
Towards CSG-Based Urban Modelling through Structured Geospatial Data Integration:
Preliminary Results

Elisavet Tsiranidou1, Muataz S. A. Albadri1, Aiara Brea-Portals1, Antonio Fernández1, Lucı́a Dı́az-Vilariño1

1 CINTECX, Universidade de Vigo, GeoTECH group, 36310 Vigo, Spain -
(elisavet.tsiranidou, muatazsafaaabed.albadri, aiara.brea, antfdez, lucia)@uvigo.gal

Keywords: Urban space reconstruction, 3D city models, Airborne LiDAR, OpenStreetMap, Urban space representation, Urban
form indicators.

Abstract

Urban environments consist of multiple interconnected spatial entities whose integrated representation is essential for urban model-
ling and analysis. However, existing three-dimensional (3D) modelling approaches often focus on the reconstruction of individual
object classes, limiting the generation of integrated urban-space models. This paper investigates the use of Constructive Solid
Geometry (CSG) for the automatic generation of urban-space models through the integration of heterogeneous geospatial datasets,
including airborne Light Detection and Ranging (LiDAR), OpenStreetMap (OSM), and cadastral information. The proposed ap-
proach leverages semantically structured urban entities derived from these datasets, including buildings, vegetation, transportation
spaces, and water bodies, and organises them into two urban-space representations. These are subsequently combined using CSG
Boolean operations to construct volumetric urban models, enabling the generation of topologically consistent representations while
preserving semantic classes and functional attributes. The method is evaluated through a case study in Luxembourg. Furthermore,
the generated CSG models support the derivation of urban-form indicators, demonstrating their potential for quantitative urban
characterisation.

1. Introduction

Urban environments are composed of diverse and interconnec-
ted elements, including buildings, transportation infrastructure,
vegetation, water bodies, and open spaces. The increasing
availability of geospatial datasets, such as aerial laser scanning
(ALS), cadastral information, and volunteered geographic in-
formation, has significantly expanded the possibilities for rep-
resenting urban environments in digital form (Jeddoub et al.,
2025). These digital representations support a wide range of
applications, including urban planning, environmental assess-
ment, and urban analytics (Caprari et al., 2022; Omrany et al.,
2025).

Numerous approaches have been proposed for 3D urban mod-
elling. Existing methods range from geometric reconstruc-
tion techniques based on point clouds and imagery to semantic
city models that represent urban entities and their relation-
ships (Biljecki et al., 2017; Ying et al., 2020). Automatic re-
construction workflows have further enabled the generation of
large-scale 3D city models directly from geospatial datasets, fa-
cilitating their application in urban planning and analysis (Le-
doux et al., 2021). Peters et al. (2022) demonstrated the auto-
mated reconstruction of LoD1 and LoD2 building models for
the entire building stock of the Netherlands, illustrating the
scalability of large-scale urban modelling workflows. Simil-
arly, Paden et al. (2022) proposed an automated workflow that
integrates cadastral, topographic, and airborne LiDAR data to
reconstruct simulation-ready 3D city models containing terrain,
buildings, roads, water bodies, and vegetation. However, these
models were specifically designed for computational fluid dy-
namics simulations and did not focus on the representation of
semantically structured urban spaces or their organisation for
urban analysis.

The increasing demand for integrated urban representations

has stimulated the development of modelling approaches cap-
able of describing cities beyond collections of individual ob-
jects. Kolbe (2009) introduced City Geography Markup Lan-
guage (CityGML) as a semantic information model for repres-
enting urban entities together with their geometry, attributes,
and relationships, establishing a foundation for interoperable
3D city models. More recently, Kutzner et al. (2020) presen-
ted the conceptual model of CityGML 3.0, extending the rep-
resentation of urban environments through improved support
for spaces, transportation infrastructure, and semantic relation-
ships between urban objects. In parallel, Dembski et al. (2020)
demonstrated the implementation of an urban digital twin for
the city of Herrenberg, illustrating how heterogeneous urban
datasets can be integrated to support planning and decision-
making processes. Similarly, White et al. (2021) explored the
use of digital twins as data integration platforms for smart-city
applications, highlighting the importance of combining geo-
metric and semantic information within coherent urban repres-
entations.

Despite the significant advances in semantic city modelling,
challenges remain in representing urban environments as coher-
ent spatial systems rather than collections of individual thematic
layers. Labetski et al. (2023) highlighted that many contempor-
ary urban models continue to organise information according
to separate thematic domains, limiting the explicit represent-
ation of relationships between urban entities and spaces. Tan
et al. (2023) investigated the integration of heterogeneous data-
sets within urban digital environments and identified difficulties
in maintaining semantic consistency and spatial relationships
across multiple data sources. Beyond data integration, the in-
creasing demand for urban analytics has further emphasised the
need for representations that explicitly capture the organisa-
tion of urban space. Ding et al. (2025) demonstrated that struc-
tured urban representations facilitate the derivation of urban in-
dicators and improve the interpretation of spatial interactions
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between different urban components. These findings suggest
that future urban models should move beyond the represent-
ation of isolated objects and provide coherent descriptions of
urban space capable of supporting both modelling and analyt-
ical applications.

Several recent studies have explored different representations
for modelling urban environments according to specific applic-
ation requirements. Kolbe and Donaubauer (2021) described
semantic 3D city models and Building Information Modelling
(BIM) as object-based representations that associated urban
entities with geometric, semantic, and topological informa-
tion, providing an interoperable basis for urban information
management. Beil and Kolbe (2024) reviewed semantic 3D
streetspace models, which explicitly represented transportation
spaces together with their semantic characteristics and sur-
rounding urban context to support streetspace-related applica-
tions. Other studies focused on network-based representations,
where urban environments were modelled through multiscale
street-network structures to analyse the spatial organisation of
cities. However, these representations primarily captured trans-
portation networks rather than the complete urban environ-
ment (Chen et al., 2024). Transportation-oriented represent-
ations have also been proposed. For example, Tsiranidou et
al. (2025b) introduced a semantic representation of road spaces
extracted from point clouds, which was subsequently extended
into a multi-level representation enabling progressively refined
descriptions of transportation entities (Tsiranidou et al., 2025a).
More recently, voxel-based representations have emerged as an
alternative modelling approach. Gorte et al. (2024) proposed
the integration of heterogeneous 3D datasets within a voxel
domain, while Fujiwara et al. (2026) introduced VoxCity, a
framework that integrated heterogeneous open geospatial data-
sets into grid-based semantic 3D city models for urban envir-
onmental simulation. Although voxel representations facilitate
data integration and large-scale simulations, urban entities are
represented as regular volumetric cells rather than explicit geo-
metric objects.

Constructive Solid Geometry offers an alternative modelling
paradigm based on the combination of volumetric primitives
through Boolean operations. By representing objects as com-
binations of solids, CSG enables the generation of volumet-
ric models with explicit spatial relationships and consistent to-
pological structures. Wu et al. (2018) employed CSG to re-
construct solid models of individual objects from point clouds
by fitting geometric primitives to surface patches and combin-
ing them through Boolean operations. Fayolle and Friedrich
(2024) reviewed methods for converting unstructured data-
sets into CSG models and highlighted their advantages in
terms of topological consistency and compact model represent-
ation. More recently, Albadri et al. (2025) proposed a CSG-
based workflow for reconstructing Industry Foundation Classes
(IFC)-compatible building models from segmented indoor point
clouds, where CSG operations were used to generate solid rep-
resentations of building components. However, these studies
remain focused on reconstructing individual objects or build-
ing components and do not address the modelling of complete
urban environments composed of multiple semantically distinct
urban entities. Consequently, extending CSG to urban-scale
modelling requires the prior identification and organisation of
coherent spatial entities that can serve as modelling primitives.

In this context, this paper explores the use of CSG for urban-
space modelling through the integration of heterogeneous geo-
spatial datasets. The proposed approach combines airborne

LiDAR data, OSM data, and cadastral information to decom-
pose urban environments into coherent spatial entities, includ-
ing buildings, vegetation, transportation spaces, and water bod-
ies. These entities are organised into two urban-space rep-
resentations, in which the general representation describes the
primary urban components, while the refined representation
provides a more detailed characterisation of transportation-
related areas. The resulting representations are subsequently
transformed into volumetric urban models using CSG prin-
ciples. Furthermore, the generated models are explored through
a set of urban-form indicators to illustrate their potential for
urban characterisation and analysis. The framework is demon-
strated through a real-world case study in Luxembourg, high-
lighting its ability to support both semantically structured urban
modelling and the derivation of analytical information from in-
tegrated geospatial datasets.

The rest of the paper is organised as follows: Section 2 de-
scribes the proposed method, while Section 3 presents the res-
ults obtained from applying the method to a real case study.
Finally, Section 4 concludes the paper and outlines the future
work.

2. Method

2.1 Input datasets

The proposed framework integrates airborne LiDAR data, OSM
data, and cadastral information to represent the different com-
ponents of the urban environment. Figure 1 provides an over-
view of the proposed workflow, while the input datasets are
summarised in Table 1. ALS data provide 3D information de-
scribing terrain and urban objects, including buildings, vegeta-
tion, and water bodies. OSM data supply information related to
buildings, transportation infrastructure, and land-use features.
Cadastral parcels are incorporated to define spatial subdivisions
and support the organisation of urban entities within a common
framework. The combination of these datasets enables the gen-
eration of structured urban-space representations suitable for
subsequent modelling and analysis.

Dataset Geometry Information
Airborne LiDAR Point cloud Terrain, buildings, ve-

getation, water
OpenStreetMap Vector Buildings, roads, land

use
Cadastral data Vector Parcel boundaries

Table 1. Input datasets used in the proposed framework.

2.2 Urban space decomposition

Following data integration, the urban environment is decom-
posed into a set of spatial entities representing its principal
components. This process combines geometric and semantic
information from ALS, OSM and cadastral data to generate a
unified representation of urban space. Cadastral parcels provide
the initial spatial framework for organising the study area into
urban regions, within which buildings, vegetation areas, and
water bodies are integrated. All datasets are transformed into
a common spatial reference framework and aligned to ensure
geometric consistency.

Building footprints are extracted from OpenStreetMap and as-
sociated with airborne LiDAR information in order to repres-
ent the built environment. Vegetation and water entities are
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Figure 1. Overall workflow of the proposed framework.

identified from land-cover information and represented as in-
dependent spatial categories. Carriageway spaces are generated
from OSM road centrelines through a buffering operation con-
trolled by a width parameter (w1), which transforms the lin-
ear transportation network into polygonal corridors. The gen-
erated carriageway regions are then, adjusted according to the
parcel boundaries to ensure spatial coherence with the remain-
ing urban entities.

The resulting entities are integrated within the cadastral frame-
work to produce a structured representation of urban space.
This representation preserves the semantic characteristics of the
different urban categories. Figure 2 illustrates extraction of the
principal urban entities and their integration into the resulting
two-dimensional (2D) urban-space decomposition. The gen-
erated urban entities subsequently constitute the basis for the
urban-space representations and the volumetric modelling pro-
cess described in the following sections.

2.3 Multi-level urban space representation

To support urban modelling, the generated urban entities are or-
ganised into two urban-space representations:a general urban-
space representation and a refined urban-space representation.
Rather than focusing exclusively on geometric refinement, the
proposed structure differentiates urban spaces according to their
functional characteristics and their role within the urban envir-
onment.

In the general urban-space representation, the urban environ-
ment is represented through its primary components, includ-
ing buildings, vegetation areas, water bodies, and the remain-
ing open space. The remaining open space corresponds to the
portion of the study area not occupied by buildings, vegetation,

Figure 2. Urban-space decomposition. a) Building layer. b)
Vegetation layer. c) Generation of carriageway polygons from

the OSM road network. d) Water layer. e) Cadastral framework.
f) Resulting 2D urban-space decomposition.

or water bodies. It may include transportation-related areas as
well as other open urban spaces. This representation provides
a simplified but semantically structured description suitable for
characterising the overall organisation of urban space.

The refined urban-space representation introduces a more de-
tailed characterisation of transportation-related areas. Carriage-
way regions are identified through a buffering operation con-
trolled by a width parameter (w1). The remaining open space
after the extraction of carriageways constitutes the open space
associated with the transportation environment, which may in-
clude pedestrian areas together with other urban spaces. This
refinement provides a more detailed semantic representation of
transportation-related areas.

2.4 CSG-based urban space modelling

The modelling process begins with the generation of a base
volumetric representation of the study area using a study-area
height parameter (Hsa). This base volume defines the spa-
tial extent within which the urban entities are represented.
Buildings are subsequently transformed into volumetric primit-
ives using their corresponding footprints and a building-height
parameter (Hb), derived from ALS and Digital Terrain Model
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Figure 3. Transition from the general to the refined urban-space representation. a) General urban-space representation. b) Refined
urban-space representation.

(DTM) information. Vegetation and water entities are represen-
ted using predefined height parameters (Hv) and (Hw), respect-
ively. In the refined urban-space representation, carriageway re-
gions are generated using a carriageway-height parameter (Hc).

The generated primitives are subsequently organised through
Boolean difference operations to produce a volumetric repres-
entation of urban space. Buildings, vegetation, and water bod-
ies are differentiated from the base study-area volume, res-
ulting in a collection of semantically distinct volumetric en-
tities. In the general urban-space representation, the remain-
ing volume corresponds to the remaining open-space primitive
after the removal of buildings, vegetation, and water bodies. In
the refined urban-space representation, additional Boolean dif-
ference operations are applied to identify carriageway regions
within the remaining open-space primitive. The resulting de-
composition preserves the semantic distinction between urban-
space categories while maintaining their spatial relationships
within the model. Figure 4 illustrates the transformation from
the multi-level urban-space representation to the corresponding
CSG-based urban model.

Since the urban entities are derived from heterogeneous geospa-
tial datasets, positional inconsistencies or overlapping volumes
may occur after their transformation into 3D primitives. To en-
sure topological consistency, neighbouring volumetric primit-
ives are therefore evaluated for potential geometric conflicts.
Intersection tests are performed only between spatially adja-
cent entities, enabling the identification of unintended volumet-
ric overlaps. Whenever overlaps are detected, Boolean differ-
ence operations are applied to remove the intersecting volumes
and maintain the spatial integrity of the model. This validation
process ensures that the final CSG representation consists of se-
mantically distinct and geometrically consistent urban entities.

3. Results

3.1 Generated urban space models

The proposed workflow was applied to the study area to gen-
erate two urban-space representations. The resulting models
integrate the extracted urban entities into semantically struc-
tured representations while preserving the spatial relationships
between buildings, vegetation, transportation spaces, and water
bodies.

Figure 5 presents the 2D urban-space representations. In the
general representation, the urban environment is decomposed
into buildings, vegetation, water bodies, and the remaining open
space. The refined representation further characterises the re-
maining open space by identifying carriageway regions, while
the remaining open space is preserved as a separate urban-space
category.

The generated 2D representations constitute the input for the
subsequent CSG-based modelling process. Figure 6 illustrates
the corresponding 3D urban-space models derived from the
general and refined urban-space representations. The result-
ing volumetric models preserve the semantic organisation es-
tablished during the decomposition stage while providing a co-
herent 3D representation of the urban environment.

3.2 Urban-form analysis

The generated CSG urban-space models were further analysed
to derive urban-form indicators describing both the spatial dis-
tribution and the volumetric characteristics of the built envir-
onment. While conventional 2D indicators provide a general
description of the urban structure, the generated CSG model
enables the computation of volumetric indicators that explicitly
exploit the 3D representation.

As a 2D indicator, building coverage (Ib) is computed as

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume L-4/W2-2026 
21st International 3D GeoInfo Conference 2026, 28–29 September 2026, Sofia, Bulgaria

This contribution has been peer-reviewed. 
https://doi.org/10.5194/isprs-archives-L-4-W2-2026-201-2026 | © Author(s) 2026. CC BY 4.0 License.

 
204



Figure 4. Generation of volumetric primitives through CSG Boolean difference operations. a) Derivation of the general open-space
primitive. b) Derivation of the refined open-space primitive.

Ib =
Ab

Asa
× 100, (1)

where Ab denotes the total building footprint area and Asa rep-
resents the total study-area area.

To exploit the volumetric nature of the generated CSG model,
the total built volume (Vb) is computed as

Vb =

nb∑
j=1

Vb,j =

nb∑
j=1

Ab,jHb,j , (2)

where Vb,j , Ab,j , and Hb,j denote the volume, footprint area,
and height of building j, respectively, and nb is the total number
of buildings.

To normalise this quantity with respect to the study-area size,
the built-volume density (Ibvd) is computed as

Ibvd =
Vb

Asa
. (3)

The total built volume and built-volume density incorporate the
vertical dimension of the urban environment. Consequently,
these indicators demonstrate the capability of the proposed
CSG representation to support 3D urban-form analyses that
cannot be obtained directly from 2D datasets.

Table 2 summarises the urban-form indicators derived from the
generated CSG urban-space models.

Indicator Unit Value
Building coverage % 44.8
Total built volume m3 2,359,480
Built-volume density m3/m2 7.47

Table 2. Urban-form indicators derived from the generated CSG
urban-space models.

The computed indicators provide a quantitative description of
the generated urban-space model. Buildings occupy 44.8% of
the study area, indicating a compact built environment. More
importantly, the generated CSG model contains a total built
volume of 2,359,480 m3, corresponding to a built-volume dens-
ity of 7.47 m3/m2. These volumetric indicators exploit the 3D
nature of the generated CSG model by combining building foot-
prints with their corresponding heights, demonstrating the ad-
ditional analytical capabilities provided by the proposed mod-
elling framework.

4. Conclusion

The proposed framework demonstrates the potential of integ-
rating airborne LiDAR, OpenStreetMap, and cadastral data to
generate semantically structured urban-space models through
a constructive solid geometry approach. By decomposing the
urban environment into coherent spatial entities and organising
them into two urban-space representations, the methodology
enables the representation of buildings, vegetation, water bod-
ies, and transportation-related areas within a unified volumetric
model while preserving their spatial relationships. The gener-
ated models provide a structured representation of urban space
suitable for visualisation, analysis, and interoperability with
standard 3D modelling environments.

The results obtained for the Luxembourg case study illustrate
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Figure 5. 2D urban-space representations. a) General urban-space representation. b) Zoom-in of the a). c) Refined urban-space
representation. d) Zoom-in of the c).

the capability of the proposed workflow to produce coher-
ent CSG urban-space models from heterogeneous geospatial
datasets. The two urban-space representations provide pro-
gressively richer semantic descriptions of transportation-related
areas while preserving the overall semantic organisation of the
urban environment. Furthermore, the generated models sup-
port the derivation of urban-form indicators directly from the
semantic representation, demonstrating their potential for the
quantitative characterisation of urban environments.

Future work will focus on extending the framework to represent
additional urban entities and more detailed levels of representa-
tion, as well as evaluating its applicability across different urban
contexts and data sources. Further research will also investig-
ate the use of the generated semantic CSG models for more
advanced urban-form analyses and urban digital twin applica-
tions.
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