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Abstract: Developing automated code compliance checking systems is becoming increasingly
complex—to the extent of challenging the implementation of these systems. This paper addresses the
need to develop an automated system that prioritises user accessibility. Accordingly, the study aims
to develop a system through a semi-automated rule translation process and the utilisation of BIM
models in native file format. A total of 256 fire safety clauses in Malaysian regulations were translated
through logic-based approaches (classification technique, decomposition through semantic mark-up
method, and interview method), which further assisted in identifying the necessary BIM properties.
A visual programming language was then utilised to demonstrate the proof-of-concept prototype.
The classification technique and semantic mark-up method were established and structured in this
study by developing a framework and flowchart to provide specific guidelines for formalizing the
clauses. The semi-automated translation process encouraged the participation of relevant regula-
tory experts and provided more user accessibility compared to existing studies. This study also
offered more practicality for designers to employ the system by utilizing native BIM model data
representation. High mean scores ranging from 4.09 to 4.96 were obtained for the validation process,
which affirmed the feasibility of the BIM-based Automated System for Malaysian Code Compliance
Checking (BIMSMACC) to assist designers.

Keywords: building information modelling; compliance checking; semantics; knowledge representation;
visual programming language

1. Introduction

The Architecture, Engineering, and Construction (AEC) industry has undergone a
remarkable evolution from dependence on two-dimensional (2D) Computer-Aided Design
(CAD) building plans to the digitalisation and automation of design, construction, and
operational processes through Building Information Modelling (BIM). Advances in BIM
technology have stimulated a wide range of approaches to automating the code compliance
checking process. Conventionally, designers and local authorities rely on 2D building
plans to manually check the compliance of these plans with relevant building regulations.
As the complexity of BIM models has increased, this procedure has become more time-
consuming and could result in ambiguity and inconsistency in design assessments [1].
The highly subjective nature of building regulations could further lead to inefficiency
in the manual checking process [2]. The automation of this process involves computer-
programmed analysis of the building objects and attributes based on a set of regulations to
produce a compliance report. An automated code compliance checking system promotes
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greater accuracy, consistency, and comprehensiveness in the design process compared to
the manual checking procedure.

The essential components of an automated code compliance checking system are
the rules and building objects [3]. The building regulations should first be interpreted,
followed by the identification of necessary building objects for the checking process. The
relationship between these components should be determined to demonstrate the checking
process. Given the complex nature of building regulations, a wide range of studies has
explored approaches to interpreting the reasoning behind them. Early studies in the
1990s encouraged the development of expert systems in the CAD environment [4-7]. The
emergence of BIM technology in the early 2000s propelled the development of automated
systems to support the BIM-based environment. The CORENET e-PlanCheck system in
Singapore [8], Solibri Model Checker (SMC) in Finland [9], DesignCheck in Australia [10],
SMARTcodes and spatial program validation in the United States [3,11], and Statsbygg’s
design checking in Norway [12] are among the prominent systems of the early 2000s. These
automated systems were built through hard-coding techniques, also known as the ‘Black
Box” method. Despite its ability to eliminate errors during the rule execution process, this
method hinders the involvement and accessibility of users to assess, modify, and extend
the rules in the database [3,13-15].

Consequently, the application of a “‘White Box” method has become prevalent in recent
studies. This method provides greater transparency of the rule interpretation and execution
process for users [13,15]. Examples of the White Box method are the semantic mark-up
RASE (Requirement, Applicability, Selection, and Exception) methodology [16], natural
language processing (NLP) techniques [17], visual programming language (VPL) tech-
niques [18], and an ontological approach through semantic web technologies [19]. Despite
the wide variety of approaches, challenges remain in the actual implementation of the
automated system. Although the NLP and ontological approaches have a high level of
success in translating complex rules, they have been argued to be impractical for AEC
domain experts because of their complexity [18,20]. Parallel to the development of these
approaches, logic-based approaches have been explored to extract the semantics of rules
without requiring any programming skills [15]. However, they include a preprocessing rule
interpretation procedure and cannot directly transform the rules into computer representa-
tion. Alternatively, the VPL technique allows direct integration and greater accessibility for
users to review and modify existing rules, as well as create new rules [13,21]. Despite the
strength of VPL, the logic-based approaches remain relevant to avoid logical errors [22].

For the identification of necessary building objects, existing studies favour the rep-
resentation in BIM models of the Industry Foundation Classes (IFC) format, to promote
better data interoperability. However, the modelling requirements for IFC data are known
to be complex and require proficiency in the EXPRESS language [23,24]. This procedure
tends to misclassify some IFC data, which could lead to data losses and errors [23,25-27].

The challenges to the automated code compliance checking field of study thus hinder
the actual implementation in the real world. The challenges and limitations presented in
past studies revealed the research gap in this field, in which the practicality for users were
not prioritised during the development of an automated system [28]. In conjunction with
this, AEC experts should be involved in developing the rule database, rather than solely
software developers [15]. The separation of the rule interpretation process and the rule
execution process could also provide greater accessibility, enabling users to maintain the
rules during their use of the system. Using BIM models in native file format could also
increase users” accessibility. Thus, this study aims to develop an automated code compliance
checking system through a user-friendly approach that includes a semi-automated rule
translation process and the utilisation of BIM models in native file format, specifically the
Revit file format.

The remainder of the study is organised as follows. In the next section, the background
literature is reviewed to identify the strengths and limitations of the existing approaches
and suggest a way forward. A framework containing the methods in developing the system
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is presented in Section 3. Section 4 demonstrates the implementation and validation of
the framework in a case study, and Section 5 presents the discussion of the results. The
conclusion is set out in the final section.

2. Literature Review

Over recent decades, there has been much debate over representing the rules and
building objects as deduced from either the Black Box or the White Box method [3,15].
Although the Black Box method was viewed as unsuitable for AEC experts due to its
limited access by users, this method was proven to be successful according to actual
implementations reported in earlier studies. However, the advantages of the White Box
method make it more prevalent nowadays. Thus, it is important to review both methods to
identify their strengths and limitations.

2.1. Existing Applications

This paper highlights several applications that remain relevant: CORENET BIM e-
Submission, BIM Assure, Jotne Express Data Manager (EDM), Solibri Model Checker
(SMC), and Daima. These applications were all built through hard-coding techniques.
The CORENET project in Singapore is considered the first successful initiative [8]. It is
a web-based service that initially focused on 2D drawings (CORENET BP-Expert) but
later shifted towards 3D model checking (CORENET e-Plan Check) and is now known as
CORENET BIM e-Submission [29]. Similar to the development of CORENET e-Plan Check,
DesignCheck was developed in Australia [10] to support 2D checking. Although it was
stated that the future development of DesignCheck would include 3D model checking, the
initiative was discontinued [9].

Several software applications have emerged to specifically analyse and check building
models on a BIM platform. The most established software application is SMC, a stand-alone
application that contains some 300 preformatted rules related to egress, space management,
and accessibility [2,15]. Users are only required to select the rulesets, modify the parameters,
and simply click the ‘"CHECK’ button to execute the automated checking process. SMC
was tested in the HITOS project in Norway [3] and is currently being employed for BIM
model validation in the United States [30]. Other emerging applications are BIM Assure,
released in 2016 [31], and Daima, released in 2019 [32]; both are plugins for Revit, in which
BIM Assure has the advantage of supporting a cloud-based environment.

The existing applications have one major shortcoming, the users’ flexibility to create
new rules is limited. In CORENET BIM e-Submission, the Singaporean building regula-
tions were represented through an object-based approach on the independent platform
FORNAX [3,8]. FORNAX is a C++ object library where the rules are hard coded into the
system and matched with the IFC objects. For DesignCheck, Jotne EDM offered a backend
rule engine to represent and manage the rules; however, the modification of the rules could
only be conducted by software developers [3,15,33]. This limitation also exists in SMC,
where users are allowed only to customise the parameters of the preformatted rules [2,34];
the creation of new rules can only be performed upon request, under a fee-based sub-
scription [2,15,35]. In BIM Assure, the creation of new rules is limited to non-geometrical
parameters [36], while in Daima the creation of new rules is again the domain of the
software developer [37]. It was argued that although the hard-coding technique in the
earliest applications was proven to be reliable, the maintenance and extension of rules
were difficult to execute [14]. For this reason, the transparency and flexibility for users
to assess the rule database were considered an advantage in the development of newer
automated systems [13,15]. Past studies have suggested the representation of rules in a
logical approach to be more accessible for users [3,35].

2.2. Logic-Based Approach

In general, the logic-based approach consists of the decision table, semantic, and
knowledge base methods. The decision table method was the earliest effort in rule inter-



Buildings 2023, 13, 1404

4 of 27

pretation, where steel design specifications were documented in the form of parametric
tables [38], comprising logical conditions in the rules and the appropriate actions to be
executed. This method was later adopted and modified to check the designs of the building
envelope [39]. It is considered that decision tables can concisely represent the rules.

Parallel to the adoption of decision tables, the mark-up concept was introduced for
the interpretation of building codes in North America [3]. A tool known as SMARTcodes
builder was developed to mark up the rules in different colours, which resembled an
electronic version of highlighting pens [40]. Despite its initial discontinuance due to insuffi-
cient funding, the markup concept was further explored and formally introduced as the
RASE (Requirement, Applicability, Selection, and Exception) methodology [41]. The RASE
methodology was tested in selected rules in the Norwegian accessibility standards, Dubai
building regulations, and United States Court design guidance documents. The selected
rules were marked according to four concepts: Requirement, Applicability, Selection, and
Exception. This simple and well-defined process motivated other researchers to adopt this
technique for rule representation, in Code for Sustainable Homes (CSH), Building Research
Establishment Environmental Assessment Method (BREAAM) [42], Life Safety Codes (LSC)
in Australia [33], and Turkish regulations [43] as well as to create new rules in SMC [44].

Another prevailing technique in interpreting building regulations on a logical basis is
the knowledge base approach, which emphasises the separation of the rule database from
the rule execution process. ACABIM, an automated compliance audit tool, is an example
of a system that applies the knowledge base approach; it consists of a building compliance
model, regulatory knowledge model (RKM), and compliant design procedure [45]. The
RKM is the rule database for the system, storing open standard representations of the
building codes. BIM Rule Language was also developed to support the complexity of the
semantics in the building codes [46]. Other examples of the knowledge base approach
are the conceptual graph, which represents the rules with nodes and arrows [47], and
first-order logic (FOL), which is also known as predicate logic [11,48-50]. For conceptual
graphs, it was argued that the representation process was time-consuming and costly [51],
while FOL was unable to accommodate the various types of logic and information in the
building regulations [52].

2.3. Natural Language Processing (NLP) Technique

The logic-based approaches were considered a preprocessing procedure requiring
an encoding process to integrate the rules into the system [15]. Other studies preferred
the direct integration of rule representation into the proposed automated systems, which
could be achieved through NLP techniques. NLP was prevalent in the chain of studies
conducted by Zhang and others since 2011 [53], and Zhou and others since 2014 [54].
In both, the application of information extraction (IE) and information transformation
(ITr) was combined with logic-based reasoning algorithms to represent the rules and
execute the checking process [20,55]. In one of the studies, the information in the rules was
extracted through text pre-processing, syntactic parsing, and semantic analysis [17]. The
reasoning algorithm for the rules was then developed through FOL [56]. The other chain
of studies demonstrated the application of Text Classification before implementing the IE
methodology [55]. These studies then motivated others to explore the NLP technique in
proposing their automated systems. For instance, the Korean Building Act was translated
through a deep-learning-based predicate-argument-structure extraction process to improve
the computer representation of rules, known as KBimCode [57,58]. Another example is the
development of machine learning algorithms to increase the accuracy of tagging on the
rules [59].

The NLP technique was proven to be reliable based on the high percentages of recall
and precision obtained from performance testing [17,55]. However, it was argued that the
case studies in the tests consisted of straightforward and well-defined regulations [15].
Furthermore, it was highlighted that high proficiency in the domain of related building
regulations was required to successfully implement the NLP technique [20]. Inputs from
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relevant AEC experts were still required to define the semantics and ontologies of rules
and BIM objects in the application of machine-learning-based and deep-learning-based
approaches [55,58]. This led to a huge amount of work in mapping the rules with the BIM
objects, which vary according to the building regulations and IFC representations [20,58].

2.4. Visual Programming Language (VPL) Technique

Assuming limited programming skills among AEC professionals, the VPL approach
was introduced to represent the mapping between the rules and BIM data [28]. This
approach represents data in a diagrammatic manner consisting of nodes, each of which
contains receive statements and send statements [60]. One of the earliest studies demon-
strated the development of domain-specific VPL programs known as Visual Code Checking
Language (VCCL) programs [28]. The VCCL programs were further refined through a
nesting approach to reduce their complexity [18]; an additional visual language known
as VQL4BIM was also developed to support the data retrieval of IFC models [61]. Similar
to the approach of VCCL programs, a visual representation of the Korean Building Act
was developed known as KBim Visual Language (KBVL) [50,62]. The Korean Building
Act had previously been translated through FOL [63] but was further represented through
KBVL to provide more visibility for AEC professionals. Other studies implemented the
VPL approach for the overall thermal transfer value (OTTV) checking process [64] and for
the representation of specific legal document open standards [13,65].

2.5. Ontological Approach Based on Semantic Web Technologies

Semantic web technology was promoted as a means to improve data interoperability
in the AEC industry as it could centralise the data on a single platform and link it to various
applications [24]. The earliest examples of this approach [39,66] in the automation of the
code compliance checking process represented the rules in XML format. However, the XML
format was considered inadequate as it could not process and combine the information [67].
A more advanced semantic web technology was then explored through the creation of a
framework for a formal ontological approach [68]. The regulations were formalised into
SPARQL queries and represented in OWL-Lite ontology, while the building model was
represented in ifcXML [69]. The components of each were matched through a reasoning
model and integrated into a prototype called the C3R system. Although accessibility was
the main strength of this system, the spatial relationships and properties in the IFC model
were disregarded [18]. The SPARQL query language has also been applied in more recent
studies, such as building environmental compliance checking [70] and underground utility
compliance checking [71]. Although these studies have proved the workability of this
approach, they stressed that the selected regulations were confined to the easier ones.

Another common approach in this field of study was the application of a dedicated
rule language such as the Semantic Web Rule Language (SWRL) and N3Logic. Past stud-
ies employed the SWRL in Protégé, a free open-source platform. In [72], CQIEOntology
was proposed as a meta-model for construction quality inspection and evaluation, which
divided the elements into nine classes: Inspection-Object, Inspection-Task, Inspection-
Item-Checking-Action, Evaluation-Task, Evaluation-Criteria, Evaluation-Result, Checking-
Result, Inspection-Report, and Regulation-Constraint. The application of SWRL has also
been seen in other studies [19,73] for an ontology-based job hazard analysis and visualisa-
tion system.

2.6. The Way Forward

Based on the limitations and challenges of the existing applications and approaches,
this study highlights the requirements for a successful automated checking system as follows:

e  To cater for the involvement of AEC and regulatory experts in interpreting and main-
taining the rules.

e To provide an independent database management system for rule maintenance.

e  To provide accessibility for users to modify existing rules and create new rules.
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e  To prioritise users in employing the system.

In general, despite the workability of the Black Box method in existing applications,
this approach cannot cater for the involvement of AEC domain experts in the rule rep-
resentation process [3,13,14]. The application of logic-based approaches in past studies,
consisting of the decision table method, semantic mark-up RASE methodology, and knowl-
edge base approach, proved that AEC experts could employ these approaches without
any programming skills. Based on these three approaches, the semantic mark-up RASE
methodology was the most promising method in the rule translation process as a substantial
number of studies [42—44,74,75] had tested it in their respective regulations. Alternatively,
NLP, VPL, and ontological approaches have the leverage to directly integrate the rules into
the system. However, the complexity of the NLP techniques and ontological approach
makes them impractical for AEC experts [18,20]. On the other hand, the VPL approach
could allow for the involvement of AEC experts and provide accessibility for users to
review and modify the rules [13,21]. Combining the logic-based approach with the VPL
approach could avoid logical errors [22].

Existing studies have preferred the representation of building models in IFC data
models such as the FORNAX objects [8], ifcXML [69], and ifcOWL [76]. The representa-
tion of IFC data in BIM-based code compliance checking systems was also recognised in
the United States [30] and Norway [77]. However, studies conducted by [25,26] claimed
that the misclassification of IFC data was a common problem, failing in BIM data ex-
change. The potential for data loss also posed a problem in the application of the IFC
data model [23,27]. The preparation of an IFC data schema was complicated [78]: first, the
data representation process varied among BIM software applications; second, the process
involved a tremendous amount of effort; third, only users with knowledge of the EXPRESS
language were able to extend the IFC schema [24]. The recent development of CORENET
BIM e-Submission allows BIM submission in native file format, specifically in Revit and
ArchiCAD, to accommodate users [79]. Thus, the representation of BIM models in native
file format is the way forward in developing an automated system.

3. Methods

Based on the knowledge gaps, this paper attempts to answer two key research ques-
tions: (1) What is a viable approach to accommodate the involvement of relevant experts in
interpreting building regulations? (2) What is a practical approach for users in integrating
and maintaining the rules in a BIM-based environment? In consideration with the research
questions, the aim of this study is to develop an automated BIM-based code compliance
checking system through a user-friendly approach. To accomplish this aim, this study aims
to achieve the following objectives:

e  To structure the representation of rules and BIM properties for an automated code
compliance checking system through a user-friendly approach.

e To develop and validate a prototype of a BIM-based Automated System for Malaysian
Code Compliance Checking (BIMSMACC).

A critical realist stance was adopted to critique the existing phenomena and convert
them into change or improvement. This stance is aligned with design science research
(DSR), which aims to improve the existing knowledge by creating artefacts [80]. The DSR
methodology was applied in this study to address the research questions through a problem-
based approach [81]. Abductive reasoning was applied to draw the current problems
and proposed approaches from the literature and establish suggestions for improvement.
Inductive reasoning was then applied to construct the artefacts through a qualitative
approach. The artefacts, in the form of a framework and prototype, were demonstrated
and validated. Iteration occurred between the stages to refine the artefacts.

Figure 1 illustrates the framework in developing the automated BIM-based code com-
pliance checking system for fire safety regulations. The framework has four components:
rule interpretation, building model preparation, rule execution, and rule reporting. These
components are similar to the development stages proposed in a previous study [3]. In the
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rule interpretation stage, the applicable fire safety regulations in Malaysia are formalised
through a logic-based approach. This is followed by the building model preparation stage
to identify the necessary BIM properties. The rule execution and reporting stage then
simulates the code compliance checking process, where experts are involved in validating
the system.

Rule Interpretation

Rule Execution Rule Reporting

[ categorsaton ofcauses | almgmm II__%

checked (.rvt) Excel spreadsheets (.xlsx)

I_r@

Regulatory
Documents
(.docx)

Declarative clauses } 4
Export reports
1
Scripts (.dyn) Run checking in Revit® =
=
g Create Schedules in Revit®
User -
Decomposition of semantics Pseudocodes (.txt) i
using RASE methodology A Process View results in Revit®h  gutput
Req ' (= Building Model Preparation
marked up phrases

|| ‘Applicability’ (<a3) »l
marked up phrases | marked up phrases

‘Selection’ (HEE)

marked up phrases

> ‘Exception’ (< e =) EIM}
marked up phrases properties

of <a=and IR

Families & Types of
__________ BIM Properties
Integration of BIM
Properties with

marked up phrases Parameters of BIM

_________ Prop

| I—

of €rsand <e>
marked up phrases

from Revit®

(vt & rfa)

Input Input

Figure 1. Proposed framework for an automated code compliance checking system.

A total of 256 clauses from Part VII (Fire Requirements) and Part VIII (Fire Alarms,
Fire Detection, Fire Extinguishment, and Fire Fighting Access) in the Selangor Uniform
Building (Amendment) (No. 2) By-Laws 2012 were selected for the rule interpretation.
The authors formalised the building regulations through a classification technique and
semantic mark-up RASE methodology. The classification technique was employed to
maintain the integrity and structure of the building regulations. Generally, previous
studies introduced different classification techniques: (1) the categorisation of clauses
into declarative, informative, or remaining clauses [82]; (2) the classification of clauses
into Class 1, Class 2, Class 3, or Class 4 [83]; (3) the classification of clauses into Content,
Provisory, Dependent, or Ambiguous concepts [84]. The first classification technique [85]
was adopted as it includes provision for the clauses that are unsuitable for the automated
code compliance checking process.

The semantic mark-up RASE methodology was then applied for declarative and
informative clauses. This process decomposed the semantics of building regulations
according to four operators: Requirement (<r>), Applicability (<a>), Selection (<s>), and
Exception (<e>). The definition of each operator will be discussed in Section 4. This
approach was adopted in this paper and compared with other logic-based approaches
such as decision tables and knowledge-based approach. Based on these three approaches,
the semantic mark-up RASE methodology was the most promising method in the rule
translation process as a substantial number of studies [42—44,74,75] had tested it in their
respective regulations.

Interview sessions with three fire safety experts were also conducted to assist in
interpreting the informative clauses. These interview sessions encouraged the involvement
of AEC professionals in interpreting the clauses, as suggested in previous studies [3,15].
In selecting the experts, purposeful sampling was conducted in which the samples were
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selected based on the knowledge and experience of relevant experts on fire safety design.
The first expert was a Branch Chief of the Fire Safety Certification Branch, Fire and Rescue
Department of Malaysia (JBPM) with an experience span of 33 years. The other two experts
were fire engineers which are abreast with the emerging technologies and performance-
based design related to fire safety in buildings.

Next, in the building model preparation stage, the authors identified the necessary
BIM properties in native file format, specifically in Revit. A 17-storey institutional building
BIM model was created in Revit for this purpose. Revit is popular among designers as
it has a shallow learning curve and a user-friendly interface [1,86,87]. In Malaysia, Revit
has been the preferred BIM authoring software application since 2013, and the official
platform for the Public Works Department (PWD) to create a library of families [88,89].
An organisation under the Construction Industry Development Board (CIDB), the myBIM
centre, also uses Revit for their BIM training [90]; the centre currently offers BIM training to
AEC professionals to encourage BIM adoption in Malaysia. The identification of necessary
BIM properties in the framework is based on the families and parameters in Revit. The
necessary families are derived from <a> and <e> marked-up phrases while the parameters
are derived from <r> and <e> marked-up phrases. The BIM properties act as input for the
rule execution stage.

The rule execution stage then simulated the code compliance checking process. The
authors developed pseudocodes as an initial step in establishing the relationship between
the formalised rules and BIM properties. Past studies recommended the application
of pseudocodes to support the encoding process and functionality of the automated
system [3,15,91]. A portion of the pseudocodes were then encoded through Dynamo,
a visual programming tool in Revit, to develop a proof-of-concept prototype. The checking
process and compliance results could then be run directly in Revit.

As the validation process is a major contribution of DSR [82], thirteen experts were
involved in validating the artefacts, to determine their completeness, accuracy, usability,
and reliability. The validation process was conducted through interview sessions guided
by structured questionnaires to gain feedback and constructive comments from the experts.
Five experts—one representative from the fire authority, three fire engineers, and one
architect—validated the framework. For the prototype, eight experts (three architects, two
structural engineers, one mechanical engineer, and two civil engineers) were involved
in the validation process. The experts were chosen for their qualifications, experience,
and knowledge of the subject matter. In validating the elements in the system, several
samples of formalised rules and BIM properties were presented to the experts. For the
validation of prototype, its features and functions were first demonstrated to the experts.
Next, the experts were invited to test the prototype through the Dynamo Player in Revit.
Subsequently, in both validation processes, the experts provided feedback and filled out
the questionnaires. Mean scores were calculated to analyse their answers.

4. Case Study (Implementation and Validation)

This section demonstrates the implementation of the proposed framework in devel-
oping a BIM-based Automated System for Malaysian Code Compliance Checking (BIMS-
MACC). The study formalised a total of 256 fire safety clauses; identified the necessary BIM
properties; developed the pseudocodes; and lastly, created a proof-of-concept prototype.

4.1. Interpretation of Fire Safety Clauses

There are three stages in formalising the fire safety clauses: the categorisation process,
the decomposition process, and the interpretation process through interview sessions.

4.1.1. Categorisation of Fire Safety Clauses

In formalizing the categorisation process, Figure 2 was developed, where the authors
initially identified the clauses that contain references to other clauses or regulations. This
step was necessary due to the high occurrence of the interrelationship between clauses and
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dependence on the Schedules stipulated in the Selangor Uniform Building (Amendment)
(No. 2) By-Laws 2012 as well as other regulations from the Malaysian Standards, British
Standards, Australian Standards, and International Electronical Commission Standards.
Following this procedure, all clauses, whether marked or not, were analysed in the first

filter categorisation.

Acquire relevant
regulations

Clause related to fire
safety requirements?

Yes

Contain reference to

R Yo s—pm— Mark clause
other requirement/s?

No

v

| First Filter Categorisation |<—

v

Contain straightforward
rule/s?

No

v

| Second Filter Categorisation |

Contain rule/s with
ambiguous terminologies or
arrangements?

Contain rule/s which provide
options for designers?

Y * Yes
/ Informative Clause /—
No- < No.
/ Remaining Clause /
\4
NG »m—

Figure 2. Categorisation process.

As presented in Figure 1, the first filter categorisation identified clauses that contain
straightforward rules such as geometrical or definite rules. These were extracted and
categorised as declarative clauses. Other clauses were then channelled to the second
filter categorisation to identify the informative clauses. Clauses that contain ambiguous
terminology or arrangements—for instance, “where appropriate”, “suitable”, “adequate”,
“as far as the practical”, or “furthermost point of the floor”—were grouped as informative
clauses. In other instances, clauses that stated the requirement for special approval from
the fire authority, which could lead to ambiguity, were also categorised as informative.
Based on Figure 1, Informative clauses also represented any clauses that provide options
for designers, such as “either”, “where practical”, and “where impractical”. Clauses that
were not suitable for the first and second filters were categorised as the remaining clauses.



Buildings 2023, 13, 1404

10 of 27

Through this categorisation process, a total of 166 declarative clauses, 53 informative clauses,
and 37 remaining clauses were identified in the Selangor Uniform Building (Amendment)
(No. 2) By-Laws 2012.

4.1.2. Decomposition of Semantics in Fire Safety Clauses

The declarative clauses were initially decomposed through the semantic markup RASE
methodology, followed by the informative clauses. The <r> operator signified the rules
in a clause and was associated with modal verbs. The modal verb “shall” was the most
prevalent in the fire safety clauses to express necessity or prohibition in designing the
building. For instance, by-law 167 paragraph 1 (Figure 3) contains the modal verb “shall”
to explain the requirements for storey exits. “Will” was also prevalent in other clauses,
while “may” was frequently used in informative clauses to imply the design alternatives.
The rules could also indicate prohibitions by having the word “no”.

exceeded.

By-law 167 — Storey exits.

(1) Exceptas provided for in by-law 194 every _ shall be provided with at least two storey
exits located as far as practical from each other and shall not be less than 5.0 metres and in such
position that the travel distances specified in the Seventh Schedule to these By-laws are not

. Requirement (<r=) marked-up phrases
L | Applicability (<a=) marked-up phrases
- Selection (<s>) marked-up phrases

_ Exception (<e=) marked-up phrases

Figure 3. Marked-up phrases in by-law 167 paragraph 1.

The <a> and <s> operators represent the objects in the clauses. The <a> operator
was applied to mark the main object in a clause while other objects were marked with
<s> operators. In identifying the main object in a clause, imperative sentences that convey
instructions or prohibitions were analysed. Subjects of the imperative sentences were
considered as the objects in a clause. Due to their complex composition, many clauses
contain more than one subject. Hence, the most distinct technique in identifying the main
objects was to analyse the title of the by-laws. Since most by-laws contain more than one
paragraph, the title represents the theme of the clauses under the same by-law, such as
by-law 167 paragraph 1 (Figure 3). In other circumstances, the main object in a clause was
identified by referring to other clauses of the same by-law. Objects other than the main
object were then marked with the <s> operator.

Phrases were then marked with the <e> operator to signify the exception to the rules
in the clause, such as in Figure 3, and to identify the exceptions of <a> and <s> marked-up
phrases. By-law 158 paragraph 1 in Figure 4 provides an application of the <e> operator to
mark the exceptions of <s> marked-up phrases. Keywords such as “except”, “unless”, and
“other than” were used to determine the <e> marked-up phrases.

The clauses with marked-up phrases were then illustrated in a tabular manner, as
shown in Table 1 Each marked-up phrase was ascribed to a topic, comparator, and target
value. For <e> marked-up phrases, the topics were determined based on their nature. If the
<e> marked-up phrases were exceptions to <r> marked-up phrases, then the topics would
be the rules imposed in <r> marked-up phrases. On the other hand, if the <e> marked-up
phrases were exceptions to either <a> or <s> marked-up phrases, then the topics were
determined based on the topics of <a> or <s> marked-up phrases.
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By-law 158 — Stages in places of assembly.
(1) In _ other than school halls or other similar halls where stage scenery is
infrequently used, pRBISIONSCANNGINOISNANMO0 pEISORY - [NNCNISEesc e Aoy
-, the stage shall be separated from the auditorium by a _ of not less than 225
millimetres brickwork or other material of equivalent FRP, carried down to a solid foundation and
up to at least 0.92 metres above the roof level unless the roof is constructed of materials having
the FRP as specified in the Ninth Schedule to these By-laws.
__ Requirement (<r=) marked-up phrases
L Applicability (<a=) marked-up phrases
. Selection (<s=) marked-up phrases
_ Exception (<e=) marked-up phrases
Figure 4. Marked-up phrases in by-law 158 paragraph 1.
Table 1. Decomposition of marked-up phrases in by-law 167 paragraph 1.
Metric Phase Type Object Property Comparison Target Unit
as provided for in Le§s ’fhan 2-s’Forey o Requirements in
<e> exits in building/ Specifications Includes by-law 194 [REFER -
by-law 194 compartment BY-LAW 194]
. Building/
_ <s> Building Type Includes Compartment -
rovided with at ildi
~ <r> Building/ Storey exits Equal or 2 Nos
least two-storey exits Compartment more than
storey exits <a> Exit Type Includes Storey exit -
As far as practical
located as far as Storey exit in from each storey
practical from <r> building/ Location Equal exit [REQUIRE -
each other compartment FURTHER INTER-
PRETATION]
not less than Storey exit in build- Interval Equal or
<r> . . 5.000 m
5.0 metres ing/compartment distance more than
in such a position
t}}at the t'ravel. . Dead end distance
distances specified Storey exit in Total travel limit/Travel
in the Seventh <r> building/ distance Equal distance limit -
Schedule to these compartment [REFER SEVENTH
SCHEDULE]
by-laws are

not exceeded

Next, the comparators and target values were identified for each phrase, as shown in
Table 2. The “equal”, “not equal”, “more than”, and “less than” comparators were applied
for <r> marked-up phrases while the “include” and “exclude” comparators were applied
for <a>, <s>, and <e> marked-up phrases. Any marked-up phrases containing references
to other clauses or regulations were identified in the table, as shown in Table 1, which was
similar to the procedure in the categorisation process. Any topics, comparators, and target
values in informative clauses that were ambiguous or provided options for designers were
also labelled to acquire further interpretation from relevant fire safety experts.
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Table 2. Integration of <a> and <s> marked-up phrases with families in Revit.

Clause Type Marked-Up Phrase Family in Revit

169(2) <s> _ Project information
e G I (i)
e

197(1) <s> _ Building elevation
et cpplite ace e

220 <a> _ Floor plan

197A(2) <a> _ Room

148(1) <a> _ Wall

168(2) <a> ‘Staircases Stairs

185(4) <a> - Runs

169(2) <a> - Landing

168(3) <s> 'Handrails Railing (Stairs)

184(1) <a> _ Furniture assembly

140(1) <a> - Topography (Access way)

The topics, comparators, and target values were organised to restructure the fire safety
clauses so as to validate the accuracy of the decomposition process. The restructured
clauses were written in prose form, as displayed in Figure 5.

Compliance to “building / compartment” is achieved by having equal or more then 2 nos of “storev
exifs”.

Compliance to “storev exit in building / compartment” is achieved by being located “as far as
practical from each storev exit” and by having “interval distance” equal or more than 5.000m and
by having “total travel distance” equal or less than “dead end distance limit / travel distance limit”,

Compliance to the exception in the requirement for “having equal or more than 2 nos of storev exits
in building / compartment” is achieved by having less than 2 nos of “storey exits” and by having
“specifications” equal to the “requirements in by-law 194",

Figure 5. Restructured clause of by-law 167 paragraph 1.

4.1.3. Interpretation of Clauses by Fire Safety Experts

A total of 53 informative clauses were further interpreted through interview sessions
with a Branch Chief of the Fire Safety Certification Branch, the Fire and Rescue Department
of Malaysia and two fire engineers. These interview sessions encouraged the involvement
of AEC professionals in interpreting the clauses, as suggested in previous studies [3,15].
Four topics were directed to the fire safety experts: (1) exits and travel paths, (2) building
elements, (3) ventilation systems, and (4) active fire protection systems. The fire engineers
were responsible for interpreting clauses related to the design considerations, while the fire
authority interpreted any clauses stating a requirement for special approval.

The fire engineers stated that determining travel distances without technological tools
could be very subjective and prone to error. Thus, they believed that the interpretation
of the furthermost point of the floor should not be derived from human judgement but
instead from a computer application. Nevertheless, one of the respondents indicated that
fire risk analysis is still relevant to determine the optimum travel paths. As stated by the
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fire engineers, the travel paths and building layout could influence the determination of
the most practical distance between storey exits while also referring to other international
regulations. Based on the fire safety clauses, the storey exits should be readily accessible
at all times. The fire engineers interpreted that the doors should be situated within travel
distance limits and unlocked during a fire incident. Thus, the locking mechanism of storey
exits could be incorporated into the checking process. The fire safety clauses also mentioned
the flexibility of designing horizontal exits in buildings. The fire engineers believed that
the lack of clarity in this clause could potentially lead to evacuation problems. In this
case, they suggested the use of a performance-based design to determine the availability of
horizontal exits.

The informative clauses also provide options for designers in arranging the firestops
and flame barriers for structural elements. As interpreted by the fire engineers, the place-
ment of firestops and flame barriers are subject to fire risk analysis but should achieve the
minimum fire resistance period requirement of the structural elements. For other design
considerations that require special approval from the fire authority, such as protection for
lift shaft openings, roof construction, and gangway layout, the Branch Chief officer stated
that the fire authority would allow flexibility for designers to produce the appropriate fire
safety solutions. Thus, this shows that although the fire authority has superior power in
approving building designs, the responsibility and technical competence of designers to
conduct a comprehensive compliance check are much higher than that of the fire authority.

For the arrangement of ventilation systems, ambiguities arose in the informative
clauses over their design in protected lobbies and atria as well as the use of natural draught
smoke vents. For the functional requirements of the pressurisation system in protected
lobbies, the fire authority suggested applying Malaysian Standard 1472 (MS 1472). With the
emergence of many pressurisation system products, the Branch Chief officer added that the
fire authority could adapt to any new system that meets the requirements. Pressurisation
systems were also strongly encouraged by the fire engineers in the staircase enclosures
below ground floor level. For natural draught smoke vents, the fire engineers explained
that these should be designed according to the smoke layer height, the size of the smoke
reservoir, and the building’s function and geometry. Designers could refer to MS1780 for
this purpose. The Branch Chief officer stressed that any closed-design smoke vents should
open automatically with the activation of the fire alarm system and be subjected to the
fire authority’s approval. Ambiguities also occurred in the requirements for designing
ventilation ducts. In this case, the fire engineers interpreted that the arrangement of these
ducts and their components largely depends on their analysis of the building.

As stipulated in the fire safety clauses, any active fire protection systems must be
approved by the fire authority. Thus, as interpreted by the Branch Chief officer, the
requirements in informative clauses should be followed based on the suitability of the
building. For instance, the provision for additional fire hydrants depends on the building’s
geometry, type, dimensions, and gradient of accessway. The protection method for the
storage of fire hazardous material should also be based on the type of fire hazard in the
building spaces. The Branch Chief officer explained that the components of fire protection
systems, such as the material of cables and the capacity of the systems, should be suggested
by the designers. All respondents believed that every building is unique and the design
solution for one building may not apply to another building. They further stated that
there is no rule of thumb regarding compliance with informative clauses in the fire safety
regulations. The findings from these interview sessions were used as a basis for the target
values in the rule execution process. In this case, designers and the fire authority could
override the compliance results for informative clauses.

4.2. Identification of BIM Properties

The fire safety clauses were first arranged according to the building elements and
spaces in defining the necessary BIM properties. Next, the marked-up phrases for each
clause were extracted and integrated with BIM properties. As previously discussed, the <a>
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and <s> marked-up phrases represented the objects. Thus, these phrases were integrated
with the families in Revit. Table 2 provides examples. A total of 54 families in Revit were
identified as necessary for the fire regulation compliance checking process. In ensuring
standardisation in naming the families, the OmniClass™ classification system was used,
and the numbers and descriptions of OmniClass™ (Table 2) were added as parameters to
the families. For example, the fire hose reels were represented by OmniClass Numbers
23-29251517.

The <r> and <e> marked-up phrases were then utilised to identify the necessary
parameters in Revit, both built-in and new. Most dimension parameters such as width,
length, and area; constraint parameters such as level, base constraint, and top offset; and
material parameters were already embedded in Revit and used for the identification process.
Table 3 presents examples of the identification process for the wall family, and Figure 6
shows the properties of the wall family in Revit. A similar identification process was
applied to all families in Revit.

Table 3. Identification of parameters in Revit.

Clause Type Marked-Up Phrase Parameters of Wall Family

142(1) <a> The external wall is carried across Wall Function

the end of a separating wall

An external wall of a building that

is within the limits of the size indicated Classification.OmniClass.
142(3) <e>
by the letter “x” in Part 1 of the 23.Number
Ninth Schedule to these by-laws
158(1) <r> Carried down to a solid foundation Base Offset
Distance of not less than 225 millimetres
141(3) <r> measured at right angles to a such Unconnected height
upper surface
150(2) <r> Be completed enclosed Room bounding

Comply with any relevant requirements
relating to the permitted limits of

142(2) <r> Length
unprotected areas specified in the Sixth

Schedule to these by-laws

158(1) <r> Brickwork Material
218 <e> Load-bearing wall Structural usage
Be constructed so as to attain any FRP ) ) )
142(3) <r> Fire resistance period (h)
required by this Part

The building is so situated that such a
Wall distance to the

222(3) <e> side might consist entirely of any relevant boundary

unprotected area

During the rule interpretation stage, the rules were analysed according to building
type and space. For example, the compliance rules for dwellings differ from those for
factories. The requirements for an occupied space and a circulation space also contain
different sets of compliance rules. Therefore, the building types and building spaces were
assigned specific names. Two classification systems were developed through Autodesk
Classification Manager for the Revit® add-in. This tool provides a classification system
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database file for users to create parameters with a set of predetermined values in Revit.
Figure 7 illustrates the uploaded database that could be applied to assign specific values to

the parameters.

Properties X
] Basic Wall -
Generic - 150mm
Walls (1) ~  £8 Edit Type
Image ~
Comments
Mark
Wall Function Compartment Wall
Wall Function (Number) D §
Phasing ¥
Data 2
Fire Resistance Period (hr) 2.000000
Classification of exterior finish Class O
Insulation period (mins) 60.000000
Performance index BSD 476 test...
Standard specifications for insul... Clause 11c section 3 BS 476
v
Properties help Apply

Figure 6. Wall family properties pane in Revit.

W Autodesk BIM Interoperability Tools | Classification Manager

= AUTODESK CLASSIFICATION MANAGER FOR REVIT

Building Space Information
E 1
B Number Parameter Space Number
Description Parameter:  Space Name
search Q
4 A - Room
4 AO1-
4 A0D101 5
4 A01O1-I1 - Rooms in Institutional Buildings
4 A0LOL1-1LA - on Establishments
A0101-1TAOL1-C
4 A0D101-1IA02 - Laboratory / Workshop
A0101-11AD201 Laboratory /W 10p (Low hazard)
A 0101-1T A0202 - Laboratory / Workshop (High hazard)
P AO0LOL1-ILAO3 - Vi itional area
AOTAT-TT A O -
Options
| Assign similar classification
Set COBle parameters
</ Blanks only
>
X Close C Reload Database

Figure 7. Uploaded database for room family in Revit.

4.3. Encoding Process/Proof-of-Concept Prototype

Before encoding the rules into Revit, pseudocodes were developed to represent the
algorithm for BIMSMACC. Two types of pseudocode modules were created: Search Mod-
ules and Checking Modules. Eleven Search Modules were created to process arrays in
the schedules provided in the fire safety regulations, while nineteen Checking Modules
were created to demonstrate the rule execution and reporting procedure. The Search Mod-
ules could be used to search for and select the appropriate requirements according to the
building purpose groups, building spaces, and building elements. The Checking Modules
were divided according to the building elements. In developing the modules, the topics,
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comparators, and target values from the marked-up phrases were utilised to influence the
compliance results as either ‘PASS” or ‘FAIL’.

All modules contain sub-modules to divide the task systematically. A Checking
Module known as PC.00 was regarded as the mainline module for the compliance checking
procedure, with subordinate modules such as PC.01, PC.02, and PC.03. These subordinate
modules also contain further subordinate modules, such as PC.06.01 and PC.06.02 as
subordinate modules of PC.06. The Search Modules are utilised in the Checking Modules
to select appropriate requirements from the schedules in fire safety regulations. The BIM
properties acted as the global data for all modules, and variables were drawn from these
data to influence the compliance checking results. Desk checking was then conducted for
all pseudocode modules to ensure the accuracy of the algorithms’ logic. Two programmers
validated the pseudocodes through desk checking, and these experts confirmed that the
pseudocodes were logically designed.

In encoding the rules in Revit, a prototype was developed through Dynamo to demon-
strate a portion of the rule execution and reporting process for BIMSMACC. The pseu-
docodes acted as guidelines in developing the Dynamo scripts. The scope of this prototype
was limited to fire doors and staircases in the BIM model. The compliance checking process
in the prototype was driven by the manipulation of families and parameters in the BIM
model. Seven families were manipulated for the prototype: project information, floor
plan, room, wall, stairs, runs, and door families. Besides utilising the previously identified
parameters, new parameters were purposely created to display the compliance results.

A total of eight Dynamo scripts were created where users can run the scripts through
the Dynamo Player in Revit, as shown in Figure 8. The reset scripts were created for
validation purposes, where the values of relevant parameters could be reset to iterate
the prototype testing. A user could run the ‘01 Check Individual Fire Door” script to
demonstrate the automated compliance checking process for fire doors. The script would
check the fire resistance period (FRP) and standard specifications of a door family. The
script would first prompt the user to select the door and then assess the type of door
through its OmniClass Number. If the user selects a fire door, the script will extract the
door’s fire resistance period and compare it with the required fire resistance period of
the building, wall host, or building spaces. For compliance checking of the fire door’s
specifications, the script will compare the value of the Standard Specifications parameter of
the door family with the required standard. The compliance results will then be reflected
in the Dynamo Player, the properties pane of the door, and the 3D view. Figures 9 and 10
provide examples of a non-compliant fire door.

Dynamo Player — s

e c @
Q
00 Reset Check Results for Doors
= /' read
00 Reset Check Results for Stairs
=, neac

g

00 Reset Occupancy Values

=/

00 Reset Override Colors
B/ reaoy
01 Check Individual Fire Door
= A reac

02 Assign Room Occupancy
B/ reaoy

03 Get Highest Total Occupancy of Floor
= /' read

04 Check Width of Staircases
B/ nea

MR2020_PROTOTYPETESTING.rvt

Figure 8. Scripts in Dynamo Player for BIMSMACC.
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Dynamo Player

<C

01 Check Individual Fire Door
= /' run completed

Select a door

Element : 874914
Door selected is a fire door?

Yes

Checking result - FRP of fire door :

FAIL - FRP must be equal or more than half hour and half the value of
wall host (1500000 hour/s)

Checking result - Specifications of fire door :

MR2020_PROTOTYPETESTING.rvt

Figure 9. Automated compliance checking process for a fire door.

Properties

Doors (1)
Constraints
Construction

Dimensions
Identity Data
Phasing
Analysis Results
Check.FRP

FD1a_NEW
900 x 2400mm

Materials and Finishes

~ Edit Type

A

;FAIL - FRP must be equal or more than half hour and half the value of wall host (1.500000 hour... i

Check.Specs

‘Standard specs = PASS

Other
Head Height

12,4000

Properties help

Apply

Figure 10. Compliance results in the properties pane of the door.

Three scripts were developed for the compliance checking process of staircases to
avoid a large number of nodes in a single script. First, a user can run the ‘02 Assign
Room Occupancy” script to calculate the number of occupants for each building space.
Next, the user can run the ‘03 Get Highest Total Occupancy of Floor’ script to obtain the
highest total occupancy of that floor level. Subsequently, the user can run the ‘04 Check
Width of Staircase’ script. The width of individual staircases will be checked by extracting
the actual run width of the staircase and comparing it with the requirements. The script
would also check the total exit width of staircases. The script would acquire a set of data
representing a schedule in fire safety regulations to determine the exit capacity of staircases.
By utilising the highest total occupancy of floor level and the exit capacity, the script would
then calculate the required exit width. The value would be applied to check the total exit
width of staircases. The demonstration of compliance results for staircases is shown in
Figure 11.
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3D Stairs ) X Dynamo Player

< G &)
NS
04 Check Width of Staircases \\\
& /* Run completed

Individual width of Tangga 3 (Level 1) :

PASS

Individual width of Tangga 2 (Level 1)

FAIL - Min Width must be more than 1.100m

Individual width of Tangga 1 (Level 1) \\

PASS

Individual width of Tangga 3 (Multistory stairs) :
PASS

Individual width of Tangga 2 (Multistory stairs) :

: fffff!m L J}yflfﬂ; jf{fﬁfﬁm

PASS

W
l Iy l iy l I l i

Individual width of Tangga 1 (Multistory sta

PASS

Total exit width of staircases :

PASS
MR2020_PROTOTYPETESTING.rvt

Figure 11. Automated compliance checking process for staircases.

4.4. Validation of Framework and Prototype

The validation of the framework was conducted to evaluate the experts’ level of agree-
ment on the importance, completeness, and reliability of the framework. The validation
results indicate high mean ratings ranging from 4.09 to 4.37 out of 5.00, as shown in Ta-
ble 4. All experts believed that the framework has the potential to be implemented as an
automated system as a tool to assist designers. One of the experts suggested that the im-
plementation of the automated system could be more interactive, for instance, in a Virtual
Reality environment; this would assist not only designers but also clients to visualise the
checking process. Furthermore, another expert believed that this could also be used by the
fire authority to check the minimum compliance before approving the building design.

Table 4. Mean ratings for the validation of framework and prototype.

Criteria Description Mean
Framework
To assess the importance and relevance of the elements and
Importance . 4.35
approaches proposed in the framework
Completeness To assess the accuracy of the elements presented in 409
the framework
Reliability To assess the extendibility of the framework in developing 437
the automated system
Prototype
s To assess the overall display of functions, required inputs,
Usability generated outputs, and the ability to use the prototype 77
Accuracy To assess the accuracy of the checking process and 496

compliance results
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Table 4. Cont.

Criteria Description Mean
To assess the reliability of the prototype to be applied to
Reliability other scopes and extended into a comprehensive 4.88

automated system

Improvement to existing practice

To assess the efficiency of the prototype to assist designers

during the BIM modelling process. 79

All the experts also believed that all operators of the RASE methodology—that is,
the <r>, <a>, <s>, and <e> operators—are equally important in interpreting the meaning
of each clause. One expert considered the RASE methodology as a means of transform-
ing the conventional form of the clauses into a digital library version; this would give
designers a better understanding of the meaning of each clause. All experts stressed that
although compliance could be checked automatically, there should be an allowance to
alter the final compliance results based on fire safety experts’ judgement, especially for
informative clauses.

In the validation process, the prototype’s features and functions were first demon-
strated to the experts. Next, the experts were invited to test the prototype through the
Dynamo Player in Revit. Subsequently, they provided feedback and filled out the ques-
tionnaires. The prototype was validated based on its usability, accuracy, reliability, and
improvement to existing practice. The mean ratings for the validation of the prototype
were very high, between 4.79 to 4.96 out of 5.00 (Table 4). High mean ratings for all criteria
affirmed that the automated system proposed in this research has a shallow learning curve,
is easy to use, is accessible, and is an improvement over the existing manual process. All
agreed that the prototype is user-friendly as it operates in Revit without requiring any
new software application. The suggestions and feedback were considered in outlining the
contributions and limitations of this research, as well as the prospects for future research.

5. Discussions

Although this study adopted the methods introduced by other past studies, this
paper emphasised on establishing and structuring the conditions of the methods as well
as addressing any limitations that occurred. For the categorisation process, in the original
work [83], the filter system commenced with the first filter categorisation followed by the
second filter categorisation. This study introduced a supplementary procedure before
initiating the first filter categorisation where clauses containing references to other clauses
or regulations should be identified, ensuring that the interrelationship between those rules
remain intact. The dependence on other requirements was also acknowledged in another
study [85].

This study also established the conditions for declarative, informative, and remaining
clauses. These conditions are presented in Table 5 along with examples of excerpts from
the clauses in the Selangor Uniform Building (Amendment) (No. 2) By-Laws 2012. The
declarative clauses should be categorised by identifying clauses containing geometrical
or definite rules such as the dimension of spacing for seatings and the availability of a
fire protection system. For informative clauses, two conditions were established. First,
this category should represent any clauses that contain ambiguous terminologies or ar-
rangements. Keywords such as “where appropriate”, “suitable”, adequate”, “as far as
practical”, “furthermost point of floor”, and “as may be required by fire authority” are
indicators of ambiguity in the clauses. Second, the informative clauses should represent
clauses that provide options for designers. For example, the keywords “either”, “or”, and
“where practical” refer to the consideration of designers in deciding the best design solution.
The remaining clauses should then be able to meet one of the three criteria: explaining
the terminology used in other clauses, providing general provisions for other clauses, or
providing specific calculation methods for other clauses.
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Table 5. Examples of clauses.

o
S
[¢’]

Condition

Examples of By-Laws

Declarative
clauses

Contain geometrical rules

By-law 184(1)(a)—The spacing of rows of seats from back-to-back shall be
not less than 825 millimetres, nor less than 675 millimetres plus the sum of

the thickness of the back and inclination of the back.

Contain definite rules

By-law 153(1)—All lift lobbies shall be provided with smoke detectors.

By-law 163—Fire doors including frames shall be constructed per MS 1073.

By-law 171(1)—Where appropriate, horizontal exits may be provided in lieu

of other exits.

(7)) . . . .
8 Contain ambiguous terminologies or By-law 236—Places constituting special hazards or risk due to the nature
z arrangements
o of storage, trade, occupancy, or size shall be required to be protected by
)
-% fixed installations, protective devices, systems, and special extinguishers
§ as may be required by the D.G.F.R.
& By-law 196(5)—Where natural ventilation is impractical, smoke lobbies and
Provide options for designers fire-fighting access lobbies may be ventilated utilizing a vertical shaft
or mechanically pressurised.
By-law 133—In this Part and Part VIII, unless the context otherwise
Contain definitions of terminologies used . . .
in other by-laws requires, “exit door” means a door from a storey, flat, or room that gives
access from such storey, flat, or room onto an exit route;
By-law 145(b)—Any reference to the Sixth Schedule to these by-laws shall
% Contain general provisions or guidelines be construed as referring to the provisions of Part I of the Schedule together
5 for other by-laws with, at the option of the persons intending to erect the building, either
%D the provisions of Part II, Part III, or Part IV of the Schedule.
=
g By-law 165(1)—The travel distance to an exit shall be measured on the floor
]
R~

Contain method of calculation
or measurement

or other walking surface along the centre line of the natural path of travel,
starting 0.300 metres from the most remote point of occupancy, curving
around any corners or obstructions with 0.300-metre clearance therefrom
and ending at the storey exit. Where measurement includes stairs, it shall be

taken in the plane of the trend noising.

For the decomposition of semantics in the clauses, previous work revealed three

limitations of the RASE methodology: first, the relationship between individual rules was
absent; second, the <a> and <s> operators created an unnecessary repetition; third, the
marking-up process for <s> and <e> operators was redundant [43]. These limitations
were taken into consideration and the conditions were restructured in this study. The first
limitation was addressed in the categorisation process, where any clause that contains
reference to other requirements should be marked. For the second limitation, in the
original work, the <s> operator was applied to mark any phrases containing definitions
or alternative terms for <a> marked-up phrases [16]. Another study argued that the
identification of the <s> operator created redundancy as this operator had a similar function
to the <a> operator [43]. Although the redundancy was undeniable, this was not considered
a limitation in this study. The identification of the <s> operator was necessary to maintain
the originality of the clauses. Differentiating the <a> and <s> operators was challenging
as most clauses contain sub-rules; thus, iteration occurred in refining their functions.
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Therefore, this study established that the <a> operator should be applied to mark the
main object in a clause while other objects should be marked with the <s> operator. In the
original work, the <e> operator was the opposite of the <a> operator. The definition of
the <e> operator was further defined in this study, where it should also be an exception
to the <r> and <s> operators. Although previous work identified the <e> operator as
redundant, the identification of <e> marked-up phrases should be conducted to retain the
interrelationships between the rules.

After the marking-up process, the clauses should be formalised in a tabular manner
to identify the topic, comparator, and target value. The original work suggested selecting
commonly used terms from a restricted AEC dictionary to determine the topics of the
phrases [16]. Although determining the topics was argued to be too repetitive [43], it was
considered relevant in this study. Since the terms for the topic might vary according to
country, the topics should be determined based on clauses or regulations that contain
definitions of common terminologies. For example, in the case of the Selangor Uniform
Building (Amendment) (No. 2) By-Laws 2012, by-law 133 was used as a point of reference
to determine the topics of the phrases. To standardise the identification of comparators,
<r> marked-up phrases should apply “equal”, “not equal”, “more than”, and “less than”
comparators while <a>, <s>, and <e> operators should apply “include” or “exclude”
comparators. As implemented in the case studies, the topics, comparators, and target
values should be organised to restructure the fire safety clauses. Any exceptions to the rules
should also be included in the restructured clauses, improving the restructuring process
introduced in the previous work [41]. This inclusion is vital to preserve the relationship
between the main rules and exceptions. In any case where the restructured clauses disclose
any discrepancies with the original meaning of clauses, the whole decomposition process
should be iterated until accuracy can be achieved.

In the case study, interview sessions were conducted to interpret the informative
clauses. From the interview sessions, this study concluded that the informative clauses
should be open-ended as these clauses highly depend on the judgement of designers and
the relevant authorities. These judgements vary between construction projects, designers’
experience, and jurisdictions in different countries. Thus, an automated system that incor-
porates informative clauses should allow designers and relevant authorities to override the
compliance results.

For the identification of BIM properties, the OmniClass™ classification system should
be regarded as a reliable classification system in standardizing the naming of components or
building elements. As implemented in the case studies, custom classification systems were
built to define the building types and spaces that could be adopted in other regulations. This
study provided a proof-of-concept prototype in Revit through Dynamo scripts. Through
this method, designers could directly use the compliance results from the Dynamo scripts to
rectify their BIM models. Alternatively, the result could be exported into a report by creating
Schedules in Revit for doors and staircases. These Schedules could then be exported into
Microsoft Excel. The flexibility for users to run the scripts either in Dynamo Player or the
built-in Dynamo tool proved that this proposed automated system could accommodate
high user accessibility to manage the rules. The development of scripts according to the
pseudocode modules demonstrates the separation of rule management and rule execution.
Although the proposed system was tested in Revit, the pseudocodes and scripts could be
replicated in other BIM software applications.

6. Conclusions and Recommendations

This paper describes a user-friendly approach to developing an automated system
for compliance checking in a BIM-based environment. The automated system was im-
plemented on a total of 256 fire safety clauses applicable in Malaysia and validated by
Malaysian fire safety experts.

The intellectual contribution of the study is threefold. First, the semi-automated
translation process for building regulations addresses the issue of limited involvement
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from AEC experts in past studies. The overall rule translation process consists of five
approaches: categorisation, decomposition through semantic mark-up RASE methodology,
interviews with relevant AEC experts, development of pseudocodes, and the encoding
process through Dynamo. The combination of these techniques presents the novelty of
this study and eliminates the limitations found in existing studies as it encourages greater
participation of AEC professionals, compared with software developers. Second, the
identification of necessary BIM properties in native file format overcomes the challenges in
preparing the model for IFC data. Through Revit file format representation, designers could
simultaneously employ the automated system during the design process without having
the burden of converting the BIM models into IFC representation. This approach makes
it practicable for designers in using the system. Third, the study provides the necessary
information to develop BIMSMACC consisting of the BIM properties, a set of pseudocodes,
and a prototype in Revit. The BIM properties provide guidelines to designers in equipping
their BIM models for compliance checking. The pseudocodes could be considered a digital
representation of the fire safety clauses in the Selangor Uniform Building (Amendment)
(No 2) By-Laws 2012; they act as a basis for automation of the compliance checking process
in a BIM-based environment.

This paper focuses on the implementation of the proposed framework for the com-
pliance checking of BIM models against the fire safety regulations in Malaysia. It was
found that while the clauses could be semantically decomposed and interpreted, inputs
from designers and the fire authority should not be dismissed in determining the final
compliance results. The results are still subjected to the judgement of designers during
the design process and to approval from the fire authority. Through the proof-of-concept
prototype, this study highlights the main function of the proposed system as assisting
the designers and not substituting the responsibilities of the fire engineers. Based on the
validation by the experts, the proposed framework and prototype are accurate and reliable.

The limitation of this study includes the research scope, whereby the selected clauses
were derived from the Selangor Uniform Building (Amendment) (No. 2) By-Laws 2012.
Other regulations such as Malaysian Standards, British Standards, and internal policies by
the fire authority were not included during the interpretation process. For the BIM model,
the BIM properties defined for this study were limited to the application in Revit only.
Another limitation is that due to the subjectivity in informative clauses, the compliance
results should be subjected to the judgement of designers during the design process and
the local authority’s approval. Thus, it is to be highlighted that the main purpose of
this proposed system is to provide a tool in assisting designers and not to substitute the
responsibilities of the fire engineers.

Future works include the extension of the prototype to become a comprehensive
application that can accommodate all fire safety clauses in Malaysia. Other regulations such
as Malaysian Standards and discretionary requirements from the fire authority can also be
added to the system. The BIM properties defined in this study could be converted to the IFC
data model to accommodate other BIM platforms. The framework could also be extended
to other types of building regulations and not limited to the fire safety regulations only.
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