
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tjss20

Journal of Spatial Science

ISSN: 1449-8596 (Print) 1836-5655 (Online) Journal homepage: https://www.tandfonline.com/loi/tjss20

Evaluating the geometric aspects of integrating
BIM data into city models

Jing Sun, Perola Olsson, Helen Eriksson & Lars Harrie

To cite this article: Jing Sun, Perola Olsson, Helen Eriksson & Lars Harrie (2019): Evaluating
the geometric aspects of integrating BIM data into city models, Journal of Spatial Science, DOI:
10.1080/14498596.2019.1636722

To link to this article:  https://doi.org/10.1080/14498596.2019.1636722

© 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 22 Jul 2019.

Submit your article to this journal 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tjss20
https://www.tandfonline.com/loi/tjss20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14498596.2019.1636722
https://doi.org/10.1080/14498596.2019.1636722
https://www.tandfonline.com/action/authorSubmission?journalCode=tjss20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tjss20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/14498596.2019.1636722&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1080/14498596.2019.1636722&domain=pdf&date_stamp=2019-07-22


Evaluating the geometric aspects of integrating BIM data
into city models
Jing Sun a, Perola Olssonb, Helen Erikssonb,c and Lars Harrie b

aReal Estate and Construction Management department, Kungliga Tekniska Hogskolan, Stockholm,
Sweden; bDepartment of Physical Geography and Ecosystem Science, Lund University, Lund, Sweden;
cGeodata division, Lantmateriet, Gavle, Sweden

ABSTRACT
Airborne Laser Scanning (ALS) is used to acquire three-dimensional
(3D) city model data over large areas. However, because of the long
ALS update cycle, building information models (BIM) could be utilized
to maintain city models. In this study, we designed, implemented, and
evaluated a methodology to formalize the integration of BIM data into
city models. CityGML models were created from BIM data and ALS/
footprint data based on common modelling guidelines. Both CityGML
building models are modelled in a similar way and the relative differ-
ences between the models are on the order of decimetres.

KEYWORDS
Building information
models; CityGML; laser
scanning; geometric quality;
city models

Introduction

3D geographical information systems (GIS) are a rapidly developing technology for visualizing,
planning, constructing, andmodelling geodata. A central topic of 3D GIS is city models, which
provide a digital representation of the urban environment and are used for navigation,
visibility analysis, emergency planning and response, energy demand estimation, noise ana-
lysis, and solar radiation estimation (Biljecki et al. 2015). There are thousands of 3D city models
(Morton et al. 2012), but there is still a need to improve the handling of these models to fully
utilize them (Julin et al. 2018). Citymodels are often stored in the OpenGeospatial Consortium
specification CityGML, which is based on the Geography Markup Language (GML) and
provides an open standardized geometry model to represent the geometric, topologic,
semantic, and visual aspects of city models (Gröger et al. 2012). The current version of
CityGML 2.0.0 specifies five levels of details (LODs) ranging from 2D footprint representations
(LOD0) to the detailed outdoor and indoor representations (LOD4) of buildings.

Laser scanning is an effective technology for deriving 3D city models. ALS is sufficient for
creating city models at lower LODs (corresponding to CityGML LOD1 and LOD2). To model
higher LODs, terrestrial laser scanning (TLS) and mobile laser scanning (MLS) with high point
density and geometrical accuracy are required (Baltsavias 1999, Rottensteiner 2003, Gröger
and Plümer 2012, Tutzauer and Haala 2015, Tomljenovic et al. 2015). One shortcoming of the
use of airborne observations for updating city models is the long update cycle, especially in
high-density building areas. Quite commonly, a city performs an ALS and/or aerial photo-
graphy every two or three years.
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BIM is a digital representation of a building in the life cycle phases from design
through construction to operation and maintenance (Eastman et al. 2011). To satisfy the
need for a more rapid update process of 3D city models, BIM data from construction and
architect companies could be utilized (Isikdag and Zlatanova 2009, Ohori et al. 2017). In
this study, we use the non-proprietary BIM format Industry Foundation Classes (IFC; see
BuildingSMART (2018) for the specification and Laakso and Kiviniemi (2012) for an
overview); IFC allows the same building to be modelled in several ways because there
are several (geometric) elements that can be structured differently.

The formalization of BIM integration with GIS must consider quality so that the quality
of the city model can be controlled. Without control of the geodata quality, research on
the integration, transformation, and modelling of BIM and GIS will lead to uncertainty
that will hamper the use of the data, especially from a life cycle perspective. The quality
of a city model is foremost expressed using the quality standards for geodata (ISO 2013),
and the most central quality parameter in our study is position accuracy.

The general aim of this study is to evaluate BIM as a source for updating city models.
In our study, we use CityGML as the formal definition of a city model and integrate BIM
into LOD1 and LOD2 building models. To achieve this, we need to formalize the
integration of BIM into city models, which leads to the following specific aims:

● To create modelling guidelines for constructing 3D geodata building models. These
guidelines should be suitable irrespective of the data source of the building models
(e.g. laser scanning data, aerial photographs, or BIM data).

● To develop routines for creating CityGML LOD1 and LOD2 building models from
BIM based on the modelling guidelines.

● To develop methodologies to create CityGML LOD1 and LOD2 building models
from ALS and footprint data based on the modelling guidelines.

● To compare and evaluate the geometric aspects of the CityGML building models
visually and quantitatively.

Note that our study concentrates on the geometric aspects and only treats the semantic
aspects superficially. Furthermore, a topological validation of the geometric representation is
not included (as in Ledoux and Meijers 2011, Biljecki et al. 2016b, Ledoux 2018).

The next section overviews previous studies on deriving city models from BIM and ALS
data, as well as the quality aspects of city models. In Section 3, we describe the process of
creating themodelling guidelines, themethodology of creating the CityGML buildingmodels,
and comparison method. Section 4 addresses and compares the results of the case study
visually and quantitatively. Section 5 discusses the results of the evaluation. Finally, the paper
concludes with a summary and discussion of the limitations of the research in Section 6.

Related work

Deriving CityGML building models from BIM data

There is a growing interest in the use of BIM data in geospatial datasets with a focus on the
life cycle of buildings. Related applications include urban planning, design, construction,
operation, and maintenance (Fosu et al. 2015, Song et al. 2017, Ma and Ren 2017, Liu et al.
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2017). The conversion of BIM data to GIS data has numerous challenges due to the
differences in the reference system, spatial scale, level of granularity, geometric representa-
tion methods, storage, and access methods as well as semantic mismatches between BIM
and GIS data models (El-Mekawy and Östman 2010, Irizarry et al. 2013, Amirebrahimi et al.
2015, Deng et al. 2016). Several studies have addressed conversion of the geometry.
Donkers et al. (2016) developed an automatic conversion method from IFC to CityGML
LOD3. One shortcoming they identifiedwas a lack of information in the BIM data as to which
building elements are parts of the exterior shell. Another shortcoming is that IFC and
CityGML use different geometric representations, i.e. CSG and B-Rep, respectively (Abdul-
Rahman and Pilouk 2007). For the semantic part of the conversion, IFC is flexible in terms of
how different object types are related to each other; whereas this is more regulated in
CityGML, where there are strict rules of how windows can be connected to rooms (Donkers
et al. 2016). Stouffs et al. (2018) attempted to obtain a lossless conversion from IFC to
CityGML and extended the CityGML model with more classes and attributes, which were
implemented in a CityGML application domain extension (ADE). They adopted a graph
matching approach and defined triple graph grammars to determine the relationship
between the IFC object graph and the CityGML ADE object graph.

To enable a proper conversion from BIM data to CityGML a formalization of the LOD
description is required; the LODs are only described on a general level in the CityGML
specification. Löwner et al. (2013) and Benner et al. (2013) argued that the current LOD
concept (in CityGML 2.0) is insufficient and should be divided into a Geometrical LOD
(GLoD) and Semantical LOD (SLoD) to treat the interior and outer shells of the building
separately. Biljecki et al. (2014) formalized LODs based on the presence of city objects
and elements, feature complexity, dimensionality, appearance (texture), spatio-semantic
coherence, and attribute data. In later work, Biljecki et al. (2016a) extended and refor-
mulated their models to four LOD families (LOD0–3) and four refinements for each
family (LODx.0-3). A total of 16 LODs were obtained, which leads to a stricter model that
allows for less modelling freedom than CityGML 2.0. A proposal for the LOD concept in
the forthcoming CityGML 3.0 standard was given in Löwner et al. (2016). The main
difference with respect to CityGML 2.0 is that the LOD4 with indoor modelling is
removed and instead both indoor and outdoor modelling is allowed for all LODs at
LOD0-3. Their main reasoning is that it should be possible to model the indoor environ-
ment in the lower LODs, which is useful for emergency applications.

Some implementations for transforming BIM to 3D geospatial data building models are
available. One example is IfcExplorer CityGML Export (IFCExplorer 2018), an extension to the
open source BIMserver (http://bimserver.org/). The extract, transform, and load tool feature
manipulation engine (FME) from SAFE Software (https://www.safe.com/) has been used in
several conversion implementations (Safe 2016, Jusuf et al. 2017, Floros et al. 2017, Olsson
2018).

Creating 3D city models from ALS data

A common approach to generating 3D building models is to utilize building footprint data
with data collected fromALS for roof structures, as well as TLS for façade reconstruction (Haala
and Kada 2010, Musialski et al. 2012, Verdie et al. 2015). Zhu and Hyyppa (2014) usedMLS and
ALS data to extract, reconstruct, simplify, and visualize the 3D modelling of railway
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environments such as the ground, railroads, buildings, and trees. 3D building models were
generated by integrating ALS for detecting building roofs with 93.44% accuracy and MLS
results with parts of building façades because of distance and dense trees.

Tomljenovic et al. (2016) presented an automated and transferable approach to extracting
building outlines from ALS data with object-based image analysis methods. The results
showed that building areas smaller than 20 m2 were harder to detect because of noise in
the large area of ALS data. A thematic accuracy of around 98% and geometric accuracy above
80% for the extracted buildings provided a high rate of building identification and a slightly
lower rate of geometric building delineation accuracy; however, the method failed to distin-
guish between buildings sharing the same wall with small height differences.

Accuracy assessment and requirements of 3D city models

One approach to determining the quality requirements of the building objects in a city model
is to study the potential usage of the 3D city model. LOD1 models are typically used for
overview visualization, radio wave propagation, and noise simulations; LOD2 models are also
suitable for urban planning, shadow estimation, visibility analysis, and solar potential estima-
tion. Biljecki et al. (2018) studied how some of these analyses were influenced by the LOD and
positional accuracy, and concluded that acquisition errors influenced the resultsmore than the
level of detail, which were not only affected by the geometric quality of the city models but
also by the chosen geometric references such as how the building height is defined at LOD1.

Laser scanning technology is widely used to ensure that a building model is accurate
(Dorninger and Pfeifer 2008, Truong-Hong and Laefer 2015). To evaluate the accuracy of 3D
buildingmodels, oneway is to compare the generated buildingmodel to the referencemodel
and another is to carry out the accuracy assessment using point clouds as reference data
(Rutzinger et al. 2009, Oude Elberink and Vosselman 2011, Ostrowski et al. 2018). Akca et al.
(2010) also assessed the quality of 3D building models with a least-squares 3D surface
matching method to address reference system accuracy, positional accuracy, and
completeness.

Infrastructure for Spatial Information in the European Community (INSPIRE 2013) states
some recommended accuracies for building data sets. For instance, a data set containing
only the feature types of buildings and building parts should have an absolute positional
accuracy equal or better than 2m for both LOD0 and LOD1, and a data set corresponding to
LOD2 should have an accuracy better than 1 m. However, not all other city model specifica-
tions make the connection between LOD and the quality of the model (the LODs are mainly
governed by the granularity of the exterior geometric representation). In practice, building
models at LOD1 often have better positional accuracy in the plane than a large-scale LOD2-3
model. The reason is that a LOD1model is often created by directly extruding footprint data
collected by terrestrial measurements (van den Brink et al. 2013), whereas LOD2 models are
usually created from laser scanning data and aerial images.

Materials and methods

General approach of the study

In this section, we propose amethodology to formalize the geometric aspects of integrating
BIM data into city models. The methodology is evaluated using a case study with three
building objects based on the following steps (described in Section 3.3–3.6 in detail):
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(1) Create modelling guidelines for constructing 3D geodata building models.
(2) Create CityGML building models from IFC data.
(3) Create CityGML building models from ALS/footprint data.
(4) Visually and quantitatively compare the CityGML building models created by IFC

data with the ones created by laser scanning data.

Note that steps 1–3 were performed by three different entities. That is, the CityGML building
models were independently created based on the modelling guidelines. We generated
CityGML models at three LODs (LOD1.2, LOD1.3, and LOD2.3) according to the definitions
given in Biljecki et al. (2016a; see Section 3.3 and the appendix for a detailed explanation).

Study objects and data

To implement the methodology and estimate models visually and quantitatively, we
selected three buildings located in Lund and Stockholm, Sweden, as study objects. Each
building has a different type of roof structure. Three datasets for each building were
used in the study: BIM, ALS, and footprint data.

Lund City Hall (Figure 1) is an administrative building with a flat roof that was completed in
2014. KTH (KTH Royal Institute of Technology) Educational Building (Figure 2) is located on the
main campus of KTH, Stockholm, has been in use since 2017, and has a saltbox roof. Kanaan’s
Garden Café (Figure 3) is located in the west of Stockholm, was built in 1952, renovated in
2017, and has an intersecting gable roof. The BIM data for Lund City Hall and KTH Educational
Building are the as-built architecture models created by the architect company Christensen &
Co. Architects. The Level of Development (LoD) of these BIMs is around 400. The BIM for
Kanaan’s Garden Café was created from TLS measurements (performed by the companies
Astacus and Naviate). The content in this file corresponds to an architecturemodel. Initially, all
these BIMs were created in Autodesk Revit and later exported as non-georeferenced IFC files.

The ALS data for Lund City Hall were collected in 2015, with a point density of 12 points/m2

on the ground and a flight height of 300–600 m. The ALS data for Kanaan’s Garden Café and
the KTH Educational Building were collected in 2017 and 2018, respectively. The point density
in both cases is at least 12 points/m2 on the ground, the flight height is 1800 m and the
measurement uncertainty is 5 cm in height and 15 cm in plan (1 σ). All ALS data were
generated from measurements of the entire cities initiated by the municipalities. Footprint
data (in 2D) of the buildings were provided by the survey units at Lund and Stockholm
municipalities, andmeasured by total stations with an uncertainty of several cm (1 σ). The ALS
and footprint data are stored in local projections of the Swedish reference system: Lund in
SWEREF 99 13 30 (EPSG: 3008) and Stockholm in SWEREF 99 18 00 (EPSG: 3011). The height
system for all data is the Swedish height system RH 2000 (EPSG: 5613).

Creation of modelling guidelines for constructing 3D geodata building models

The modelling guidelines were created so that there would be common guidelines to adhere
towhen creating CityGML buildingmodels based on laser scanning and footprint data, as well
as when converting BIM data to CityGML. The requirements in the guidelines are based on
those of Biljecki et al. (2016a), the Swedish guidelines for geometric representation on
exchange (Svensk Geoprocess 2018) and the Modelling Guide for 3D Objects presented by
the SIG3DQuality Working Group (2017). The LOD definitions LOD1.2, LOD1.3, and LOD2.3 (as
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specified by Biljecki et al. (2016a) are used, which also conform to the new definition of LODs
in CityGML 3.0. When the definition of a concept (for example, mean roof height) differs in the
guidelines, one of the definitions was chosen. The guidelines were reviewed by the creators of

(a) (b) (c)

Figure 1. Lund City Hall: (a) Image, (b) BIM data, and (c) ALS data (source: Lund municipality).
Lund municipality).

(a) (b) (c)

Figure 2. KTH Educational Building: (a) Image, (b) BIM data, and (c) ALS data (source: Stockholm
municipality and Christensen & Co Architects).
Stockholm municipality and Christensen & Co Architects).

(a) (b) (c)

Figure 3. Kanaan’s Garden Café: (a) Image, (b) BIM data, and (c) ALS data (source: Stockholm
municipality, and Astacus and Naviate).
Stockholm municipality, and Astacus and Naviate).
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the CityGML building models. Some unclear formulations were found, and the guidelines
were updated and then usedwhen creating the CityGMLmodels. Themost important parts of
the guidelines are described below; the complete guidelines are provided as supplementary
material.

Figure 4(a) shows the requirements for LOD1.2. Buildings must be individually mod-
elled, and all large building parts should be included (i.e. any sides of the building part
larger than 4 m, or areas larger than 10 m2, or differences in roof height larger than 2 m).
The building should be created from the building footprint and the mean roof height of
the main building to create a uniform height.

In LOD1.3 (Figure 4(b)), parts of the building that differ due to physical aspects
(height, number of floors, or roof type) should be modelled as separate building parts
the same way as for LOD1.2. If the building has building parts and a difference in roof
height larger than 2 m, multiple top surfaces should be created.

In LOD2.3 (Figure 4(c)), parts of the building that differ owing to physical aspects
should be modelled as separate building parts or building installations if any side of the
part is larger than 2 m, area of the part is larger than 2 m2, or the difference in roof

Figure 4. Requirements for (a) LOD 1.2, (b) LOD 1.3, and (c) LOD 2.3, as described in the modelling
guidelines.
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height is larger than 2 m. The building should be created from the building footprint.
LOD2.3 buildings are modelled with simplified roof structures that include roof over-
hangs longer than 0.2 m. Roof structures larger than 2 m and 2 m2 should be included
(e.g. large dormers and chimney constructions). Roof overhangs should not be included
on dormers and chimney constructions.

Creation of CityGML building models from IFC data

The conversion from BIM to CityGML LOD 1 and LOD2 mainly concerns identifying the
exterior shell of the building. The developed conversion methods use an approach
similar to those of some earlier studies (Section 2.1) to identify this shell (see, e.g.
Donkers 2016). The main difference is that our method is tailored for the modelling
guidelines. To follow these guidelines, the routines must divide the buildings into
building parts and determine if and how each building part should be represented.
Furthermore, our study focuses on the geometric aspects and therefore, we have not
included any semantic mapping of the IFC data. All conversions were performed in FME;
the FME scripts are available at https://github.com/TestbedLU/Testbed_BIM_GIS under
BSC-license.

LOD 1.2
The LOD1.2 models were created by extracting the building footprints from the IFC
models at ground level and extruding these footprints to the mean height of the
building (Figure 5). The footprints were derived from slab elements (IfcSlab: Lund City
Hall) or outer walls (IfcWall: KTH Educational Building and Kanaan’s Garden Café). The
height of Lund City Hall, with a flat roof surface, was calculated from the z-coordinates of
the main roof (IfcRoof). The mean heights of sloping roof surfaces (such as the saltbox of
KTH Educational Building and intersecting gable roofs of Kanaan’s Garden Café)were
calculated as the mean of the highest point of the roof (roof ridge) and the highest eave
(or highest roof–wall intersection if there was no overhang) according to the guidelines
in Section 3.3.

LOD 1.3
The LOD1.3 models were created from the same building footprints as the LOD1.2
models but were split and divided into building parts with different heights. Lund City

Figure 5. Footprint of Lund City Hall (a) and the LOD1.2 model (b) created by extruding the footprint
to the height of the roof.
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Hall was divided into three building parts that were extruded separately and aggregated
into a single model. The heights of the parts were extracted from the z-coordinates of
the top surfaces of each building part. For the KTH Educational Building and Kanaan’s
Garden Café, the LOD1.2 and LOD1.3 models are identical.

LOD 2.3
The LOD2.3 model of Lund City Hall is identical to its LOD1.3 model because there are
only minor installations on the roof that are excluded according to the guidelines.

The LOD2.3 model of the KTH Educational Building was created by extracting the two
main surfaces of the roof. The holes (windows) in the roof surfaces were removed and
the roof surfaces were extruded downwards below ground level (Figure 6(a)). The
footprint of the building (from LOD1) was enlarged in the xy-plane and extruded to a
level above the highest point of the roof (Figure 6(b), transparent). The extruded
footprint was used to clip the extruded roof surfaces at ground level; the model
contained in the extruded footprint is shown in Figure 6(c). To create the terrace on
the roof (see Figure 2), a solid was created by extruding the floor (IfcSlab) of the terrace
to clip the building model in Figure 6(c). Finally, the greenhouse (IfcBuildingColumn) on
the terrace was added by extracting the roof surfaces of the greenhouse and extruding
these downwards.

For Kanaan’s Garden Café, the footprint was extracted from the ground level slab (IfcSlab)
which includes, in addition to the footprint for LOD1.x, the railings and steps below the
canopies at the entrances. The footprint was extruded to a level higher than the highest
point of the roof (Figure 7(a)). The main roof surfaces (IfcRoof) and the roof surfaces above
the entrances (IfcSlab) were extracted and a solid was created by extruding all roof surfaces

Figure 6. Creation of the LOD2.3 building model of the KTH Educational Building from the roof
surfaces and building footprint. (a) The holes (windows) in the roof surfaces were removed and the
roof surfaces were extruded downwards below ground level. (b) The footprint of the building (from
LOD1) was enlarged in the xy-plane and extruded to a level above the highest point of the roof. (c)
The extruded footprint was used to clip the extruded roof surfaces at ground level.
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upwards to clip the extruded footprint (Figure 7(b)). The clipped solid was converted to
surfaces, and the roof surfaces were removed (Figure 7(c)). Finally, the original roof surfaces
were added to create an LOD2.3 building model that includes the overhang of the roof.

Creation of CityGML models from airborne laser scanning data

Figure 8 illustrates the general workflow used to create the LOD1.2, LOD1.3 and LOD2.3
models from ALS/footprint data. Leica Cyclone software was used to pre-process the ALS
point clouds. After data registration and noise filtering, the building roof structures were
created interactively according to the modelling guidelines.

Using FME, the LOD1.2 models were created by extruding the building footprint to a
uniform height of the main building, while the LOD1.3 models were extruded to varying
heights for different building parts. The mean heights were estimated by the mean of

Figure 7. Creation of the LOD2.3building model of the Kanaan’s Garden Café from the roof surfaces
and building footprint. (a) The footprint was extruded to a level higher than the highest point of the
roof. (b) The main roof surfaces (IfcRoof) and the roof surfaces above the entrances (IfcSlab) were
extracted and a solid was created by extruding all roof surfaces upwards to clip the extruded
footprint. (c) The clipped solid was converted to surfaces, and the roof surfaces were removed.

Figure 8. General workflow of the methodology.
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the highest point of the roof ridge and the highest point of the roof eaves. To generate
the buildings parts for LOD1.3, a segmentation of the footprint was conducted inter-
actively in ArcGIS. For LOD2.3, we must consider roof overhangs, but minor building
parts such as chimneys were not modelled according to the modelling guidelines.

Quantitative comparison of the CityGML building models

The main aim of the quantitative evaluation was to investigate the geometric differences
between the CityGML building models created from the BIM data with the ones created from
the ALS/footprint data. A quantitative evaluation was only performed for LOD2.3. The
evaluation strategywas to extract the coordinates of the break points in the building footprint
and on the roof, referred to as evaluation points below (Figures 9 and 10). For the roof points,
both planar and horizontal coordinates were evaluated. However, for the footprints, only

Figure 9. Evaluation points of the footprints for quantitative comparison (red dots) for (a) Lund City
Hall, (b) KTH Educational Building, and (c) Kanaan’s Garden Café.

Figure 10. Evaluation points of the roofs for quantitative comparison (red dots) for (a) Lund City Hall,
(b) KTH Educational Building, and (c) Kanaan’s Garden Café. The scale in the figures varies. In reality,
Lund City Hall is the largest building.
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planar coordinates were evaluated. The reason for not using the height component is that all
geodata models (irrespective of origin) have a ground height component defined by the
terrain intersection curve (a detailed digital terrain model) and hence, there is no difference in
the height values for our CityGML building models.

Because none of the BIMs are georeferenced (which is a common problem, see Ohori et al.
(2017) it is impossible to compare absolute coordinates in the quantitative analysis. Therefore,
a relative comparison of the models was performed and constructed in such a way that it
would give a result similar to that of an absolute comparison if the BIM data were appro-
priately georeferenced. The BIMs have a Cartesian coordinate system (often called an engi-
neering system), whereas the CityGML models have a geodetic reference system, most
commonly based on a conformal map projection and an orthometric height system. The
geodetic coordinates of the origin of the engineering system is defined in the IFC file by either
IfcMapConversion (Easting, Northing, and OrthogonalHeight) or IfcSite (RefLatitude,
RefLongitude, and RefElevation; BuildingSMART 2018), where the latter is mainly used for an
approximate location. If this information is stored in the IFC model, it is said to be georefer-
enced. However, the georeferencing is still not straightforward because there are geometric
differences between the engineering and geodetic systems, especially if the latter is based on
a map projection. First, the map projection introduces scale distortions, and second, the
height axis (for the orthometric heights) is not perfectly orthogonal to the map projection
plane. However, if an appropriate map projection is chosen and the extent of the BIM is small,
the errors introduced are negligible. In our study, the footprint and laser scanning data are
stored in local projections (with small scale distortions) and our BIMs are small (single
buildings) and we can therefore safely disregard the problems arising from the different
coordinate systems (see Uggla and Horemuz (2018) for techniques to handle coordinate
transformations for larger-scale BIM data).

The following quantitative analysis was performed:

(5) The coordinates for the evaluation points were extracted from the CityGML
models.

(6) The 2D unitary transformation parameters (translations E0 and N0 and rotation α)
between the coordinate systems were estimated using all the evaluation points
(both ground and roof). When the parameters were known, all BIM coordinates
were transformed to the geodetic system using the established 2D unitary trans-
formation, which has the form

E
N

� �
¼ E0

N0

� �
þ cos α �sin α

sin α cos α

� �
x
y

� �
; (1)

where x and y are the coordinates in the engineering system and E and N are the (map
projection) coordinates in the geodetic system.

(7) The difference between the planar coordinate values (ΔN, ΔE) between the models
was computed as follows:

½ΔE ΔN� ¼ ½E N�Laser scanning model � ½E � N�BIM model (2)

and the standard deviation (σ) of the transformation was found using
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σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i
ΔE2 þPn

i
ΔN2

s

2n� tp
(3)

where n is the number of evaluation points and tp is the number of transformation
parameters (tp = 3 for a unitary transformation).

(8) The relative height difference (ΔH) for the roof evaluation points was computed as
follows:

ΔH ¼ ½H� �H�Laser scanning model � ½H � �H�BIM model (4)

The computations in steps 2–3 were made using the geodetic transformation program
Gtrans (Lantmäteriet 2018) and the final step in Microsoft Excel.

Results

Visual comparison

Figure 11 illustrates the building models generated from BIM and from ALS/footprint
data at different LODs. For all LODs, the models created from different data are visually
similar. However, the ground level of the BIM is not known, and thus it is difficult to
derive the correct height of the building.

Lund City Hall building has a flat roof structure with three building parts without roof
overhangs. According to the guidelines, the LOD2.3 models of Lund City Hall are
modelled in the same way as for LOD1.3.

The KTH Educational Building has a saltbox roof with a terrace inside the roof but no
roof overhangs. The models at LOD1.2 created from the BIM data and ALS/footprint data
are similar. For LOD1.3, the model derived from the BIM excludes the terrace; while the
model created from the ALS/footprint includes the lower section at the terrace as a
separate building part. For LOD2.3, the model created from the BIM data is more
detailed and includes the greenhouse on the terrace. The greenhouse is not included
in the model generated from the ALS/footprint data because the greenhouse is made of
glass, which results in a low number of points in the ALS data.

Kanaan’s Garden Café has an intersecting gable roof structure, four entrances, and
large roof overhangs, which caused the largest modelling differences in the models
created from BIM and ALS/footprint data in this case study. The LOD1 models created
from the ALS/footprint data are more complex and include four entrances. The three
largest of these entrances consist of steps and railings below canopy roofs (see Figure 3)
and were treated as building installations by the person creating the building model
from BIM data. Hence, they were excluded from the LOD1 models, as stated in Gröger et
al. (2012). The fourth entrance consists of steps down to a cellar and was also excluded
in the model created from the BIM data. Models extruded from the ALS/footprint data
could not identify the smaller building parts; hence, the LOD1.2 model was extruded to
a uniform height with a shape that was different from the model created from the BIM.
Moreover, the size of the fourth entrance is smaller based on the guidelines and there-
fore excluded when generating the LOD1.3 model. For LOD2.3, the three entrances with
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roofs are also included in the model created from the BIM data, but there are still clear
differences with the model generated from the ALS/footprint. Because the areas below
the roofs are partly hidden in the ALS data, the sections below the overhanging roof
surfaces are extruded up to the highest overhanging roof. Consequently, the outer parts
of the entrances are modelled at the correct height, while the parts below the over-
hanging main roof are modelled too high in the LOD2.3 model created from the ALS/
footprint data.

Quantitative comparison

The result of the planar unitary transformation is provided in Table 1 and the height
transformation in Table 2. The tables include the standard error and maximum error of all

  Lund City Hall 
KTH Educational 

Building 
Kanaan’s Garden Café 

LOD1.2 

Models 
from BIM 

Models 
from ALS 

LOD1.3 

Models 
from BIM 

Models 
from ALS 

LOD2.3 

Models 
from BIM 

Models 
from ALS 

Figure 11. Geometry of the CityGML building models generated from BIM data and ALS/footprint data.
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of the evaluation points. Evaluation points 8 and 9 in Kanaan’s Garden Café are not used
because that building part is not modelled in the building model derived from the BIM data.

Discussion

Evaluating the guidelines and modelling differences in the data

The guidelines were evaluated by studying whether they were interpreted in the same
way by two experienced users. In general, this occurred, but there are still some
differences between the models (cf. Figure 11) due to different interpretations of the
modelling guidelines. For Lund City Hall, a notable difference is the height of the
building. The ground level of the BIM was unknown and created in a local Cartesian
coordinate system, which made it difficult to derive the correct heights of the building.
Another difference is the lower part of the terrace on the KTH Educational Building,
which one person included and the other excluded. Furthermore, there is no mention of
excluding building installations for LOD1 in the guidelines, as is described in the
CityGML specification (Gröger et al. 2012). This is illustrated by the LOD1 models of
Kanaan’s Garden Café, in which one person excluded the entrances (building installa-
tions) that the other person included. However, these models also illustrated one
substantial advantage of the use of BIM data: areas under canopies or overhanging
roofs can be modelled. In contrast, these parts are hidden in ALS data.

The data sources used to create the building models also influence the differences
between the models; for example, how the mean roof heights are calculated because
only the eaves of the roof can be considered in ALS data whereas BIM makes it possible
to derive the wall–roof intersection (Figure 4(a)). For buildings with large overhanging

Table 1. Result of the 2D unitary transformation between the building models. The figures in
brackets refer to the number of points in Figures 9 and 10.

Building

σ (m)
all

points

Max ΔE
(m) all
points

Max ΔN
(m) all
points

σ (m)
ground
points

Max ΔE
(m)

ground
points

Max ΔN
(m) ground

points

σ (m)
roof
points

Max ΔE
(m) roof
points

Max ΔN
(m) roof
points

Lund City Hall 0.48 1.05 0.98 0.32 0.67 −0.49 0.52 1.10 0.82
(106) (105) (1) (8) (101) (105)

KTH Educational
Building

0.35 0.81 0.75 0.05 −0.05 −0.05 0.36 0.72 0.59
(105) (101) (1) (2) (105) (102)

Kanaan’s Garden
Café

0.36 0.84 0.66 0.25 0.45 0.39 0.28 0.44 0.69
(11) (108) (11) (5) (101) (108)

Table 2. Result of the height comparison of the building models. The figures in brackets
refer to the number of points in Figure 10.

Building
σ (m)

roof points
Max ΔH (m)
roof points

Lund City Hall
0.29

0.55
(101)

KTH Educational Building 0.10 −0.16
(107)

Kanaan’s Garden Café 0.10 0.25
(108)
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roofs, the mean roof heights derived from the eaves will be lower than the mean height
derived from wall–roof intersections. This influences not only the height of the created
models but also how modelling guidelines can be designed. Moreover, the accuracy of
the mean roof heights calculated from ALS data is affected by various factors; for
example, the accuracy of the source data and complexity of the roof type (Oude
Elberink and Vosselman 2011, Ostrowski et al. 2018). For modelling individual buildings,
ALS combined with TLS would provide more accuracy, especially for buildings with large
overhanging roofs.

Quantitative analysis

The relative differences between the building models derived from ALS/footprint data
and BIM data are on the order of a couple of decimetres. There are many factors causing
these differences. The main factor is likely the uncertainty in the laser scanning data and
the modelling of these data. One indication of this is that the relative differences are
smaller for the ground points (measured by total stations) than for the roof points
(measured by ALS). Note also that for Kanaan’s Garden Café, the standard deviation of all
points is larger than those of the ground points or roof points. The reason for this is that
there is a poor alignment of the footprint and the ALS data for this building.
Furthermore, some points were difficult to model using ALS alone. Examples of such
points are points 105 and 106 of Lund City Hall.

Requirements for using BIM in practice

A major question is how representative the results in this study are. In this study, we used
buildings with different roof structures as well as BIM data with different origins, and obtained
similar results. However, the procedure has still only been tested on a limited number of
models. The BIM data could vary substantially depending on which features (i.e. IFC elements)
are available. The BIM data for Lund City Hall and the KTH Educational Building were both as-
built architecture models, i.e. we have no access to the structural engineering model, land-
scape and terrain model, etc. However, all the IFC elements needed for creating the CityGML
at LOD1.2, LOD 1.3, and LOD2.3 were provided by the architecture models. However, if one
intends to generate a detailed indoor representation, additional models apart from the
architecture model could be needed. Note that both the models were as-built models,
which guaranteed that they represented the final building. This would not be guaranteed if
the BIM from the building permit stage were used (corresponding to a level of development
of around 200). Moreover, the structure of the BIM data is important. For example, IFC
elements can be organized in different ways, which makes the conversion to CityGML
problematic, especially for higher LODs. This hasmeant that conversion toolsmust be tailored
for specific BIM data. To facilitate a good conversion to CityGML, BIM providers should be
required to use a specific model view definition for IFC models. The main question here is
whether a municipality could retrieve such models from the BIM providers.

It is difficult to compare the conversion tool used in this study with other tools in the
context of this study because the conversion tool used was specifically tailored for the
modelling guidelines. However, there is an ongoing test bench for a general comparison
between conversion tools (Noardo et al. 2019). Such comparisons are essential for
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improving the reliability of the conversion. Conversion tools could also be improved in
the future because the forthcoming CityGML 3.0 standard contains some new object
classes to improve its interoperability with IFC (Kutzner and Kolbe 2018).

Conclusions

In this study, we proposed a methodology to formalize the geometric aspects of the
integration of BIM data into city models. To implement the proposed method, we
developed modelling guidelines and tested them on three individual buildings to create
CityGML building models in different LODs. One lesson from this study is that it is
challenging to formulate simple but sufficiently comprehensive modelling guidelines in
such a way that all users will interpret them the same way, especially because they
should be generic enough to be used to derive CityGML building models both from ALS/
footprint data and from BIM data. During the review of the first version of the guidelines,
some unclear formulations were found, and the guidelines were updated. However,
some of the differences in the resulting models are due to different interpretations of
the guidelines. These differences will lead to improvements of the modelling guidelines,
e.g. to explicit state that building installations should be excluded in LOD1.

We developed routines to create CityGML LOD1 and LOD2 building models based on
the modelling guidelines from the BIM and ALS/footprint data. The visual results
demonstrated that our methods could achieve accurate modelling in mostly the same
way. Moreover, the LOD2.3 models that were generated from the BIM data obtained
higher quality with respect to the intersecting gable roof structures. Compared to ALS/
footprint data, BIM data provide more specific information and detailed classifications
that facilitate the identification of building parts when following the modelling guide-
lines. The quantitative results illustrated that there were relative differences on the order
of decimetres between the building LOD2.3 models derived from ALS/footprint data and
BIM data. Hence, we conclude that there is a large potential for using BIM data for
updating city models operationally.

The main contribution of this paper is that it was demonstrated that routines can be
tailored for extracting CityGML data from BIM and ALS/footprint data using the same
modelling guidelines. Moreover, it was shown that these different routines provide
models that are visually and quantitatively similar, enabling them to be used together
in a production environment. However, there are some limitations of our study. First, to
use the converted BIM data in a city model, they would have to be properly georefer-
enced. This is seldom a reality today. Second, we only had access to ALS data; to perform
better modelling at LOD2.3, it would have been good to combine them with TLS data,
especially for buildings with large roof overhangs. Third, the modelling guidelines
remain incomplete. Forth, the procedure has only been tested on a limited number of
models.
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