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Abstract: Previous geo-referencing approaches for building information modeling (BIM) models
can be problematic due to: (a) the different interpretations of the term ‘geo-referencing’, (b) the
insufficient consideration of the placement hierarchy of the industry foundation classes (IFCs), and (c)
the misunderstanding that a common way to embed spatial reference information for IFC is absent.
Therefore, the objective of this study is to (1) clarify the meaning of geo-referencing in the context of
BIM/GIS data integration, and (2) develop a common geo-referencing approach for IFC. To achieve
the goal, a systematic and thorough investigation into the IFC standard was conducted to assess
the geo-referencing capability of IFC. Based on the investigation, a geo-referencing approach was
established using IFC entities that are common in different IFC versions, which makes the proposed
approach common to IFC. Such a geo-referencing approach supports automatic geo-referencing that
would facilitate the use of BIM models in GIS, e.g., for the construction of digital twins.

Keywords: building information modeling (BIM); geographic information system (GIS); industry
foundation classes (IFC); 3D building model; geo-referencing

1. Introduction

In most of the cases, geographic information systems (GISs) use a coordinate reference
system (CRS) [1], either geodetic CRS or projected CRS, to integrate heterogeneous spatial
data, i.e., any data that are related to a location [2], such as satellite images, contour data, a
digital elevation model (DEM), and other vector or raster data from, e.g., 3D metric survey.
The CRS serves as a locating frame in a GIS for heterogeneous spatial datasets that are
linked to different spatial locations. Therefore, datasets to be managed and analyzed in a
GIS have to be geo-referenced.

The term geo-referencing is originally from the area of GIS and remote sensing (RS),
which refers to the process of assigning geodetic coordinates to pixels of remotely sensed
images, such as satellite images and aerial photo images [3,4]. Before the raw non-geo-
referenced spatial datasets can be managed and analyzed in a GIS, their local coordinate
systems (LCSs) have to first be transformed into a proper CRS, which usually consists of
two steps: (a) establishing the relationship between the raw non-geo-referenced datasets
and a CRS (or establishing spatial reference) through another geo-referenced dataset by
selecting ground control points (GCPs) whose coordinates are either known or can be
obtained, and (b) obtaining coordinate transformation parameters from these GCPs and
transforming coordinates. This process is referred to as the traditional geo-referencing
approach. The raw non-geo-referenced spatial datasets would be geo-referenced after
coordinate transformation, and the geo-referenced dataset is only as accurate as the data to
which it is aligned [5]. In order to obtain high geo-referencing accuracy, it is vital to use
high-resolution and large-scale (fine) datasets.

Building information modeling (BIM) is becoming a promising source of 3D building
models for the geospatial industry [6–10]. Building models created using the BIM technique
use local coordinates defined in an LCS. To take full advantages of these building models
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in a GIS, BIM datasets (models) need to be properly geo-referenced [11,12] by establishing
spatial reference and transforming coordinates. As with other spatial data, geo-referenced
building models can be properly integrated with the surrounding environment in the
virtual 3D world, such as streets, waters, and roads, and can further be used in spatial
analysis or visualization [13,14], such as combined indoor–outdoor route planning [15] and
fire response management [16,17]. Geo-referenced building models are also being used by
the architecture, engineering and construction (AEC) domain, for example, in vision-based
structure inspection [18], laser-scanning-based progress control [19] and point-cloud-based
semantic building model reconstruction [20].

Essentially, geo-referencing is a process of coordinate transformation that changes
coordinates from one system to another [11], and techniques for geo-referencing are mature
in GISs [3]. In the context of BIM/GIS data integration, geo-referencing BIM models can,
however, be problematic, and it is a major issue in practice according to Arroyo Ohori
et al. [21] and Diakite and Zlatanova [11]. These geo-referencing problems are not from
the GIS side but mainly from the BIM side in two ways, i.e., the IFC standard itself and
modeling practice. The current practice for geo-referencing BIM models is presented in
Table 1.

Table 1. Current viable geo-referencing practice for IFC2x3 and IFC4 model.

IFC2x3 TC1 IFC4

Models with spatial
reference

Extending IFC2x3 [22]
(suggested)

Using IfcMapConversion
[22,23]

Models without spatial
reference

1. Manually processing [21,24]
2. Automatically processing using other geo-referenced data [11]

On one hand, earlier IFC versions before IFC4 do not have an explicit entity for embed-
ding spatial reference information and were thought as not sufficient for geo-referencing [25].
This problem is solved in IFC4 by introducing a new entity, I f cMapConversion. Based on this
entity, the equation for coordinate transformation has been given by Moult [26]. However,
for the IFC2x3 TC1, which is still a valid official IFC standard [27], explicitly embedding
spatial reference information still appears to be a problem. The buildingSMART Aus-
tralia [22] suggested extending IFC2x3 TC1 by introducing an extended property set, i.e.,
ePSet_MapConversion, which records the same information as I f cMapConversion and en-
ables IFC2x3 TC1 models to be geo-referenced as IFC4 models. However, this extension has
not been officially implemented. It is reasonable to assume that a common geo-referencing
approach would benefit and facilitate the use of BIM models in GIS, as well as research
work in the AEC domain where geo-referenced BIM models are involved.

On the other hand, due to improper modeling practices, even if the IFC standard
is capable of embedding spatial reference information, the required spatial reference
information may not be properly assigned during the modeling phase, or not assigned at
all, which worsens the geo-referencing problem. BIM models without spatial reference,
however, can still be geo-referenced using the traditional geo-referencing approach which
utilizes other datasets (or templates, the term used by Isikdag et al. [28]) that are already
geo-referenced, such as the footprint used in studies by Zhu et al. [24] and Diakite et al. [11].
The geo-referencing problem caused by improper modeling practice is beyond the scope
of this study, as it is a management problem that can be avoided by standardizing the
modeling procedure.

Apart from the above two causes, different interpretations of ‘geo-referencing’ found
in the literature by researchers from areas such as construction and geodesy also aggravate
this problem. Some interpretation has led to different research efforts to address the geo-
referencing problem, such as the study by Uggla et al. [29], where geo-referencing was
interpreted as obtaining geographic coordinates, and the study by Jaud et al. [30], where
geo-referencing was interpreted as a process of placing an asset on the surface of the
Earth. In addition, it is noticed that the Feature Manipulation Engine (FME), the dominant
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commercial tool for BIM/GIS data conversion, has an issue in geo-referencing. All of these
suggest a knowledge gap in geo-referencing BIM models.

The objective of this study is then to advance geo-referencing theory for BIM and to
advance the application of geo-referencing in BIM/GIS integration by (1) clarifying the
meaning of ‘geo-referencing’ in the context of BIM/GIS data integration, (2) investigating
the geo-referencing capability of the IFC standard, and (3) developing a common geo-
referencing approach that suits different IFC versions. The remainder of this paper is
organized as follows. Section 2 compares two different interpretations of geo-referencing,
clarifies the meaning of geo-referencing in the context of BIM/GIS data integration, and
analyzes the pros and cons of previous studies on IFC geo-referencing capability. Section 3
presents the establishment of the common geo-referencing approach proposed in this
study. The validation of the proposed geo-referencing approach is provided in Section 4.
Discussions are presented in Section 5, and Section 6 provides the conclusions of this study.

2. Literature Review: Geo-Referencing
2.1. Interpretations of ‘Geo-Referencing’

It is noticed that researchers from different backgrounds may have different interpre-
tation of ‘geo-reference’. The term ‘geo-referencing’ has been defined in many different
ways. This term is originally from GIS and RS [3], which refers to the process of associating
a geospatial dataset (such as a map or a raster image) with geographic or projected CRS
through a coordinate transformation. Hill [31] expanded the scope of geo-referencing
and categorized geo-referencing into informal georeferencing and formal geo-referencing.
The former refers to colloquial references to geographical objects such as place name (ap-
proximate geo-referencing, beyond the scope of this study), whereas the latter refers to
exact location references using coordinate reference systems, which is within the scope of
this study.

In the category of formal geo-referencing, there exist many definitions for geo-referencing.
For example, Sommer and Wade [32] defined geo-referencing as ‘aligning geographic
data to a known coordinate system so it can be viewed, queried, and analyzed with
other geographic data’; the United States Geological Survey (USGS) [33] defined geo-
referencing as a process to relate the internal coordinate system (or local coordinate system)
of a digital map or aerial photo to a ground system of geodetic coordinates (including
map coordinates [23]), so that basic map analysis can be carried out, such as pointing
and clicking on the map to determine the coordinates of a point; according to the Open
Geospatial Consortium (OGC) [34], geo-referencing is geopositioning an object using a
correspondence model derived from a set of points (ground control points) for which
both ground and image coordinates are known, where a correspondence model means the
functional (mathematical) relationship between ground and image coordinates; Uggla and
Horemuz [29] defined it as a process of ‘assigning geodetic coordinates, i.e., coordinates
related to the physical Earth, to geometries’; Jaud et al. [30] defined geo-referencing as a
‘process of specifying a geolocation (the placement of an asset on the surface of the Earth)’.

These definitions of geo-referencing appear similar in the purpose, i.e., relating a
dataset with a coordinate reference system (and eventually with the Earth), but some of
them actually lead to different research efforts to address the geo-referencing issue, which
is discussed in the next section.

2.2. Geo-Referencing: Establishing Spatial Reference or Coordinate Transformation

The majority of definitions of geo-referencing do not specify the type of CRS, such
as those from Sommer and Wade [32], USGS [33] and OGC [34], and by default, either
projected or geographic CRS would work. For clarity, this geo-referencing is referred
to as Geo-ref1. In contrast, when investigating the geographic capability of IFC, Uggla
and Horemuz [29] indicated that the coordinates should be exclusively transformed into
geodetic coordinates (longitude, latitude), and the focus was put on coordinate transfor-
mation for reducing distortion and improving location accuracy. A similar opinion can



ISPRS Int. J. Geo-Inf. 2021, 10, 362 4 of 21

be found in the study by Jaud et al. [30]. This geo-referencing is referred to as Geo-ref2,
and only geographic CRS would work for this type of geo-referencing. The relationship
between projected CRS and geographic CRS is that a projected CRS is always created by
flattening a geographic CRS using a map projection, i.e., there is always a geographic
CRS behind a projected CRS, and the transformation between these two types of CRS has
been well addressed by the geospatial industry. In practice, projected CRS is usually used
in applications for small areas, such as mapping, while geographic CRS is usually used
for global applications, such as positioning. Simply speaking, if a spatial dataset uses a
projected CRS, the underlying geographic CRS indicates the spatial location of the data,
and the projected CRS indicates how the data can be drawn on a 2D plane [35].

Figure 1 shows the difference between these two types of geo-referencing, where how
the virtual world in a GIS is linked with the physical earth via the conceptual world (earth)
is illustrated. The conceptual world is the abstract world that geodesists conceptualize
to imitate the physical world. In the conceptual world, a reference ellipsoid is used to
approximate the physical earth, and the reference ellipsoid is linked with a geodetic CRS
through a datum [36]. The geodetic CRS has many subtypes, and the most common
ones include the geographic CRS (the underlying coordinate system is ellipsoidal) [37]
and the Earth-centered, Earth-fixed (ECEF) CRS (the underlying coordinate system is
Cartesian) [38]. These two subtypes of geodetic CRS can be transformed to each other. In
cases where a more accurate approximation is needed for a specific portion of the Earth,
a local ellipsoid can be used [29], and its local geodetic CRS can be transformed into the
ECEF CRS. These concepts can be implemented in a GIS to provide a locating frame for the
virtual world. Please refer to [37] for a more detailed introduction to CRSs, geodetic CRSs,
and other relevant terms.
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Geo-ref1 is then the combination of Process (a) and (b) in Figure 1, and Geo-ref2 is
then the virtual link (c). Geo-ref1 puts more weight on establishing spatial reference, as
the coordinate transformation problem has been well addressed, while Geo-ref2 assumes
spatial reference has been established and puts more weight on coordinate transformation
in an attempt to improve location accuracy for construction activities. For the purpose of
an easier discussion, data after Process (a) with spatial reference but still in its own LCS are
referred to as semi-geo-referenced data, such as IFC models.

Uggla et al. [29] proposed three methods to practically implement Geo-ref2, as shown
in Figure 2. The first step of all the three methods is to convert the LCS into an oriented
engineering system based on the established spatial reference. In Method 1, the oriented
engineering system is first transformed into a well-known projected CRS, which can be
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transformed into the geographic CRS by a process of inverse projection. In Method 2,
the oriented engineering system is first transformed into the ECEF system, whose rela-
tionship with the geographic CRS has been well established. In Method 3, where a local
ellipsoid is used, the oriented engineering system is transformed into the local geodetic
CRS, which is later transformed into the ECEF system and eventually transformed into the
geographic CRS.
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In spite of the fact that both of these two types of geo-referencing attempt to link
geospatial data with a CRS, they are different in starting point, focus, scope and motivation,
as shown in Table 2. Geo-ref1 starts with non-geo-referenced raw spatial data, such as
satellite images, with a focus to establish spatial reference for the dataset (which is the vital
and first step of geo-referencing), and Geo-ref1 can convert the LCS into either projected
CRS or geographic CRS, and the motivation of Geo-ref1 is for spatial data management
and analysis in the GIS. In contrast, Geo-ref2 starts from the semi-geo-referenced data with
a focus to transform coordinates (second step of geo-referencing) into the geographic CRS,
and its motivation is to obtain accurate geodetic coordinates, according to Uggla et al. [29],
for construction activities. These differences have determined that more complicated
methods and more knowledge with geodesy are needed for Geo-ref2, in order to ‘geo-
reference’ datasets.

Table 2. Differences in starting point, focus, scope, and purpose between Geo-ref1 and Geo-ref2.

Geo-Ref1 Geo-Ref2

Starting point Raw spatial data without spatial reference
(non-geo-referenced) Data with spatial reference (semi-geo-referenced)

Focus Step 1: Establishing spatial reference Step 2: Coordinate transformation

Scope From non-geo-referenced data to geo-referenced data in
CRS

From semi-geo-referenced data to geo-referenced data in
geographic CRS

Motivation Spatial data management and analysis in GIS by
providing a common coordinate framework

Obtaining accurate geodetic coordinates for construction
activities
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Overall, the meaning of geo-referencing in Geo-ref2 (which is primarily for construc-
tion activities) is deviated from the original meaning of geo-referencing in a GIS, and in
BIM/GIS integration, the meaning of geo-referencing should be Geo-ref1. In the rest of this
paper, if mentioned, geo-referencing refers to Geo-ref1.

2.3. Geo-Referencing Capability of IFCs

As mentioned above, geo-referencing consists of two steps: (1) step 1: establishing
spatial reference and (2) step 2: obtaining coordinate transformation parameters and
transforming coordinates [39], where the first step matters the most, as it is the premise
of the second step, while the second step has been well investigated by the geospatial
industry [30]. For the first step of geo-referencing, BIM models are different from traditional
GIS datasets, such as images. For traditional datasets, the spatial reference is established
by selecting GCPs [3,24]. Such a manual approach also works for BIM models, but BIM
models have an additional way, i.e., embedding the spatial reference information within
them [22]. From the established spatial reference, transformation parameters can be derived
for coordinate transformation. Therefore, the geo-referencing capability of the IFC refers to
its capability to accommodate spatial reference information.

IFC4 has a strong geo-referencing capability with a dedicated entity, I f cMapConversion [40].
This class contains six attributes, including Eastings (E), Northings (N), OrthogonalHeight (O),
XAxisAbscissa (XAA), XAxisOrdinate(XAO), and Scale (S) [41], from which the transfor-
mation parameters required by the coordinate transformation can be derived. Coordinate
transformation through I f cMapConversion has been discussed by Uggla et al. [42] and an
equation based on these attributes was given by [26] as follows:

[
x′ y′ z′

]
= [x y z]×

 S× cos θ S× sin θ 0
−S× sin θ S× cos θ 0

0 0 1

+ [E, N, O], (1)

where θ = atan2(XAO, XAA). However, I f cMapConversion is an entity unique to IFC4.
In contrast, the early IFC version was thought not to have a sufficient geo-referencing
capability. According to Clemen and Hendrik [12], the information from IFC2x3, i.e., the
geographic reference point of the site, can only be used for approximate geo-referencing.
It can thus be concluded that a common way to embed spatial reference information for
accurate geo-referencing is absent for IFC.

There are many studies involving the geo-referencing of BIM models, but only a few
of them conducted a systematic investigation into the geo-referencing capability of IFC,
such as the study by Uggla et al. [29], the study by Clemen and Hendrik [12], and the study
by Arroyo Ohori et al. [21]. The pros and cons of these studies have been listed in Table 3.

Table 3. Pros and cons of studies on investigating IFC geo-referencing capability.

Pros Cons

Arroyo Ohori et al. [21]
• Systematically assessed the geo-referencing

capability of IFCs for practical use
• Misinterpretation of the IFC geometry structure
• Misinterpretation of IFC entities

Clemen and Hendrik [12]

• Systematically assessed the geo-referencing
capability of IFCs using a concept of level of
geo-referencing (LoGeoRef) ranging from
LoGeoRef10 to LoGeoRef60

• Misinterpretation of the IFC geometry structure
• Misuse of IFC entities

Uggla et al. [29]
• An attempt to geo-reference large

infrastructure construction project
• Misinterpretation of the IFC geometry structure
• Misinterpretation of IFC entities
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Arroyo Ohori et al. [21] carried out a systematic investigation into the IFC standard,
and some IFC entities that are relevant to geo-referencing have been investigated in de-
tail, such as IfcSite, IfcGeometricRepresentationContext. Clemen and Hendrik [12] came
up with the concept of level of geo-referencing (LoGeoRef), which is used to assess the
geo-referencing capability of IFC models, ranging from LoGeoRef10 to LoGeoRef60. LoGe-
oRef10 and LoGeoRef20 are for approximate geo-referencing (informal geo-referencing)
using IfcPostalAddress and the geographic reference point in IfcSite, while LoGeoRef30
and above are for accurate geo-referencing, using entities such as IfcLocalPlacement of
IfcSite for LoGeoRef30, IfcGeometricRepresentationContext for LoGeoRef40, and IfcMap-
Conversion for LoGeoRef50. LoGeoRef60, which suggests using ground control points,
has not been implemented. Uggla et al. [29] made an attempt to develop methods for geo-
referencing a large infrastructure project in IFCs for construction activities; even though
their focus was the second step (coordinate transformation) instead of the vital first step
(establishing spatial reference), the geo-referencing capability of the IFC was investigated.
Problems with these studies include the misinterpretation of the IFC geometry structure,
the misinterpretation of IFC entities, and the misuse of IFC entities.

(1) Misinterpretation of the IFC geometry structure and misinterpretation of IFC
entities. The misinterpretation of the IFC geometry structure is the common problem
within these studies, where the site was considered as the highest geometry container
of the IFC, which in fact should be IfcProject [43]. This misinterpretation has led to the
misinterpretation of other IFC entities. For example, the project base point is the reference
point for the highest geometry container, i.e., IfcProject, but in the study by Arroyo Ohori
et al. [21], it is interpreted as the reference point of the IfcSite (which was mistakenly
considered as the highest geometry container), and similarly, the geographic reference
point of IfcSite was mistakenly interpreted as the origin of the engineering system (or
project-level LCS) [29]. These two cases are illustrated in Figure 3. The consequence
of these two types of misinterpretation can lead to a systematic location error, due to
neglecting the relative placement of IfcSite to IfcProject.
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(2) Misuse of IFC entities. Some IFC entities were used against their original purpose.
In the study by Clemen and Hendrik [12], in order to geo-reference IFC models, (a) the
relative placement attribute (indicated by an IfcAxis2Placement3D object) of IfcSite was
used to store its relative placement to a CRS (instead of the project-level LCS) in LoGeoRef30,
and (b) the WorldCoordinateSystem attribute (indicated by an IfcAxis2Placement3D object)
was used to store the relative placement to a CRS in LoGeoRef40. The consequence of
misuse of these IFC entities is the generation of large coordinates, which can cause unknown
problems to BIM tools [23]. BIM models with such misused entities cannot be used in
BIM tools.

The root of these problems is the insufficient consideration of the placement hierarchy
in IFCs. When the placement hierarchy is not considered, it is prone to consider the site
as the highest geometry container. Additionally, due to the misuse of IFC entities and the
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misinterpretation of the IFC geometry structure, the geo-referencing approaches proposed
by previous studies are just workarounds that can work in certain situations but cannot
actually solve the problem in a common way, i.e., a common geo-referencing approach is
still in absence. All of the above suggest a knowledge gap in geo-referencing BIM models
in the community.

3. Establishment of the Common Geo-Referencing Approach for IFCs
3.1. Key IFC Entities in Geo-Referencing IFC (Geo-Referencing Elements)

Previous studies have incorporated part of the IFC entities that are relevant to geo-
referencing, such as IfcSite and IfcGeometricRepresentationContext, but not all of them, nor
in a systematic way. For the purpose of developing a common geo-referencing approach,
relevant IFC entities have to be correctly interpreted and systematically linked. After a
thorough and systematic investigation into the IFC standard, the IFC entities in Figure 4
have been identified to be related to geo-referencing and linked with each other in a
systematic way. These entities, as well as their attributes, are referred to as geo-referencing
elements in this study.
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3.1.1. The Placement Hierarchy in IFCs

The IFC adopts a relative placement system (element→storey→building→site→project,
see Figure 5), referred to as placement hierarchy, where an object (child) is placed in relation
to an upper class (parent) in the placement hierarchy [44,45]. For example, a building is
placed relative to a site. Each object has its own LCS with an origin of (0, 0, 0), and orien-
tation of (1, 0, 0), (0, 1, 0) and (0, 0, 1) for the x-axis, y-axis, and z-axis, respectively. The
relative placement between adjacent LCSs is indicated in the IfcLocalPlacment entity, which
has two attributes, i.e., PlacementRelTo and RelativePlacement. The PlacementRelTo points
to another IfcLocalPlacment object which is for the parent class. If the PlacementRelTo
points to null, it means that this object is placed in the project-level LCS (world coordi-
nate system) [46]. The RelativePlacement points to a IfcAxis2Placement3D object, which
records the origin shift (IfcAxis2Placement3D.Location) and orientation of the child LCS
(IfcAxis2Placement3D.Axis for z-axis and IfcAxis2Placement3D.RelDirection for x-axis)
in the parent LCS. Through IfcAxis2Placement3D, coordinates in the child LCS can be
transformed into the parent LCS [44].
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Please note that the statement in IFCs (both IFC2x3 and IFC4) [43] that the highest level
of the spatial structure is assigned to IfcProject is ambiguous, which can be interpreted
in two ways, i.e., (a) the IfcProject is the highest level of the spatial structure, and (b)
another spatial container, such as IfcSite, is the highest level of the spatial structure and it
is eventually assigned to IfcProject. Nevertheless, in either case, IfcProject is undoubtedly
the highest container for shape representations (geometry).

3.1.2. Geographic Reference Point in IfcSite and IfcGeometricRepresentationContext in
IfcProject

IfcSite is the IFC entity representing a construction site [47], which defines a geo-
graphic reference point for the origin of the site-level LCS, (0, 0, 0), using geographic
coordinates (longitude, latitude, elevation) in WGS84, as shown in Figure 6a. IfcGeometri-
cRepresentationContext is the most important attribute of IfcProject for geo-referencing [48].
It defines the context that applies to shape representations within a project and includes
two attributes that are essential to establishing spatial referencing, i.e., TrueNorth and
WorldCoordinateSystem.
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(1) TrueNorth. TrueNorth denotes the direction of the geographic north in the under-
lying project-level LCS (world coordinate system) using a direction vector (a, b), as shown
in Figure 6b. If omitted, it means that the positive y-axis of the project-level LCS points to
the geographic north.

(2) World coordinate system. The WorldCoordinateSystem establishes the engineering
coordinate system (project-level LCS or world coordinate system) for all representation con-
texts used by the project [48]. The title of this attribute is, however, somewhat misleading.
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In BIM and other areas such as computer graphics and CAD, the ‘world coordinate system’
is the local coordinate system of the project [40,49], which refers to the coordinate system of
the virtual world created by software that may not be linked to the real world. Meanwhile,
in GISs, ‘world coordinate system’ is closer to a coordinate reference system that is related
to the real world, which literally means the coordinate system of the real world, such as the
term ‘world coordinate reference system’ used by [22]. This difference in interpreting the
WorldCoordinateSystem has to be noted, as it has caused confusion among practitioners
in the area of BIM/GIS integration. For example, Arroyo Ohori et al. [21] misinterpreted
this term and claimed that it stores the origin shift of the engineering coordinate system to
the real-world coordinate reference system, when their study was based on IFC2x3. The
definitions of the WorldCoordinateSystem in IFC2x3 TC1 and IFC4 are presented in Table
4. It can be noticed that the WorldCoordinateSystem can be used to store the offset only in
IFC4, and the offset is not relative to a CRS but to the survey point of the project.

Table 4. Definitions of world coordinate system in IFC2x3 TC1 and IFC4 ADD2 TC1.

IFC2x3 TC1 IFC4 ADD2 TC1

World coordinate system
(WCS)

Establishment of the engineering coordinate
system (often referred to as the world
coordinate system in CAD) for all
representation contexts used by the project.
Usually set to origin: (0, 0, 0) and x-axis (1, 0,
0), y-axis (0, 1, 0), and z-axis (0, 0, 1).

Establishment of the engineering coordinate system (often referred
to as the world coordinate system in CAD) for all representation
contexts used by the project.
Usually set to origin: (0, 0, 0) and x-axis (1, 0, 0), y-axis (0, 1, 0), and
z-axis (0, 0, 1). If I f cMapConversion is defined, then the WCS is
used to define the offset (origin shift) between the zero point of the
local engineering coordinate system and the geographic reference
point to which the I f cMapConversion offset relates.
In preferred practice, both points (also known as “project base
point” and “survey point”) should be coincidental. However, it is
possible to offset the geographic reference point from the local zero
point.

According to these definitions, it can be concluded that the WorldCoordinateSystem is
supplementary to IfcMapConversion and should be considered during geo-referencing only
when the survey point is different from the project base point in IFC4, as shown in Figure 7a.
When this happens, the offset between them is defined in the WorldCoordinateSystem. The
situation where these two points coincide is presented in Figure 7b.
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3.2. Combining IFC Placement Hierarchy and Geo-Referencing Elements

From the fragmented information from IfcSite, IfcGeometricRepresentationContext,
IfcProject, IfcLocalPlacement and IfcSpatialStructureElement in IFCs, the placement hier-
archy and geo-referencing elements can be systematically combined to form a structure
(see Figure 8), which is referred to as the geo-referencing model in this paper. This geo-
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referencing model contains geo-referencing elements from all valid IFC versions and is
thus referred to as the full geo-referencing model. It can be noticed that geo-referencing
models proposed by previous studies (see Figure 3) are actually specific forms of the full
geo-referencing model, where the project-level LCS coincides with the site-level LCS and
the project base point coincides with the survey point.
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The following facts are concluded from IFC specifications. (1) IfcProject is the highest
geometry container in the IFC, sites are placed in the project-level LCS defined by the
WorldCoordinateSystem, and the ‘project base point’ refers to the origin of the project-level
LCS. (2) In IFC4, IfcMapConversion is related to the ‘survey point’, while IFC geometry is
related to the ‘project base point’. These two points are preferred to be coincidental, but it is
possible to offset them, in which case, the offset is indicated by the WorldCoordinateSystem.
(3) The project-level LCS is also known as the world coordinate system or the engineering
coordinate system in the IFC, which by itself is not related to the real world. (4) The geo-
graphic reference point is for the origin of the site-level LCS. (5) When IfcMapConversion
is defined, the true north, if defined, is only for informational purposes [48].

3.3. The Common Geo-Referencing Approach

In order to develop a common geo-referencing approach for IFCs, geo-referencing
elements unique to IFC4, such as IfcMapConversion, are removed from the full geo-
referencing model to derive the common geo-referencing model, which is presented in
Figure 9, where LCSs beyond site-level LCS are omitted for clarity.
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The key to geo-referencing is to obtain the transformation parameters, i.e., the trans-
formation matrix and the origin shift. From this common geo-referencing model, there are
two ways to obtain the transformation parameters, either based on the project-level LCS or
the site-level LCS.

When based on the site-level LCS, the transformation parameters can be obtained
using the following steps: (a) retrieve reference longitude and latitude from I f cSite, (b) use
the latitude and longitude to determine the site location on Earth, and select an appropriate
projected CRS for that location, (c) transform latitude and longitude into map coordinates
to obtain the origin shift of the site to the selected projected CRS, (d) retrieve the true
north direction in the project-level LCS, convert it into the site-level LCS using the relative
placement between these two LCSs, and transform it into the transformation matrix, and
finally (e) implement coordinate transformation. When based on the project-level LCS,
a similar procedure can be followed, but the origin offset derived from the geographic
reference point should be transformed into the project-level LCS. These two approaches
are equal in performance, and the approach based on site-level LCS is used in this study.

3.3.1. Obtaining Transformation Parameters

The transformation matrix and the origin shift can be obtained by using the relation-
ship between the site-level LCS and the projected CRS, as presented in Figure 10. The
solid x-axis and y-axis constitute the site-level LCS, and their intersection is the origin of
the site LCS with local coordinates of (0, 0). The solid arrow in the second quadrant of
the site LCS points to the true north, (a, b), or the direction of the N-axis (north) of the
underlying projected CRS. Once the N-axis is determined, its E-axis (east), indicated by the
dashed arrow in the first quadrant of the site LCS, can be determined as (b, −a), as they are
perpendicular to each other and follow the right-hand rule. The origin shift (offset) between
the site-level LCS and the projected CRS can be determined by converting the geographic
coordinates, (Long., Lat.) of the geographic reference point into map coordinates (E, N)
of the projected CRS, which can be carried out by using PROJ, a software for transforming
geospatial coordinates [50].
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The true north (a, b) can be converted into the transformation matrix using the following
steps. (a) Acquiring the direction of three axes of the projected CRS (P1, P2 and P3) in the
site-level LCS. In the 3D site-level LCS, the direction of N-axis is P2:(a, b, 0), the direction
of E-axis is P1:(b, −a, 0), and the direction of the height axis is P3: (0, 0, 1), while the
corresponding direction of these three axes in the projected CRS itself is (0, 1, 0), (1, 0, 0) and
(0, 0, 1). (b) Calculating the transformation matrix (M) using the following equation:

P2 :
P1 :
P3 :

 b −a 0
a b 0
0 0 1

×M =

 1 0 0
0 1 0
0 0 1

, (2)

M =

 b a 0
−a b 0
0 0 1

. (3)

The Python codes for retrieving geographic reference point and the true north and
converting geographic coordinates into map coordinates are presented in Appendix A.

3.3.2. Coordinate Transformation

Coordinate transformation can be implemented using the following equation, once all
the required parameters are in place:

[
x′ y′ z′

]
= [x y z]×

 b a 0
−a b 0
0 0 1

+ [E, N, O], (4)

where [x′ y′ z′] is the transformed coordinates, [x y z] is the initial coordinates, (a, b) is
derived from the true north, and [E, N, O] represents the origin shift that is derived from
latitude, longitude, and elevation of the geographic reference point. The key Python codes
for implementing geo-referencing are presented in Appendix B.

4. Experiments, Results and Analysis
4.1. Data

In order to validate the proposed geo-referencing approach, several IFC models were
first obtained from IfcWiki [51] and the Open IFC Model Repository (OIMR) [52], as
presented in Table 5. After an initial inspection, it was found that only one of them had
embedded the correct spatial reference information (geographic reference point and true
north). This model quality issue appears to be common and has been encountered by other
studies [6,21], but this problem is beyond the scope of this study. The model (see Figure 11)
with the correct spatial reference, i.e., the Smiley model, was used to validate the proposed
method, as well as a model with the incorrect spatial reference, i.e., the House 1 model.
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Table 5. Examined IFC models for method validation.

Model Source Geographic Reference Point True North Inspection Result

1 Institute IfcWiki (8.716667, 49.150000, 0.0) (0, 1) Incorrect
2 Smiley IfcWiki (8.390980, 49.033244, 110.0) (−0.53730, −0.84339) Incorrect
3 House 1 IfcWiki (8.436539, 49.100435, 110.0) (0.76604, 0.64279) correct
4 House 2 OIMR Not defined Not defined Incorrect
5 bridge 1 project (149.126556, −35.306541, 0.0) (0, 1) Incorrect
6 bridge 2 project Not defined Not defined Incorrect
7 T18001_Zonghelou OIMR (114.279200, 30.572500, 0.0) (0, 1) Incorrect
8 OTC-Conference-Center OIMR (−71.060300, 42.358300, 0.0) (0, 1) Incorrect
9 Rac_advanced_sample_project OIMR (−71.46100, 42.991000, 0.0) (0, 1) Incorrect

10 AZUMA9 OIMR (135.492263, 34.610618, 1.0) (0, 1) Incorrect
11 Svaleveien_8_Hus_A OIMR (0.0, 0.0, not defined) (0, 1) Incorrect
12 Autodesk_Hospital_Parking OIMR (−77.615000, 43.168000, 0.0) (0.99939,0.03490) Incorrect
13 Dubal-Herrera-limpio OIMR (−71.059776, 42.358429, 0.0) (0, 1) Incorrect

4.2. Implementation

For the Smiley model, from its geographic reference point, (8.390980, 49.033244), it
can be determined that this model is located in Germany, where two types of projected
CRS are being used, including Gauss–Krueger (zone 2, 3, 4, or 5) and UTM (zone 32 or 33).
In this study, WGS84/UTM zone 32N (EPSG: 32632) was selected, as this projected CRS
uses the same datum with IFC, i.e., WGS84 [53]. The converted map coordinates for the
geographic reference point and the transformation matrix are presented in Table 6.

Table 6. Original spatial reference information and converted transformation parameters.

Original Spatial Reference Transformation Parameters

Latitude (degree): 49.033244 Origin shift—Northing (meter): 455484.51059
Longitude (degree): 8.390980 Origin shift—Easting (meter): 5431330.07251

Elevation (meter): 110.0 Origin shift—Elevation (meter): 110.0

True north: (−0.53730, −0.84339)
Transformation matrix:

 −0.84339 −0.53730 0
0.53730 −0.84339 0

0 0 1



The quality of geo-georeferencing was assessed via visual inspection with Google
Earth, and the focus was mainly on the location of the converted models. Google Earth
provides historical images and 3D city models, which ensure that the accuracy of geo-
referencing can be assessed for all buildings, including those historical buildings that no
longer exist. The accuracy of elevation is not assessed, out of two reasons: (a) high accuracy
digital elevation models (DEMs) required for such assessments are difficult to obtain, and
(b) the elevation of models can be easily adjusted in 3D GIS environment. Figure 12 shows
the geo-referenced building model on ArcGIS Online (http://arcg.is/1DTfX0, accessed on
20 March 2021), which indicates an accurate geo-referencing.
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Considering that the purpose of validation is to make sure that the proposed method
can place BIM models at the designated locations (i.e., the location defined by the ge-
ographic reference point in IfcSite) and orientations, models with an incorrect spatial
reference can also be used to validate the method. The proposed method can be claimed
as valid if it can place models with an incorrect spatial reference at the designated wrong
locations. The House 1 model listed in Table 5 was used for this purpose. The House
1 model has a GRP of (8.436539, 49.100435) and true north of (0.76604, 0.64279). The
true north value indicates an angle of 50.0 degree between the y-axis and the true north.
Figure 13 presents the processed House 1 model, where only walls are displayed for a clear
illustration. Figure 13 proves that the proposed method has performed as expected and
can place the model at the designated wrong location, and the orientation of the model is
correct, with an angle of 50.0 degree between the y-axis and the true north.
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Figure 13. The House 1 model processed using the proposed method. With initial incorrect spatial reference, this model
was placed, as expected, at wrong location with correct orientation.

4.3. Comparison with FME

Figure 14 presents the models geo-referenced using the proposed approach and the
FME. It can be noticed that (a) the FME can identify some geo-referencing element in the IFC
and use that to convert the LCS into a customized projected CRS titled ‘IFC_COORDSYS_0’,
which uses azimuthal equidistant projection with a central meridian of 8.39098 and a
latitude of origin of 49.0332445, which corresponds to the geographic reference point, (b)
the model from FME is not correctly geo-referenced (with wrong orientation).
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By a closer examination of the model generated by the FME, it can be inferred that
the FME does not take the true north and the elevation into consideration during data
conversion, from the following facts: (1) the angle between these two models is 147.5,
which corresponds to the true north direction (−0.53730, −0.84339) recorded in Table 6,
and (2) in order to display these two models at the same elevation, the height offset for
the Smiley model is set at 6.5 m, while that for the Smiley_FME model is 116.5 m, which
corresponds to the elevation of 110.0 m recorded in Table 6. It can be concluded that the
FME is ineffective in geo-referencing IFC models. The failure of the FME, to some extent,
reflects the knowledge gap in geo-referencing BIM models in the industry.

5. Discussion

In order to address the problems of different interpretations of geo-referencing, insuf-
ficient consideration of the IFC placement hierarchy and misuse of IFC entities in previous
studies, this paper clarified the meaning of geo-referencing needed in BIM/GIS integra-
tion and provided a common geo-referencing approach for IFC models. The original
contribution of this study is at the following levels.

(1) Meaning of geo-referencing in BIM/GIS integration

In the area of GIS, the meaning of geo-referencing is clear, which is to link a raw
dataset to a CRS for data management and analysis in a GIS (Geo-ref1) [33], and the vital
step is to establish spatial reference for the raw dataset. In contrast, another interpretation
of geo-referencing tries to link a semi-geo-referenced dataset to a geographic CRS for
construction activities (Geo-ref2). By comparing these two types of geo-referencing in
terms of starting point, focus, scope and motivation, it is suggested in this study that the
geo-referencing needed by BIM/GIS data integration is Geo-ref1.

(2) A full geo-referencing model

The geo-referencing approaches suggested by previous studies are workarounds
that do not actually solve the problem in a common way, because they failed to consider
the placement hierarchy in the IFC, misinterpreted some geo-referencing elements, and
considered the site as the highest geometry container of the IFC [12,21,29]. This study
solved these problems by a systematic investigation into the IFC standard and taking the
placement hierarchy into consideration. Based on these, a full geo-referencing model was
developed by incorporating geo-referencing elements in two valid IFC versions. This full
geo-referencing model can benefit the AEC domain where geo-referenced BIM models are
used to facilitate construction activities, such as progress control and structure inspection,
by clarifying the geometry structure of IFC.

(3) A common geo-referencing approach

The full geo-referencing model was simplified to be the common geo-referencing
model, and a common geo-referencing approach was developed, referred to as IFC-G
here. The proposed IFC-G and the geo-referencing approach for IFC4 (IFC4-G) using
I f cMapConversion are presented in Figure 15a,b, respectively.

These two geo-referencing approaches are mainly different in three aspects: how the
orientation of the projected CRS is indicated, how the origin shift is recorded, and how the
projected CRS is defined. (a) IFC-G specifies the orientation of the projected CRS using the N-
axis indicated by the true north, which is retrieved from I f cGeometricRepresentationContext,
whereas IFC4-G uses the E-axis indicated by (XAA, XAO) retrieved from I f cMapConversion.
(b) In terms of origin shift, IFC-G uses (Long., Lat.) from I f cSite, which is transformed
into (E, N), and IFC4-G directly uses (E, N) from I f cMapConversion. (c) In IFC-G, the
projected CRS is defined by users based on the location of the site, whereas in IFC4-G, the
projected CRS is specified by modelers.
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Despite these differences, both of these two geo-referencing approaches can derive the
same transformation parameters to achieve same geo-referencing accuracy. Additionally,
since the required geo-referencing elements for IFC-G are stable in IFCs, i.e., they have
been there in IFCs since as early as IFC2x (which was published in 2000), IFC-G not only
can be applied to current two valid IFC versions but also potentially future IFC versions,
which makes the proposed approach a common geo-referencing approach for IFCs. In
addition, such an approach supports automatic geo-referencing that would facilitate the
use of BIM models in GISs, e.g., the construction of city models that contain a large number
of building models.

(4) Levels of spatial reference

Both IFC-G and IFC4-G can be used to accurately geo-reference IFC models, but they
actually pose different requirements on BIM modelers and BIM/GIS integration practition-
ers. IFC-G makes it easier for BIM modelers to embed spatial reference information in IFCs,
as the required geographic reference point and true north are easy to obtain and common
to different IFC versions, considering that defining IfcMapConversion is a complicated
process specific for IFC4 [22]. In contrast, IFC4-G makes it easier for BIM/GIS integration
practitioners to transform coordinates, as all transformation parameters are ready-to-use.
According to this, this study defines two levels of spatial reference (LoSR) in IFCs, i.e.,
LoSR1: defining the geographic reference point and true north for IFC models and LoSR2:
defining IfcMapConversion. During modeling, it is suggested that BIM models should
embed spatial reference information at least in LoSR1 for the future implementation of
accurate georeferencing.

6. Conclusions

This study aims to clarify the meaning of geo-referencing in the context of BIM/GIS
integration and develop a common approach for geo-referencing IFC models. The main
findings and outcomes of this study are as follows.

(1) The meaning of geo-referencing has been clarified for BIM/GIS data integration. Geo-
referencing in the context of BIM/GIS integration refers to the process of establishing
spatial reference for BIM models so that they can be managed and analyzed in a GIS
after their local coordinate system is transformed into a proper coordinate reference
system. Its focus is to establish a spatial reference with a CRS for BIM models,
given that the CRS has been properly selected. As for the distortion of the CRS, it is
considered as acceptable and beyond the scope of geo-referencing in the context of
BIM/GIS integration.

(2) A common geo-referencing approach that can be applied to both officially valid IFC
versions, or even future IFC versions, was developed by a systematic and thorough
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investigation into IFC standards and combining the common geo-referencing elements
with the placement hierarchy of IFC. This study proves that the early version of the
IFC is already sufficient for accurate geo-referencing. In addition, this study uses all
IFC entities in their original way without the need of modification or extension to
existing IFC standards.

(3) A level of spatial reference (LoSR) concept was conceptualized. BIM models at LoSR1
should embed information regarding the geographic reference point and true north,
while models at LoSR2 should define IfcMapConversion. It is suggested that BIM
models should be at least in LoSR1 in order to be accurately geo-referenced.

This common geo-referencing approach can facilitate BIM/GIS data integration and
in a broad sense benefit studies that use BIM and GISs to solve engineering problems in
the AEC domain, such as the aforementioned fire emergency response and indoor–outdoor
navigation. In addition, this study can facilitate the development of smart cities and
digital twins, where an automatic and efficient method is needed to geo-reference a large
number of building models, in order to integrate various spatial data for visualization or
decision making.

This paper addressed the problem of geo-referencing building models in IFCs, which
are relatively small structures compared with infrastructures, such as road. While the
IFC starts to cover the infrastructure domain, a proper geo-referencing approach is also
needed for these structures, which should be investigated in the future. Another concern
for geo-referencing BIM models is the quality of BIM models. As revealed during the
experiment, among these IFC models obtained online, only one of them embeds correct
spatial reference information. This indicates that embedding spatial reference information
in BIM models has not been given sufficient attention, which should be addressed to
facilitate the use of BIM models in the geospatial industry and in the AEC domain.
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Appendix A. Python Codes for Retrieving Geographic Reference Point, True North
and Conversion of Geodetic Coordinates to Map Coordinates

# retrieve true north and turn it into transformation matrix
def getTransformMatrix(project):

def getModelContext(project):
flag = False
for context in project.RepresentationContexts:

if context.ContextType == ‘Model’:
flag = True
return context

https://www.ifcwiki.org/index.php?title=IFC_Wiki
https://www.ifcwiki.org/index.php?title=IFC_Wiki
http://openifcmodel.cs.auckland.ac.nz
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if flag == False:
print ‘No context for model was found in this project’

contextForModel = getModelContext(project)
a,b = contextForModel.TrueNorth.DirectionRatios
transformMatrix = [[b, -a, 0], [a, b, 0], [0, 0, 1]]
transformMatrix = np.mat(transformMatrix).I
return transformMatrix

#retrieve geographic reference point and transform the geodetic coordinates into map coordinates
def getOriginShift(site):

def mergeDegrees(Degrees):
if len(Degrees) == 4:

degree = Degrees[0]+Degrees[1]/60.0+(Degrees[2]+Degrees[3]/1000000.0)/3600.0
elif len(Degrees) == 3:

degree = Degrees[0]+Degrees[1]/60.0+Degrees[2]/3600.0
else:

print ‘Wrong input of degrees’
return degree

Lat,Lon = site.RefLatitude, site.RefLongitude
a, b = mergeDegrees(Lat), mergeDegrees(Lon)
crs = pyproj.CRS.from_epsg(32632)
proj = pyproj.Transformer.from_crs(4326,crs)
a, b = proj.transform(a,b)

c = site.RefElevation
return [a,b,c]

Appendix B. Python Codes for Implementing Geo-Referencing

def georeferencing(inFeature, transMatrix, originShift, outFeature):
sf_multipatch = shapefile.Reader(inFeature)
attList = [sf_multipatch.fields[i][0] for i in range(1,len(sf_multipatch.fields))]
shpWriter = initiateShpWriter(attList)

shapes = sf_multipatch.shapes()
records = sf_multipatch.records()
for i in range(len(shapes)):

shape = shapes[i] #each shape is a multipatch, and can contains many faces (parts)
record = records[i]
points = np.hstack((np.mat(shape.points),np.mat(shape.z).T))
points = points.tolist()
parts = []
for k in range(len(shape.parts)):

if k! = len(shape.parts)-1:
ring = points[shape.parts[k]:shape.parts[k+1]]

else:
ring = points[shape.parts[k]:]

result = np.mat(ring)*np.mat(transMatrix)+np.mat(origin_shift)
result = np.round(result,9).tolist()
parts.append(result)

partTypes = (np.ones(len(parts))*5).tolist()
shpWriter.poly(parts = parts, partTypes = partTypes, shapeType = 31)
shpWriter.records.append(record)

shpWriter.save(outFeature)
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