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1 Introduction

Building information modelling (BIM) and geoinformation are widely recognised as com-
plementary sources of data. Whereas a BIM model can represent a single building or
infrastructure project in high detail, geoinformation-based sources can represent di er-
ent types of features in a large region with less detail. Integrating geoinformation and
BIM is very useful in practice and constitutes an active research eld|often referred
to as GeoBIM. A short list of GeoBIM applications include: performing checks for the
issuance of building permits using buildings (BIM) and city regulations (Geo), naviga-
tion that combines outdoor (Geo) and indoor (BIM) portions, facility management for
infrastructure sites (BIM) that include the regional connections between the sites (Geo),
and risk management using regional simulations (Geo) that also takes into account the
impact on speci c sites (BIM).

Among the geoinformation datasets that are usually considered within a GeoBIM con-
text, 3D city models stand out because they model buildings in three dimensions, making
them analogous to BIM models of buildings. Because of this, there is a special interest in
integrating building models of these two sources. Following the intuitive classi cation of
Ma and Ren [2017], the integration can take place through conversions from BIM models
to 3D city models, conversions from 3D city models to BIM models, or conversions of
both to other data models or formats. For instance, such an integration can be used to
provide neighbourhood context for the design of buildings (Geo to BIM) [Noardo et al.,
2019] or input data for simulation software (joint conversion to another format) [Jusuf
et al., 2017].

However, among these three types of conversions, the BIM to 3D city model case is par-
ticularly appealing since it has a wide range of potential applications, such as providing
interior geometries for 3D city models and running spatial analyses to see the e ect of
planned|not yet constructed|buildings. Also, since BIM models are generally more
geometrically and semantically detailed than 3D city models, it should be possible to
compute the BIM-to-Geo conversion through an automatic abstraction process using the
data that is already available in a typical BIM model. This conversion is therefore the
focus of most research [Tan et al., 2023] and has substantial software support [Noardo
et al., 2020]. This is unlike the opposite case (3D city model to BIM), which involves
going from a less detailed to a more detailed representation|often making educated
guesses about the shape and size of some elements [Salheb et al., 2020; Isailovc et al.,
2025].

There is a large body of research on the conversion of BIM models to 3D city models,
but most methods in the literature tend to avoid applying complex geometric process-
ing to the models|keeping the methods simpler but also limiting what they can do.
For instance, it is di cult or impossible for such a method to output models that are
geometrically valid (even from patrtially invalid input) or fully conform to a particular
standard (such as a minimum distance between vertices).



In this paper, we apply geometric processing techniques to tackle the creation of building
models at particular levels of detail (LoDs)|a key feature of 3D city modelling standards
that enables e cient and scalable creation, processing and use in applications [Biljecki
et al., 2015]. Our method starts from highly detailed BIM models in the open IFC data
model and abstracts them to 9 di erent generalised output models that t within the
LoD frameworks in the open CityGML [Greger et al., 2008, 2012; Kolbe et al., 2021]
and CityJSON |[Biljecki et al., 2016; Ledoux et al., 2019] standards.

1.1 CHEK project

This selection of output LoDs has been created based on the goals of the Horizon Europe
funded CHEK (Change Toolkit for Digital Building Permits) project. In this project,

a toolkit has been developed to check new and renovated buildings (modelled in BIM)
against urban regulations (e.g. maximum building height) by integrating the BIM models
into the 3D city models. For the integration, abstractions of the BIM models need to be
derived containing those geometrical and semantic properties as needed in the regulations
checking.

The users involved in the CHEK project, as other stakeholders, initially requested the
output from the BIM to Geo conversion at LoD3 (either LoD3.2 or 3.3), since this is the
most detailed and complete GIS output. However, LoD3 is challenging to generate from
existing BIM models, since it requires extremely well structured IFC models. In addition,
LoD3 models are geometrically complex. When this complex geometry is not required for
downstream analysis or when the IFC model has issues, more abstracted LoD could be
an alternative, more suitable, solution. To support this, the range of LoDs was expanded
to the volumetric LoD2.2, 1.3, 1.2, and 1.0. These LoDs are often used in established
GIS models and their abstracted geometry relies just on a selection of the input BIM
model. The non-volumetric counterparts of LoD2.2, 1.3, 1.2, and 1.0 (LoDO0.4, 0.3, 0.2,
and 0.0 respectively) were added as well. These non-volumetric abstractions, except for
LoDO0.0, are created in a sub-step of the creation of the volumetric abstractions. They
contain similar data when compared to their volumetric counterparts but their creation
process is simpler. Therefore, these non-volumetric abstractions could function as either
a le size compression method or a \fail-safe" output when the process to generate their
volumetric counterparts encounters some issues.

1.2 Overview of this report

Section 2 covers the related work, including a description of the dierent LoD ab-
straction frameworks for 3D city models, a review of the BIM-to-Geo conversion
methods available in the literature, and another review of di erent abstraction
methods that can be used to generalise 3D city models.



Section 3 describes our method that creates buildings for 3D city models at di erent
LoDs from BIM models.

Section 4 describes the implementation details of the method, which has been made
into an open source prototype.

Section 5 analyses the results of testing the prototype with a variety of IFC les.

Section 6 contains the conclusions of this report.

1.3 Acknowledgements

This research has received funding from the European Union's Horizon Europe pro-
gramme under Grant Agreement N0.101058559.



2 Related work

2.1 3D city model LoD abstraction frameworks

The CityGML standard in its versions 1.0 [Gmger et al., 2008] and 2.0 [Greger et al.,
2012] introduced an abstraction framework consisting of ve levels of detail (LoDs)
ranging from LoDO to LoD4. In the case of buildings, these LoDs correspond to a 2.5D
representation of the building's footprint or roof area (roofprint) for LoDO, prismatic
blocks with at roofs for LoD1, relatively simple models with the shape of the building's
roof structures and surfaces with semantics for LoD2, detailed architectural models of
the building's exterior for LoD3, and detailed architectural models that also include the
exterior for LoD4.

In CityGML version 3 [Kolbe et al., 2021], the abstraction framework was overhauled
(Figure 1) in two main ways: (1) surface semantics can be included in any LoD, and (2)
LoD4 was removed and interior geometries are now allowed in all LoDs, which includes
oor plans for LoDO. As a result of the latter change, di erent LoDs can be used to
represent the exterior and interior features of a building.

Figure 1: The four LoDs available in the CityGML 3.0 standard

Considering the large gaps between LoDs, as well as the possibility of di erent inter-
pretations of single LoDs in the standard, Biljecki et al. [2016] proposed a ner-grained
abstraction framework in which each LoD in the CityGML standard is split into four re-
ned LoDs (Figure 2). By doing so, an LoDx (where 0 x  3) in the original standard
becomes four di erent levels of the form LoDx.y, where 0 y 3. This LoD framework
is explicitly supported in the CityJSON standard [Ledoux et al., 2019].

In this scheme, LoDO0.x and 1.x follow a similar pattern, with 0.x modelling footprints
and sometimes roof areas, and 1.x modelling volumes. LoD0.0 and 1.0 allow multiple
buildings to be aggregated into a single geometry, LoD0.1 and 1.1 model buildings in-
dividually (without aggregation) with all their large parts, LoD0.2 and 1.2 also model
smaller parts (e.g. alcoves) with roofs modelled/extruded at a single height, and LoDO0.3
and 1.3 are similar but allow multiple roof surfaces at di erent heights. Note how LoDO0.2
and 1.2, as well as 0.3 and 1.3 essentially encode the same information, as the missing
walls in LoDO0.x could be derived by extruding the roof surfaces down to ground level.



Figure 2: The 16 LoDs proposed by Biljecki et al. [2016]



In LoD2.x, the di erent LoDs progressively add smaller elements that can be modelled.
Starting from LoD2.0, which only models large building parts, LoD2.1 adds smaller
building parts, LoD2.2 adds roof superstructures (e.g. dormers), and LoD2.3 adds ex-
plicitly modelled roof overhangs.

LoD3.x is characterised by explicity modelled openings, e.g. windows and doors, but
abstraction scheme follows a dierent logic where the dierent LoDs do not have a
strict increase in detail. LoD3.0 models detailed roof superstructures and their possible
openings (e.g. skylights) but less detailed walls, whereas LoD3.1 is the opposite (detailed
walls with openings but less detailed roofs) and models roof overhangs. These opposing
modelling approaches re ect the elements that can be discerned from the two common
data capture locations: from above (e.g. using satellite or aerial imagery and LiDAR)
and from the ground (e.g. using terrestrial or car-mounted scanners). Finally, LoD3.2
models both detailed walls and roofs, and LoD3.3 incorporates ner details (e.g. window
embrasures and awnings).

2.2 BIM to Geo conversion

The problem of automatic BIM to Geo conversion has long been studied. Most early
academic e orts focused on de ning a mapping between equivalent BIM and Geo
classes [Isikdag and Zlatanova, 2009; EI-Mekawy et al., 2012], or did a conversion of some
basic geometry types [Wu and Hsieh, 2007]. At roughly the same time, closed source
software (e.g. FME and IFC Explorer) introduced basic functionality to convert from
IFC to CityGML, but the methods used were not documented in literature and the re-
sulting les did not comply with the conventions and expectations of a typical CityGML

le (e.g. containing non-overlapping and correctly classi ed semantic surfaces).

To our knowledge, the rst well-documented e ort to perform a BIM to Geo conversion
was around the open source building information server BIMserver. Discussed in de Laat
and van Berlo [2011], it introduced two related pieces of work: the CityGML LoD4 export
functionality of the software and a GeoBIM ADE of CityGML. Since BlMserver can
import IFC les, the export functionality could be used to perform an IFC to CityGML
conversion, whereas the ADE allowed the storage of IFC semantics and properties in
CityGML.

Later on, a few di erent methods which attempted to extract speci c LoDs from BIM
models were developed. For example, Donkers et al. [2016] speci cally targets the cre-
ation of CityGML LoD3 models. It uses a combination of semantic mapping of equivalent
CityGML and IFC classes, geometric transformations based on constructive solid geom-
etry to merge elements, and a process of geometric and semantic re nement to obtain
missing surface semantics. There is an open implementation based on the Computational
Geometry Algorithms Library (CGAL).

Similarly, Stou s et al. [2018] uses a triple graph grammar that de nes a correspondence
between equivalent elements in IFC and CityGML. By doing so, object graphs for both



IFC and CityGML are created and related to each other. The end result is a direct
conversion of elements that should be geometrically equivalent to the input IFC model.
The authors also de ne a CityGML Application Domain Extension (ADE) to improve
the compatibility of CityGML with IFC, as well as the speci cities of the Singaporean
context of the study. The latter is described in more detail in Biljecki et al. [2021].

A more recent representative example is described by Lam et al. [2024], who target
CityGML LoD4 specically. Their method leverages the capabilities of existing soft-
ware (FME and 3dcitydb) to do the initial conversion, validates the results using the
OWL/RDF semantic web technologies and visualises the results using Cesium and Un-
real Engine.

A recent review of the scienti c literature of IFC to CityGML conversion is contained

in Liang and Tan [2024], whereas Bello Rerez [2015] has a comprehensive review of the
earliest attempts at this conversion, including descriptions of sources that apparently
are no longer available online. Apart from the methods in the literature, Noardo et al.
[2020] provides a summary of the capabilities and limitations of other software for this
purpose. In summary, while a few di erent pieces of software o er this functionality, the
results are not ideal: output models are generally invalid, semantic mapping is di cult
and targetting speci ¢ LoDs is not realistic.

2.3 Abstraction methods

In order to actually obtain 3D city models at speci c LoDs from more detailed BIM
models, applying an abstraction or generalisation method is necessary. Fan et al. [2009]
is an early example of an abstraction method to simplify building models in CityGML.
They describe a few di erent techniques: extracting the outer envelope of approximately
convex buildings, simplifying ground plans (useful for the bottom of building models),
generalising fecades, and substituting detailed windows for typi ed templates.

Deng et al. [2016] proposed an instance-based method to create mapping rules between
equivalent IFC and CityGML classes, which are formally stored in a reference ontology
called the Semantic City Model. The study focusses on the transformation of coordinates
and the creation of explicit geometries. Multiple LoDs can be generated from a BIM
model by selecting or removing particular types, as well as by extracting the outer
envelope of a building using ray casting.

Kang and Hong [2018] uses a method that combines exterior envelope extraction and
custom LoD mapping rules to extract multiple CityGML LoDs from a BIM model. The
exterior envelope extraction uses a screen bu er to sample the surfaces that are visible
from the exterior quickly, which can be implemented in a GPU.

Similarly, Zhou et al. [2019] use a number of di erent observation points known to be in
the exterior of a building to extract its outer envelope. Since only the exterior surfaces



of a building are visible from these observation points, this can be used to e ciently
obtain these surfaces.

Ji et al. [2024] use an ontology-based method to extract speci ¢ CityGML LoDs from
an IFC le. Rule maps are used to convert coordinates (local to global), lter or extract
geometries and map the semantics of the di erent objects.



3 Method

The methods developed for the abstraction of BIM (IFC) models to Geo (CityJSON)
models at di erent LoDs can be split into di erent steps.

Before the computation of the desired LoD abstraction output, our method always starts
with a preprocessing step, which reduces the data's complexity to ease the next steps.
In it, the model's placement is optimised, the objects required for the processes are
selected, and complex objects (doors and windows) are simpli ed.

Afterwards, a voxelisation step is required for every LoD except for LoD0.0 and 1.0.
Here, the voxels that are used for the coarse ltering of data in most of the downstream
abstraction processes are computed.

This is followed by a series of abstraction-speci ¢ processing steps. These are the pro-
cesses where the actual abstracted shapes (i.e. geometries) are created. Depending on
the required output LoD geometries, certain processing steps are executed while others
are omitted. Roughly, the LoD abstraction methods can be grouped into ve di erent
levels. These levels are based on how much of the geometry of the input IFC model the
methods rely on. The levels and the individual LoDs generated are presented in Table 1
and the IFC elements they use are shown in Figure 3. In addition to the standard LoDs
described by Biljecki et al. [2015], we consider one more useful LoD consisting of the
roo ng structure of LoD2.2, which we hereafter refer to as LoDO0.4.

level output based on BIM model's
low LoDO0.0 and LoD1.0 exterior vertices
mid LoDO0.2, 0.3, and 0.4* roof structure roo ng geometry
LoD1.2, 1.3 and 2.2 exterior
high LoD0.2 and 0.3 storeys selective outer shell geometry
very high LoD3.2 exterior complete outer shell geometry

interior LoDO0.2, 1.2, 2.2, and 3.2 interior IfcSpaces

Table 1: A summary of the ve levels of geometry dependence of the dierent LoD
abstractions. *Non-standard LoD

A schematic overview of the methods and their relationships can be found in Figure 4. As
this overview shows, some of the output LoDs are obtained by a mix of the ve methods.

For example, for a full LoD0.3 model, the LoDO0.3 roof structure would be created via

the mid geometric dependent abstraction methods, the LoDO0.3 storeys and footprint

would be created via the high geometric dependent abstractions and the LoD0.3 rooms
would be created via the interior geometric dependent abstractions. A more detailed

description of the output LoDs that can be derived can be found in Appendix 7.1.
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Figure 3: The elements relevant for the di erent abstraction methods. Low geometric
dependent abstraction utilizes the vertices of the model (hot displayed in this
gure). a) Mid geometric dependent abstraction utilizes the roo ng structure
of the model. b) High geometric dependent abstraction utilizes the geometry
at horizontal internals. ¢) Very high geometric dependent abstraction utilizes

the complete outer shell. d) Interior geometric dependent abstraction utilizes
the IfcSpace objects.



Figure 4. Flowchart to show the relationships of the di erent steps in the process. Non-
standard LoD are shown in gray. Optional connections based on the desired
output re nement are shown in dashed lines. This is a simpli ed representation
of these steps. In practice, and in the descriptions in the following sections,

these are more complex.



In the remainder of this section, the developed abstraction methods are described. First,
the preprocessing and the voxelisation methods are described. After that, the ve ab-
straction methods are described.

3.1 Preprocessing

The preprocessing encompasses three di erent simpli cations steps: the model place-
ment is corrected, objects are Itered based on theirlfcClass, and objects with complex
geometries are simpli ed. As mentioned above, these simpli cations are done before ev-
ery abstraction method. An exception is the interior geometric dependent abstraction.
This abstraction process does not require the complex geometry simpli cation step, as
can be seen in Figure 4.

3.1.1 Correction of model placement

An IFC model can be placed in sub-optimal ways in its local coordinate system, see
Figure 5. Mostly, three unwanted situations can occur: a model is placed far away from
its local coordinate system's origin, a model is rotated in a way where it is not axis
aligned to its local coordinate system's axis, or both. These erroneous local placements
are often used to compensate for partial, incomplete, or missing referencing data in the
IfcMapConversion class.

Geometry that is located far away from the local coordinate system's origin (Q0; 0) can
be a ected by oating point precision issues. This would result in a loss of signi cance
which limits the accuracy of subsequent processing, possibly rendering their outcomes
unusable. An easy solution for this issue is moving the geometry of the model closer
to the local coordinate system's origin. To do this, a translation vector is computed.
This vector is constructed from the lower left bottom corner of a bounding box around
one of the model'sifcSlab objects to the origin of the local coordinate system. All
other objects that are to be processed in later steps are translated according to this
vector. This results in a coarse location correction of the model which is su cient to
avoid issues in further processing. The inverse of this vector is stored to be added to
the georeferencing data of the output GIS le. It is presumed that all building models
include at least a singlelfcSlab object. If this is not the case, a fallback can be made
to other classes of objects. However, the methods described in this report are developed
to function on models representing buildings. Most models representing buildings have
IfcSlab objects present, so if those are missing the model is possibly not suitable for the
downstream processing methods.

The computed translation vector is based on only a single object to improve the com-
puting speed and keep the complexity of the implementation simple. To prevent oating
point issues, the model is not required to be placed precisely at the (@; 0) point with
the lower left bottom corner of its total bounding box. A more re ned approach would
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Figure 5: An IFC model can be placed in suboptimal ways. a) Shows the optimal place-
ment of the model. It is placed close to the local coordinate system's origin
and aligned to its axis. b) Shows an often occurring error where the local coor-
dinate system is used as an absolute coordinate system resulting in the model
being placed away from the origin. In practice this placement is often very
far away from the origin. ¢) Shows another often occurring error where the
model's location is correctly stored in its georeferencing data, but the rotation
is not. The rotation is incorrectly applied by rotating the model in its local
coordinate system.

be to use alllfcSlab objects or even alllfcObjects. However, this will be an unnecessarily
slow process if the input model is large, such as would be for a high-rise building.

Although the rotation of the model does not introduce the same issues as its location
in the local coordinate system can, it is still important to correct it. As was mentioned
before, and as will be covered by Section 3.2, a large part of the methods rely on
voxelisation. Voxelisation, and especially spatial querying during that process, can be
done more e ectively if the model is local coordinate system axis aligned. To correct
the rotation, a smallest orientated bounding box around the model'sifcSlab object's
vertices is constructed in the XY plane. To construct this bounding box, the box is
not rotated around the model but the model is rotated around the Z-axis. This will
ensure that the bounding box will always be aligned to the axis of the local coordinate
system. Since most buildings have oor plans that are fairly rectangular, this rotation
will often result in the building model being aligned to the local coordinate system axis.
The inverse of this rotation is stored to be applied to the abstracted output geometry
after their creation.

3.1.2 Class based selection

The rst and most coarse ltering step is the Itering based on object class. For the ab-
straction of BIM models to GIS models, only space dividing objects are required [van der



Vaart, 2022]. These objects represent physical/tangible geometries that play a role in
the division of space. Examples are walls, oors, and roofs that encapsulate specic
spaces and isolate the interior of the building from the exterior. The inclusion of objects
which do not ful | this role will unnecessarily increase the computation complexity of
the processing step.

This ltering can be achieved because every object in an IFC le is assigned to a class.
In most cases, the space dividing object, described by van der Vaart [2022] su ces.
These are: IfcWall, IfcCurtainWall , IfcWallStandardCase IfcRoof, IfcSlab, IfcWindow,
IfcColumn, IfcBeam, IfcDoor, IfcCovering, IfcMember and IfcPlate objects. However,
in practice the use of classes in IFC les is not consistent and often has errors [Noardo
et al., 2021]. This means that relying only on this selection of classes will not always
yield the desired Itering. To address this, the class Iter should be made exible. If it

is known that a certain class is used in an unexpected way, this class can be included or
excluded from the process. Despite this exibility in the approach, it is always better
to resolve these issues in the BIM models when possible. Correct IFC class use in BIM
models is a good practice and makes the models more suitable for processing by other
applications.

The classes in an IFC le can also be used as abstract/non-geometric containers that
include other objects that represent actual geometry. For example thelfcRoof class
is often used as a container \super" object that containslifcSlab class \sub" objects,
which are then used to represent the roof's geometry. It is important that these \sub"
objects are also evaluated even if theidfcClass falls outside of the used class lter. If
not, important geometry could be missed and the nal result could be unusable.

Interior space abstractions could in theory also be based on these space diving objects.
This would be a complex process similar to, and possibly more complex than, the exterior
abstraction processes. Due to time constraints, a simpler approach was chosen.

The interior abstractions are based on thelfcSpace representations. So, if interior spaces
are to be abstracted and exported to CityJSON, the IfcSpace objects are also Itered.
These objects are not part of the potential space dividing object list. They are ltered
and stored in their own unique container to be used as is, see Section 3.7. The class use
of IfcSpacesin IFC models is often correct [Noardo et al., 2021]. So, the ltering process
relies on this IFC class only and no exibility in the class use is required.

3.1.3 Complex object abstraction

After the initial ltering step, the geometry of complex objects, i.e. IfcDoor and IfcWin-
dow is simplied. These objects often include many small details, such as hinges and
grips, which are not relevant at a GIS scale and would unnecessarily increase the com-
plexity of subsequent abstraction steps. Because doors and windows are often box-like in
nature, they can be abstracted by replacing their geometry with an orientated smallest
bounding box in full 3D space (usingX, Y and Z rotation), see Figure 6.



(@) (b)

Figure 6: An example of simpli cation by bounding box creation. a) Shows a complex
IfcDoor object. b) Shows the resulting bounding box that is used to replace
the IfcDoor geometry. The reduction of detail can be clearly seen, every side
of the door is constructed out of a single surface and the door handle has been
internalized as well. Image from van der Vaart [2022].

Not all IfcDoor and IfcWindow objects can be simpli ed using this box simpli cation.
For example, if a window has a triangular frame a rectangular bounding box will not
accurately represent the window, see Figure 7. If the representation error is considered
too large, there should be an option to bypass this simpli cation process. This can be
done for either all windows and doors, so that none of them are simpli ed, or selectively,
so that only windows and doors that have a certain GUID are not simpli ed. The non-
simpli ed objects will reduce the robustness and time e ectiveness of the subsequent
steps due to the increased geometric complexity.

When faster processing is required, a more drastic abstraction of windows and doors
can be achieved by selectively applying subtractive elements. Doors and windows are
often placed in openings inside offcWall, IfcSlab, or IfcRoof objects. These openings
can be modelled withIfcOpeningElement or IfcFeatureElementSubtraction objects. The
geometry of these objects is used to subtract geometry of other objects and create
openings. For example, if these subtractive elements related to a wall are not applied,
the wall will have no opening. The windows and doors that were placed inside of these
openings can now be discarded without creating a hole between the interior and exterior.
However, not everylfcOpeningElement and IfcFeatureElementSubtraction object can be
discarded blindly. They can also be used to model openings that are not lled by
doors and windows. Discarding those subtractive elements will close openings that are
supposed to be open. It helps that each unique opening is created by one, or more,
unique subtractive element(s). This means that we can selectively apply subtractive
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Figure 7: Example of the incorrect results that can occur when box simplifying win-
dows that have a triangular frame. a) Input IFC le with triangular windows
highlighted in blue. b) Output LoD3.2 abstraction when box simpli cation
is used, resulting in windows that are incorrectly simplied. This incorrect
simpli cation also clips the roo ng structure, which will have an e ect on the
mid geometric dependent abstraction methods.

elements to the IfcWall, IfcSlab, or IfcRoof objects only if they are not occupied with

an IfcDoor or IfcWindow object, see Figure 8. Both the simpli cation of the IfcWall,
IfcSlab, and IfcRoof objects and the discarding of a set offcDoor and IfcWindow objects
reduces the geometric complexity. However, this will also mean that windows and doors
cannot be detected accurately during the following processes. In most cases this will
have no notable e ect on most LoD1.2, 1.3 and 2.2 abstraction processes because most
of these abstractions have no representation of windows and doors. However, in the case
of LoD3.2, windows and doors will often not be properly detectable.

This simpli cation cannot always be applied. In certain cases, the voids inlfcWall,
IfcSlab, or IfcRoof objects are modelled without the use oflfcOpeningElement and
IfcFeatureElementSubtraction. In these cases selectively applying subtractive elements
has no e ect on the objects.

In all normal processing cases, it is recommended to only use the bounding box sim-
pli cation described earlier. As mentioned, most of the intricate detail of windows and
doors is not required for GIS. It is recommended that the outliers that cannot be prop-
erly simpli ed by this method are lItered out by their GUID. If no LoD3.2 is required,
selectively applying voids (i.e. subtractive elements) can improve the computing speed
and robustness of the following processes even further. If LoD3.2 is required but no win-



dow/door data is necessary, applying this can also be a solution. In addition, if LoD3.2
is required but the IFC model is too complex to be processed, applying this can be a
solution to allow for further processing. Depending on the desired goal of the abstracted
shape, this is an optimisation choice. However, if this simpli cation is applied, the out-
put GIS model should have information related to this choice included to inform users.
This is especially important if the opening objects in the IFC model are modelled in
di erent ways and some windows and doors are eliminated while others are not. With
clear information on the abstraction process followed, the user will know to what extent
to trust the data related to the doors and windows.

3.2 Voxelisation

For mid, high, or very high geometric dependent abstraction processes, a voxel grid will
be created. The bounding box used for the rotation of the IFC model (see Section 3.1.1)
is expanded so that it encompasses all the vertices of the selected space dividing objects
(see Section 3.1.2). This tightly encapsulating bounding box is later used to create the
LoDO0.0 and 1.0 abstraction shapes as described in Section 3.3. The dimensions of this
box are rescaled so that there is at least a single layer/shell of non-intersecting voxels
surrounding the entire input model.

The voxelisation approach is dependent on the desired output abstractions. If mid
geometric dependent abstraction is to be executed, the voxel grid would be populated
with voxel columns. If high or very-high geometric dependent abstraction is selected to
be executed, the voxel grid will be populated with full voxelisation. The two approaches
are not interchangeable: if both voxelisation approaches are required, both are executed
to be utilized for their respective abstraction processes.

Column voxelisation is the result of \growing" voxels vertically in a column-like shape,
see Figure 9. All the voxels in the top \slice" of the voxel grid are used as starting voxels
for this growing process. Each voxel will be elongated downwards (negativé -direction)
with the voxel size dimension until the created column intersects with one or multiple
mesh representations of the space dividing objects. If the column encounters no objects,
the growing of the column ends if it surpasses the loweZ bound of the total voxel
domain. For example, if a voxel size of 1 metre is used, the column startsasa 11 1
metre cube. If this intersects with no objects, it will grow to a columnof 1 1 2 metre.

If again no object is intersected, it grows into a column of 1 1 3 metre, and so on.

For the full voxelisation, each voxel is independently tested for intersection with a mesh
representation of any of the space dividing objects. After the intersection test has been
executed for all voxels, the exterior space can be grown from one of the voxels that are
at the edge of the domain. Because the domain was expanded so that it includes a
shell of non-intersecting voxels, it is known that any voxel in this shell represents the
external void and consequently is not intersecting with any of the space dividing objects.
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