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Abstract

There are various studies on the integration of building information modelling (BIM) and geographic information system (GIS) that
convert BIM data into GIS data. These studies used different technologies, data standards, data models, and data formats such as RDF
(Resource Description Framework), graph, CityGML, and Shapefile to address the data incompatibility problem between BIM and
GIS. This makes it difficult to compare these studies for the purpose of assessing research innovation, and sometimes, improper
comparisons were carried out between studies. To solve this problem, this study adopted the metamodeling theory used in model-
driven software engineering (MDSE) and extended its 4-layer framework of level of abstraction. The new benchmarking framework,
referred to as level of abstraction for BIM/GIS data integration (BG-LoA), has 5 levels, including meta metamodel (M3), metamodel
(M2), model (M1), reality (data) (MO), and reality (real world) (M00). The common types of IFC (Industry Foundation Classes)
conversion were analysed using the new framework, including IFC-to-CityGML, IFC-to-CityJSON, IFC-to-Shapefile, IFC-to-GML,
IFC-to-3DTiles, IFC-to-RDF, IFC-to-1fcGraph, and IFC-to-UML. The result shows that the new framework can show the difference
between those conversion types, which makes it easier for future studies to benchmark their work and assess level of contribution to

the body of knowledge.
1. Introduction
1.1 BIM/GIS Integration

The integration of building information modelling (BIM) and
geographic information system (GIS) has attracted the attention
of researchers from various areas, such as the Architecture,
Engineering, and Construction (AEC) domain and the geospatial
industry, due to the potential benefits from the fusion of these two
technologies (Zhu and Wu, 2022; Chi et al., 2017). By far, the
integration of BIM and GIS has contributed to the solution of
many problems in the AEC domain and the geospatial industry,
such as construction risk management, flood damage simulation
and assessment (Amirebrahimi et al., 2016; Rong et al., 2020),
offshore platform disassembly (Tan et al., 2018), and supply
chain management (Deng et al., 2019).

Behind those applications is an inevitable task of data conversion,
due to the data incompatibility between these two systems (Zhu
etal., 2018b; Zhu et al., 2018a; Zhu and Wu, 2021a). To use BIM
data such as Industry Foundation Classes (IFC) in GIS, the data
format needs to be converted, for example, into XML (Extensible
Markup Language), JSON (JavaScript Object Notation),
Shapefile, or 3D tile.

The eventual goal of data conversion is to enable the full use of
BIM information in GIS. Accordingly, various conversion paths
have been developed (Zhu et al., 2021). By far, the common types
of IFC conversion include IFC-to-CityGML (Deng et al., 2016),
IFC-to-CityJSON, IFC-to-Shapefile (Zhu et al., 2019a; Zhu et al.,
2019b; Zhu and Wu, 2021b), IFC-to-RDF (Resource Description
Framework) (Pauwels et al., 2017; Pauwels and Terkaj, 2016),
and IFC-to-Graph (Zhu et al., 2023). A comprehensive review on
the data conversion between BIM and GIS has been presented in
(Zhu and Wu, 2022).

1.2 Research Problem
While there are so many studies on BIM/GIS data integration and

many of these studies appear to be very similar, as they were all
about converting BIM data into GIS data, researchers find it

difficult to compare and benchmark their studies, and sometimes
studies were improperly compared. For example, IFC-to-
IfcGraph was compared with IFC-to-RDF in (Zhu et al., 2023)
because IfcGraph was thought to be similar to RDF due to their
commonality in the use of graph for information visualisation.
This comparison is however improper, which will be explained
later.

Apart from the above problem, the lack of a benchmarking
framework leads to a further problem for future new studies to
assess their scientific contribution and clarify their research
innovation.

1.3 Research Aim

Therefore, the research question of this paper is how to better
benchmark studies in BIM/GIS data integration, and the aim is to
propose a framework to address this problem.

The metamodeling theory was adopted in this study to address
this problem because this theory, originated in model-driven
software engineering (MDSE) or just model-driven engineering
(MDE), deals with ‘models’ and ‘modelling’ in software
engineering (Brambilla et al., 2017), while most studies in
BIM/GIS data integration involves data models or data
modelling. Therefore, the assumption of this study is that the
metamodeling theory can be used to benchmark studies in
BIM/GIS data integration.

1.4 Structure of the Paper

The remainder of this paper is organised as follows. Section 2
introduces the key concepts of MDE, including model,
modelling, metamodeling, and the level of abstraction of models.
Section 3 presents the new framework for benchmarking studies
in BIM/GIS data integration. A case study is presented in Section
4, which applies the new framework to analyse the common types
of IFC conversion. Discussions are presented in Section 5, and
Section 6 provides the conclusions of this study.
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2. The Metamodeling Theory in MDE
2.1 Model-Driven Engineering

MDE is a methodology used in software engineering (Brambilla
et al., 2017). This methodology elevates ‘model’ to the first
citizen in software engineering, trying to improve the efficiency
of software development (Barmpis and Kolovos, 2013).

The most essential concept in MDE is model (Kent, 2002). A
model generally refers to an abstraction of a physical thing. In the
context of software engineering, it refers to an abstraction of a
computer software system of interest. According to the ‘form’ of
a model, there are two types, i.e., conceptual model (or mental
model) and explicit model. A conceptual model is a model in
human’s mind, while an explicit model has been represented by
using text or graph.

Models are conceptualised and then developed by using a tool,
such as Eclipse Modelling Framework (EMF) (Steinberg et al.,
2008), for communication with stakeholders (such as system
engineers, domain experts, and clients) during the design of
software and are used to automate the generation of codes that
can be used in development (Barmpis and Kolovos, 2012).

2.2 Modelling and Metamodeling

The process of conceptualising and creating models are referred
to as modelling, which is confined to a standard procedure and
defined by abstract syntax, concrete syntax, and semantics
(Brambilla et al., 2017). The outcome of modelling is a model.

The model itself can be modelled as well, referred to as
‘metamodeling’, which leads to another level of abstraction, and
the outcome is a metamodel. While a model describes a computer
software system, its metamodel describes the model by
specifying the key domain concepts, semantics, constraints
associated, and relationships (Schmidt, 2006). Similarly, the
‘metamodel” can be modelled as well, leading to ‘meta
metamodel’, and so forth.

This process can be indefinite, but it will not be that helpful after
several iterations, this is because models beyond ‘meta
metamodel’ are self-descriptive, according to (Brambilla et al.,
2017).

2.3 Levels of Abstraction for Software Modelling

Based on the above concepts, a system containing several levels
of abstraction (LoA) can be formed (see Figure 1), while each
model represents a level of abstraction. This system has four
layers including M3, M2, M1, and MO, representing meta

metamodel, metamodel, model, and reality, respectively
(Brambilla et al., 2017).
M3 M2 M1 Mo

;~-{MetaMslamode\]::-—{ Metamodel }1~{ Model }4{ Reality ]

Figure 1. The Levels of Abstraction for software modelling.

The ‘reality’ has the lowest level of abstraction. In software
engineering, the reality (MO0) refers to an instance of a computer
system (Brambilla et al., 2017). The reality (MO) can be
described by a model (M1) at a higher level of abstraction
showing the components of the system and their relationships.
The model of the system itself (M1) can be described by a
metamodel (M2) that presents an even higher level of abstraction,
which refers to a modelling language, such as UML (unified
modelling language) (Brambilla et al., 2017). The metamodel

(M2) can be described by the meta metamodel (M3) that presents
the highest level of abstraction in the framework, while M3 is
self-describing (see Figure 2).

M3 | | Meta Metamodel |----------- For modelling, there should be
: elements
A detailed definition
M2 M | SO, ! N
of elements (terms) and their relationships
M1 A system model (Blueprint)
described by using the terms defined at M2

Mo Reality e Instance systems in the real world

Figure 2. Levels of abstraction of a computer-based system.

It is worthwhile to note that, meta metamodel and metamodel are
‘models’ as well and a model at a higher LoA provides useful
information for interpreting information in the model at the
immediate lower LoA.

3. BG-LoA for Benchmarking BIM/GIS Data Integration

The above framework provides a benchmark for describing the
LoA of models in software engineering. However, this
framework cannot be directly applied to ‘modelling’ in BIM/GIS
data integration, which also presents levels of abstraction but is
different from system modelling.

3.1 Extending LoA for Data Modelling

Models in MDE are for describing software systems (M0), while
models in BIM/GIS data integration are for describing data (MO).
Therefore, such models are also referred to as data models
(Ledoux et al., 2019). Another unique feature of data in BIM and
GIS is that the data itself can represent a model of objects in the
real world (Antoniou et al., 2012), such as digital elevation model
(DEM) for physical terrain and building models for physical built
assets. This feature of BIM/GIS data results in another level of
abstraction. Therefore, for data modelling, the number of levels
of abstraction should be extended to 5 (see Figure 3).

Software modelling Data modelling

For modelling, there should be

M4
class, attributes, and association

M3 o
elements and 0 or more associations

M2

and their relationships named 'Status' and 0 association

The value of the 'Status' attribute of an

For modelling, there should be J [ A class can have 0 or more attributes
[ instance of the 'Building' class is 'good'

[ A detailed definition of elements (terms)

A system model (Blueprint) described by }

w using the terms defined at M2

A specific class 'Building' has 1 attribute }

Mo [ Instance systems in the real world }

Figure 3. Level of Abstraction for data modelling.

The real world building

However, the introduction of this level of abstraction will cause
a serious problem, i.e., there will be semantic mismatch for the
interpretation of each LoA. According to (Brambillaetal., 2017),
M3 and M2 are about language engineering, while M1 and MO
are about domain engineering. In the new 5-layer framework,
since M2 deals with the definition of the specific classes in a
domain (e.g., building), it is still about domain engineering. To
address this problem, a new interpretation of ‘reality’ is required.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVI11-4-2024-591-2024 | © Author(s) 2024. CC BY 4.0 License. 592



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVI1I-4-2024
ISPRS TC IV Mid-term Symposium “Spatial Information to Empower the Metaverse”, 22—-25 October 2024, Fremantle, Perth, Australia

3.2 LoA for BIM/GIS Data Integration (BG-LoA)

In MDE, ‘reality’ is generally interpreted as ‘real world’,
however, in the new framework, to ensure the consistency in the
interpretation of these levels of abstraction, ‘reality’ is divided
into two sub-layers, i.e., ‘reality (data)’ and ‘reality (real world)’.

Figure 4 presents the new 5-layer framework, which includes
meta metamodel (M3), metamodel (M2), model (M1), reality
(data) (MO) and reality (real world) (M00). This new framework
is referred to as BG-LOA in this study.

: There should be
M3 Meta Met: del .- " N
H eta Vetamode entity, type, function, and rule

M2 Metamodel
M1

Mo Reality (data) emennes

MO | Reality (real world) |---------- inm‘: rbe“;:dﬂﬂl g

Figure 4. Levels of Abstraction for BIM/GIS data integration
(BG-LoA).

An example is also provided in Figure 4. M0O refers to a building
in the real world, MO refers to an IFC-SPF file containing a
digital building model of that building, M1 is the IFC standard
described by the EXPRESS language, M2 refers to the EXPRESS
language, while M3 defines the elements in the EXPRESS
language. This new framework not only accommodates the needs
of data modelling in BIM/GIS data integration but is also
compatible with the original LoA framework defined in MDE.

3.3 Models and Ontology

Ontology is a related concept to model. The relationship between
models and ontologies is that models are created to approximate
ontologies. The ontology here refers to the ontology in
philosophy, which means the nature of existence, or being. It is
different from the ontology in computer science, which refers to
a list of concepts and categories in a subject area that shows the
relationships between them. Ontologies in computer science are
described by an ontology language, such as RDF and Web
Ontology Language (OWL) (Antoniou et al., 2012). To
distinguish these two types of ontology, ontologies in computer
science are referred to as digital ontologies if mentioned later.
Digital ontologies are data models as well, used to approximate
ontologies.

4. Case Study

This section applies the BG-LoA framework to benchmark
studies in BIM/GIS data integration. The common types of IFC
conversion were analysed, including IFC-to-CityGML, IFC-to-
CityJSON, IFC-to-Shapefile, IFC-to-GML, IFC-to-3DTiles,
IFC-to-RDF, IFC-to-IfcGraph and IFC-to-UML. For more
details of these types of conversion, please refer to (Zhu and Wu,
2022).

4.1 IFC and the Conversion of IFC

4.1.1  Industry Foundation Classes

IFC is an international standard (ISO 16739) approved by 1SO
(International Organization for Standardization) and managed by
buildingSMART. Its purpose is to improve the data
interoperability in the AEC domain that uses information from

heterogeneous stakeholders in various formats (Sacks et al.,
2018). Reading and writing of IFC data is supported by the major
BIM authoring tools, such as Autodesk Revit, Tekla, and
Bentley. A detailed list of tools supporting IFC can be found in
(Buildignsmart International, 2024a).

4.1.2  The IFC Ontology and IFC Data Models

Behind the IFC standard is the IFC ontology (in the sense of
philosophy), it has been described by various data modelling
languages and data models have been created to approximate this
ontology, such as IFC-EXPRESS, IFC-XSD, and ifcOWL
(Buildignsmart International, 2024b).

Figure 5 presents these data models (in M1), including IFC-
EXPRESS (described by the EXPRESS language), IFC-XSD
(described by the XSD language, or XML Schema Definition),
and IFC-RDF (described by RDF). There is also an initiative to
describe the IFC ontology by using UML (Jetlund et al., 2020).

 EE—

IFC-EXPRESS, IFC-XSD, IFC-OWL J

M3
A
M2
5
M1
A
Mo

*
MO0 |-----

.
|
|
|
|

The real-world building J

Figure 5. Data models (in M1) to approximate the IFC ontology.

For each of these data modelling languages (EXPRESS, XSD,
and RDF), there is a format for data serialisation, including IFC-
SPF (.ifc, text-based), IFC-XML (.ifcxml, text-based), and IFC-
OWL (.ttl, text-based).

4.1.3 |IFC Data Conversion

The conversion of IFC data involves the transformation of data
models. To transform models, the definitions of model elements
in the higher metamodel need to be referenced. Figure 6 shows a
general ‘model’ for model transformation, which shows the
transformation of Model A (Ma) to Model B (Mb) via model
transformation definition (MT Definition). The MT Definition
references Metamodel A (MMa) and Metamodel B (MMb). In
BIM/GIS data integration, when IFC data (MO) is converted into
another format, it appears to be the change of data format only at
MO, but it actually involves the change of data model at M1 (e.g.,
IFC-EXPRESS to IFC-XML) or even at M2 (e.g., EXPRESS to
RDF). The following subsections provide more details of the
conversion of IFC using the developed framework.
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conforms to

M3

conforms to
|

conforms to
MT Language conforms to
cunfu‘rmslu
M2 [ MMa Uses—] MT Definition —Uses: MMb ]
conforms to executes conforms to
m1 Reads’ Writes-
Figure 6. Model conversion from Model A (Ma) to Model B

(Mb).
4.2 IFC-to-CityGML and IFC-to-CityJSON

Figure 7 presents the conversion of IFC data into CityGML. The
transformation engine needs to read IFC data (e.g., .ifc) and
converts the data into CityGML file in the format of GML (Tan
et al., 2023). The transformation definitions mainly deal with the
mapping of concepts in these two data models, for example,
mapping IfcSpace (IFC-EXPRESS) to Room (CityGML). The
IFC-to-CityGML conversion is at MO but needs to reference the
data models at M1.

M1

M2 EXPRESS IFC-to-CityGML/CityJSON UmML
MT Definition
*

IFC-EXPRESS JisteSf —Uses%[ CityGML ]
% x
H executes v
g . . CityGML file (.gml)
Mo | IFC-SPF (.ifc) neadszES CiyJSON file { json)

Figure 7. Converting IFC into CityGML/CityJSON.

—

Since CityJSON uses the CityGML data model (Ledoux et al.,
2019), converting IFC into CityJSON follows the same
procedure as IFC-to-CityGML, but the final data files are
serialised in the JSON format.

4.3 IFC-to-Shapefile, IFC-to-GML, and IFC-to-3DTiles

The IFC-to-Shapefile conversion (see Figure 8) is at MO, as there
is no specific semantic data model behind Shapefile. IFC-to-
Shapefile mainly deals with geometry conversion, while
semantic information can be extracted and stored in tables. As a
result, on the GIS side, the transformation engine only needs to
reference the Shapefile specification (Esri, 1998) in order to
generate correct geometry, instead of a data model. The same
procedure applies to GML and 3D Tiles, which do not have a
specific data model behind.

M2 EXPRESS IFC-to-Shapefile/GML/3DTiles

M1 IFC-EXPRESS

Null (no model)
Shapefile (.shp)
Mo | IFC-SPF (ifc) Readszs GML (.gml)
3D Tiles (.gltf

Figure 8. Converting IFC to Shapefile/GML/3DTiles.

4.4 IFC-to-RDF (EXPRESS-to-RDF)

Figure 9 presents the IFC-to-RDF (or more specifically
EXPRESS-to-RDF) conversion. The conversion of IFC into RDF

is completed in two stages. For the first stage, the transformation
engine (MT Engine 1) creates the IfcOWL data model by
referencing the EXPRESS and RDF language at M2. EXPRESS
is the initial language used for describing the IFC ontology, while
RDF is for describing online resources for the construction of
semantic web. In the second stage, another transformation engine
(MT Engine 2) was created to read IFC data (e.g., IFC-SPF),
execute the transformation rules, and generate the new RDF data.
Therefore, the IFC-to-RDF conversion involves M2, M1, and
MO.

EXPRESS-to-RDF

M2 EXPRESS MT Definition 1

Uses—

IT

executes

Write

M1 | IFC (EXPRESS)

lfcOWL

MT Definition 2

0

ses
—
executes

M0 | IFC-SPF (.ifc) eadwmes RDF file (.ttl)

Figure 9. Converting IFC (or EXPRESS) into RDF.

Pauwels et al. have completed a lot of work in this area, they
mapped the key concepts of EXPRESS (e.g., Entity and
Attribute) onto the key concepts of RDF (e.g., Class and
Property) (Pauwels et al., 2011; Pauwels and Terkaj, 2016;
Bonduel et al., 2018).

4.5 IFC-to-IfcGraph

The IFC-to-1fcGraph conversion (see Figure 10) aims to convert
IFC data into labelled property graphs (LPGs) and store LPGs in
graph database, such as neo4j, to support efficient information
query from interconnected data (Zhu et al., 2023). This
conversion is at MO, just like the IFC-to-Shapefile conversion.
This is because there is no specific semantic data model behind
graph. The basic ‘node-edge’ structure in graphs does not
indicate a semantic data model. Instead, graph is used to
implement data models.

M2 EXPRESS IFC-to-lficGraph

M1 IFC-EXPRESS Null (no model)

Graphs
Wit
Heads "®5>| (graph database)

Figure 10. Converting IFC data to IfcGraph.

Mo | IFC-SPF (ifc)

4.6 IFC-to-UML

The pattern for converting IFC-EXPRESS into IFC-UML is
presented in Figure 11. In this conversion, the transformation
engine generates the IFC-UML data model by referencing the
EXPRESS language and the UML language.
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Uses—] MT Definition

M2 [ EXPRESS —Usss—b[ UML J

A .

M1 | IFC (EXPRESS)

Mo | IFC-SPF (ifc)

executes '
Write
IFC-UML

Null (no data)
Figure 11. Converting IFC-EXPRESS into IFC-UML.

Literally, this conversion is about redescribing the IFC ontology
(described in EXPRESS) by using the UML language. Different
from all the above conversions that eventually aim at data
conversion, the IFC-to-UML conversion is to support MDE. The
established IFC-UML data model can be used to facilitate
software development that involves the use of IFC data model.

5. Discussion
Based on the metamodeling theory in MDE, this study developed
a 5-layer framework of level of abstraction for benchmarking
studies on BIM/GIS data integration.
5.1 Differences between Common Types of IFC Conversion
Table 1 shows a summary of the case study, which applied the

new framework to analyse the 8 common types of IFC
conversion.

M2 M3

IFC-to-CityGML
IFC-to-CityJSON
IFC-to-Shapefile
IFC-to-GML
IFC-to-3DTile
IFC-to-RDF
IFC-to-IfcGraph
IFC-to-UML X X
Table 1. The conversion of IFC and the level of abstraction
involved.

M1
X
X

X X

XXX XXX XS

ONOOOT A WN P

This study makes it easier to identify the differences between
these types of IFC conversion and their purpose. The first 7 types
of conversion deal with data conversion from IFC data (e.g., IFC-
SPF) into another format or form (e.g., .gml, .shp, and .ttl), while
the last type does not.

Among the first 7 types, some types do not involve the change of
data model (at M1), such as IFC-to-Shapefile and IFC-to-
IfcGraph, while others convert IFC data into a different data
model, e.g., IFC-to-CityGML and IFC-to-RDF.

5.2 Patterns in IFC-to-X Conversion

Based on the feature of the destination of the IFC-to-X
conversion, studies can be grouped into 4 patterns/categories. (a)
Category 1 (C1): converting IFC data and save that into databases,
such as IFC-to-IfcGraph. (b) Category 2 (C2): converting IFC
data into non-semantic data formats, such as IFC-to-Shapefile,
IFC-to-GML, and IFC-to-3DTiles. (c) Category 3 (C3):
converting IFC data into semantic data models, such as IFC-to-
CityGML and IFC-to-CityJSON. (d) Category 4 (C4): describing
IFC data model using another modelling language, such as IFC-
to-RDF and IFC-to-UML.

For C1 and C2, they are not confined to specific data models, so
they can provide a flexible way to convert IFC data and store
them in any data models that would suit the needs of project. For

C3, the conversion is confined to specific data models, and there
are constraints on the conversion, but the good side is the
converted data in the new data model can be well used (such as
CityGML in the geospatial industry). For C4, IFC data model is
redescribed by a new modelling language. This also involves the
change of data model but opens new opportunities for using IFC.
For example, IFC-to-RDF can contribute to semantic web, while
IFC-to-UML can support model-driven software engineering.

5.3 Conversion Patterns Affecting Data Query

Data models are an abstraction of data, such an abstraction
provides useful information for information query from the data.
However, that also means when the data model has been changed,
the way for information query needs to be changed as well. This
applies to studies in C3 and C4 that change data models.

For example, to query IFC-RDF data, users need to learn the
structure of the new data model (IFC-RDF) first and create data
queries accordingly, as presented in (Zhu et al., 2022; Zhu et al.,
2023). In contrast, in the case of IfcGraph, the original IFC data
model can be used when querying IfcGraph in graph database
(e.g., neodj), as IfcGraph respects the original IFC data model.
This means using C1 and C2 can flatten the learning curve.

5.4 Scientific in Different
Categories

Contribution of Studies

With this framework, researchers can benchmark their studies
and identify their degree of contribution to the knowledge body.
Conversions involving a higher level of abstraction usually mean
more difficulties to be faced. For example, EXPRESS-to-RDF
involves the transformation of both data model and data.

However, it is important to note that work carried out at a lower
abstraction level does not necessarily mean less contribution to
the body of knowledge. A new form of information may provide
new ways for information query and knowledge discovery. For
example, the IFC-to-IfcGraph conversion is at MO0, but the new
graphical form of IFC data provides a new possibility of
identifying hidden information in asset data, such as the various
types of relationships in IFC.

5.5 Benchmarking Studies in BIM/GIS Data Integration

Studies in the same category can be compared to each other, for
example, IFC-to-Shapefile, IFC-to-GML, and IFC-to-Shapefile,
while studies within different categories should not be compared
with each other, such as IFC-to-RDF and IFC-to-IfcGraph.

5.6 Future Work

This paper is an initial attempt to establish a benchmarking
framework for BIM/GIS data integration, further investigation
should be carried out by considering data granularity, spatial and
temporal dynamics, and interoperability requirements that can
significantly impact the conversion process. Further, a deeper
exploration of the implications of each conversion pattern on data
interoperability and system performance, as well as the practical
difficulties in implementing conversion and integration patterns,
should be carried out.

6. Conclusion

This study proposes a framework to benchmark studies in
BIM/GIS data integration. The established framework, referred
to as BG-LoA in this paper, has 5 levels of abstraction (i.e., M3,
M2, M1, MO, and MO00), where the ‘reality’ (MO) in the original
4-layer framework used in MDE was extended into ‘reality
(data)> (MO) and ‘reality (real-world) (MO00) to ensure
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consistency in the interpretation of each level of abstraction. The
common types of IFC conversion were analysed using the new
framework, including IFC-to-CityGML, IFC-to-CityJSON, IFC-
to-Shapefile, IFC-to-GML, IFC-to-3DTiles, IFC-to-RDF, IFC-
to-IfcGraph, and IFC-to-UML.

The main findings of this study are as follows.

(@ The result shows that this framework can effectively
distinguish studies by using the concept of level of abstraction.
IFC-to-CityGML/CityJSON and IFC-to-RDF can reach M2 or
M3, while IFC-to-Shapefile/GML/3DTiles and IFC-to-Graph are
mainly at MO.

(b) Among the common types of IFC conversion, IFC-to-
CityGML, IFC-to-CityJSON, IFC-to-Shapefile, IFC-to-GML,
IFC-to-3DTiles, IFC-to-RDF, and IFC-to-IfcGraph are mainly
for data conversion, i.e., from IFC data to data in another format
that can be used in GIS, while IFC-to-UML is mainly for creating
reusable data models to support software development.

(c) These conversion types can be further grouped into 4
categories depending on the feature of the destination of the
conversion, i.e., if there are semantic data models involved or if
there are new data modelling languages involved. Studies
involving higher level of abstraction usually face more
challenges and a higher degree of difficulty, and the change in
data model also means the change of ways for data query.

(d) Studies in different categories should not be compared to each
other. Therefore, it is not appropriate to compare IFC-to-
CityGML with IFC-to-Shapefile/GML/3DTiles or comparing
IFC-to-1fcGraph with IFC-to-RDF.

This study makes it easier to benchmark studies in BIM/GIS data
integration in a qualitative way and assess their contribution to
the body of knowledge. Even though this framework was initially
developed for BIM/GIS data integration, it can be applied to any
other areas that involve data modelling.
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