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ABSTRACT

BIM Systematics for Process Optimization have been widely developed in recent years, considering the benefits
they provide to the Architecture, Engineering, and Construction (AEC) sector. One of the systematics that
deserves to be highlighted is automatic rule checking, which allows for the automation of specific compliance
relevant to several design modalities. With this in mind, it is imperative to search for ways to automate processes
of design compliance. This study, by a systematic literature review (SR), seeks to understand the current state of
the art regarding the automation of BIM-based design compliance. With it, it was possible to identify the main
points inherent to the process, such as (i) the main tools used, (ii) how the Industry Foundation Class scheme was
used, (iii) the procedures and challenges found for the development of design. The evaluation indicates that it is
possible to highlight the complexity of the process, especially for its implementation. Each study approaches the
topic in a different way, using specific strategies. The use of hard-coded mechanisms proved to be the most
suitable for developing specific systems. The findings suggest that the greatest difficulties and limitations of the
studies analyzed are directly related to the technology axis, more specifically regarding the treatment and
manipulation of geometry in general.
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I. INTRODUCTION

The adoption of Building Information Modeling (BIM) is constantly growing worldwide, given its
potential in the construction sector [1]. In the past five years, it has undergone major innovations and
has a constant flow of growth from innovative companies, which have as their specialty the application
of some automation and information technologies [2].

It is clear that the Brazilian government understands the importance of BIM, designing strategies for its
dissemination nationwide. Presidential Decree No. 9,983 of 2019 establishes the Strategy Management
Committee of Building Information Modelling, and it also discusses the BIM-BR Strategy.
Corroborating this, Decree No. 10,306 of 2020 establishes that BIM should be used in works considered
of great relevance, when in phases 1 and 2, and of medium or great relevance, when in phase 3, in the
direct or indirect execution of engineering works and services carried out from 2021 by the agencies
and entities of the Federal Public Administration.

In addition, the Law on Bids and Administrative Contracts, Law No. 14,133, of April 1, 2021, also
indicates in its Chapter I, Of the Preparatory Phase, Section I, Of the Instruction of the Bidding Process,
Art. 19, item V, paragraph 3, that BIM should preferably be adopted for the bidding of engineering and
architectural works and services [3].
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To enable the process of digital approval of design, several tools have been developed and used [4].
The uses of BIM include code checking, which can be applied in the most diverse disciplines and for
various purposes, such as for checking fire and panic safety standards [5]. Code checking aims to verify
the conformities of the model regarding the imposed rules. Model checking, using systematic
automation, considerably increase the effectiveness of the design processes, as well as reduce the time
with manual checks [6].

Code checking can be applied in a much broader aspect, from regulations of public agencies to specific
instructions from clients and private organizations. In general, the scope of rule automation falls into
the following categories [7]:

. Compliance of the good formation of a model,;

. Checking construction standards;

° Feasibility and other requirements of the contractor;

) Security and other rules that enable corrective actions;

° Approval of guarantees (insurance);

° Completeness of BIM data for delivery to facility management.
However, automatic rule checking precedes BIM itself [8]. According to the authors, this topic has been
a subject of research since the 1960s. Currently, several studies seek to understand the mechanisms and
processes for the development of systems that automatically perform code checking in BIM. Several of
them deal with the semantics involved in the processes, making use of Systematics such as RASE, PAS,
NLP, among others. Other studies deal with the creation of specific tools, presenting a use case, also
using several approaches. Several approaches on the integration of BIM and GIS have also been studied,
and it is noticeable that an agreement between the semantic use, interface, model information, must be
made in order to make the integration possible [9]. It is noticed that even with several studies carried
out in recent years and with the various methodologies addressed, there is still no ideal solution that is
comprehensive enough for the various specificities of the AEC sector.
This article presents a systematic literature review (SR), in search of understanding the technological
challenges inherent to automatic rule checking processes in BIM. For this purpose, the following
guiding questions were raised:

° Which systems can be identified in the process of automatic rule checking in BIM?

° Which approaches to automatic rule checking are most used?

. What are the main difficulties found in this process?

. For designers to be able to perform automatic rule checking in BIM, would using the IFC
format be a prerequisite?

. It is possible to develop a customizable system for digital approval of BIM-based design
without extensive knowledge in software programming languages?

o How could the system be incorporated into the digital approval of BIM-based design?
This paper initially provides a review of automatic rule checking in BIM, with a focus on

delineating the steps and approaches involved in this process. Subsequently, we elucidate the SR
method, grounded in the Integrated Method [43]. Following this, we present the results aimed at
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addressing the research inquiries. Lastly, in the conclusion, we engage in a discussion of the
results, highlighting the technological challenges of BIM-based automatic rule checking.

Il.  AUTOMATIC RULE CHECKING IN BIM
We will address below the steps of code checking, the possible approaches, and levels.
2.1. Steps for automatic rule checking

In the context of automatic rule checking, it is possible to identify four steps for its implementation: (i)
rule interpretation and logical structuring; (ii) preparation of the construction model; (iii) rule execution;
and (iv) export of checking results [10] (Figure 1).

RULE INTERPRETATION AND

LOGICAL STRUCTURING RULE EXECUTION
PrEPARATION OF THE HULE CHECK
CONSTRUCTION MODEL REFORTING

Figure 1. Steps for automatic rule checking
a) Rule interpretation and logical structuring

The rules, laws, decrees, and other legal documents that bring guidelines and restrictions regarding the
approval of designs, whether in any scope, are generally texts created and represented in natural
language, that is, they do not necessarily have a lexicon and logical structuring that can be interpreted
by machines without modifications being made [11].

One of the great challenges found in this stage lies precisely in the transcription of rules written in
natural language to a language that can be recognized and interpreted by the machine, also called
translation from natural language (NL) to machine language (ML) [12]. The rules written and developed
naturally often bring subjective information. Thus, they need to be translated into a language that can
be interpreted by computer systems [13]-[16].

An intermediate language that maps natural rules and transposes them into machine language is the
first-order-predicate logic [10]. The predicate is an expression that assigns a property to the object
identified by the variable of the sentence, and the logic demonstrated deals with making substitutions
due, in sentence excerpts, for the validation of the predicate, as true or false, also dealing with
guantification sentences [17].

Sentences without affirmative values that lack proper attributions such as “it is an integer” do not have
the proper attribution and, in turn, cannot be validated. It is only with the inclusion of an initial
parameter that True-False statements can be made to the sentence. If the number “4” is included, then
the sentence is true, since “4 is an integer” corresponds to reality. Similarly, if the number “3.14” is
included, then the sentence is false, since “3.14 is an integer” does not correspond to reality.
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Another way to create a logical structuring is by the ontology of names and properties [10]. The term
ontology was borrowed from Philosophy, which deals with the nature of existence and, for automated
or artificial intelligence systems, everything that “is” can be represented [18].

Systematics can be defined as a domain-specific conceptualization (e.g., civil engineering or software
engineering) that provides explicit logical statements about classes, instances, and properties, and
translates natural language rules into machine language [19]. In a simplified way, there is an interface
between the ontology system, which has an initial information library, and the instances of the model
[20]. From this, the union between the pairs of information is carried out, so that the sentence in natural
language can be clearly transposed into machine language and be usable by checking systems. An
example would be the ontology “OWL: cardinality (n)” that seeks information about the number of
values that a given property has.

b) Preparation of the construction model

The current needs, regarding the requirements of a model, are much higher than the needs related to a
two-dimensional design [10]. According to the authors, previously, the representation needed to have a
visual similarity with what was intended to happen. However, within the BIM universe, each object has
embedded specific information relevant to its type or class and not only to visual appearance.

The Industry Foundation Class (IFC) is the neutral scheme within the BIM universe [21]. Its purpose is
the possibility of defining specifications of the information or exchange data between various sectors
of knowledge [22]. The IFC file allows the exchange of data between the various sectors of the AEC,
bringing out the possibility of interoperation [23]. To establish efficient communication between the
various components of the sector, since each one has its own specificities, one must create a subset of
information, which makes up the IFC file [24]. This subcomponent is called Model View Definition
(MVD).

An MVD is a subset of the IFC scheme that is intended to facilitate the BIM workflow by selecting
certain specifications that are more representative for each use (Figure 2) [25].

ifC mva

Z2x5 1CI CV 2.0

Figure 2. IFC and MVD

The creation of MVDs without proper standardization can lead to incompatibility between IFC models,
thus generating visualization problems and lack of information [25]. To work around this problem,
object-oriented mechanisms are developed by the creation of improved model or construction objects.
This approach works for the vast majority of cases but may not be sufficient for more complex sets of
spatial configurations [10].
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Design creation, which derive from base models, or templates, is also an alternative to try to facilitate
the preparation of their requirements concerning automatic rule checking [10]. A template can be
developed and customized based on the specific criteria for each case, and it may contain ideal
parameters for the checking procedures [26].

c) Rule execution

The rule execution phase plays the role of uniting the previous stages: the structured rules system and
the duly consolidated model [10]. Also, according to the authors, having transcribed the rules from
natural language to machine language and the connections between such information being consistent
with the information contained in the model, a simple and objective process takes place, in which the
appropriate checks are made, and the system can be tested.

The model can also go through a previous check, to check for errors, omissions, interferences, and
contradictory definitions, to later go through the sieve of automatic rule checking [27]. This pre-
checking can be done by authoring software or systems, or external commercial software created
specifically for the situation.

Since 2009, it has been pointed out that, for many years, code reviews would be a mixture of automatic
and manual validation, due to the implementation and incremental release of the base rules, arising from
laws, decrees, etc. [10]. Currently, it is observed that the uses of BIM have undergone significant
advances. Nevertheless, regarding the approval of BIM-based designs in an automated way, a certain
delay is noticeable concerning the developments of platforms, systems, etc.

d) Rule check reporting

The last step in the process of creating an automatic rule checking system is the check report. The
conditions imposed by the rules — in the first step —, if satisfied, should receive a positive return,
otherwise they should receive a negative return [28]. The way this report will be shown to the user may
change, and may appear in graphic or textual forms, showing which rules have not been met.

It is clear that the stage of rule interpretation and logical structuring, especially regarding the translation
of rules from natural language to machine language, is a crucial stage for the development of a
functional rule checking system, being the main obstacle to a more substantial implementation of this
BIM use [29].

2.2. Approaches for automatic rule checking

It was possible to observe four types of approach for implementing a rule checking system, namely: (a)
hard-coded; (b) object-oriented; (c) logical; and (d) semantic/ontological (Figure 3) [11].

OBIECT-ORIENTED HARD-CODED

APPROACHES

LocicaL SEMANTIC/ONTOLOGICAL

Figure 3. Different approaches
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a) Hard-coded

The hard-coded approach uses commercial software or checking systems and has the convenience of
being more practical, since several pre-programmed rules are already embedded within such software
[30]. Some of the best-known commercial software for this approach: Solibri Model Checker (SMC),
SMARTreview, FORNAX (CORENET System), Jotne Express Data Manager (EDM) Model Checker,
among others.

However, due to the great manual effort in extracting pertinent information from legal texts, hard-coded
systems are less scalable [31] and consequently do not achieve a fully automated process [32]. The fact
that they are programs that: (i) use black-box approaches, that is, they do not make it clear to the user
how the compliance process was carried out; (ii) have a high acquisition cost; (iii) are inflexible with
respect to modifications and; (iv) have a lack of generalist structures, which can be applied in various
situations and various modalities of the AEC sector, contribute to the use of other checking approaches
[15].

For some authors, black-box approaches should not be carried out in a research context, since it is not
possible to verify the analyses and the critical reflection of the processes becomes flawed [28].

b) Object-oriented

The object-oriented approach, also called object-based, addresses construction objects and rule objects
[30]. An advantage of the object-oriented approach over the hard-coded is in the possibility of creating
rules in such a way that the selection of elements can be alternated as needed by the user, thus generating
a greater malleability of the system [16].

Because there is the possibility of creating rules and control over the checking processes, the advantages
over black-box mechanisms are large, as it becomes more suitable for customization [28]. In general,
the object-oriented approach, when combined with visual programming languages (e.g. Dynamo,
Grasshopper, Marionette), can facilitate the understanding of the logic of the check programming [33],
[34]. In addition to the above, the object-oriented approach has been gradually adopted in machine
learning, which has been the subject of research in the area [30].

c) Logical

The logical approach, on the other hand, is basically based on two distinct parts, namely the conversion
of NL to ML and obtaining a properly detailed BIM model [35]. Within the spectrum of rule checking,
intelligent systems such as Artificial Intelligence (Al) can play an important role regarding the semantic
enrichment of parts of the concept code, defined in the MVD, the enrichment of topological relations,
and rule checking, using Deep Learning [36].

For the translation of natural order rules, some research points to the Requirement, Applicability, Select,
and Exception method, or RASE. This methodology works with markers for specific words in a text,
assigning one of four possible operators, then creating a structure that can be interpreted by machines
[37].

Another possibility for the logical approach is using the Building Environment Rule and Analysis, or
BERA, which is a domain-specific programming language (Figure 4) aimed at analyzing and accessing
rules that concern the built environment [38].
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Figure 4. Differences between languages (Adapted from [38])

These and other ways of dealing with the translation of rules from NL to ML focus on the structure of
the rules themselves and do not deal with the problems of semantic interpretation that natural rules bring
with them [39].

d) Semantic/ontological approach

Basic concepts of construction models and their relationships can be described by ontological modeling.
Web semantics and ontological technologies are already used in the AEC sector [30]. Since the IFC
does not describe all the relationships and interdependencies between construction elements, the idea
of their semantic enrichment becomes attractive [40].

Such an approach can facilitate information exchange, integrations, and optimize the ability to
collaborate across distinct systems [41]. For the AEC sector to promote the use of web semantic
approaches, BuildingSMART standardized an ifcOWL ontology. From there, protocols such as
SPARQL and query languages, such as RDF or Semantic Web Rule Language (SWRL) for data
extraction, begins to become more widespread [42].

Il. METHOD

There are several methods for conducting a systematic literature review (SR) [43]. However, it is
noticeable that there is a common core between the different ways of treating an SR. This research is
carried out by the Integrated Method [43], who compile and expands the existing methods in literature.
This method goes through the following steps: (i) definition of the central theme and conceptual
framework; (ii) choice of the work team; (iii) search strategy; (iv) search, eligibility, and coding; (v)
quality assessment; (vi) synthesis of results; (vii) presentation of the study.

This SR has as its central theme the analysis of research involving the automatic rule checking in BIM,
focusing on the verification of procedures adopted in use cases. The main question that motivated the
SR was: regarding the automatic rule checking in BIM, which are the main tools used, how was the use
of the IFC scheme, what are the procedures and challenges found for the development of the design?

Concerning the search strategy, the following databases were used: ScienceDirect, Scopus, and Web of
Science, and for each of these databases, searches were made in journal articles published in English
between 2016 and 2021, excluding review articles. The search strings were the following: ((“CODE”
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OR “RULE” OR “COMPLIANCE”) AND (“CHECK” OR “CHECKING”) AND (“BIM” OR
“BUILDING INFORMATION MODEL”)). These terms were searched in the abstract, title, or keyword
of the articles (Figure 5).

CODE BIM
CHECK
RULE BUILDING
CHECKING INFORMATION
COMPLIANCE MODELING

Figure 5. Search string

Regarding search, eligibility, and coding, the following exclusion criteria were defined for obtaining
bibliometric data and consequent analysis of the research: (1) duplicate articles; and (2) articles in a
language other than English. As inclusion criteria (3), only articles dealing with automatic rule checking
were considered. For this purpose, the titles and abstracts were read.

Initially, a bibliometric analysis was performed with all articles that passed the exclusion and inclusion
criteria. The articles were classified according to the year of publication, journal, co-occurrence of
keywords, and nomenclature.

Concerning quality assessment, relevant studies were selected for the review. We verified their
adequacy to the focus of the review, that is, cases in which automatic rule checking has been described
in the article. For this purpose, a segmentation was carried out according to the pertinence of the study,
discriminating the other research focuses addressed in the articles.

Subsequently, the synthesis of the results was carried out with the articles that presented a use case.
Such articles were classified according to the purpose of the checking, the approach used, the modeling
and checking software used, whether they use the IFC scheme, which programming language was used
by the authors (in the case of development of specific tools), and difficulties found.

IV. RESULTS

4.1  Search, eligibility, and coding

After searching the databases, 52 articles were found in ScienceDirect, 82 articles in Scopus, and 86
articles in Web of Science, totaling 220 articles. When applying the exclusion criterion of duplicity of
articles, 117 studies were obtained. The language exclusion criterion resulted in the removal of one
article.

Regarding the inclusion criterion, after reading the titles and abstract, we found that 57 articles did not
deal with automatic rule checking and 59 addressed the theme. Thus, the approved articles corresponded
to 50.42% of the total articles (Figure 6).
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Figure 6: Approved articles

From the 59 resulting articles, a bibliometric analysis was performed, aiming to obtain an overview on
the production of the articles. The results show 13 articles published in 2016, seven published in 2017,
five published in 2018, 13 published in 2019, 14 published in 2020, and seven published in 2021 (Figure
7). An average of 9.83 articles were published per year in the indicated period, without, however, a
continuous growth/decrease.

2006 2017 2018 2019 2020 2021
Figure 7: Year of publication

It was also possible to analyze which journals publish the most on the topic. The main one is the Journal
Automation in Construction, since among the 59 approved articles, 19 were published in it; four were
published in the Journal of Computational Design and Engineering; three in the Journal of Computing
In Civil Engineering; and three in Advanced Engineering Informatics (Figure 8). The other journals had
only two publications.
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Applied Sciences-Basel Il 2
Buildings 2
Procedia Engineering
Procedia - Social and Behavioral Sciences I 2
KSCE Journal of Civil Engineering 2
Journal of Information Techneology in Construction Tl 2
nternational Journal of Built Environment and Sustainability Sl 2
Advanced Engineering Informatics 3
Journal of Computingin Civil Engineering N 3
Journal of Computational Design and Engineering TN 4

Automation in Construction NN

Figure 8: Publications per journal

It was possible to analyze the co-occurrence of keywords, based on the approved articles (Figure 9),
and the term BIM — with several correlates, such as Building Information Modeling and Building
Information Modelling grouped in the acronym — appears in 46 articles, followed by the term IFC,
which appears in 14 articles. The words interoperability and rule checking both appear seven times;
compliance checking, six times; automated compliance checking, five times; code checking, building
code, and model view definition (MVD), four times. The remaining words appear between one and
three times.

automated corfiiliance-checking
dyaamo

o
visual prograrvmg language

code compliance checking

building permit

automatlw checking

building regulations W
linkedsdata
deep lgdirning ifcgwl %
api o
codes of practige & ﬁ(andmdsau{oma[ed COF!)Vanfe ChECkmg
automated safetygule checking (asrc) automatedigompliance rule %(km&
data cgupling LA
bim construgtion rules

novelty detection

automation interoperability

autom‘atedbe dhecking
natural IangWroc‘essmg (nlp)
compliance checking

Ifc constructiop site layout

code checking

automated code compliance checking
fire safety w

construction safety
building code

architecturaldesign review a

3d model

automated safety checking

business rule management system (brms)

Figure 9: Co-occurrence of Keywords
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Regarding the nomenclature, it was possible to verify that rule checking in BIM is sometimes called
automated code checking, automated code compliance checking, automated compliance audit,
automated compliance checking, but one can notice that, in most cases, generic terms are used, such as
rule checking (RC), contextually associated with some specificity of the research being done at the time,
for instance “automated safety rule checking.”

It is clear that there is no consensus on the specific nomenclature. The most used terms were: (a) Rule
Checking, seven times; (b) Automated Compliance Checking, six times; (¢) Automated Code Checking,
four times; (d) Automated Code Compliance Checking, four times; () Automated Rule Checking, four
times; and (f) Code Checking, four times. The other names appeared between once and twice and are
shown in Table 1.

Table 1: Nomenclature adopted in research

Nomenclature Number of times it appears Source
Rule Checking 7 [44]-[49]
Automated Compliance Checking 6 [50]-[54]
Automated Code Checking 4 [13], [14], [55], [56]
Automated Code  Compliance
Checking 4 [15], [67]-[59]
Automated Rule Checking 4 [16], [29], [34], [60]
Code Checking 4 [31], [61]-]63]
Automated Model Checking 2 [64], [65]
Automated Safety Rule Checking 2 [66], [67]
Automatic Rule Checking 2 [30], [68]
Compliance Checking 2 [69], [70]
Automated Compliance Audit 1 [71]
Automated Regulatory Compliance 1 [72]
Checking
Automated Rule Base Inspection 1 [73]
Automated Rule Based 1 [24]
Automated Rule Compliance 1 [74]
Automated  Rule  Compliance
Checking 1 [11]
Automated Rule-Based Checking 1 [75]
System
Automatic Checking 1 [76]
Automatic Checking Of Semantic

. 1 [28]
Information
Code Checking System 1 [12]
Code Compliance Checking 1 [77]
Rule Based 1 [78]
Rule Based Checking 1 [79]
Rule Based Code Checking 1 [80]
Rule-Based Checking 1 [81]
Utility Compliance Checking 1 [82]

4.2  Quality assessment

The quality assessment was performed with all articles approved in the search, eligibility, and coding
process. To classify the relevance of the research to the study in question, the articles were segmented
according to their main purpose, which are: (a) articles that address the implementation and evaluation
of a code checking software or framework (b) articles that address the semantic issue of information
from BIM models, objects, and processes; and (c) articles that use BIM for automatic rule checking.

It was possible to verify that 14 articles address semantic data, 14 articles provide information on
implementation, and 31 articles present a case of applying some rule checking system (Figure 10). There
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is a balance between articles dealing with software implementation and validation and with discussion
of semantic data, and a greater amount of research presents a use case for a specific AEC discipline.

SOFTWARE IMPLEMEMTATION AND SEMANTIC DATA DISCUSSION PRESENTATION OF USE CASE

EvaLLAATION

Figure 10: Purpose of the article

The articles on implementation and evaluation of software were categorized as follows: (a) addressed
tests of benchmark — 1 article [45]; (b) described KBIM — 1 article [44]; (c) examined the application
of code checking for productivity gain — 1 article [76](d) investigated the semantic differences and
cognitive gap between the participants of the checking process — 1 article [12]; (e) reviewed the
difficulties of applying the code checking system — 1 article [72]; (f) reviewed the approaches taken to
date for the implementation of systematic automatic rule checking — 1 article [53]; (g) explored
techniques, that is, possible application techniques for developing the use of automatic rule checking —
3 articles [64], [66], [83]; and (h) created a framework for using automatic rule checking — 5 articles
[11], [30], [51], [67], [77] (Figure 11). Regarding the studies that dealt with software implementation
and evaluation, most of them focused on creating a framework for automatic rule checking of some
specific discipline of the AEC sector. Other studies made tests in different software to verify the
processing time and examined the application for the productivity gain that the sector would have with
the implementation of such system.

DESCRIBED KBIM

EXAMINED THE APPLICATION

INVESTIGATED SEMANTIC DIFFERENCES AND COGNITIVE GAPS
REVIEWED THE DIFFICULTIES

REVIEWED THE APPROACHES

EXPLORED TECHNIQUES

CREATED A FRAMEWORK

Figure 11: Software implementation and evaluation
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The articles discussing semantic data were categorized as follows: (a) detection of misclassifications,
in which a machine learning system is proposed to detect potential misclassifications that may occur in
the mapping of a certain dataset — 1 article [84](b) data extraction, in which data extraction techniques
are used to translate sentences, making use of deep learning — 1 article [29]; (c) integration of Natural
Language Process (NLP) and Logic Reasoning, in which an integration of two techniques for dealing
with semantic data is made — 1 article [32]; (d) translation from natural language (NL) to machine
language (ML) — 1 article [85](e) data transformation, in which data alignment is performed with the
use of deep learning and data are transformed into simplified schemes — 2 articles [54], [86]; (f) semantic
enrichment, in which different methods of semantic enrichment are compared — 3 articles [50], [57],
[59]; and (g) data validation — 5 articles [24], [47], [49], [81], [87] (Figure 12). It is noticeable that the
processing of semantic data is indispensable, especially for the automation of rule and regulation
translation, a process that is often entered manually. However, such processes are complex, involving
machine learning, deep learning, natural language process, among others. The validation of the data
that makes up automatic rule checking should be observed, since an erroneous attribution can generate
false-positive results, decreasing the degree of effectiveness of the systems.

DETECTION OF MISCLASSIFICATIONS

DATA EXTRACTION

INTEGRATION OF NLP AND LOGIC REASCNING

TRANSLATION FROM NATURAL LANGUAGE TO MACHINE LANGUAGE
DATA TRANSFORMATION

SEMANTIC ENRICHMENT

DATA VALIDATION

Figure 12: Discussion on semantic data

4.3  Summary of Results

The 31 articles that presented a use case were studied to answer the questions that motivated the SR.
Thus, the articles were classified according to: (i) purpose of the checking; (ii) approach to rule
checking; (iii) whether the studies used the IFC file; (iv) which main modeling software were used; (V)
which specific software for rule checking were used; (vi) which programming languages were most
used, for studies that developed their own systems; and (vii) what difficulties were found to perform
automatic rule checking.

According to the purpose of the checking, there are: (a) maintenance and operation — 1 article; (b)
sustainability, with proposals for automatic rule checking, aimed at checking and subsequent approval
of models for obtaining environmental certificates and seals — 4 articles; (c) engineering/construction,
addressing topics related to engineering or construction in general, such as construction site planning,
cost estimation for design, among others — 6 articles; (d) safety, addressing checking aimed at
construction site safety, accident prevention, security and fire and panic fighting, among others — 10
articles; and (e) architecture, addressing accessibility, design approval, following some specific system
— 10 articles (Figure 13, Table 2).
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Figure 13: Purpose of the checking

Table 2: Purpose of the checking and its source

Purpose of the checking Source

Maintenance and operation [88]

Sustainability [26], [31], [63], [78]

Engineering and construction [13], [16], [28], [46], [69], [82]

Safety [14], [34], [56], [61], [68], [71], [73], [74], [80], [89]
Architecture [15], [48], [52], [55], [60], [62], [65], [70], [75], [79]

Concerning automatic rule checking, it is observed that the object-oriented approach was the most used,
with 16 articles. Next, we have the logical approach, with seven articles; the hard-coded approach, with
six; and the semantic/ontological approach and a combination between the logical and semantic
approaches, with one article (Figure 14, Table 3). Few studies deal with the semantic/ontological
approach, since it is a systematic approach that involves several specific processes and software.

COMBINATION LOTICAL SEMANTIC f HarO-CODED LocicaL ORIECT-ORIENTED

AND SEMANTIC CINTOLOGICAL

Figure 14: Approach
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Table 3: Approach and its source

Approach Source

Combination of logical and semantics [31]

Semantic/ontological [68]

Hard-coded [14], [46], [55], [62], [63], [80]
Logical [48], [61], [65], [70], [73], [79], [82]

[13], [15], [16], [26], [28], [34], [52], [56], [60], [69], [71],

Object-oriented [74]. [75]. [78]. [88], [89]

The hard-coded approach ends up having as limitations the fact that, in general, software have a closed
architecture (black-box), in which the user is not able to measure all the steps and processes of checking.
Related to this is the high cost of software.

The logical approach, on the other hand, has perhaps the greatest ability to automate all stages of the
rule checking process; this includes the transcription or translation of rules written in natural language
into machine language. Nevertheless, it is a technique that requires great knowledge about data
manipulation, machine learning, deep learning, natural language processing, among others, and this
ends up limiting the advancement of this approach.

Possibly because it offers an ease in the elaboration of the processes, the object-oriented approach was
the most used in the analyzed studies. Furthermore, in this approach, processes can be created directly
in proprietary software, with the integration of visual language programs.

Regarding modeling programs, the vast majority — 17 articles — used Autodesk Revit for modeling;
eight did not indicate which software they used; two used public models available on the internet; two
used Archicad; one used Vectorworks; and one used AllPlan combined with DDS CAD (Figure 15).
Most studies did not mention which version of the software was used.

I . .
[
ALLPLaM AnD DDS-CAD VECTORWORKS ARCHICAD PuBLc Moo DOES NOT MENTION ReV

Figure 15: Modelling software

Commonly, interoperability in BIM is accomplished by the Industry Foundation Classes (IFC) scheme,
and we therefore analyzed which research used it in their processes. For all articles that presented a
concrete use case, 18 articles used IFC in their rule compliance processes, while 13 articles did not.
Most studies did not bring a specific distinction between the IFC schemes, such as IFC 2x3 Coordination
View 2.0 and IFC 4. Among the articles that present a use case and that make use of the IFC file, it is
possible to perceive a preponderance in the use of software developed by the authors (Table 4). The use
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of commercial software is also made by the authors, as is the case of Solibri, Drools, and Open IFC
Tools, as well as commercial software exclusive to a certain region, such as KBIM Assess and KBIM
Assess-Lite.

Table 4: Software used and their sources

Software used Source

Own development [15], [31], [52], [65], [68], [70], [71], [75], [79], [89]
Solibri [14], [46], [61]-[63], [80]

Drools and Open IFC Tools [16]

KBIM Assess and KBIM Assess-Lite [55]

Regarding the works that developed their own systems, three of them did it based on the Visual Basic
C# Programming Language; three did not indicate which language was used; two used Java; one used
mvdXML,; and one used Visual C++ (Figure 16).

13

Uses IFC DOES NOT USE IFC

o B KBIM ASSESS
WN
DEVELOPMENT L KB ASSESS
[ |
VISUAL BASIC Cw# Do o JAVA MVDXML

MENTION

Figure 16: IFC use

Regarding the software used for the compliance procedures, regardless of the use of IFC files, four
articles used the Dynamo visual language program; six used the Solibri Model Checker; and 15 articles
used their own specific system (Figure 17). The other six articles used other software, indicated in Table
5.
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VPL DynaMo SoLIBRI OwM DEVELOPMENT

Figure 17: Checking software
Table 5: Rule checking software

Checking Software Source

[13], [15], [31], [32], [48], [52], [65], [68], [70], [71], [73],

Own development [751. (78], [79], [82], [38]

Solibri [14], [46], [61]-[63]. [80]
VPL Dynamo [26], [28], [56], [69]
VPL Marionette [60]

VPL Grasshoper [74]

Unity 3d [89]

KBVL [34]

KBIM Assess and KBIM Assess-Lite [55]

Drools + Open IFC Tools [16]

Concerning the difficulties and limitations found in the automatic rule checking processes, issues related
only to technology were identified, such as: (i) data processing; (ii) geometry; (iii) scope of the
investigation; and (iv) tests (Figure 18, Table 6).

1M
L

n
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b

TEsTS SCOPE OF THE CEOMETRY DaTa
INVESTIGATION

Figure 18: Difficulties found
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Table 6: Difficulties found and its source

Difficulties Source

Tests [71], [78], [80]

Scope of research [14], [34], [55], [56], [63], [70], [74]

Geometry [15], [16], [28], [46], [48], [65], [69], [75]

Data processing [13], [26], [31], [52], [60], [68], [73], [79], [82], [88], [89]

V. CONCLUSIONS

The presented SR focused on the analysis of research involving automatic rule checking in BIM. This
is a process with a high degree of complexity, especially regarding certain stages of its implementation.
We noticed that the possibilities of use extend to several sectors that have some type of manual process
checking.

Furthermore, we observed that several studies present different strategies for automatic code
compliance checking. In various situations, specific application developments for the desired uses were
presented. This is due to the difficulty in some rule interpretation processes and logical structuring,
especially regarding the transcription from natural language to machine language [13]-[16] and the
creation of customized rules within commercial systems [11], [16], [28].

The use of hard-coded mechanisms facilitates the development of specific protocols when pre-
programmed functions are used, generating significant time savings. Nevertheless, such mechanisms
end up having limited versatility, since they are not editable in the vast majority of cases. Thus, in this
situation, users enter the data, activate the checking mechanism, and receive the results; however, they
are not able to understand or make modifications to the rules, only to the parameter values.

Some strategies were: implementation of visual programming language with the definition of pre-
configured models; creation of assistant Application Program Interfaces (API) for proprietary programs
and for commercial checking software; development of logical structuring, with the translation of rules
or standards being done automatically, via RASE, PAS, and combinations between approaches; use of
machine learning and/or deep learning systems for rule translation and for checking consistency of
information. The visual programming language reduces the need for knowledge of more advanced
programming, by its own intuitive conformation, thus making it more attractive to use in general.

Concerning the steps proposed to perform automatic rule checking, we observed, in some studies, that
not all were automated [10]; for example, in the stage of rule interpretation and logical structuring, the
transposition of rules from natural language to machine language was performed manually, and in the
stage of export of the checking results, the report indicating the items that passed or did not pass the
checks was not automatically generated.

The analyses carried out contribute to understand how the development of automatic rule checking
systems is progressing. We observed that there is no unified or fully editable and interoperable
approach, due to the complexities involved and specific demands. However, regarding the choice of the
best approach to be followed, or even which processes to automate, the discussion presented helps in
the choice of more efficient systems for future work, minimizing the time consumed in exploratory
studies.

We noticed several challenges in the procedures for creating mechanisms that allow automated rule
checking of BIM models. Issues related to data processing were the main obstacles found, including
difficulties with data entry, inflexibility regarding the rules entered, identification of conflicting
information, and non-automated information flow.

Several difficulties were linked to geometry, namely: problems in the treatment of complex geometries
(such as curves and convex objects); lack of support for certain typologies of objects (such as ramps);
need to simplify the modeling or specific configurations of the model following a certain pattern; and
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lack of information in the BIM components. Another significant limitation was related to the scope of
the investigation, in cases where only specific points of the standard used as a basis were explored, by
way of validation of the tool.

No articles were found addressing use cases focused on the specificities of the Brazilian market. This
reflects the scarcity of research on the topic and shows that these systems, even if complex, should be
studied further by the academia.
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