
Module 6 - Creation of 3D city models and GeoBIM integration
Digital Transformation in Building Permits

9th July 2025



• Creation of 3D city models 

• Processing of 3D city models + practical session 

• GeoBIM integration and conversions between Geo and BIM

Module 6 contents
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• Overview of data sources and methods 

• Reconstruction requirements and types 

• 3D BAG method in detail

Creation of 3D city models contents
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Most common: 

• Topographic map as planar 
partition 

• Land use / cadastral map 

• Building footprints 

• Road centrelines 

• Urban mesh

Creation of 3D city models: data sources

• Object attributes (e.g. number of 
building stories or number of road 
lanes) 

• Lidar point clouds (aerial or 
terrestrial) 

• Photogrammetric mesh or point cloud 

• DSM / DTM
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Most common: 

• Lifting 2D semantic data to given height 

• Fusion of 2D semantic data with point cloud 

• Classification of urban mesh

Creation of 3D city models: methods
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• Aim: construct semantic 3D models for different classes, e.g. buildings, 
roads, terrain, water bodies, etc. 

• Buildings are usually the main focus 

• The method and requirements can be different depending on the class and 
individual object, such as: 

• individual buildings and roads modelled in high detail 

• simplified terrain 

• no water bodies

Creation of 3D city models
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• Low complexity: the model ought to have as few vertices, edges, and 
faces as possible. Models with lower complexity are faster to process and 
take up less storage space. 

• High accuracy: the surfaces of the model should have the lowest possible 
error with respect to the input. 

• Geometrically valid: the mesh is 2-manifold, has consistent face 
orientation, no duplicate vertices, and no self-intersecting geometries. 

• Level of Detail (LoD): a given degree of generalisation in the geometry of 
the reconstructed model compared to the actual real-world object.

Usual requirements
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Requirements: point density
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12.2 Data driven versus model driven building reconstruction 121

Figure 12.2: A complex urban environ-
ment.

(a)

(b)

Figure 12.3: Varying point cloud qual-
ities. (a) low point density with miss-
ing facades, (b) high point density and
points on facades.

Figure 12.4: Data driven reconstruction
based on a triangulation of the input
points (Axelsson, 1999)

Most building reconstruction methods work with point clouds that are
captured from an airplane. This is the most efficient way to cover large
areas, but it also means that not all the exterior surfaces of a building
are captured due to occlusion. In particular facades and the underside of
overhanging structures may be missing in such datasets. If a surface is
missing in the point cloud we need to compensate for that with assump-
tions on what we expect the building to look like. For instance, we could
assume that facades are always vertical so that we can simply model a
vertical plane from the roofline to the ground. However, while this is rea-
sonable for the majority of buildings there are bound to be some excep-
tions. Other point cloud properties are also important. For example the
point density is indicative for the smallest details that we can reliably de-
tect in the point cloud. Consequently we can not reasonably expect to see
smaller details in the reconstructed building model unless very strong as-
sumptions are taken on the type of building shape that is modelled. Some
surface materials can also lead to problems. Glass surfaces for example
are notoriously difficult to measure with airborne acquisition techniques,
leading eg to holes in the roof surface which can lead to problems in a
building reconstruction method.

12.2 Data driven versus model driven building
reconstruction

Building reconstruction has been a popular topic among researcher over
the last few decades. Many approaches exist that vary in the expected
type and resolution or density of input data, the precise model require-
ments, and in how restricted they are to a particular architectural style.
One could classify these methods on a linear scale with on one extreme
the purely so-called data driven approaches and on the other extreme the
purely so-called model driven approaches.
The data driven approach strongly relies on the quality and completeness
of the input data. The resulting building models have a good data fit, but
a high complexity (high number of faces). Defects in the input data are
likely to cause problems in the building model, such as holes and non-
2-manifoldness. Examples of the data driven approach are methods that
triangulate directly the input point cloud (see Figure 12.4).
Themodel driven approach, on the other hand, relies on strongmodelling
assumptions about the building shape. This typically results in models
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Requirements: complex urban environments
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Two broad approaches (ends of a spectrum): 

• Data-driven: Create a detailed model that perfectly matches the input 
data. Problems in the input data will cause problems in the model, e.g. 
holes from occluded areas and buildings that include nearby trees. 

• Model-driven: Define rules to create models based on predefined types. 
Models won’t fit the data as closely and will be less detailed, but 
problems in the input data (e.g. low point density or occlusion) can be 
more easily managed.

Creation of 3D city models
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Creation of 3D city models: data-driven approach
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Creation of 3D city models: model-driven approach

122 12 3D building reconstruction

Figure 12.5: Model driven reconstruc-
tion by fitting parametrised roof models
(Lafarge et al., 2010)

the AHN3 point cloud and the BAG
building footprints

with a low complexity, but a poorer fit with the input points when com-
pared to a purely data driven approach. Because the model driven ap-
proach does not rely so heavily on the quality of the input, defects in the
input point cloud are less likely to lead to problems in the building model.
Examples of the model driven approach are methods that fit pre-defined
roof shapes such as a simple gable roof to a point cloud (see Figure 12.4).
Such a method will only work for buildings for which a pre-defined roof
shape is available. Yet, if this the case it can already work reliably for a
very sparse point cloud.
Clearly both approaches have limitations. The most advanced building
reconstruction methods, including the one discussed below, try to com-
bine the best of both to come to an optimal compromise, eg amethod that
has both a good datafit and a high degree of flexibility in building shapes
but also a low complexity and perfect geometric validity. However, be
aware that such a mixed approach combines not only the advantages,
but likely also the disadvantages of both approaches to some degree.

12.3 Automatic LoD2 reconstruction for the
Netherlands

In this section we will discuss an automatic LoD2 reconstruction method
that I developed toworkwithDutch open data. The output of thismethod
should have both a good data fit and a low model complexity and is
aimed to have completely valid geometry output. This means the result-
ing models are suitable for various kinds of environmental simulation
applications.

12.3.1 Modelling assumptions

The following assumptions are taken in the reconstructionmethod. They
are deemed reasonable for the Dutch input datasets that the method was
designed on, and with these assumption the reconstruction problem is
somewhat simplified.

piecewise planar The shape of a building can be adequately approxi-
mated using planar faces that are detectable from the point cloud.

2.5D with vertical walls The roof of the building is 2.5D and all walls
are vertical. This implies the 3D building model can be extruded
from a 2D planar partition of the roof. The 2.5D assumption is quite
reasonable for airborne point cloud, because each building is only
scanned from above anyhow.

classified point cloud A reliable classification of the input point cloud
is expected, ie at least a building and a terrain (ground) class must
be present. This is the case for the AHN3 dataset that is used.

footprints are available Apart from a point cloud the method also takes
2D building footprints as input. These are used to crop the point
cloud for each building. It is assumed that the footprints are up-to-
date and well aligned with the point cloud.

The method can be classified as a mix between the purely data andmodel
driven approaches as discussed in the previous section. Consequently
it also mixes the benefits and trade-offs of both extremes. For example,
instead of forcing complete roof shapes on a point cloud, it is only as-
sumed a building is composed of planar surfaces. This makes the method

12
(Lafarge et al., 2010)



Example: 3D BAGThe 3D BAG     3dbag.nl  

3

Data:
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https://www.youtube.com/watch?v=u84ZyD2ie48


• 3D city model covering all 10 million buildings in the Netherlands 

• Multiple formats: CityJSON, GeoPackage, OBJ, etc. 

• Open data created from other open data: 

• BAG building footprints 

• AHN point cloud 

• Mixed approach: partly data-driven and partly model-driven

Example: 3D BAG
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Example: 3D BAG
3D BAG layers: 3 LoDs

4

16Image: Ravi Peters



• Piecewise planar: The shape of a building can be adequately 
approximated using planar faces that are detectable from the point cloud. 

• 2.5D with vertical walls: The roof of the building is 2.5D and all walls are 
vertical. This implies the 3D building model can be extruded from a 2D 
planar partition of the roof. 

• Classified point cloud: A reliable classification of the input point cloud is 
expected with least a building and a terrain (ground) class. 

• Footprints are available: Apart from a point cloud, the method also takes 
2D building footprints as input. It is assumed that the footprints are up-to-
date and well aligned with the point cloud.

3D BAG: modelling assumptions
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3D BAG
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12.3 Automatic LoD2 reconstruction for the Netherlands 123

building
points

footprint

terrain
points

intersection lines

boundary
lines

654

321

Figure 12.6: The main steps in the re-
construction algorithm. 1) the classified
(aerial) point cloud is cropped on the 2D
footprint, 2) planes and their boundaries
are detected in the point cloud, 3) from
the roof planes the intersection lines and
boundary lines are extracted, 4) the lines
are regularised and projected onto the
2D footprint, 5) the roof-partitions is cre-
ated. This is a DCEL where each face
is labeled with the corresponding plane
(from 2, compare colors). 6) the roof-
partition is extruded into a 3D mesh.
If a terrain plane is assigned to a face
from the roof-partition, that face is re-
moved (2 and 5).

more flexible compared to a purely model driven approach that fits a pre-
defined roof shape, since it should be able to handle any possible roof
shape that can reasonably be approximated with (large) planar surfaces
while still mainting a low model complexity. However, if a plane cannot
be fitted to a part of the roof due to defects in the point cloud, that part
may lead to errors in the resulting building model.

12.3.2 Method overview

Figure 12.6 illustrates the six main steps of the algorithm. The main idea
is to compute a so-called roof-partition; a planar partition of the footprint
where each face corresponds to a planar piece of the roof and is labeled
with a roof plane. Prior to creating the roof-partition the roofplane and
line features must be extracted from the point cloud (Figure 12.6 step 2
and 3). And once the roof-partition is available, the 3D building model
can be generated through extrusion (Figure 12.6 step 6).

12.3.2.1 Feature extraction

The roof-partition is made using lines that are derived from roof planes
that are extracted from the building point cloud. The roof planes are de-
tected using a region-growing algorithm and then two type of lines are
derived from the planes: boundary lines and intersection lines (see Fig-
ure 12.6 step 3). The boundary lines are created by detecting lines in the
boundary of the 𝛼-shape of each detected roof plane. The intersection
lines are created where adjacent planes intersect, such as on the top of a
gable roof.
Before the boundary and intersection lines are used to partition the foot-
print, they are regularised. The goal of line regularisation is to remove
duplicate lines and thereby reduce the complexity of the roof-partition.
For example, the line on top of the gable roof in Figure 12.6 is detected
three times: once as an intersection line and twice as a boundary line
(once for each incident roof plane). After line regularisation only a single
line remains. After projecting the detected lines to 2D, line regularisation
is done in two steps: orientation clustering and distance clustering (see
Figure 12.7).



3D BAG
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Feature extraction

14

Plane detection

Line detection

Input point cloud

Image: Ravi Peters



Feature extraction
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Detected planes

3D BAG
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Image: Ravi Peters



Feature extraction
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𝛼-shape

3D BAG
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Image: Ravi Peters



Feature extraction
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Detected lines

3D BAG
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Image: Ravi Peters



3D BAG: line regularisation
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detected lines orientation 

clustering
distance 
clustering

regularised 
lines



Initial roof partition
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Still many small faces

• The regularised lines mostly form 
a planar partition, but there are 
some artefacts to fix: 

• very small faces, and 

• dangling edges. 

3D BAG: initial roof partition
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Image: Ravi Peters



Graph-cut optimisation

20

Dual graph of planar 
arrangement

Zebedin et al. (2008)

• In order to obtain a better roof 
partition, the dangling edges are 
removed and certain faces are 
merged. 

• A dual graph of the original input 
faces is created, where faces are 
vertices and adjacent faces are 
joined by an edge. 

• The edges in this graph represent 
potential faces that could be 
merged.

3D BAG: roof partition optimisation
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Graph-cut optimisation

20

Dual graph of planar 
arrangement

Zebedin et al. (2008)

• Aim: assign a plane label to each 
face, then merge adjacent faces that 
have the same label. 

• This label is assigned by minimising 
a weighted sum of two opposing 
terms: a data term (data-driven) and 
a smoothness term (model-driven)

3D BAG: roof partition optimisation
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Graph-cut optimisation

20

Dual graph of planar 
arrangement

Zebedin et al. (2008)



Graph-cut optimisation
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Data term:
Volume between 2.5D heightfield of point cloud at a face and candidate planes

Encourages good data fit 
by selecting candidate plane with smallest volumetric difference

heightfield

Volume wrt each candidate plane

• The data term tries to pick the label 
that best fits the data. 

• It is given by the volume between the 
2.5D heightfield of the point cloud 
and the candidate labels’ planes.

3D BAG: roof partition optimisation
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Graph-cut optimisation

21

Data term:
Volume between 2.5D heightfield of point cloud at a face and candidate planes

Encourages good data fit 
by selecting candidate plane with smallest volumetric difference

heightfield

Volume wrt each candidate plane



Graph-cut optimisation
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Smoothness term:
Edge length between adjacent faces

Minimisation entails: 
● Short and simple edges
● ‘Merging’ of faces, 

• The smoothness term tries to 
merge adjacent faces. For a pair 
of adjacent faces, it is: 

• zero if the faces have the same 
label, and 

• the length of the common face if 
they do not.

3D BAG: roof partition optimisation
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3D BAG: roof partition optimisation (weight)
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Effect of complexity term λ

26
Image by Ivan Pađen



3D BAG: roof partition optimisation
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Initial roof partition Final roof partition
(edges between equal plane labels dissolved)

Final roof partition
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Image: Ravi Peters



Extrusion
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3D BAG: extrusion
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3D BAG: extrusion

32

Extrusion
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Groundparts
In some cases BAG footprint includes groundparts

28

AHN3 ground and building class BAG footprint Reconstruction result:
roofplane fitted to groundpart

3D BAG: challenges

33
Image: Ravi Peters



Groundparts
Reconstruction with groundpart detection
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AHN3 ground and building class BAG footprint Reconstruction result:
groundpart removed from output

3D BAG: challenges
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3D BAG: challenges



3D BAG: challenges
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Limitation: glass roofs
Green houses: both points on ground and on roof

30

AHN3 
ground and building class

Heightfield

Reconstruction result

Image: Ravi Peters



3D BAG: challenges
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Spherical surfaces

32

Are approximated with planar surfaces if sufficient point density



3D BAG: challenges
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3D BAG: challenges
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@tresdmartes



3D BAG: challenges
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Limitations: occlusion/no-data

33

AHN3 ground and building class HeightfieldReconstruction

Occlusion/no-data

Image: Ravi Peters



3D BAG: challenges
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Occlusion in AHN3

34
Image: Ravi Peters



Occlusion in AHN4
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3D BAG: challenges

42Image: Ravi Peters



Occlusion effect on reconstruction
AHN 3

AHN 4
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3D BAG: challenges
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3D BAG: challenges
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Fuse two point clouds

37
AHN 3+4 AHN 3 AHN 4 

Image: Ravi Peters
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Questions?



• Creation of 3D city models 

• Processing of 3D city models + practical session 

• GeoBIM integration and conversions between Geo and BIM

Module 6 contents
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• Validating a 3D city model 

• Operations through cjio 

• Practical session

Processing of 3D city models contents
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Validation levels: 

• syntax: is it a valid JSON or GML file? 

• schema: does it conform to the CityJSON or CityGML schema? 

• geometry: are the 3D primitives in the file valid?

Validation of a 3D city model
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• Types: strings, numbers, 
Booleans, objects, arrays and null. 

• Each type has own rules, e.g. 
strings surrounded by double 
quotes. 

• Plenty of tools available, e.g. 
JSONLint or JSON.parse() in 
Python.

Syntax validation (JSON)

49

{ 
  "first_name": "John", 
  "last_name": "Smith", 
  "is_alive": true, 
  "age": 27, 
  "address": { 
    "street_address": "21 2nd Street", 
    "city": "New York", 
    "state": "NY", 
    "postal_code": "10021-3100" 
  }, 
  "phone_numbers": [ 
    { 
      "type": "home", 
      "number": "212 555-1234" 
    }, 
    { 
      "type": "office", 
      "number": "646 555-4567" 
    } 
  ], 
  "children": [ 
    "Catherine", 
    "Thomas", 
    "Trevor" 
  ], 
  "spouse": null 
}



• Checks correct structure and types using JSON Schema (https://json-
schema.org/) 

• Main schema for v2.0.1: https://3d.bk.tudelft.nl/schemas/cityjson/2.0.1/
cityjson.schema.json 

• Official validator: cjval (https://github.com/cityjson/cjval)

Schema validation (CityJSON)

50

https://json-schema.org/
https://json-schema.org/
https://3d.bk.tudelft.nl/schemas/cityjson/2.0.1/cityjson.schema.json
https://3d.bk.tudelft.nl/schemas/cityjson/2.0.1/cityjson.schema.json
https://github.com/cityjson/cjval


Geometry validation (2D)
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Validation of a polygon = a solved problem

OGC Simple Features and
ISO19107 rules:

1 no self-intersection

2 closed boundaries

3 rings can touch but not
overlap

4 no duplicate points

5 no dangling edges

6 connected interior

7 etc

p2

p4 p5 p6

p7 p8 p9

p3

p12p11p10

p1

exterior
boundary

interior
boundary

8 / 26

Rules for validation in 2D



Geometry validation (2D)
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Rules for validation in 2D: standard implementations available



Geometry validation (3D)

53

In 3D it’s way way way more complex…

s1 s2 s3 s4

invalid (1) invalid (3, 6)valid valid

s9 s10 s11 s12
invalid (3 in 2D) invalid (2)validinvalid (5)

s5 s6 s7 s8
invalid (6) invalid (2, 5)invalid (4) valid

LinearRing PolygonPoint

MultiSurface CompositeSurface

MultiSolid CompositeSolidSolid



Geometry validation (3D)
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Automatic repairing of broken 3D city 

With my colleague John Zhao, we’re making an overview 
of the most common errors/problems, such as:

12

Errors are *very* common in 3D city models: my wall of shame



Visualisation — duplicated surfaces == annoyingGeometry validation (3D)
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Geometry validation (3D)
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Visualisation — wrong orientation == missing faces



Solar potential — wrong orientation == no potential assignedGeometry validation (3D)
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Geometry validation (3D)
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Volume calculation — big problems == some methods do no work



Advanced simulations — wind comfort for pedestrians

• Advanced simulations: very strict 
validity requirements 

• In practice, up to 90% of time is 
spent fixing large models

Geometry validation (3D)

59



In 3D it’s way more complex… and no GEOS/PostGIS implementation
https://github.com/tudelft3d/val3dity (download) or 

http://geovalidation.bk.tudelft.nl/val3dity/ (online for small models) 

Geometry validation (3D)
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https://github.com/tudelft3d/val3dity
http://geovalidation.bk.tudelft.nl/val3dity/


Geometry validation (3D)
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val3dity reports with a specific error code



• cjio or CityJSON/io 

• https://cjio.readthedocs.io/en/latest/

Operations through cjio
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https://cjio.readthedocs.io/en/latest/


• attribute removal or renaming 

• CRS assignment, reprojection or 
translation 

• export CityJSONSeq, OBJ, glTF, 
b3dm or STL  

• subset using id, bounding box, type, 
radius around point, etc. 

• triangulate faces 

• schema validation (using cjval)

Operations through cjio
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Questions?

Not valid

Not valid

Not valid



• Create your own 3D city model using 3dfier: http://tudelft3d.github.io/3dfier/ 

• Find two datasets for a region of your interest: 

• A set of non-overlapping polygons that include building footprints (plus 
potentially other types) 

• A point cloud with elevation data, either Lidar or photogrammetric 

• See tutorial: http://tudelft3d.github.io/3dfier/generate_lod1.html

Practical session 4
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http://tudelft3d.github.io/3dfier/
http://tudelft3d.github.io/3dfier/generate_lod1.html


• Creation of 3D city models 

• Processing of 3D city models + practical session 

• GeoBIM integration and conversions between Geo and BIM

Module 6 contents

66



• Comparison of Geo and BIM 

• GeoBIM integration: 3 approaches

GeoBIM integration contents

67



Differences between Geo and BIM

68

Geo (3D city models) BIM

origins cartography, maps architecture, CAD

scale large regions one construction site

made using processed sensed data usually manual as a design

detail (geom/semantics) less detailed very detailed

models visible semantic surfaces volumetric built elements

up to date based on input data as designed, maybe as built

focus everything but mainly cities buildings and infrastructure

strengths spatial analyses design and construction
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• Geo and BIM are mutually complementary, which leads us to… 

• GeoBIM: joint usage of GIS (Geo) and BIM data, usually through: 

• Geo to BIM conversion (for use in BIM software) 

• BIM to Geo conversion (for use in Geo software) 

• Conversion / mapping to another model (e.g. joint model using OWL/
RDF/SPARQL or an application-specific model)

GeoBIM integration
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For Geo: 

• High LoD cadastre including small features e.g. balconies 

• Avoid (some) data acquisition 

• Information about building interiors 

• Continuous data updates 

• Data exchange with other fields, e.g. AEC or asset management

Why GeoBIM integration?
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For BIM: 

• Reference context for design 

• Conduct checks that require surroundings, e.g. daylight simulations 

• Multi-scale vision for applications, e.g. asset management 

• Data exchange with other fields, e.g. planners and environmental 
engineers 

• Techniques for scan to BIM come from Geo side

Why GeoBIM integration?
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Shared benefits: 

• Data interoperability 

• Cost and time savings 

• Digital twin development 

• Sustainability and resource planning

Why GeoBIM integration?
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• Interoperability is the ability of systems or products to operate effectively 
and efficiently in conjunction, on the exchange and reuse of available 
resources, services, procedures, and information, in order to fulfil the 
requirements of a specific task (Kavouras and Kokla, 2007). 

• Integration is the combination or conflation of information from different 
data sets (Worboys, Duckham, 2004).

Integration vs. Interoperability 
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4) Integration vs Interoperability

Integration is the combination or conflation of information from different data sets (Worboys, 
Duckham, 2004).

Interoperability is the ability of systems or products to operate effectively and efficiently in 
conjunction, on the exchange and reuse of available resources, services, procedures, and 
information, in order to fulfil the requirements of a specific task (Kavouras and Kokla, 2007).
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Noardo, F. Multisource Spatial Data Integration for Use Cases Applications. Preprints 2021, 2021120286 (doi: 10.20944/preprints202112.0286.v1). 
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Data must speak common languages and follow common structures and rules
-  Open standards

Open 
data 

models

Open protocols 
definitions and 

software 
components

Best practices 
and users 

agreements

Different data sets must be able to work together
-  Integration and interoperability

Role of standardization towards interoperability

LandInfra/InfraGML



• Comparison of Geo and 
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• GeoBIM integration: 3 
approaches
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Semantic 
Mapping

Geometric 
Transformation

Geometric & 
Semantic 

Refinement

IFC CityGML

Figure 5: General workflow diagram of our algorithm. Notice that the roofs of bothmodels have
been removed so that the interior of the model is visible.

unified model in which all the semantic properties of IFC and CityGML are present, and they
propose using bidirectional mappings for all the semantic classes relevant to IFC and CityGML.
However, they extract the geometries separately from the two models and need manual editing
to enrich the result. To obtain semantically rich and geometrically valid LOD3 buildingmodels,
more than a selection of the input objects/geometries must be performed, because walls, beams
andwindows are represented byvolumes in IFC (see Figure 2). Adirect conversion results in a set
of volumes and surfaces having hardly any meaning, except for visualisation purposes. Further
geometricalmanipulations are required to obtain geometries appropriate for 3D citymodelling.
Benner et al. [2005] describe the general steps needed to convert IFCmodels to an alternative

data model closely related to CityGML (the QUASY model). They first map the semantics from
IFC to QUASY and select the relevant boundary objects, and then the outer visible surfaces are
extracted by selecting a subset of the input objects. For the (equivalent of) the LOD3 model,
they discard geometries inside the building by projecting each floor of a building to horizontal
and vertical ‘footprints’ and keeping only those touching the envelope. This technique does
not close possible gaps (which are common in practice, see Section 5) and may yield unclosed
shells. Moreover, while the output models appear to be LOD3 models, the walls and the roof
are volumes. Nagel [2006] and Nagel and Kolbe [2007] provide a method to extract valid LOD1
from IFC models. Each floor of a building is projected to the ground to obtain its spatial extent
(with a series of 2D Boolean operations), and floors are extruded to construct one geometrically
valid block-shape model. Although we use different algorithms and methods, we describe in
Section 4 a conceptual extension of this approach to construct LOD3models. We do not project
each floor to 2D, instead we work directly in 3D to extract the exterior envelope of a building.
We also recover from small errors (eg gaps) that are often present in IFC models.

4 Our IFC to CityGML LOD3 conversion algorithm
As shown in Figure 5, our algorithm contains threemain steps: (1) the filtering andmappings of
the semantics; (2) the 3D geometric transformations to extract the exterior envelope of a build-
ing and store it as a gml:Solid or a gml:MultiSurface; (3) the refinements to ensure that the
output is valid.

4.1 Semantic filtering and mappings
An LOD3 building in CityGML can have semantic properties for both the solid and the surfaces
of this solid. As described in Section 2, there are six possibilities for a boundary surface. IFC
has a different structure for storing the semantics and objects are connected via a network of
relations. For the extraction of CityGML semantics from an IFC object, the IFC class and the
type of the object are in most cases sufficient. However, there are cases for which the network of
relations needs to be traversed in search of the optimal semantics. In brief, to determine what
the semantics are in CityGML for one particular surface, we need a combination of multiple
semantic values from IFC and certain geometric properties are required.
For our conversion, we partly reuse the filtering and the mapping methods from El-Mekawy

and Östman [2010] and de Laat and van Berlo [2011]. However, with these, an IFC object (a
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Figure 3: UML diagram for the IFC classes most relevant for CityGML LOD3models.

Figure 4: CSG stores geometries implicitly: the wall is subtracted by the opening element us-
ing the Boolean difference. The door is then placed within the gap in the wall (Figure
adapted from Beetz [2012])

monly used—available for several classes to further specify the type of object. The Predefined-
Type can also directly be part of the object itself, thus without the use of an IfcTypeObject.
IFC allows three representation paradigms for volumetric objects:

• CSG: an object is represented as a series of Boolean operations (union, intersection and
difference) of objects, which are typically simple shapes such as cylinders, cones, spheres
or pyramids (see Requicha [1982] for more details).

• Sweep volumes: a solid can also be defined by a 2D surface (a circle, a rectangle or an arbi-
trary polygon) and a path [Wang andWang, 1986], along which the surface is extruded.

• b-rep: an object is represented by its bounding surfaces. While relatively rare in IFC, it is
used for complex objects only such as IfcDoor or IfcWindow.

It should be noticed that the first two representations are implicit: only the parameters to con-
struct the geometry are stored. To be able to simply visualise a CSG object, geometric transfor-
mations are necessary. In practice, most IFCmodels are built using sweep volumes and CSG [El-
Mekawy and Östman, 2010]. Figure 4 illustrates a concrete example for a CSG; the (implicit)
geometries of a door and a wall are defined by the relations between them. Constructing explicit
geometries to be used in a CityGML model does not always yield a unique solution since basic
shapes need to be discretised. A sphere should for instance be converted to a set of polygons;
however, the number needed is not specified in the standard.

4
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(a) input (b) union (c) dilation (d) result (e) erosion (f) final result

Figure 10: Closing operator applied to imperfect geometries.

(a) Constant orienta-
tion.

(b) Orientation
aligned with
surfaces.

Figure 11: Dilation of a simple building (grey) with a cubical structuring element.

The size and the orientation of a cubical structuring element will have an influence on the
closing operator. Fromour practical experiencewith several IFC datasets, a size between 100mm
and 300mm (this is the length of one edge of the cube) was found to give the most satisfactory
results. A larger width could collapse narrow windows to lines, or merge several windows close
to each others into one large window. If a model requires a different value, the size of the cube
can be defined by the user in our prototype implementation.
As described in Boeters et al. [2015], there are two strategies to assign the orientation to a cu-

bical structuring element: (1) constant for the wholemodel (the predominant normals of all the
surfaces); (2) aligned with each surface. The result for a simple building is shown in Figure 11.
Observe in Figure 11b that although the dilation distance is constant for all surfaces, artefacts
are created whenever there is a convex corner with an angle 𝜃 ≠ 90∘. Since these artefacts do not
disappear during the erosion, a surface aligned strategy should not be used. In the prototype
implementation, we use a constant orientation, and we assume that buildings are vertical, ie the
cube is rotated only along its 𝑧-axis to match the building’s main orientation.
Maintaining the semantics of the surfaces. During dilation of the geometries, the semantics of a
surface are transferred only to the parallel surface, which results in surfaces having no seman-
tics. See for instance the horizontal surface created at the apex of the roof or under the roof
overhang in Figure 10d (black surfaces). Such surfaces disappear during the erosion (if an ap-
propriate size for the structuring element is used). If two or more adjacent input surfaces with
different semantics are in the input, their dilated surfaces overlap. We resolve this by assigning
no semantics to the overlapping section since during erosion the overlap will disappear.

4.3 Refinements to produce a valid CityGML LOD3 building
While the previous two steps permit us to extract a surface representation of a building stored
in IFC, it is possible that the resulting surfaces do not form a 2-manifold and that some surfaces
do not have semantics. We describe in the following two refinements methods to ensure that
models are geometrically valid and that every face has the proper semantics.

11
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Figure 12: Top view of a non-manifold object, the colours represent the semantics of each sur-
face, and the circle shows an edge having >2 incident faces.

4.3.1 Geometric and topological refinements

At this point in the algorithm, a non-manifold envelope, eg one where an edge is incident to
more than two surfaces and/or where the surface self-intersects at a vertex (see Figure 12), could
occur due to the input geometries not forming a 2-manifold.
Mäntylä [1988] proposes to duplicate the non-manifold vertices and edges, and tomove them

by an infinitesimal value so that they do not touch anymore. This implies that the geometry
of an object is slightly changed, and is therefore not optimal. This is especially true for our ap-
proach since we assign semantics based on the surfaces’ normals. An alternative solution is to
decompose the object into a set of 2-manifold, eg into convex objects [Chazelle, 1984]. However,
a CityGML building represented with a gml:Solid or gml:CompositeSolid must have an exte-
rior envelope that is 2-manifold. The solution is that when a non-manifold envelop is detected,
a gml:MultiSurface is used for all the surfaces.

4.3.2 Refinements of the semantics

As shown in Figure 13, we assign semantics to a surface based on two criteria: (1) the direction of

Face without 
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Ground
Surface

Roof
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GroundSurface
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No
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Figure 13: Workflow diagram for determining the semantics of faces without any.

its normal; and (2) whether it is contained inside surfaces having a specific semantics. A normal
can either be horizontal (for walls), pointing upwards (ceilings and roof), or downwards (floor)—
the rules for certain semantics are summarised in Table 1. We test the containment by grouping
surfaces based on their normals, and verifying if the border of this group is incident to specific
surfaces. Window and door Openings in CityGML are required to be part of a boundary surface
(eg WallSurface).
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(a) input (b) union (c) dila�on (d) result (e) erosion (f) final result

(a) input IFC (b) IFC without roof (c) output CityGML (d) CityGML without
roof

Figure 17: FZK-House dataset, available at www.iai.fzk.de/www-extern/index.php?id=
1174&L=0

(a) input IFC (b) IFC without roof (c) output CityGML (d) CityGML without
roof

Figure 18: FJK-House dataset, available at www.iai.fzk.de/www-extern/index.php?id=
1167&L=0

(a) input IFC (b) IFC without roof (c) output CityGML (d) CityGML without
roof

Figure 19:Haus-G-H dataset, available at code.google.com/p/bimserver/source/browse/
trunk/TestData/data/AC9R1-Haus-G-H-Ver2-2x3.ifc

(a) input IFC (b) IFC without roof (c) output CityGML (d) CityGML without
roof

Figure 20:Model-4351 dataset, available at code.google.com/p/bimserver/source/browse/
trunk/TestData/data/4351.ifc
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(a) input (b) union (c) dila�on (d) result (e) erosion (f) final result
(a) input IFC (b) IFC without roof (c) output CityGML (d) CityGML without

roof

Figure 21:Office-Building dataset, available at www.iai.fzk.de/www-extern/index.php?id=
1184&L=0

(a) input IFC model (b) Output CityGMLmodel

Figure 22: Artefacts occur at concave parts of the geometry that are not aligned with the struc-
turing element

We analyse briefly the results of our IFC to CityGML LOD3 conversion for each model:

FZK-House The IFC model has a roof support structure that overlaps with the roof geometry
itself (which is not realistic). However, it does not cause any problems as it is composed
of IfcBeams which are mapped as BuildingInstallation during the conversion (six are
created). The input model contains no errors, and thus the closing operation was not nec-
essary.

FJK-House Closing with a structuring element of 300mm is required, otherwise several rooms
in the buildings would not be removed. The carport, the balcony and the chimney are part
of the exterior shell in the CityGMLmodel, while these should be BuildingInstallations.
The input semantics of IFC are not expressive enough to permit us to detect these. The 12
BuildingInstallations are the beams supporting the carport.

Haus-G-H Closing is also required otherwise not all rooms would be removed. However, this
causes artefacts under the roof overhangs, as shown in Figure 22. Aside from the missing
‘GroundSurface’ the semantics couldbebetter if also the balcony anddormerwere extracted
as ‘BuildingInstallations’.

Model-4351 No closing was necessary. The input model does not have any objects related to
a roof. Since the highest slab is surrounded by a balustrade we assume that it is meant as
a walkable surface. We believe the resulting OuterFloorSurface to be appropriate. The
BuildingInstallations are the stairs and fences around the building.

Office Building While the input geometry contains a big hole caused by a revolving door not
being closed (see Figure 15), this does not cause problem as the entrance hall is modelled
with an IfcSpace (which effectively closes the gap). Although this is not the preferred way
tomodel the entrance, it is allowed by IFC. The only issue is that the slab above the entrance
lacks semantics in the input, and is converted to FloorSurface because of the orientation
of the normal (while it should be a RoofSurface).
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(a) input (b) union (c) dila�on (d) result (e) erosion (f) final result

(a) Building where part of the
roof is missing. (b) A church missing a base slab

Figure 14: Missing geometries in the input IFC are problematic for the conversion to LOD3
buildings.

Figure 15: The revolving entrance door of the building is not closed, which causes the exterior
surface of the building to contain a hole.

5 Implementation and experiments
Wehave implementedour approach inC++using the free andopen-source libraries IfcOpenShell9
and CGAL10, and we have released our code as open-source11. IfcOpenShell is used to read the
IFC files and to perform the geometric operations necessary to extract planar surfaces and thus
create a b-rep representation. These are then processed with the package Nef_polyhedron_3 of
CGAL, which permits us to perform the geometric operations described in Section 4. We have
developed ourselves the module to write CityGML files.
The prototype reads IFC files complying to the IFC2x3 specifications. The geometries in IFC

should represent physical objects such that the objects can be reconstructed individually, and
the solids must not overlap unless a Boolean difference operation is specified between them in
the file. If there are overlapping solids, the semantic mapping might be wrong (there can be
two different mappings for the same surface). The geometries need not be valid according to
ISO19107, as the prototype processes them and even recovers from small gaps. Furthermore,
the geometries must represent the complete exterior of the building, including the base slab.
If there are major parts of the building missing, the closing operations cannot recover without
introducing artefacts (see two examples in Figure 14). Observe that this implies that the geome-
tries should represent doors and windows in their ‘closed state’; this also holds for revolving and
sliding doors (see Figure 15). Themain requirements for the semantics in the IFCfile are that (1)

9http://ifcopenshell.org
10The computational geometry algorithms library: http://www.cgal.org
11Available at https://github.com/tudelft-gist/ifc2citygml
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Figure 19- Overview of methodology 

  



BIM to Geo conversion

87

45 

 

To be able to apply the conversion between CityGML and IFC both data models should be studied 

and specified. For this purpose, practical data models are used, such as Rotterdam3D and practical 

BIM models that were provided by municipality of Rotterdam. This helps to avoid different 

definitions because it is based on real world data.  

To accurately convert from CityGML to IFC the data model from CityGML are redesigned to 

incorporate with IFC. The difference in data models between the two is quite big where CityGML 

is hierarchical IFC is not. This process is done by defining a semantic and geometrical mapping 

from the first standard to the other.  And by presenting a transformation too to convert from the 

first encoding to the other.  

Moreover, a practical implementation is presented to This transformation part of the process is 

implemented using Python, which enabled performing specialized operations on a feature's 

geometry, attributes, and coordinate system. The results are be evaluated by looking at what is 

possible with other software such as FME. Other tools that will be used is explained in 5.3. Hence 

the complete work flow will look as following Figure 20:  

 

Figure 20- Research workflow from CityGML to IFC 

 

The research is conducted in the municipality of Rotterdam. This helps in acquiring the CityGML 

from the newly developed Rotterdam3D 2.0 which is provided by the municipality. This model is 

used as an example of the source data. The municipality also gathers BIM models for the newly 

designed buildings. These models are used to give insight about the used and delivered IFC 

models. Moreover, conducting the research within the municipality gives insight about the needs 
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Figure 38- The complete methodology resulting data model 

  

In the figure above the following transformations are shown numbered:  

1- Semantic mapping from CityGML features to IFC objects.  

2- Creating Geometry resources for IFC objects based on source CityGML geometry. 

3- Creating Georeferencing point from the CityGML dataset.  

4- Georeferencing IFC objects.  

5- Storing Georeferencing information in the IFCSite object.  
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The resulting semantic conversion will look as following:  

 

 

 

  

Figure 39- Source CityGML example dataset 

Figure 40- Resulting IFC dataset 
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extraction in knowledge graphs in a window information 
extraction case, i.e. extracting the window information for a 
LOD2 CityGML model through its link with an IFC model in 
the knowledge graph. Particularly, for IFC data, we investigate 
both the ifcOWL and the BOT ontologies for comparison, and 
for evaluation whether the simplified BOT ontology can 
facilitate our GeoBIM data integration task. For CityGML, we 
only employ the CityGML ontology designed by the University 
of Geneva (cf. Section 2.4). 
 
3.4.1 System architecture 
 
Figure 2 illustrates the overall system architecture of GeoBIM 
data integration in knowledge graphs. Simply put, the data from 
respective sources are transformed into knowledge graphs (to 
RDF). The constructed knowledge graphs are interlinked at both 
the ontological and instance levels. An integrative query 
interface based on SPARQL (potentially GeoSPARQL in the 
future – if GeoSPARQL will be extended) can retrieve the 
integrated data in the knowledge graphs. The knowledge graphs 
and query interface comprise the core of this approach. Above 
them programs and user interfaces can be developed to 
manipulate and consume the data. 
 
In this study, we transform the data into knowledge graphs 
based on their respective ontologies (CityGML and 
ifcOWL/BOT ontologies), and link the building instance 
through a relation in the SKOS vocabulary, i.e. 
skos:exactMatch7. 
 

 
 
Figure 2. System architecture of GeoBIM data integration in 
knowledge graphs 
 
3.4.2 Information extraction 
 

                                                                 
7 https://www.w3.org/TR/skos-reference/ 

The proposed system architecture enables information 
extraction based on synthesised data in knowledge graphs. The 
case study is to retrieve the window information, i.e. the total 
area of windows for the building and window geometries to be 
used in e.g. solar energy simulations. 
 
The information extraction is based on SPARQL queries. The 
queries vary depending on the adopted ontologies for both the 
data sources. The CityGML ontology is used for the city model 
data. When using the ifcOWL ontology for the IFC data, we are 
able to use the SPARQL query in Listings 1 in the Appendix to 
extract the total window area of the building, yet we are unable 
to construct a query to get the geometries of the windows, as the 
coordinates are stored in lists that need to be reconstructed. 
Note that the query gives the total window area of the building 
regardless of whether the windows are on an outer wall or inner 
wall. In this test data there are no windows on inner walls in the 
building but for more complex buildings with windows on inner 
walls it must be stated in the IFC model whether it is an inner or 
outer window using the property IsExternal; but this property is 
seldom used in real world BIM models. An equivalent 
SPARQL query that extracts the total area of the windows using 
BOT ontology is shown in Listings 2 in the Appendix.  
 
With the BOT ontology, we can use the SPARQL query in 
Listings 3 in the Appendix to get the geometries of the 
windows. The building elements and geometries are associated 
using the OMG ontology (basic linking, i.e. level 1). In this 
example the geometries are given in JSON strings, which are 
created via converting geometries to JSON in FME; note that 
how to represent geometries when using the BOT ontology has 
not been standardised, and using text strings is one plausible 
and simple avenue. 
 
The result of the listings are RDF triples (i.e. knowledge 
graphs). To be used in the simulation program these triples need 
to be converted to CityGML format. This step is not conducted 
in this feasibility study.  
 
 

4. CONCLUDING REMARKS 

In this paper, we demonstrate the feasibility of using knowledge 
graphs (semantic web technologies) for parts of the GeoBIM 
data integration. We identify that the ontologies have been 
increasingly mature for these domains, i.e. CityGML and IFC. 
The BOT ontology can significantly simplify the representation 
and querying of IFC data in knowledge graphs compared to 
ifcOWL, but how to represent geometries with BOT ontology 
has not been standardised yet. For the ontologies of CityGML, 
we would anticipate the emergence of an upgrade of 
GeoSPARQL, where the 3D city models will potentially be 
supported. 
 
A key step in the GeoBIM data integration process with 
knowledge graphs is the linking between the two data sources. 
Such linking includes both the alignment at the ontological as 
well as instance levels. For the alignment of concepts and 
relations in the ontologies from the two domains, a number of 
studies have been performed (see e.g. Delgado et al., 2013), 
where a number of methods for ontological matching have been 
developed. Nevertheless, we believe one challenge here is the 
standardisation of the ontologies. For BIM (IFC), the BOT 
ontology has gained momentum, yet it still has a long way 
forward. For 3D city models, we need standardised ontologies. 
We believe further development of GeoSPARQL would be 
promising in this respect. For the alignment at the instance level 
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(a) ... (b) ...

Figure 6.6: Details of resulting ENVI-met area input file displayed in ENVI-met SPACES

Figure 6.7 focusses on the converted building extracted from the IFC model. This
detail is shown in three different resolution: 0.5 meter, 1.0 meter and 2.0 meter.
This illustrated the effect that resolution has on the resulting building, especially
for diagonal walls and sloped roofs.

In this image can also be seen what the effect is of the 2.5D approach that was
used for extracting and converting the building from the IFC model. This be seen
when looking at the balcony. Because this approach only checks from the bottom
and from the top when it crosses any horizontal surface, the space between the
balcony and porch is not detected. Therefore, this area ends up looking more like a
building extensions after conversion. The 2.5D approach does work for overhangs.

(a) Original IFC input (b) Conversion result on 0.5 meter resolution

(c) Conversion result on 1.0 meter resolution (d) Conversion result on 2.0 meter resolution

Figure 6.7: The IFC model after conversion in three different resolutions to the ENVI-met
area input file displayed in ENVI-met SPACES

In figure 6.8 some details of the model are shown. In figure 6.8a can be seen how
each building can be selected separately. This gives the possibility to for example
delete a small cut off corner of a building that just made it into the model at the
edge, but is not desirable in the simulation. Also materials and greening can be
added. In figure 6.8b can be seen what the relief of the terrain looks like in the
output model.
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(a) IFC model: Myran (b) CityGML model: Floriade

Figure 6.4: IFC and CityGML input models for conversion tool

�.�.� Conversion results
In figure 6.5 the resulting ENVI-met area input file (.inx file) on 1 meter resolution
can be seen, displayed in ENVI-met SPACES as a 2D map. When buildings with a
different building number are right next to each other, this is visualized with the
black line between the two buildings in SPACES. In the image can be seen that some
of the building blocks contain multiple buildings.

Figure 6.5: Resulting model in ENVI-met SPACES after combining and converting with the
conversion tool on 0.5 meter resolution, displayed as a 2D map in ENVI-met
SPACES

Figure 6.6b shows the conversion result in 3D. It can be compared to the same
area in CityGML, shown in figure 6.6a. Obviously, the building in the centre cannot
be found in the CityGML, since it is extracted from the IFC file. The buildings, big
trees and terrain from the CityGML, are converted to the area input file, as can be
seen in the images.
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(a) IFC model: Myran (b) CityGML model: Floriade
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In figure 6.5 the resulting ENVI-met area input file (.inx file) on 1 meter resolution
can be seen, displayed in ENVI-met SPACES as a 2D map. When buildings with a
different building number are right next to each other, this is visualized with the
black line between the two buildings in SPACES. In the image can be seen that some
of the building blocks contain multiple buildings.

Figure 6.5: Resulting model in ENVI-met SPACES after combining and converting with the
conversion tool on 0.5 meter resolution, displayed as a 2D map in ENVI-met
SPACES

Figure 6.6b shows the conversion result in 3D. It can be compared to the same
area in CityGML, shown in figure 6.6a. Obviously, the building in the centre cannot
be found in the CityGML, since it is extracted from the IFC file. The buildings, big
trees and terrain from the CityGML, are converted to the area input file, as can be
seen in the images.

(van Heerden, 2021)
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(a) Selection of building (b) Detail of the relief of the generated model

Figure 6.8: Details of resulting ENVI-met area input file displayed in ENVI-met SPACES

�.�.� Microclimate simulation results
The resulting ENVI-met area input file will be tested by running a simulation in
ENVI-met. The output file generated by the conversion tool has not been altered in
SPACES but is directly used in the simulation. In order to suppress the time that
the simulation takes, the area input file with a resolution of 2 meters, is used for the
simulation. Other input files of this simulation are a simulation file, generated via
ENVI-guide, and an ENVI-met database file. The simulation date is the 10th of Au-
gust, 2019. The microclimate simulation in ENVI-met with the generated area input
file was successful. Some images of the simulation results in ENVI-mets’ simulation
visualisation tool LEONARDO are shown below.

Figure 6.9: Microclimate simulation results for air temperature and wind visualised in ENVI-
met LEONARDO in 2D. The colours display the potential air temperature at that
location. The arrows display wind direction and speed. The longer the arrow, the
higher the wind speed.
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Figure 6.10: Microclimate simulation results for facade temperature and wind visualised in
ENVI-met LEONARDO in 3D. The colours on the buildings represent the facade
temperature. The tubes represent wind paths and their colour the wind speed.
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One last  
question?….
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