle. Moreover, integrating BIM models
with multimodal data, such as 2D drawings, cost schedules, and energy parameters, has
become a growing trend. This process involves large volumes of data and computations,
making it difficult for humans to identify all errors during data integration. Under well-
defined mapping rules, BMC can automate this process to ensure the quality of complex
BIM models.

6. Conclusions

The attention to BMC in the AEC field is increasing, and many new intelligent tech-
nologies are being introduced. In this study, a total of 145 research papers published
between 2008 and 2024 were selected. In response to RQ1 set in Section 1, this study con-
ducted scientometric analyses, including publication analysis, co-author analysis, keyword
analysis, co-citation analysis, and cluster analysis, to visually demonstrate the research
status and associations among articles. Furthermore, in response to RQ?2, a critical review
of BMC research was proposed based on the statistical data and analysis results, delving
into significant topics. Finally, addressing RQ3 and RQ4, current challenges and future di-
rections were summarized. These points have been proposed to provide recommendations
for similar research and practice, with specific efforts and contributions as follows:

(1) Through the publication and co-authorship analysis, the overall situation of BMC
has been presented. The research groups and regions that had made significant
contributions were identified. The number of BMC publications peaked in 2016 and
2022. Although there were occasional decreases in certain years, overall, there was an
increasing trend, indicating that BMC research has entered a mature phase. Among
the authors, Nora EI-Gohary, Jiansong Zhang, and Charles Eastman were the most
prolific first authors. The United States, China, and South Korea were the regions with
the highest number of publications.

(2) Through keyword co-occurrence networks and evolution networks, this study re-
vealed the hot topics that researchers are focusing on and the changing trends in
research interests. The most popular keywords were “BIM”, “ACC”, and “NLP”.
Over time, the keywords transitioned from “design” and “compliance checking”
to the topics related to artificial intelligence, such as “NLP”, “deep learning”, and
“ARC”.

(3) Through co-citation analysis and cluster analysis, this study revealed the associations
among researchers, journals, and publications, reflecting their influence on other
research. Charles Eastman, with the review article “Automatic rule-based checking
of building designs” published in 2009, became one of the leaders in the BMC field.
“Automation in Construction” and “Advanced Engineering Informatics” were iden-
tified as influential journals in this field. Based on the size ranking of title clusters,
the prominent themes included “Automatic rule-based checking”, “Transformational
rule”, and “Semantic NLP-based information extraction”.

(4) This study proposed three categories of challenges regarding rule classification, rule
representation, and model quality evaluation. After gaining an in-depth understand-
ing of the core content of all articles and combining it with quantitative data analysis,
these challenges were summarized from the current research predicament. Among
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them, rule classification and representation are challenges that have not been thor-
oughly addressed, while model quality evaluation is a neglected, but crucial, aspect
that therefore deserves more attention.

(5) Based on the current significant trends in research and challenges faced, this study
proposed four promising directions for future development, including unified policies
and standards, the expansion of existing platforms, the interoperability of data, and
NLP technology. Research in these directions has emerged but is not yet enough,
warranting more effort to be invested.

Limitations

Due to being limited by the research scope, in the manual retrieval and statistical
process, some relevant article information might have been overlooked. The articles selected
for this study did not cover all research results in this field, so the analysis and conclusions
are limited to the scope of the survey. In the future, with the development of this field,
more articles will be included, and information from more perspectives will be analyzed to
obtain more comprehensive results. Moreover, during the selection and analysis process,
the diversity of article contents made it difficult to avoid subjective biases, especially in
ambiguously defined studies. Clearer classification methods and boundaries need to be
further investigated and summarized in future research.
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