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Abstract Today, Building Information Modeling (BIM) is mainly used in archi-
tecture. Typically, a BIM model contains detailed geometric and semantic infor-
mation for design evaluation, simulation, and construction of the building. If, as on
the regional and city levels, more than one building is considered, the information
content of detailed BIM models might be too high. For applications like noise
simulation or emergency management, representing buildings as block models,
reduced outer-shell models or simplified indoor models are more suitable. Such
models are typically found in Geospatial Information System (GIS) applications.
This paper describes a process for BIM building models to extract different gen-
eralized representations for buildings and building elements. As an example, the
definitions for such representations are based on the LoD concept of CityGML.

1 Introduction

Architectural building models are typically considered to be highly detailed.
However, this is not the case at all stages of the design and construction process. In
order to define and illustrate the characteristics of building models in different
project phases, Levels of Development have been proposed by American Institute
of Architects (AIA 2013).

These Levels of Development do not necessarily support the needs of building
models in other areas of application and at other scales like, for example, in the case
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of geospatial data on the regional or city levels. Such applications often require
domain-specific generalizations of 3D building data. One example of such a
building model is the Building Module of the City Geography Markup Language
(CityGML). It allows the representation of buildings at five dedicated Levels of
Detail (LoD). With higher LoD, the geometric representation is refined and the
semantic richness potentially increases.

CityGML buildings can be generated automatically, semi-automatically or
manually, depending on the envisaged Level of Detail:

• LoD1—the building is geometrically represented as block model, where the
footprint may be taken from cadastral maps and the height from laser scanning
data or from cadastral data too.

• LoD2—based on a combination of 2D cadastral data and airborne laser scanning
or photogrammetric data, the building’s exterior shell is represented in a geo-
metrically generalized way. Different parts of the exterior shell are semantically
classified as e.g., wall or roof surfaces.

• LoD3—the exterior shell is represented in a geometrically detailed way. In
addition to LoD2, doors and windows are identified in the exterior shell and
represented as separate objects with surface geometry. This data may be
extracted from terrestrial laser scanning data.

• LoD4—extension of the LoD3 model by an interior model. At the moment, this
can only be done manually.

For existing buildings, automatic processes for generating LoD1 and LoD2
models are available. LoD3 and LoD4 models as well as any 3D model of a newly
planned building have to be generated manually. In these cases, 3D BIM models are
frequently available, but cannot be directly used for GIS applications. The central
objective of this paper is to describe a generalization process transforming 3D BIM
models into adequate GIS structures. The process is described on the basis of the
CityGML standard, focusing on Levels of Detail 1–3, where only the building’s
exterior shell is represented. The transformation process starts using the Industry
Foundation Classes (IFC) data format (Liebich 2007).

2 State of the Art of Generalizing 3D Building Models

The concept of generalization was originally introduced in 2D cartography. The
International Cartographic Association (ICA) defines generalization as “the selec-
tion and simplified representation of detail appropriate to the scale and/or purpose
of a map” (ICA 1973). Typical techniques are selection of the most important map
features by simultaneously removing unnecessary details, simplifying or smoothing
complex map features, and combination of small features. Many of these techniques
are also relevant for the generalization of 3D building models.

For simplifying arbitrary (triangle) meshes, a number of general approaches
exist. Many of them are based on special metrics for comparing different meshes
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(Luebke et al. 2003). Other approaches for mesh simplification, being more suited
to preserve the characteristic structures of buildings, are based on the extraction of
geometrically defined features. During the simplification process, extracted features
are evaluated and removed as necessary. Reviews of these approaches can be found
in Babic et al. (2008) and Thakura et al. (2009).

Besides general mesh simplification, there also exist a number of specific
approaches to generalizing 3D building models. Kada (2002) identifies character-
istic building structures (e.g. coplanar, vertical or parallel parts) in a surface model,
which are preserved in a merging process of surface parts. Thiemann and Sester
(2004) segment a 3D building model, classify and process extracted segments and
generate a generalized model by removing selected segments. In the approach by
Kada (2006), a building model is transformed into a new representation based on
half-spaces. The new representation supports a non-iterative process for eliminating
“small” building parts. More approaches to generalizing 3D building models can be
found in the review articles by Meng and Forberg (2006) and Sester (2007).

The techniques mentioned in the last paragraph are based on a purely geometric
3D building model. If data are available in a semantic data format like CityGML or
IFC, additional information is available which can be used for the generalization
process. Many such contributions use CityGML data of higher LoD (3 or 4) as
starting point and try to transform them into LoD1 or LoD2 representations (Fan
and Meng 2012; Baig and Rahmann 2013). Other authors discuss transformation
and generalization processes based on IFC, which is also the central topic of this
paper.

A first approach concerning a transformation from IFC building models into
CityGML LoD1 was described by Nagel (2006) and Nagel and Häfele (2007). The
CityGML concept according to LoD1 is characterized and strategies for the geo-
metric transformation process are described. These methods are part of the gener-
alization process presented here.

A solution for an IFC to CityGML LoD3 transformation in a three-stages
generalization process is presented by Donkers (2013). Starting with a semantic
filtering, relevant building elements are extracted. The second stage is the geometric
transformation using Boolean and morphological operations like dilation and ero-
sion to generate a volumetric representation of the complete building. The third
stage called refinement is used to guarantee the compliance with ISO 19107 (ISO
19107:2003). The process is focused on LoD3 with an outlook to LoD4. LoD1 and
LoD2 are not considered.

A mapping framework for transforming BIM to GIS in different LoD is pre-
sented by Cheng et al. (2013). To cover the semantic information, a new CityGML
Application Domain Extension (ADE) called Semantic City Model was developed.
The real geometric transformation seems not to be realized at the moment.

In Berlo (2011), the focus is set on the extension of CityGML with semantic IFC
data. The GeoBIM-ADE uses IFC as source for GIS data.
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An investigation is presented by El-Mekawy et al. (2012) concerning how much
information of an IFC model can be transformed into a CityGML model. The
disquisition is focused on the semantic information. It comes to the conclusion that
a conversion implies data loss and thus a unified building model is proposed.

3 Building Models

The described generalization process is based on the open BIM standard IFC
(Eastman 1999). If possible, all results are stored in the IFC data model as addi-
tional representations. In a second process, the results can be converted into the
target format CityGML.

The Industry Foundation Classes (ISO 16739:2013) are an open standard for
BIM, developed by buildingSMART (bSI 2014). It is based on STEP (ISO 10303)
and the standardized data modelling language for product modelling EXPRESS
(ISO 10303-11:2004), representing an entity-relationship model. Since version
IFC4 it is an official international standard ISO 16739 (ISO 16739:2013). IFC
defines two different encodings for the model data: The STEP Physical File (SPF)
defined by ISO 10303-21 (ISO 10303-21:2002) and the STEP-XML defined by
ISO 10303-28 (ISO 10303-28:2007). The most frequently used format is the SPF,
having the advantage of compact size and being a human readable ASCII file
format. The XML-based version is mostly used for exchanging partial models. Due
to the large file size of the models, it is only used if interoperability with XML tools
is required.

The version IFC2 × 3 contains 653 entities covering all phases of a building’s
life cycle. For Architecture, Engineering and Construction (AEC) modelling
aspects, the default geometric representation of physical building elements is vol-
umetric. This can be a parametric representation (e.g. extrusion of a parametric
profile), a Constructive Solid Geometry (CSG) or a boundary representation (B-
rep). IFC uses local Cartesian coordinates. For the site object, optionally a global
geographic location can be specified. One or more buildings and building com-
plexes can be represented with their complete building structure. The physical
building elements are represented as objects with relations. Such relations can be
used, e.g., for material information, properties or connections between building
elements.

In IFC, a building element can have multiple geometric representations, which
are differentiated by an identifier. There are pre-defined identifiers like, e.g., ‘Body’,
‘Axis’ or ‘Footprint’. This concept is not comparable to the LoD concept of
CityGML, because it mainly reflects modelling aspects of the corresponding AEC
tools.

The City Geography Markup Language (CityGML) (Gröger et al. 2012) is an
Open Geospatial Consortium (OGC) encoding standard for virtual 3D city models.
CityGML is an application schema of the extensible Geography Markup Language
(GML 3.1.1) (Cox et al. 2004). In contrast to 3D graphic formats, CityGML
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describes 3D object by their semantic meaning, their properties and their relations
to other features. In order to cover major themes of a city, the standard is organized
in 13 thematic modules (Gröger et al. 2012).

The most frequently used module of CityGML is the Building module,
supporting five dedicated Levels of Details for representing buildings (see Sect. 1).
A building can be structured into building parts. Exterior components like balconies
or chimneys, which have a major impact on the outer characteristics of the building,
are modelled as building installations. In LoD4, CityGML uses rooms as a spatial
structure for the interior.

Buildings, building parts, rooms, and building installations can be represented
by surfaces or solids. All these features can be semantically structured by, e.g., wall,
roof or ground surfaces. Volumetric building elements like walls, roofs or slabs are
not supported by CityGML.

IFC as well as the Building module of CityGML describe buildings as
semantic objects with properties and relations and therefore can be considered as
Building Information Models. Due to the intended application areas, used model-
ling techniques, and the history of the two organizations promoting the standards,
significant differences between the models exist.

The most relevant difference between IFC and CityGML regarding data con-
version is the modelling of buildings and building elements like walls, slabs or
roofs. IFC usually uses IfcBuilding as pure container for building elements.
Building elements are objects with properties, relations, and usually volumetric
geometry representations. In contrast, CityGML allows Building to have an
explicit solid or surface geometry. Building elements are not modeled as objects but
as boundary surfaces for buildings or rooms without any further property or rela-
tions to other boundary surfaces.

This means that the volumetric representation of building elements in IFC has to
be converted into boundary surfaces of the CityGML building or room. Figure 1
shows a simple example without considering the slabs of each storey and the
different wall connections (butt joint, meter joint).

Fig. 1 a IFC solid representation, and b CityGML surface representation

Generalization of 3D IFC Building Models 23



Another difference is the way building models are geo-referenced. While IFC is
using local Cartesian coordination systems and with geographic coordinates on the
site and the north direction, CityGML is using directly global coordinates regarding
the given reference coordinate system. The conversion between the different geo-
referencing methods can be done by well-known coordinate transformations.

4 Generalization Process

The goal of generalization is to reduce the geometric and semantic complexity of a
building model without losing relevant information. As a first step, an intermediate
data model, which is called ExtrusionBaseModel, is generated. Based on this
model, LoD1 and LoD2 representations can be derived. LoD3 and (in the future)
LoD4 are generated consecutively on the basis of the LoD2 model (see Fig. 2).

A suitable IFC model is prerequisite for a successful generalization. This means
that the building model needs to have a closed exterior shell and is generally
designed with walls, slabs, and roofs. The upper boundary of the building has to be
modelled with slabs or roof elements. Additionally, horizontal slabs represent more
or less the horizontal structure of the building with or without an explicitly defined
storey structure. If the storey’s structure is not defined in the data, it will be derived
by interpreting slab elements.

4.1 Intermediate Data Model

As a first step of the generalization process, an intermediate data model is generated
(see Fig. 3) taking into account only relevant building elements (see Fig. 4). Cur-
rently, these building elements are:

• Walls (IfcWall, IfcWallStandardCase)
• Slabs (IfcSlab with PredefinedType undefined or set to FLOOR or

BASESLAB)
• Roofs (IfcRoof, IfcSlab with PredefinedType set to ROOF)

Fig. 2 Schematic overview of the generalization process
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• Facades (IfcCurtainWall)
• Beams and columns (IfcBeam, IfcColumn), optionally taken into account.

In IFC, different representation types are allowed and have to be considered for
the transformation process. To get a uniform geometry base for the whole process,
each considered building element is additionally represented by its footprint
geometry. This is derived by a vertical projection of the original geometry into the
x-y plane of the model coordinate system (x, y, z) → (x, y, 0).

Based on these footprints, extrusion containers are calculated. Each container
aggregates information connected with a specific building element type taking into
account the building structure, if possible. An extrusion container includes relations
to the original IFC building elements, minimum and maximum z coordinates, the
footprint geometry of the aggregated building elements, and further relevant
information for post-processing the data.

Additionally, extrusion containers for building storeys are generated. If possible,
they are derived from the building structure and combined with information from
horizontal slab elements.

Fig. 3 Transformation from IFC to the ExtrusionBaseModel

Fig. 4 Semantic filtering of IFC data (left original model; right only IFCSLAB, IFCWALL,
IFCBEAM)
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After completing the container generation, a collection of different extrusion
containers is prepared for further processes. At first, heuristic methods are used to
identify building components like, e.g., balconies, dormers or inner courtyards. For
the further generalization process, these structures may be eliminated or kept.

During a last refinement step, the collected extrusion containers are validated.
Identified overlaps are eliminated and, depending on constraints, containers can be
split or merged.

The final ExtrusionBaseModel is the basis for all further steps. Its
geometry is stored with the relating IfcBuilding and IfcBuildingStorey
instances of the IFC model as an extra geometric representation.

4.2 Generation of the LoD1 Model

Following the definition of CityGML (Gröger et al. 2012; Benner et al. 2013a), a
LoD1 model is a rough approximation of the original building model represented in
one vertical extrusion. In many cases, this is not sufficient to represent the exterior
shell of a building. Especially for landmarks, the shape should represent the
characteristics of such buildings.

Based on the ExtrusionBaseModel, different strategies are implemented for
the LoD1 generalization process. Depending on the strategy, building footprints,
wall footprints or slab footprints are used to determine one or more vertical
extrusions for the final LoD1 model (see also Sect. 5.2).

The first strategy calculates one extrusion for the whole building. Thereby, all
footprints of the relevant building elements are used. The second variant focuses on
walls. In this case, footprints of walls on same levels and same heights are com-
bined and extruded. In the third case, footprints of horizontal slabs are used to
create the extrusion geometries.

Because the geometric representation of the ExtrusionBaseModel is very
close to the requirements of a LoD1 model (see Fig. 5), the main task of this
transformation step is to adjust the vertical extrusions for the requested generation
strategy. Optionally, it is also possible to create the resulting LoD1 geometries by
an explicit storey structure. This means that for each storey, an extra extrusion is
generated even if the footprints of the storeys are identical.

Fig. 5 Transformation ExtrusionBaseModel into a LoD1 model
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4.3 Generation of the LoD2 Model

Compared to LoD1, the generation process for LoD2 is completely different. The
basis is also the ExtrusionBaseModel but the generated outer contour of the
building is much more detailed with a correct roof shape and a detailed classifi-
cation of the outer boundary surfaces (see Fig. 6).

The first step is to assign the roof shape. An algorithm was developed to generate
clipping planes for the extrusion containers of ExtrusionBaseModel, based on
the original geometry of the IFC building elements IfcRoof and IfcSlab with
PredefinedType set to ROOF. Supported geometry types in this process are
extrusion and B-rep.

For B-rep geometries, all face normals are analyzed in order to identify upwards
pointing faces. The outer polygons of these faces are transformed into bounded
clipping planes.

For extrusion geometries, the procedure is different. Starting with the extrusion
placement, the extrusion direction and its magnitude, the top plane of the extruded
geometry can be calculated by a simple matrix operation. The boundary is derived
from the extrusion profile, which is transformed into the plane.

In the second step, building elements are used for a semantic classification of the
clipped extrusion geometries. For this, corresponding surfaces of IFC building
elements and ExtrusionBaseModel objects are identified. In the classification
mechanism, the following CityGML features are generated:

• WallSurface
• OuterFloorSurface
• RoofSurface
• GroundSurface
• ClosureSurface
• BuildingInstallation

While classifying the surfaces, an algorithm compares the distance of surfaces
from IFC building elements to the generated surfaces of the ExtrusionBase-
Model. The accuracy parameter epsilon for this distance test is adjustable, the
default value it is set to is 50 mm. If the distance is smaller than epsilon, the
corresponding surface is collected for further verifications. During this process,

Fig. 6 Transformation ExtrusionBaseModel into a LoD2 model
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several faces of one building element, but also faces of different building elements
can be found. All collected faces are compared in a second pass. In this pass, net
area and the quantity of overlapping area, with corresponding surfaces of the
ExtrusionBaseMode are checked to assign the correct type.

As an optional calculation step, the generation of roof overhangs can be initiated.
The relevant geometry will be derived by a geometrical comparison of IFC roof
elements with the created CityGML RoofSurface. By a projection of the
CityGML RoofSurface on the IFC roof geometries, the overlapping parts are
identified and separated by a geometric subtraction. For the CityGML model, these
geometries are currently classified as BuildingInstallation. Figure 7 shows
the steps for extracting roof overhangs.

4.4 Generation of the LoD3 Model

The transformation process from a LoD2 model to a LoD3 model mainly differs in
applying voids for doors, windows, and openings and creating the appropriate
elements (see Fig. 8). In this step, the ExtrusionBaseModel is no longer used.

This process is realized by interpreting the relations of IFC. Cutouts are not
explicitly given in the IFC geometry representations, but defined as relations
between building elements, voiding elements, and a door or window elements. The
first relation (IfcRelVoidsElement) describes a Boolean subtraction between,
e.g., a wall and an opening element. Without handling this relation, the wall is
given by their gross volume. The second relation (IfcRelFillsElement) is to
place a door or window element within the hole of the subtracted opening element.

Fig. 7 a IFC solid geometry, b CityGML roof surface, c subtraction of the roof surface with the
top face of the IFC solid geometry, and d resulting geometry for roof overhangs

Fig. 8 Transformation of a LoD2 into a LoD3 model
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Doors and windows in IFC can be represented geometrically in different ways.
Either by an explicit geometric representation, or by parameters describing opera-
tion type, lining, and panel. For non-rectangular elements, additionally a 2D profile
should be given to describe the outer contour of the door or window. If only the
parameters are given, the resulting geometry has to be calculated. Within the
generalization process, the best solution to control the geometric complexity of
these elements is to interpret the parameters, if available. Otherwise the geometry
will be approximated by a projection of the opening element on the corresponding
surface of the building element.

Unlike IFC, the opening elements in CityGML do not represent an additional
element, but are already subtracted from the corresponding boundary surface. The
door and window elements are defined as sub elements of the boundary surface and
are geometrically located within the boundary surface. Openings without a door or
window have to be represented as a ClosureSurface and cannot be related to
any boundary surface.

For doors and windows, it is sufficient to reduce their geometry by a surface.
This is different for embrasures. For representing a detailed façade, it is important to
have the detailed depth and contour of the embrasures. Similar to roof overhangs, it
is possible to activate the embrasure generation optionally. This step is currently
under development. Basis is the IfcOpeningElement and the simplified door
or window elements, created in the previous step. Clipping planes are derived from
the door or window elements and from the boundary surface, e.g., WallSurface.
Performing clipping operations with the geometry of the IfcOpeningElement
results in a solid (negative mold of the embrasure), filling the recess between door
or window surface and top edge of the boundary surface. Hence, the planes’ nor-
mals are known, unneeded faces can be identified, and the remaining faces have to
be inverted. The whole process is shown in Fig. 9. Finally, the surfaces of the
embrasure have to be defined by the type of the boundary surface.

Fig. 9 a IFC wall with window element, b CityGML WallSurface with window element in
wall plane, c CityGML WallSurface with window element at correct position and IFC opening
element (transparent), and d Embrasure realized by clipping opening element at wall and window
plane
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5 Testing and Evaluation

The methodology described above is implemented as an early prototype in the
software platform IFCExplorer, which is developed at the Institute for Applied
Computer Science at Karlsruhe Institute of Technology. The IFCExplorer is a tool
for visualization, analysis, transformation, and integration of spatial data from
different applications by open standardized data formats (e.g. IFC, cityGML,
gbXML). Different data models and application areas are supported and can be
opened either based on files or via standardized OGC web services (e.g. Web
Feature Service, Web Map Service). For analyzing the different data models, a wide
range of checking functionalities is available. The implemented functionality ranges
from semantic validation, checking correctness of attributes, to geometrical and
mathematical checks. This is the basis for realization of the here described gener-
alization process (Benner et al. 2013b).

In order to prove the concept, single-family houses were used and transformed.
The generated LoD models are internally represented as CityGML models and can
be exported as CityGML 2.0 instance documents.

Each model is presented by an image of the IFC model and three images of the
transformed LoD1, LoD2, and LoD3 model. Furthermore, for each model, a table
shows all elements with a geometric representation, the types of the geometric
representations, and the total amount of faces used for rendering.

5.1 Building Example 1

Example 1 is a simple free-standing building consisting of basement, ground floor,
and roof floor. The LoD1 is represented in one vertical extrusion and for LoD2 and
LoD3 the WallSurface is combined on all floors (Fig. 10; Table 1).

Fig. 10 Example 1: a IFC Model, b CityGML LoD1, c CityGML LoD2, and d CityGML LoD3
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5.2 Building Example 2

The second building example is an official building model from the German
“Anwenderhandbuch” which is a guide to the interoperability of CAD data from
buildingSMART. For the LoD1 generation, the characteristics of the building are
preserved by using the wall footprint strategy described in the LoD1 transformation
step. The final geometry is represented in three vertical extrusions. LoD2 and LoD3
are generated with the same options, for this reason the WallSurface on ground
floor and first floor are combined.

Due to an error in the internal Boolean operations, two of the window elements
in the LoD3 model are missing in the front façade. The window elements are
identified and created in the CityGML instance document but the geometric rep-
resentation is missing (Fig. 11; Table 2).

6 Summary and Outlook

In order to use architectural building models like IFC in other application domains
like geospatial environments or energy calculation, a method for semantical and
geometrical generalization of IFC models is introduced. As a first example of this
process, the transformation from IFC to CityGML (LoD1–3) is explained and first
results are shown.

The method is implemented as an early prototype in the software IFCExplorer.
The process is performed interactively and needs no further input. The results are
immediately shown in the same document as the IFC model, which allows a direct
comparison between the models. Tests have been carried out with simple single-
family houses.

Next steps are implementing a prototype which can handle more complex
buildings then single-family houses. This prototype will also include the consid-
eration of overhanging parts of the building and the building’s interior.

Fig. 11 “Anwenderhandbuch”: a IFC Model, b CityGML LoD1, c CityGML LoD2, d CityGML
LoD3
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With these experiences, the generalization process will be extended regarding
other requirements for energy performance simulation. In this case, single-zone or
multi-zones models will be created and exported to gbXML (2014).
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