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| ABSTRACT

Building Information Modeling (BIM) is an essential tool in the Architecture, Engineering,
and Construction industry, and ensuring the quality of BIM models is crucial for successful
project delivery. One critical aspect of BIM quality assurance is model checking, which
involves verifying the accuracy and consistency of BIM models against specific require-
ments. However, the execution of BIM-based model checking (BMC) remains poorly de-
fined, and available methods are not adequately classified to support practical implemen-
tation. To address this issue, this study focuses on conducting a state-of-the-art analysis
of BIM-based model checking methods. The research aims to develop a comprehensive
classification of model checking methods based on potential verification scenarios and to
analyze available current tools that aid the implementation of these methods. A literature
review is conducted to identify existing classifications of BIM-based model checking meth-
ods and gather up-to-date information on each of the approaches. The study proposes a
classification scheme for BMC, categorizing the methods into three general classes based
on the types of checking scenarios they are designed for: clash detection, model content
checking, and code checking. Each of the presented types is discussed in detail, providing
subcategorization and examples. The work also provides an analysis of available software
tools for model checking, covering aspects such as program features, compatibility with
BIM software, exchange formats, and cost. Additionally, the research demonstrates two
model checking methods using a small-scale BIM model and one of the contemporary
software tools. Overall, the results of this project work contribute to the understanding of
BIM-based model checking methods and their importance in the Architecture, Engineer-
ing and Construction industry.
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1 INTRODUCTION

The construction industry has seen a major shift towards digitalization in recent years,
with Building Information Modeling (BIM) at the forefront of this change. BIM is a meth-
odology that facilitates digital collaboration among various stakeholders involved in the
planning, execution, and operation of construction projects. The accuracy and quality of
BIM models are crucial in ensuring that the final product meets the required specifica-
tions. Consequently, auditing BIM services plays a pivotal role in ensuring the quality of
services provided and creating trust in the BIM methodology.

However, while the checking of BIM models is an integral part of the BIM methodology,
the execution of this process remains poorly defined and largely manual. Moreover, it is
important to differentiate between two types of verification when it comes to BIM models:
geometric verification, which has been incorporated into various software solutions, and
semantic verification. Therefore, there is a need for clearly formulated classification of
available methods for checking BIM models.

This project work is devoted to the state-of-the-art analysis of model checking methods
for BIM. The goal is to develop a comprehensive classification of model checking methods
based on potential verification scenarios, considering the currently applied methods of
BIM-based model checking. The project work does not consider in detail any methods that
are under research and development.

The structure and the corresponding tasks of the project work, as provided in the task
sheet, comprises several milestones. Firstly, the introduction will provide a concise defini-
tion of key concepts such as BIM technologies and BIM-based model checking (BMC). Sub-
sequently, a comprehensive literature review will be conducted, with the primary aim of
identifying existing classifications of BIM-based model checking methods and gathering
up-to-date information on each of these methods. The next step will involve analyzing and
organizing the collected information according to the structure outlined in the issued task
sheet. Furthermore, certain model checking methods will be demonstrated using a small-
scale BIM model as an illustrative example. In the final section, the results obtained from
the conducted research will be summarized and presented.

The scope of the project work includes compiling the model checking methods and tools
for BIM, analyzing the model checking methods, and demonstrating two model checking
methods with a small-scale BIM model. The limitations of the work should be noted, with
the project work focusing only on the currently applied methods of BMC.



1 Introduction

1.1. BUILDING INFORMATION MODELING

Nowadays it is difficult to imagine the modern AEC industry (Architecture, Engineering and
Construction) industry without the use of Building Information Modeling technologies.
BIM has emerged as a fully-fledged, independent field that has shown impressive growth
and development in recent years.

There are various definitions of the term BIM, but this project work will not delve into
them extensively. The current work will provide only a concise definition that encapsulates
the core concept: Building Information Modeling is a collaborative digital approach that
involves creating, managing, and sharing detailed building information throughout the
entire construction project lifecycle (Eastman et al., 2011). "Creating" in this case means
the process of developing a detailed digital model of a building or structure, including its
physical and functional characteristics. "Managing" refers to the process of organizing and
maintaining the BIM data that tasks such as updating the BIM model as design changes
are made, coordinating with other project team members to ensure the model is accurate
and up-to-date, and ensuring that all necessary information is included in the model.
"Sharing" refers to the process of making the BIM data available to all project team mem-
bers and stakeholders who need access to it. This collaborative work includes sharing the
BIM model itself as well as any related documentation or data, such as material specifica-
tions or construction schedules.

The benefits and opportunities offered by BIM have been analyzed in a large number of
scientific papers, such as Azhar, 2011, Bryde et al., 2013, Volk et al., 2014, Ghaffari-
anhoseini et al., 2017. Improved efficiency, increased productivity, better safety and risk
management, cost savings, and stronger stakeholder engagement are among the key
benefits and opportunities that can be attained. To enable the realization of the afore-
mentioned points one of the integral components of the BIM domain is applied - BIM-
based model checking.
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1.2. BIM-BASED MODEL CHECKING

In the most general definition, BIM-based model checking is a processing of information
contained in a BIM model according to pre-established rules (Andrich et al., 2022; Aydin,
2022; Hjelseth et al., 2016). BMC plays a crucial role in ensuring the accuracy, integrity,
and quality of a BIM model, and it offers several benefits, including:

1) Quality Assurance (QA) and Quality Control (QC);
2) Improved coordination and collaboration;

3) Better risk management;

4) Increased efficiency and cost saving.

Each of the points is discussed in more detail below.

QA and QC: BMC enables the identification of errors, discrepancies, and inconsistencies
in a BIM model, helping to ensure that the model complies with project requirements,
standards, and codes. It helps identify issues such as overlapping elements, incorrect di-
mensions, clashes between different building systems and others, which can be corrected
early in the design process (Hjelseth et al., 2016).

Improved coordination and collaboration: BMC facilitates better coordination among pro-
ject stakeholders by allowing them to identify and resolve clashes and conflicts between
different building elements and systems in the BIM model. This leads to smoother coor-
dination and collaboration among various project participants, resulting in improved pro-
ject outcomes (Hjelseth et al., 2016).

Better risk management: BMC helps identify potential risks and issues in the BIM model,
such as constructability issues, code violations, and design conflicts, allowing them to be
addressed proactively. This minimizes risks associated with construction delays, cost
overruns, and rework, resulting in better risk management and mitigation (Zou et al,,
2015).

Increased efficiency and cost saving: BMC enhances the efficiency of the construction pro-
cess by automating repetitive and time-consuming tasks, such as manual checking of
clashes and errors in BIM models. This saves time and reduces the chances of human
errors, leading to increased productivity and cost savings. Moreover, early detection and
resolution of issues through BMC prevent costly rework and construction delays, resulting
in cost savings and improved project timelines (Andrich et al., 2022; Hjelseth, 2016).
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1.2.1.  EXISTING BMC CLASSIFICATIONS IN LITERATURE

Checking BIM models is a crucial step in the BIM methodology, and there is a need for a
clearly formulated classification of the available methods for conducting this process. As
a result of literature review, it was possible to identify two of the broadest and most gen-
eral classifications of methods for checking BIM models.

The first classification system is described by Hjelseth, 2016. In this research an ontologi-
cal methodology was employed to construct a comprehensive framework for the classifi-
cation of distinct BMC concepts. This study gives the representation of the following BMC
concepts (Table 1):

1) Compliance checking solutions, which can be further categorized into "Validation
checking" and "Model content checking";

2) Design solution checking, which comprises "Smart objects checking" and "Design
option checking".

Table 1. BMC classification proposed by Hjelseth

Group Type Example

) Validation checking clash detection, code compliance
Compliance
checking

Model content checking | relevant data for sharing

Smart obiect checkin dimensions of building components (ob-
Design solution ) 8 jects) associated with the building (model)

checking knowledge system for selecting relevant
Design option checking squtionf y 8

In this case, the disadvantages of this classification are that the second group "Design
solution checking" reflects categories that are still under research and development and
are not widely used in practice. At the same time, doubts arise about whether this cate-
gory belongs to BIM-based model checking, since such concepts as "Smart object check-
ing" and "Design option checking" may be more related to the field of process automation
in BIM modeling.

The second classification is proposed by Succar, 2009 and developed by Hjelseth, 2015.

This concept describes the development of a taxonomy to classify the level of BMC com-
pliance and content checking. This taxonomy is based on two criteria or taxa:

1) Requirement of information content in the BIM file;
2) Complexity of the rules or rulesets.
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Table 2 provides an overview of the five levels and their corresponding descriptions.
These levels are developed in accordance with the special relationships that are defined
between the two described criteria. This relationships are presented in detail in a matrix
in the paper published by Hjelseth, 2015

Table 2. BMC classification proposed by Succar

Level | Description
1 Clash detection checking

Adjusted model checking

Specific purpose checking

Integrated model checking

b WIN

Pervasive model checking

The significant drawback of this model is the absence in the classification of such a fun-
damental direction for BMC as "clash detections". Moreover, the classification based on
the proposed criteria is not entirely suitable for understanding the methods used for
checking BIM models and for forming a clear structure.

In the process of reviewing the literature, it was not possible to identify the classifications
of BIM-based model checking methods based on the principle of various model checking
scenarios. While scientific sources referenced all types of checking methods, which are
discussed in the core part of the present work (2 Classification of BMC methods), none of
them were structured or represented in a single detailed scheme.

1.2.2. CHALLENGES AND OPPORTUNITIES OF BMC

This part presents a brief description of several works that reflect some new challenges
and possible area of interest for further research in the BMC scope.

Considering the current state of scientific research, several prominent topics have
emerged in recent years that are actively being studied and possess significant potential
for academic investigation. These topics have also brought about challenges that are yet
to be resolved, and warrant further investigation in order to fully comprehend their im-
pact on their respective fields of study.

As previously mentioned in the introduction, model checking is a crucial process in ensur-
ing that building designs are compliant with the certain codes and regulations. However,
this process can be time-consuming and arduous, and there is a potential for mistakes
and tampering with the outcomes throughout the procedure (Gao & Zhong, 2022). To ad-
dress these issues, automated compliance checking technologies have been developed,
which can reduce human errors and output drawing review reports automatically (Gao &
Zhong, 2022; Sun & Kim, 2022).
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Despite the benefits of automated compliance checking, the use of BIM-based Model
Checking systems in building design practices remains limited, largely due to socio-tech-
nical challenges (Gade & Svidt, 2021). These challenges include cultural resistance, lack of
transparency, and inflexibility (Gade et al., 2018; Gade et al., 2022; Gade & Svidt, 2021).
Several studies have proposed solutions to improve the flexibility of BMC, such as using
PAIS/BPM (Process-Aware Information Systems / Business Process Management) theories
to set technical requirements for a prototype that integrates BIM-model information in a
BPM environment (Gade et al., 2018), or developing a NLP-based (Natural Language Pro-
cessing) semantic framework that implements rules-based automated compliance check-
ing for BIM at the design stage (Zhou et al., 2022).

To further improve the efficiency and accuracy of compliance checking, some studies have
proposed the integration of Al technology into the process. Sun & Kim, 2022 proposed the
use of Al (Artificial Intelligence) technology to identify BIM objects and their observable
characteristics, which could enhance the usability and functionality of automated code
checking. Meanwhile, Shen et al., 2022 proposed an automated system that detects and
mitigates potential safety hazards during the construction process by combining an on-
tology-based safety rule database with Natural Language Processing techniques.

The study of Guedes et al., 2021 have focused on identifying the essential characteristics
that need to be inserted into BIM models of airport design projects for evaluation using
code checking. The paper written by Ren & Zhang, 2019 aimed to develop a new approach
for automatically checking information completeness of BIM models in order to support
BIM usage in structural analysis in an interoperable manner.



2 CLASSIFICATION OF BMC METHODS

The methods for BIM-based model checking can be categorized into three general classes,
depending on the types of checking scenarios they are designed for:

1) Clash detection (collision detection);
2) Model content checking;
3) Code checking (compliance checking, rule checking).

An illustrative diagram depicting the proposed scheme is provided in Figure 1.

BIM-based Model
Checking

f : )

X Code checking
Clash detection Model content . '
L . . (complience checking,
(collision checking) checking .
rule checking)

A

Workflow clashes
Hard clashes Geometry-based Functionality-based
(4D or time clashes)

Y Y

Soft clashes Model completion
(Clearance clashes) (hc,_,nl_g Protection checking Location-based

Figure 1. Classification of BIM-based model checking methods

2.1. CLASH DETECTION

Clash detection or collision checking is a process of identifying collisions or interferences
between different building elements (Abdalhameed & Naimi, 2023; Akhmetzhanova et al.,

2022).
There are generally three types of clashes (Figure 2):

1) Hard clashes;
2) Soft clashes;
3) Workflow clashes.
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Clash detection
(collision checking)

{ Y

Workflow clashes
Hard clashes )
(4D or time clashes)

Soft clashes
(Clearance clashes)

Figure 2. Classification of clash detection

2.1.1. HARD CLASHES

Hard clashes refer to physical collisions between building elements that occupy the same
space or interfere with each other (Savitri et al., 2020). For example, it could be intersec-
tions between:

1) awall and a ductwork (Figure 3);
2) afloor slab and a pipe (Figure 4);
3) a pipe and an electrical conduit.

2.1.2.  SOFT CLASHES

Soft clashes, also known as clearance clashes indicate that an object has not been given
sufficient geometric tolerances or if its buffer zone has been violated. In this scenario
building elements come too close to each other, but do not physically intersect (Chidam-
baram, 2020). There are some examples that could be perceived as soft clashes:

1) lack of space for maintaining a tank in an engine room (Figure 5);
2) no safety distance between pipes (Figure 6);
3) short distance between a heater and floor level;

2.1.3. WORKFLOW CLASHES

Workflow clashes, also known as 4D or time clashes, are clashes that occur between dif-
ferent disciplines or trades involved in the construction process (Savitri et al., 2020). For
example, it could be a clash between the structural and mechanical systems, or between
the electrical and plumbing systems. Workflow clashes can cause coordination issues, de-
lays, and rework during construction.
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Figure 3. Hard clash between the wall and the ventilation duct in Autodesk Navisworks Manage

Figure 4. Hard clash between the floor slab and the pipe in Autodesk Navisworks Manage
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Figure 5. Soft clash between the tank and the surrounding walls in Autodesk Navisworks Manage (Herrera, 2021)

Figure 6. Soft clash between the two pipes in Autodesk Navisworks Manage (Herrera, 2021)

10
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2.2. MODEL CONTENT CHECKING

Model content checking in a process of verifying the completeness of the data contained
within a BIM model for a specific purpose. This process involves applying filters or rules
to automatically identify relevant information, which can then be further analyzed in BMC
software, spreadsheets, word processors, or databases.

Content checking can be particularly relevant during the handover of the BIM model or
before performing calculations and other information-intensive tasks, such as code (com-
pliance) checking. It can help to ensure that a BIM model contains the necessary infor-
mation required by the project specifications, contracts, or other documents, and can also
be used to check for the presence of too much information (Hjelseth, 2016).

The Figure 7 shows two main types of content checking: model completion checking (lack
of information) and protection checking (excess of information).

Model content
checking

Model leti
ode comp etion Protection checking
checking

Figure 7. Classification of model content checking

2.2.1.  MODEL COMPLETION CHECKING

Model completion checking focuses on verifying the compliance between the information
present in a BIM model and a predefined list of requirements. This form of content check-
ing ensures that the BIM model contains all the necessary information according to the
project requirements and standards (Figure 8).

The requirement list for model completion checking can be derived from diverse sources
such as BIM manuals, BIM guidance, buildingSMART Processes, Information Delivery Man-
uals (IDM) based on ISO 29481-1:2016 standard, Information Delivery Specifications (IDS),
Data Drop or Level of Information (LOI) according to PAS 1192-2, or classification systems
(Hjelseth, 2016).

11
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Model completion checking can be integrated into the information exchange processes
throughout the lifecycle of construction projects to support collaboration among stake-
holders. It helps in maintaining client requirements throughout the project lifecycle. This
ensures that the design process and its components go through various stages from pro-
posal to demolishing while keeping track of the changes in the status of information. This
helps in improved control of client demands and the level of their satisfaction.

2.2.2. PROTECTION CHECKING

Protection checking is a type of content checking that ensures that a BIM model does not
contain any information that should not be accessible to others. This type of content
checking is related to safety, security, commercial information, and intellectual property
protection (Hjelseth, 2016).

Protection checking involves removing or securing sensitive information in a BIM model
to prevent unauthorized access or disclosure. For instance, this can include information
related to ventilation systems, electrical systems, access or security systems, commercial
pricing, proprietary designs, and other sensitive data that should not be shared with ex-
ternal parties.

Protection checking is important to ensure that a BIM model is compliant with safety and
security requirements, protects commercial information, and safeguards intellectual
property. This type of content checking is typically done before transferring or exporting
the BIM model for use by external stakeholders, ensuring that only relevant and approved
information is shared while sensitive information is removed or secured.
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Figure 8. Checking the presence of components in spaces in Solibri Model Checker (Bolpagni, 2013)
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2.3. CODE CHECKING

Code checking, compliance checking or rule checking refers to the process of validating a
BIM model against predefined rules, regulations, standards, or guidelines to ensure that
it complies with established requirements (Schwabe et al., 2019).

Code checking can be broadly categorized into three groups based on different aspects
of the BIM model (Figure 9):

1) Geometry-based checking;
2) Location-based checking;
3) Functionality-based checking.

Code checking
(complience checking,
rule checking)

A\

' Y

1) (
[ Geometry-based Functionality—based]
J \

y

Location-based

Figure 9. Classification of code checking

2.3.1.  GEOMETRY-BASED CODE CHECKING

Geometry-based code checking verifies geometric aspects of a BIM model, ensuring that
building components are modeled correctly in terms of their size and shape. In other
words, itinvolves verifying if the geometry of building elements, such as walls, roofs, slabs,
doors, windows, and other architectural and structural elements, comply with the re-
quired standards and design specifications.

For example, this type of checking verifies if:

1) awidth of a corridor is > defined value (Figure 10);
2) aglazing area of a wall is < defined value;
3) ariser height of a staircase meets defined requirements.
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2 Classification of BMC methods

2.3.2. LOCATION-BASED CODE CHECKING

Location-based code checking is about spatial relationships and positioning of building
components within a BIM model. It checks if the components are correctly located and
aligned with respect to each other and the building site.

For example, this type of checking verifies:

1) distances between specified objects (Figure 11);
2) accessibility of disabled parking spaces;
3) minimum height of handrails.

2.3.3. FUNCTIONALITY-BASED CODE CHECKING

Functionality-based code checking validates functional aspects of a BIM model, controlling
that building components are correct in terms of their intended use and performance. It
involves verifying if the functional requirements are met according to the established
rules, regulations, and design standards.

For example, this type of checking verifies if:

1) sound transmission loss is sufficient for a specified object (Figure 12);
2) flow rate of ventilation diffusor is enough for a specified space;
3) number of parking spaces is enough.

OC O~ D~ o 0 B - P> QARQAAQ X~ NS

@ CHECKING Bd i ® OCheckModd v B Repot B @30 a
Ruleset - ced Model YAE L X v

Role: Architectural Checking Selected: 49

Figure 10. Checking width of the corridor in Solibri Model Checker (Soliman-junior et al., 2021)
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3 PROCESS OF CODE CHECKING

3.1. FOUR-STEP ALGORITHM

This chapter briefly describes the sequence of the code checking process. One of the most
appropriate algorithms to describe this process is presented in (Eastman et al., 2009).

According to Eastman et al., 2009 the process of code checking mainly consists of 4 parts:

1) Rule interpretation;
2) Model preparation;
3) Rule execution;

4) Reporting.

The detailed schema containing the described steps is illustrated in Figure 13.
_/—> Legal DocML
Akoma Ntoso
R LegalRuleML
| A

1.1 Exctracting rules
1. RUIE INLErPretation  feseessesssessesrsesesnseniansusninanuenes » 8
from text

IFC schema
2. Model preparation
OWL
3. Rule execution
— Applicability Custom languages
4. Reporting —<:
Inferencing SWRL

Figure 13. Process of code checking. Four-step algorithm

3.1.1.  RULE INTERPRETATION

The first step is responsible for converting rules and requirements into a format that can
be processed by software tools. Codes and guidelines are typically written in natural lan-
guage and need to be translated into a machine-readable format for compliance checking
(Di Giuda et al., 2021; Eastman et al., 2009; Ismail et al., 2017; Rehman et al., 2021).

In the initial phase, rules need to be extracted from the text and then they can be trans-
ferred to a defined rule language.
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Extracting rules from text

First of all, rule content should be extracted from the rule source such as regulations,
standards, guidelines or other documents.

One of the most representative examples is Akoma Ntoso Project, where open standard
projects such as LegalDocML and LegalRuleML were applied to extract the specific rule
content from the rule document (Schwabe et al., 2019). LegalDocML focuses on the syntax
and structure of the document, whereas Legal-RuleML focuses on the semantics and logic
of the rule. The structured rule content can be translated or transformed into different
rule languages for further processing.

Other methods like RASE (Requirement, Applicability, Selection, and Exception) markup
can also be used to classify information in the rule document for further processing (Hjel-
seth & Nisbet, 2011).

Mapping rules to rule language

After identifying the rule content, it is necessary to convert it into a language that can be
understood and utilized by a rule engine (Sydora & Stroulia, 2019). Different rule engines
may require different rule languages, such as Drools or Prolog. Semantic Web technolo-
gies like SWRL (Semantic Web Rule Language) can also be used for reasoning about on-
tology-based knowledge representations (Shen et al., 2022; Zhou et al., 2022). The XML
(Extensible Markup Language) based language mvdXML was developed to define MVDs
(Model View Definitions) with IFC (Industry Foundation Classes) and can be used for code
checking (buildingSMART International). The implementation of mvdXML model checking
is described in details in Weise et al., 2016.

It is worth noting that there is also a technology that is still under development - Infor-
mation Delivery Specification (IDS), which has the potential to be a valuable tool for check-
ing BIM models. IDS can be used for checking IFC files and served as a crucial component
for correct delivery of information. This approach enables project-specific and use-case-
specific requirements to be created for projects and asset portfolios, making data ex-
change work-flows more predictable and reliable (Berlo et al.; buildingSMART Interna-
tional).

3.1.2.  MODEL PREPARATION

The building model data needs to be prepared in a way that is compatible with the code
checking process (Andrich et al., 2022). This may involve converting the BIM model into a
format that can be analyzed by the software tools, such as IFC, which is a standard file
format for BIM data exchange (Laakso & Kiviniemi, 2012).
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The building model data, usually represented using the IFC schema, needs to be trans-
formed into a knowledge representation suitable for processing by the rule engine (Ba-
zjanac, 2008; Succar, 2009). For example, if SWRL is used as the rule language, the
knowledge needs to be represented in an ontology that uses the OWL (Ontology Web
Language). Projects like ifcOWL have been developed for this purpose, but they are still in
the early stages of research (Li et al., 2021). The concept of semantic enrichment, as intro-
duced by Belsky et al., 2016, can also be used to add missing facts to the model subse-
quently.

To sum up, properly preparing the model data is crucial to ensure accurate and reliable
code compliance checking results.

3.1.3.  RULE EXECUTION

Once therules are translated into a machine-readable format and the building model data
is prepared, the code compliance checking process needs to be executed. This involves
running the automated software tools to analyze the BIM model and compare it against
the translated rules. The rule execution stage may involve complex algorithms and logic
to accurately assess compliance with the applicable codes and regulations.

3.1.4. REPORTING

Once the rule checking process is completed, the outcomes are analyzed and reported to
the end user, which can entail generating new knowledge, such as pass/fail results of the
rules or additional semantic knowledge inferred by the rule engine (Eastman et al., 2009).

This inferencing process is a notable advantage of using rule engines instead of hard-
coded approaches as it enables the system to deduce further insights. Additionally, the
results of the code checking process must be conveyed in a meaningful manner through
reports that highlight the compliance status of the BIM model, searching for any violations
or issues, and offering recommendations for resolution. These reports should be user-
friendly and easily understandable by stakeholders, including architects, engineers, and
other members of the project team. It means that results of the checking process need to
be reported in a meaningful way so that the responsible person can understand the de-
tected problems and initiate appropriate actions for resolution (Schwabe et al., 2019).
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3.2. COMPLEXITY AND EDITING

In this work, in addition to the main focus on making a classification based on possible
checking scenarios, two important schemes regarding complexity of rules and editing of
BMC are presented.

3.2.1.  COMPLEXITY OF RULES

The Figure 14 depicts the different classes of rule complexity regarding BIM-based model

'
$ J l l

Class 1 Class 2 Class 3 Class 4
(single value s checked) (additional values are (additional geometry is (new model data/objects
calculated) created) are created)

Figure 14. Different classes of complexity

According to Solihin & Eastman, 2015 there are 4 classes of rule complexity.

Class 1 rules require only a small amount of explicit data and involve checking attributes
and entity references in the BIM dataset. These rules are relatively simple and often in-
volve checking whether certain attributes are set correctly, such as the fire rating of a wall
or the type of door required by building code.

Class 2 rules involve checking derived attribute values, which are based on a single value
or a small set of values. These rules require the program to derive the data from the BIM
model data and relationships, and may involve arithmetic or trigonometric calculations.
Checking these rules may require implicit relationships, which are not explicitly captured
in the BIM model.

Class 3 rules require an extension to the data structure and involve checking complex
requirements, such as building code checking. These rules often require sophisticated 3D
solid modeling libraries to perform complex geometric and spatial operations, and may
involve derivation of topological graphs and the use of algorithms like shortest path.

Class 4 rules require a proof of solution and emphasize how the building model demon-
strates compliance with prescribed criteria. These rules are often performance-based
codes or similar rules that can have more than one acceptable answer. A knowledge-
based facility is typically coded into the system to provide solutions, which are captured
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and continuously updated as new knowledge arises. Checking these rules may involve
temporarily and virtually inserting additional model data into the existing BIM model.

3.2.2. EDITING

The concept of editing can be broadly categorized into two main approaches: Black-Box

and White-Box methods (Figure 15).

White-Box Black-Box

Figure 15. White-box and black-box approaches of editing

The Black-Box method involves defining hard-coded algorithms that execute the checking
process without revealing the internal processing steps to the user. This results in a covert
process where the user lacks visibility into the processing procedure, and modifications
or extensions can only be made by the software vendor. Due to the closed nature and
inaccessibility to the underlying data structures of the code checking system, this ap-
proach has the benefit of having a relatively low error rate.

The White-Box method, on the other hand, seeks to make the user aware of and under-
stand the internal processing operations. This approach requires translating the rules
based on a code representation system or language that allows for the description of ob-
jects, methods, and relationships. The user must be able to understand and track infor-
mation at any moment as well as follow the progress of the checking operation. Therefore,
the rules must be readable not only by the machine, but also by the user. Although this
approach requires more effort in development and implementation compared to the
Black-Box method, it offers major advantages in terms of transparency and user under-
standing.

This classification is described in more detail in the following papers: Di Giuda et al., 2022;
Preidel & Borrmann, 2018.
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4 MODEL CHECKING TOOLS

BIM-based model checking software is a relatively new technology that has emerged
alongside the development of BIM in general, and openBIM using the IFC-format in par-
ticular. As a result, there are currently a growing number of software developers offering
BMC software to the market. This section presents an overview of prevalent software and
their respective functionalities.

Before proceeding to the core content of this section, which outlines the key features of
model checking tools, it is important to highlight that such tools can be divided into two
main categories based on their deployment options: cloud-based and local software.

Table 3 provides a list of several popular BIM-based model checking software, along with
links to their official websites.

Table 3. List of software for BMIC

No. Software Official website

1 | Solibri Model Checker https://www.solibri.com/

2 | Autodesk Navisworks Manage https://www.autodesk.com/prod-

ucts/navisworks/overview

3 | Autodesk BIM Collaborate Pro https://www.autodesk.com/prod-

ucts/bim-collaborate/overview

4 | Bentley Projectwise Navigator https://www.bentley.com/soft-

ware/projectwise/

5 | Trimble Connect (Tekla BIMsight) https://connect.trimble.com/

6 | dRofus - Nosyko https://www.drofus.com/

7 | BIMcollab Zoom https://www.bimcollab.com/en

8 | Verifi3d https://verifi3d.xinaps.com/

{

&3 wBe

Cloud-based software (e.g., Autodesk BIM Collaborate Pro, Trimble Connect, Verifi3D) re-
fers to software that is hosted and run on remote servers, allowing users to access it
through the internet. Local software (e.g., Solibri Model Checker, Autodesk Navisworks
Manage), on the other hand, refers to software that is installed and run on a user local
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computer or device. Both types of software have their benefits and drawbacks, and the
choice often depends on the specific needs of the user. In order to combine the ad-
vantages of both categories some software in addition to local version also offers a cloud-
based tool (e.g., BIMcollab Zoom and BIMcollab Cloud, dRofus and dRofus Web).

Table 4 gives the representation of the features and capabilities of the BIM-based model
checking software. The Table 4 provides information on the various model checking meth-
ods supported by each software, as well as the exchange formats each software can han-
dle, and their cost.

Based on the analysis of the Table 4, it can be concluded that Solibri Model Checker is the
most comprehensive model checking software, supporting all three model checking
methods. It also offers flexible licensing options, including monthly and annual licenses.

Autodesk Navisworks Manage and Autodesk BIM Collaborate Pro are also excellent
choices, with Navisworks being particularly strong in clash detection, while BIM Collabo-
rate Pro offers seamless collaboration and communication features. Despite being the
most expensive option, the benefits of Autodesk Navisworks Manage are notable, with
the software being highly stable and capable of supporting a wide range of file formats
regarding BIM.

Bentley Projectwise Navigator is a good option for larger projects, offering robust project
management capabilities in addition to clash detection features. Trimble Connect (Tekla
BIMsight) is a cost-effective option that supports clash detection and basic code checking,
making it a good choice for small to medium-sized projects.

dRofus - Nosyko is a specialized software solution that provides advanced capabilities for
checking model content, rule compliance, and data management. Additionally, this soft-
ware is available at no cost, making it an attractive option for organizations with budget
constraints.

BIMcollab Zoom besides the availability of all three model checking methods offers easy
and effective collaboration. This makes it a versatile tool that can be used for a wide range
of purposes and particularly attractive for teams that need to work closely together to
resolve issues in their building models.

Verifi3D is a dedicated clash detection software, which has a direct connection to Auto-
desk Revit. Verifi3D does not provide information on the cost of a license upfront, as it
requires consultation with a representative.

To sum up, the choice of software depends on the specific needs of the user, such as
project size, model complexity, and budget. By carefully evaluating the features and ca-
pabilities of each software, users can select the tool that best suits their needs, enabling
them to create high-quality building models that meet all necessary codes and regula-
tions.
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Table 4. Analysis of model checking tools
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5 DEMONSTRATION OF MODEL CHECKING METHODS

The final part of this work is devoted to a more practical aspect of the current topic -
demonstration of the BIM-based model checking methods.

Specifically, this chapter considers two previously described methods: clash detection and
model content checking. To illustrate the process of BIM-based model checking, one of
the most functional model checking tools is applied - Solibri Model Checker. As a BIM
model, the part of the Beyer-Bau model is used.

5.1. MODEL FOR DEMONSTRATION

5.1.1. PREPARATION OF MODEL IN AUTODESK REVIT

As it was mentioned earlier, in order to perform the model checking, the model must be
prepared in an appropriate way. The demonstration model utilized in this study is a pre-
designed BIM model of the Beyer-Bau building, which was developed in the Autodesk
Revit software (Figure 16). The floor area of this object is almost 18000 m?. In this regard,
it was decided to use only part of the model in order to make the demonstration of meth-
ods more visual and clearer (Figure 17). This part of the model is located in the west wing
of the building. The extracted part consists of two floors with identical room layouts on
each.

According to the plan of the floor (Figure 18), one of the rooms is a WC room, where ele-
ments of engineering systems are located: ventilation ductworks, pipes of water supply
and sewerage systems. Creating and adding these elements to the BIM model will help to
simulate a scenario that frequently occurs in practice: the intersection of MEP (Mechani-
cal, Electrical, and Plumbing) elements with structural elements.

Therefore, the next elements were created for further demonstration: ventilation duct-
works, pipes for cold and hot water supply, sinks (Figure 19, Figure 20). It is important to
note the following two points in the modeling process:

1) Openings for MEP elements in structural elements are deliberately not created in
order to simulate a collision situation in the next steps;

2) To make the execution of verification process possible, the structural and MEP
building elements are modeled in separate files and can be linked to each other if
necessary (Figure 21).

27
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Figure 16. Beyer-Bau BIM model in Autodesk Revit

Figure 17. Small-scale part of the Beyer-Bau BIM model in Autodesk Revit
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Figure 18. Plan of the 2nd floor of the Beyer-Bau building

Figure 19. WC room with MEP elements Figure 20. MEP elements
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Figure 21. Visual representation of two different models in separate files

Table 5 summarizes the information on the model checking methods demonstrated in
subsequent sections. For clash detection, one of the most commonly encountered sce-
narios - the case with hard clashes - is chosen. For model content verification, a model
completion checking scenario is used.

Table 5. Model checking methods for demonstration

No. | Model checking method Checking scenario Software | BIM Model
1 | Clash detection Hard clashes Solibri
Model ot Model Beyer-Bau
2 | Model content checking ode! completion Checker
checking
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5.1.2. EXPORT MODEL TO IFC

After completing the modeling process and preparing the corresponding files of the BIM
model, the next step is to convert the model to the format required for model checking.

In this case, the model is planned to be checked in Solibri Model Checker, which has no
direct connection with the Autodesk Revit environment (Table 4). Therefore, files with pre-
pared models must be transformed from ".rvt" format to ".ifc" format. This feature of ex-
porting files to the IFC environment is built into Autodesk Revit 2022 and therefore does
not require any additional actions regarding using additional software or plugins, as it was
earlier. However, at this stage it is crucial to make sure that the export process itself and
its settings are correct.

One way to make sure that IFC file contains accurate and complete information before
using it in model checking software is proper setting of IFC Options in Autodesk Revit (Fig-
ure 22). This function allows to assign IFC Class Name to every Revit Category (Figure 23).
For instance, interior and exterior walls ("Walls/Interior" and "Walls/Exterior" Revit Cate-
gories) are mapped to "IfcWall", while all types of windows ("Windows" Revit Category) are
mapped to "IfcWindow". Some of the Revit Categories, which are not exported to IFC have
the "Not Exported" label in IFC Class Name column.

After setting up the IFC Export Classes and confirming that all the required object Catego-
ries in Revit are assigned the appropriate IFC Class Names, the important step is config-
uring the export process itself. After selecting the "Export IFC" command in Autodesk Revit
(Figure 24), a configuration window is displayed (Figure 25), presenting several options to
be customized with. The main parameter to be modified is "Current Selected Setup",
where a range of pre-configured setups are available for selection, including such MVDs
(Model View Definitions) as "IFC 2x3 Coordination View 2.0", "IFC 4 Reference View", "IFC
4 Design Transfer View", and others (Figure 25).

By selecting a specific MVD, the user can define which aspects of the BIM model should
be included and how they should be structured. Selecting the appropriate MVD is an im-
portant step in ensuring that the BIM data is correctly defined and can be used effectively
throughout the project. The basic and advanced settings for each of the pre-defined setup
can be viewed in the "Modify Setup" window. There is also an option to create custom
setups by selecting "In-Session Setup" and adjusting the available settings (Figure 26, Fig-
ure 27). This level of customization is valuable because it allows users to receive data ac-
cording to the specific use case, ensuring that it performs optimally for their needs.
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Figure 22. IFC Options in Autodesk Revit

Revit Category IFC Class Name IFC Type Lobz2
Reveals lfcOpeningElement Sandsd
Stacked Walls IfcWall SV AR, ..
Structure [1] IfcWall
Substrate [2] IfcWall
Surface Pattern IfcWall
Thermal/Air Layer [3] IfcWall
Wall Sweep - Cornice IfcWall
Wall Sweeps IfcBuildingElementProxy
Walls/Interior IfcWall
Walls/Exterior IfcWall
Walls/Foundation IfcWall
Walls/Retaining IfcWall
Weld Tags Not Exported
Window Tags Not Exported
Windows IfcWindow
<Hidden Lines> IfcWindow
Cavity Closer IfcWindow
Elevation Swing IfcWindow
Frame/Mullion IfcWindow
Glass IfcWindow
Opening IfcWindow
Plan Swinn e \Windnw
Cancel Help
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Figure 24. Export to IFC in Autodesk Revit
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Figure 25. IFC export settings in Autodesk Revit
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Figure 27. Modifying setup of IFC export in Autodesk Revit. Advanced settings
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Finally, the last step in verifying the correctness of the exported file is to visually check the
BIM model after opening the IFC file in the model checking software. After importing the
IFC file into Solibri Model Checker (the import process is described in detail in the next
chapter), first of all, it is possible to visually roughly evaluate the BIM model for the pres-
ence of main elements, and secondly, there is a way to check the composition of the
model using "Model Tree" (Figure 28). Solibri Model Checker automatically organizes ele-
ments into groups depending on the levels (ground floor, first floor, second floor, etc.)
and element type (doors, windows, walls, etc.). When an element is selected in the "Model
Tree", itis highlighted in the 3D view of the model, while information about it and its prop-
erties are displayed in the "Info" window (Figure 28).

@ MODEL TREE REBW ®30BGAH @30
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v [@&) PW_Model_AR
v & Default
v (9 Building.b.1
v K EG
> Door
Grid
Object
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Window
B Window.1.1
A Window.1.3
M window.1.4
» K3 0G1
» K3 0G2

>
>
>
>
>
v

® INFO < vo> v @m0

B Window.1.2

Hvoerlir I

Identification Location  Quantities  Material  Relations  Classification

ensions

Property Value

Model PW_Model_AR

Discipline Architectural

Name BB_Fenster_generic:BB_Fenster_178x376 ...
Type BB_Fenster_178x376 BRH87

Type Name BB_Fenster_generic:BB_Fenster_178x376 ...
Predefined Type

Object Type BB_Fenster_generic:BB_Fenster_178x376 ...

Element Type

Figure 28. Visual check of the model after import in Solibri Model Checker
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5.2. CLASH DETECTION. DEMONSTRATION OF METHOD

This subsection describes the main steps of the model checking process performed in
Solibri Model Checker.

After the successful export of files (in this case, two files: with structural and architectural
elements; with MEP elements), it becomes possible to upload and open them in Solibri
Model Checker. Further, these files become visible in the "Model Tree" window (Figure 29),
with the corresponding disciplines that were previously assigned in SMC, as shown in the
Figure 30.

@) MODEL TREE EERBw oS

» (B8] (A) PW_Model_AR
» (%] (B) PW_Model_MEP

Figure 29. "Model Tree" window in the Solibri Model Checker interface

Ensure Model Disciplines and Categories X
Model Short Name Discipline Category
(A) PW_Model_AR A @ Architectural

Plumbing

Plumbing
. Sprinkler
& Inventory
FM Facility Manageme
Landscape

& Prefab Concrete
@ Steel Structure

Add Category Jf Site Opesztions. % OK Cancel

(B} PW_Model_MEP

Figure 30. Choosing a discipline for uploaded files in Solibri Model Checker

The next important step is adding rules or rulesets that will be used to check the BIM
model. When loading rules, Solibri Model Checker offers to select a role that determines
the set of rules that will be offered as the default option (Figure 31).
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Description
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consistency of Architectural model with Structural or MEP models, etc.

Figure 31. Choosing a role in Solibri Model Checker

However, further it is possible to load files with rules from a directory. In this case, accord-
ing to the initially defined tasks, the most appropriate set of rules called "MEP models and
Architectural model" was uploaded (Figure 32).

Open File
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[
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@

Documents
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MEP Rules

5 = B
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f MEP models and Architectural model.cset

{8] Model Revisions Comparison - Building Service.cset

File Name: MEP models and Architectural model.cset

Files of Type: | Ruleset (.cset)

v Cancel

Figure 32 Uploading a ruleset from a directory in Solibri Model Checker
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The Figure 33 shows one of the most significant windows in Solibri Model Checker - the
"Checking" window. This window displays the rulesets and rules that were opened or
loaded into the project. It is possible to change the parameters of the rules, as well as
enable and disable them. By clicking the "Check Model" button, the checking process
starts, and the results appear in the same window on the right side.

Moreover, the Figure 33 shows an additional "Info" window, which contains basic infor-
mation about the ruleset or rule that is selected as active.

@) CHECKING £ e s ® & CheckModel ¥ B Report (5
Ruleset - Checked Model NEH AL X v

v @ MEP models and Architectural model

v {8] Building Services and Architectual Compone
§ Building Services and Doors and Window
§ Building Services and Beams and Colum

g S s conaind ||

§ Building Services and Furniture and Othe
§ Insulations and Beams and Columns
§ Insulations and Other Construction Com

v §8] Distance between Components
§ Distance Between Columns/Beams and |
§ Distance Between Doors and MEP comp
§ Distance Between Windows and MEP co

v {5 Spaces and MEP
§ Ventilation Room Has to Have Drainage
§ Electrical Rooms Should Not Include Pip

@ INFO CvH v R EaEE
g Building Services and Other Construction Components (Insulations Not Included)

Description  Hyperlinks

This rule checks intersections between buidling services and other construction A
components. This rule doesn't check MEP insulations (Covering). There is a

separate rule for that. Note that

- ducts, pipes and cable carriers going throug partition walls do not create issues
(check Exceptions in rule Parameters).

- small pipes going though slabs or suspended ceilings do not make an issue

Figure 33 Information about selected ruleset or rule in Solibri Model Checker
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The parameters of a rule in Solibri Model Checker can be edited in the "Parameter" win-
dow (Figure 34). These parameters can include different aspects. In the considered case
of clash detection between "Building Services and other Construction Components" it is
possible to adjust components that need to be checked. By modifying the parameters,
users can adjust the rule to suit their specific project requirements and standards.

SMC allows for the adjustment of intersection tolerances (Figure 34), which is the degree
to which two or more elements can overlap without being considered a clash or collision.
This tolerance can be adjusted depending on the project requirements, the level of detail
in the BIM model, and the precision of the design.

83 PARAMETERS X

\ Severity Parameters [

Components to Be Checked

Component 1 il &, a8 Component 2 i &, 88
State Component Property Operator Value State Component Property Operator Value
Include Any Discipline One Of [Architectur... Include Any Discipline One Of [Air Conditi...
Exclude < Furniture Discipline One Of [Architectur... Exclude 2 Covering
Exclude & Light Fix... Discipline One Of [Architectur... Exclude & Space
Exclude (O Object  Discipline One Of [Architectur... Exclude (@) Opening
Exclude =0 Flow Ter... Discipline One Of [Architectur... Exclude =t Cable
Exclude =0 Sanitary ... Discipline One Of [Architectur... Exclude Any Decompose... Is Not Empty
Exclude ] Space v Exclude Any MEP Comp... One Of [Flexible Pipe]
Include Intersections Ignore Intersections When Intersecting Components Are
Duplicate Exceptions In the same system
Inside [[] In the same layer and model
Overlapping
Intersection Tolerances
Horizontal 10 mm
Vertical 10 mm

Use Volume Tolerance []

Volume Tolerance 11

Figure 34. Parameters of the rule in Solibri Model Checker
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The next step after completing the checking process is to analyze the results. Once the
check is completed, the corresponding status appears next to each rule. The results can
be accepted or rejected, and they can be assigned with the different levels of severity: low,
moderate and critical.

The Figure 35 depicts the window "Results", where by selecting a rule, the results of the
checking can be analyzed in detail.

@ MODEL TREE FEEBR @80

» [B] (A) PW_Model_AR
» (%] (B) PW_Model_MEP

@) CHECKING C e e ® & CheckModel ¥ [ Report [
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§ Building Services and Doors and Win oK
§ Building Services and Beams and Col ox
Building Services and Other Construg } A 1‘ %
§ Building Services and Furniture and C oKX
§ Insulations and Beams and Columns —_—
8§ Insulations and Other Construction C oK
» [8] Distance between Components oK
» (8] Spaces and MEP oK | v
O RESULTS NoFiltering ¥ @ Automatic ¥ B = @ @ B
Results BB

» (2] Intersections of Wall [0/2]
» (5 Intersections of Slab [0/6)

Figure 35. Results of clash detection checking in Solibri Model Checker
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5 Demonstration of model checking methods

In the considered case - checking the model for collisions between architectural/struc-
tural elements and elements of MEP systems - 8 conflicts were identified in the model.
These conflicts are presented in the "Results" window (Figure 35, Figure 36). It is shown
that there are 2 intersections with a wall and 6 intersections with a slab.

In Solibri Model Checker, if two elements intersect each other multiple times, only one
conflict will be shown in the "Results" window. In the considered example, the "Results"
window shows 2 collisions between the wall and the pipes, despite the fact that there are
4 intersections (Figure 36). This happens because initially one pipe branches into two and
crosses the wall in two places (Figure 20).

Therefore, the result looks like one element (pipe) has a collision with another element
(wall), which is calculated as one collision, despite that in fact there are two of them. How-
ever, if there is a need to consider the conflict in detail, users can expand the tree of ele-
ments in the "Results" window and see all the places where different parts of one element
(pipe) have intersections with another element (wall). This can provide more detailed in-
formation about the location and extent of the conflict, which can be useful in identifying
and resolving the issue.
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Figure 36. Grouping of clashes in Solibri Model Checker
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Solibri Model Checker makes it possible to present the detected conflicts in a visualized
form.

The Figure 37 demonstrates the first case - "Intersections of Wall". In this case there are
collisions between the wall and two different pipes (this explains 2 conflicts that are de-
picted in "Results" window).

The Figure 38 shows the second case - "Intersections of Slab". There are collisions of the
two pipes with the two floor slabs and collisions of two ductworks with one floor slabs
(this explains 6 conflicts that are depicted in "Results" window).

Figure 37. Collision between water pipes and wall in Solibri Model Checker

Figure 38. Collision between ductworks/pipes and floor slab in Solibri Model Checker
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5 Demonstration of model checking methods

5.3. MODEL CONTENT CHECKING. DEMONSTRATION OF METHOD

This subsection briefly describes the model content checking method carried out in Solibri
Model Checker. The sequence of steps in this case is exactly the same as described in the
previous subsection regarding clash detection (5.2. Clash detection. Demonstration of
method). The only difference is the rulesets and the rules themselves.

In order to demonstrate model completion checking, one of the standard set of rules "BIM
Model Structure Validation" was selected (Figure 39). This set of rules checks for the pres-
ence of basic components in the model, such as: storeys, spaces, basic structural elements
(walls, slabs, beams, etc.).

After checking the model according to the selected rulesets, several errors were identified
indicating the absence of the following components: beams, columns, roofs, spaces and
stairs (Figure 39).

@ MODEL TREE B aeaed

» @ (A) PW_Model AR
» (@] (B) PW_Model_MEP

@) CHECKING B & e ® & CheckModel ¥ BY Report B
Ruleset - Checked Model LN HE [AQRAY X v
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§ Architectural model components mu oK v
O RESULTS NoFiltering ¥ @ Automatic ¥ R 2 @ @ @ B
Results v :0:

v (2] No Components [0/5]
» /\ No Beam Components in {A) PW_Model AR
» /\ No Column Components in (A) PW_Model_AR
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Figure 39. Results of model completion checking in Solibri Model Checker
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The Figure 40 clearly demonstrates the presence of such elements as walls, slabs, win-
dows and doors, and the absence of such elements as beams, columns, roofs, and others.

Figure 40. Existing BIM model elements in Solibri Model Checker
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6 CONCLUSION

The present research aimed to conduct a state-of-the-art analysis of BIM-based model
checking methods, with the main focus on compiling an intelligible classification of these
methods based on possible verification scenarios.

As a result of the literature review, it was concluded that scientific sources present many
different classifications of methods for checking BIM models. However, most of them con-
sider either too wide area of research, including methods that are still under development
and have not found applications in practice, or they are too narrowly focused, considering
only one method in great detail. At present, there has not been an up-to-date, complete,
and clearly formulated classification of available methods for checking BIM models, which
would be based on possible checking scenarios and have practical examples for visual
representation.

Therefore, in this work, the model checking methods for BIM were divided into three
groups: clash detection, model content checking, and code checking. Each of the methods
is in turn divided into subcategories, providing examples for each one. Based on the pro-
posed structure of this classification of BIM-based model checking methods, an analysis
of contemporary software was carried out. The analysis involved evaluating the function-
ality of the software, determining the exchange file formats, and estimating the cost of
the licenses. Finally, the two of three methods presented were demonstrated on a small-
scaled BIM model using the Solibri Model Checker software.

Overall, the proposed classification of BIM-based model checking methods provides a
comprehensive framework for understanding the available methods and their practical
applications in the construction industry.

Moreover, this paper also highlights the opportunities for further innovation and devel-
opment regarding the considered topic, providing a foundation for future research.

For example, one of these opportunities concerns the expansion of the functionality of
software for checking BIM models: developing an additional module that gives the possi-
bility to select a normative document, scan it, extract rules, and add them to the software
for further checks. Additionally, besides the presented methods for checking models,
there are methods discussed earlier that are under research and development: smart ob-
ject checking and design option checking.

The implementation of these opportunities could bring the technology of BIM-based
model checking to a new level, make a great contribution to AEC sector, and lead to fur-
ther development.
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