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Indoor space as the basis for modelling of
buildings in a 3D Cadastre
Jernej Tekavec ∗, Marjan Čeh and Anka Lisec

This paper presents a 3D cadastral data model for buildings. A review of the relevant research
shows that a common concept in the 3D cadastre domain is using the legal building unit, i.e.
real property unit, as the core modelling unit. Alternatively, this study proposes using indoor
space as a core modelling unit. The main reason is to enable the efficient integration of
cadastral data with the data from other domains. On the conceptual level, the model is linked to
the Land Administration Domain Model (LADM). The integration options are studied for three
international standards: IFC, CityGML and IndoorGML.
Keywords: 3D cadastre, indoor space, integration, BIM, CityGML, IndoorGML

Introduction
Within a cadastral system, i.e. a land administration sys-
tem, a large volume of relatively detailed, well-structured
and high-quality geospatial data are stored and managed
that have applications beyond the land administration
domain, e.g. in forestry, agriculture, and spatial planning.
In the last two decades, the tendency towards the
inclusion of a vertical dimension in cadastral systems
has been evident in many countries worldwide and is gen-
erally characterised by the term ‘3D Cadastre’ (FIG 3D
cadastres 2019). An upgrade of a traditional 2D cadastral
data model to 3D can make the stored data more useful
for new and existing applications in many (also new)
domains that are related to land administration. One of
the options to achieve this is to design the 3D cadastral
data model to allow cross-domain integration.
In the context of this study, the term cadastral data

refers to the data that specifies the spatial extent of real
property units, which are a subject for the registration
of rights, restrictions and responsibilities (RRR).
Although cadastral data modelling is closely related to
the legal framework and initial real property registration,
we address the 3D cadastral modelling of real property
units concerning the object’s physical characteristics in
this work. The approach is not a novelty in the cadastre
domain. Various aspects of 3D cadastral data modelling
are summarised and discussed in van Oosterom et al.
(2018). Among the others, the authors state that in most
cases, like in 2D cadastre, the ownership of a 3D parcel
implies the ownership of all physical objects that are
located within the defined space. From this perspective,
3D data on physical space can be used to describe physical
reality in cadastre, which should be related to the ‘legal
reality’ (van Oosterom et al. 2018).

Modelling of buildings and its features represents one
of the main driving forces for the introduction of 3D
spatial data, not only in the land administration domain,
but also in city and landscape modelling, and AEC. Every
listed domain has its particularities in terms of require-
ments, constraints, rules and solutions. Consequently,
the data on buildings from different domains can vary a
lot in many aspects – not only in data format but also
in quality, detailedness and completeness, semantics and
object definitions. These challenging gaps between build-
ing data models are the basis for many current research
activities attempting to link or integrate the 3D Building
Information Modelling data, i.e. BIM data, and 3D geos-
patial data from Geographic Information Systems, i.e.
GIS data. Deng et al. (2016) propose an instance-based
method for mapping between CityGML (OGC 2012)
and Industry Foundation Classes (IFC) (ISO 2018) sche-
mas. Liu et al. (2017) provide a state-of-the-art review of
GIS-BIM integration methods. Ohori et al. (2018) present
practical results of GIS-BIM integration project. The
cadastral systems can significantly benefit from cross-
domain data integration capability. The first gain is the
provision of high-quality AEC data, i.e. BIM, as input
data for real property unit formation within a land admin-
istration system, and the second is the increased potential
for linking and integrating cadastral data with other data
sources to improve existing and to design new geospatial
applications.
The main aim of this study is to develop a cadastral

data modelling approach for buildings that uses indoor
space as the core modelling object instead of a building
part or real property unit. This idea is communicated
through the design and implementation of a 3D cadastral
data model. We address all types of buildings, where the
division of real property is relevant (e.g. residential, com-
mercial, industrial and their combinations). Apart from
providing the reference, the paper does not investigate
the concepts of 3D modelling of non-physical legal spaces
(e.g. legal spaces not related to buildings). It has to be
emphasised that various cadastral systems have been
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developed worldwide, with different origins and purposes.
The main aim of our study has been to provide a concept
for 3D cadastral building modelling based on the physical
characteristics of buildings. For its implementation, a
relation to the legal space has to be defined in a selected
jurisdiction, but this is beyond this study. Although the
building’s indoor spaces as physical features may not be
relevant for managing all RRRs, they can be used to inte-
grate cadastral data with the data from other domains.
In the next section, we present a synthesis of the

research related to the data models that allow the realis-
ation of a 3D cadastre and we identify their key relevant
features. In the following section, we design a conceptual
3D cadastral model, which we link to the standardised
Land Administration Domain Model (LADM) (ISO
2012). this is followed by the implementation in a spatial
DBMS (Database Management System). Based on the
data model, we investigate the integration capabilities
with data that corresponds to IFC, the CityGML stan-
dard and IndoorGML standard (OGC 2014).

3D cadastral data models
The term 3D cadastre is relatively broad and incorporates
technical, legal and organisational aspects of 3D cadas-
tral systems. At the international level, the research con-
cerning all those aspects is concentrated mainly under
the FIG working group on 3D cadastres. During the
last two decades of intensive research, significant progress
has been achieved in all the aspects, resulting in the recent
comprehensive FIG publication (van Oosterom 2018)
that also presents the data models related to a 3D cadastre
with an emphasis on the LADM standard data model.
LADM is designed to provide a comprehensive data

model for land administration. It provides an inter-
national framework for the cadastral data modelling but
does not prescribe the modelling approach and technical
data formats. Its core consists of linked packages related
to parties, RRR, basic administrative units and spatial
units. These packages represent the core of a land admin-
istration system. Lemmen et al. (2015) emphasise that
LADM is designed to represent legal space and enables
3D representation. Registration of physical spaces is
beyond the scope but, as the authors argue, investigation
of LADM should be related to other geo-information
standards (CityGML, LandXML, IFC).
The absence of physical space representation in LADM

gave rise to research activities studying the relationship
between physical and legal space in the context of 3D
real property registration (Paasch et al. 2016, Larsson
et al. 2020) as well as various ways of physical data mod-
elling and visualisation to source legal spaces for 3D
cadastres (Shojaei 2014), especially for buildings. The
LADM forthcoming revision is strongly considering link-
ing physical and legal objects, linking outdoor and indoor
models, and is promoting the integration with several
encodings (BIM/IFC, GML, CityGML, LandXML,
IndoorGML etc.) (van Oosterom et al. 2019). El-Mekawy
and Ostman (2012) argued that neither of the existing
models allowed modelling of a 3D cadastral system and
proposed an extension of the Unified Building Model
(El-Mekawy 2010) to make it feasible for application in
3D cadastral systems. The 3D cadastral data model
(3DCDM) developed by Aien (2013) was intended to
address the complex relations of legal and physical

space. The model enables efficient modelling of complex
situations, especially in the built environment. It provides
various types of both legal and physical objects and their
geometric representations. Although the model solved vir-
tually all possible complex situations, Aien et al. (2015)
acknowledged its limitations, especially in the integration
and implementation aspects. Knoth et al. (2018) aimed to
design a building model by the identification of common
elements among the selected building models. By extend-
ing the core model, the authors provided a feasible
model for a 3D cadastre that integrated physical and
legal aspects of a building. Li et al. (2016) studied the inte-
gration of CityGML and LADM with a focus on condo-
minium units in buildings based on the application
domain extension (ADE) for CityGML, which was also
proposed by Góźdź et al. (2014) and Rönsdorf et al.
(2014). The common feature of all presented the 3D cadas-
tral datamodels is the existence of a legal building unit, i.e.
real property unit, that represents a core modelling object
for a 3D cadastre, either by explicit modelling in the model
or linking to LADM classes representing the legal units.
Recently, Rajabifard et al. (2018) identified the relevant

spatial information models and evaluated their ability to
model legal interests and boundaries in Victoria, Austra-
lia, with a focus on the built environment. The authors
classify the cadastral data models to legal, physical and
integrated ones that combine legal and physical aspects
in one model. They have emphasised the need for further
research if indoor spaces are used to define the geometry
of legal spaceswithin a 3D cadastre. The topic is especially
challenging with respect to, among others, the multi-pur-
pose cadastre and spatial analytics, for instance in relation
to indoor navigation as proposed by Alattas et al. (2020)
and Tekavec and Lisec (2020). This study aims to address
this need and contribute to the development and
implementation of the idea of linking physical indoor
spaces with legal spaces in the context of a 3D cadastre.

Materials and methods
The 3D cadastral data model presented in this section is
based on the result of the synthesis of the cadastral data
models and considering the data model design objectives
as presented below. As an alternative to other 3D cadas-
tral data models, we focus on a building’s indoor space
as the core spatial unit. In this study, we define indoor
space as the space that is bounded by the inward-facing
three-dimensional surfaces (interior surfaces) of walls,
floors, ceilings and other structural parts of the building.
These spaces can be represented by 3D volumetric geome-
tries, i.e. solids. At the passages between two indoor
spaces, the solid geometries touch each other (Fig. 1) aim-
ing to integrate topologic relations between neighbouring
spatial units.
The boundaries of a real property unit (legal abstrac-

tion of the space) in the buildings may differ between jur-
isdictions, where we should distinguish, for example, the
definition of a legal boundary which can coincide with
the inward-facing or outward-facing surfaces of walls,
floors, ceilings, and other structural parts of the building,
or it might be defined in the middle of the wall, etc. (see
also Cemellini et al. 2020). However, the possession or
occupation of the physical space in a building is mainly
related to indoor space. This makes it logical to focus
on indoor spaces as core spatial units when modelling a
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building for RRR registration. Therefore, we define the
real property unit as a group of indoor spaces (Fig. 2).
The model is built on the presumption that for buildings,
the indoor space represents a key object of interest for
cadastral systems. The extension of these ‘basic spatial
units’ can be applied in the sense of adding ‘wall solids’
(the whole width, half of the width, etc.).
In addition to being a feasible solution for the defi-

nition and geometric representation of a legal situation
in the building, the indoor space also represents the
most integrative object for cross-domain integration of
building information with 3D cadastral data (Knoth
et al. 2018).

Data model design
The development of the proposed cadastral data model
has been guided by the objectives, identified by the
authors, that are presented below. We believe that fulfill-
ing these objectives is among the most important prere-
quisites to ensure an efficient system for 3D cadastral

registration of buildings that is compatible with tra-
ditional 2D parcel-based cadastral systems.
(1) The cadastral data model for buildings should not
require storage and maintenance of the data outside
the cadastral domain.
(2) The cadastral data model should provide data that is
structured in a way that enables as wide a cross-domain
integration as possible on the data input and output
sides.
(3) The cadastral data model should differentiate build-
ing data from land parcel data (e.g. for buildings, it
should provide a separate (but integrated) data model
or separate object classes) aiming to provide a step-
by-step development of a 3D cadastre within a tra-
ditional 2D data model.
(4) The implementation should be feasible in a database
management system (DBMS).
The first objective can be perceived as contradictory to

our decision to focus on indoor spaces, but as it is stated in
the justification for this decision, indoor spaces represent
the main spatial units to which RRRs are related and pro-
vide less ambiguity in the representation of a legal situ-
ation in a building. However, following the first
objective is challenging, as what belongs in the cadastral
domain depends on the jurisdiction. Lemmen et al.
(2015) provide a list of fields related to but outside
LADM, according to which physical registration of build-
ings is out of the LADM (cadastral) domain. On the other
hand, much research shows that a very strong relationship
exists between physical and legal space in the built
environment (Aien et al. 2015, Li et al. 2016, Knoth
et al. 2018). Larsson et al. (2020) study the conversion
of 2D analogue cadastral boundary plans into 3D digital
information and discuss the integration with BIM. Raja-
bifard et al. (2019) suggest that cadastral systems cannot
and should not ignore the physical space, especially con-
sidering the second objective, which emphasises the
multi-purpose role of the cadastre. The terms ‘physical
space’ and ‘physical boundary’ used in this study refer
to the real world and its physical features, while ‘legal
space’ and ‘legal boundary’ refer to abstract space and
its features that have legal meaning. There seem to be
two options for cadastral systems regarding consideration
of physical space.
(1) Consider legal space in the cadastral model, as
suggested by LADM (Lemmen et al. 2015): this way
the first objective is fully met, but on the other hand,
we lose the connection to physical space, which is cru-
cial to have cross-domain data integration capabilities
that constitute the essence of the second objective.
(2) Use an integrative approach, based on several recent
studies (Aien et al. 2015, Atazadeh et al. 2017, Oldfield
et al. 2017, Thompson et al. 2017, Knoth et al. 2018,
Atazadeh et al. 2019, Sun et al. 2019) following the
second objective and make a trade-off by storing and
maintaining data out of the cadastral domain.
However, there is a third, alternative approach, as pro-

posed and used by this study. Instead of using one of the
approaches presented above, we constrain the legal spaces
with physical boundaries, giving them physical character-
istics. More precisely, we constrain the boundaries of legal
spaces (i.e. legal boundaries) to inward-facing surfaces of
physical features (i.e. physical boundaries) that enclose
indoor spaces. Many studies comprehensively deal with
various possibilities of legal boundary position relative

Figure 2 Two real property units (red and green) rep-
resented by groups of spatially linked indoor
spaces

Figure 1 The passages between indoor spaces are realised
by touching surfaces (green)
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to physical objects in the building (middle of the wall, wall
exterior or interior surface), which in essence depends on
each country’s legislation (Paulsson 2007). Wang (2015)
studies the boundary placement from a 3D visualisation
perspective, Atazadeh et al. (2017) and Rajabifard et al.
(2019) discuss the boundary placement in relation to
BIM. Therefore, this approach seems to go against the
established knowledge and thus requires further
justification.
This paper does not intend to argue nor deal much with

legal aspects of 3D cadastres, but rather provide a techni-
cal view on this matter. There is no doubt that in theory, a
legal boundary can be established anywhere in space, not
related to any physical features. However, when it comes
to registering RRRs in buildings, the physical features
become more important, which is also reflected in the
number of studies dealing with this matter. Therefore, a
legal boundary can lie either on the wall exterior, interior
or somewhere in between. Atazadeh et al. (2017) discuss
these options while studying the purely legal, purely phys-
ical and integrated approaches for managing the RRRs
for buildings. The purely legal approach excelled in visu-
alisation and querying performance, but proved to be
inappropriate for communication of boundaries relative
to physical structures. Our model minimises this
deficiency by constraining legal spaces to physical struc-
tures. Fig. 3 aims to bring a common understanding of
the terms wall interior, wall exterior and the middle of
the wall for real property unit boundary placement in
the context of this study. The same concepts can be
found in the International Property Measurement

Standards (IPMS 2020) that are developed to overcome
the differences between countries regarding the rules for
measuring the buildings. In general, if the real property
unit boundary is defined by the wall interior surfaces, it
does not contain any bounding walls. In contrast, if
defined by the wall exterior, it contains all bounding
walls. Besides these two cases, we add a case where the
boundary is defined in the middle of the wall or anywhere
between the inward-facing or outward-facing surfaces of
walls; what’s more, the boundary might be defined also
as a buffer zone – in all these cases an indoor-space can
still be used as a core spatial unit which is extended as
defined by the law.
Most jurisdictions worldwide use condominium (Pauls-

son 2007) to manage the RRRs, which is inherently con-
nected with co-ownership since for buildings there are
certain spaces that need to be owned by all individual
owners (land parcel, common spaces and installations,
etc.). The exterior and middle wall boundaries open up
several issues and dilemmas regarding RRRmanagement
in the building (ownership is used as it represents the most
important of the RRRs):
(1) If a boundary of a real property unit is defined in the
middle or exterior side of the wall, the wall is owned
only by some of the owners. If the wall is statically
important, this concerns all individual owners in the
building.
(2) If a boundary of a real property unit is defined in the
middle of the wall, how is the ownership determined for
outer walls that delineate the building interior and
exterior?

Figure 3 Options for real property unit boundary placement

Figure 4 Different variants of exterior boundary placement
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(3) If a boundary of a real property unit is on the
exterior side of the wall, how is a boundary in complex
situations defined (Fig. 4)?
(4) If a boundary of a real property unit is defined in the
middle or exterior side of the wall, how is the ownership
of various installations in this wall determined?
(5) If walls have a various thickness and the boundaries
of a real property unit are defined in the middle or
exterior of the wall, identical physical units have differ-
ent sizes of their respective real property units (Fig. 5).
Should the subject of their ownership be different?
(6) If a boundary is in the middle or exterior of the wall,
is it the same with slabs? The slabs provide structural
stability for the entire building and thus also concern
all individual owners in the building.

All listed dilemmas suggest that individual owners can-
not fully exercise their ownership rights on the building
structural parts but only on indoor spaces that are pro-
vided and made functional by the building structure.
There are several legal solutions, for example, the defi-
nition of the object to which RRR refer in a contract,
where building’s structural parts might also be included.
However, if we use interior wall surfaces as boundaries
of real property units, we avoid the listed dilemmas and
issues. This represents a similar concept as the IPMS 3C
variant for measuring the buildings in the International
Property Measurement Standards (IPMS 2020). Interior
wall surfaces enclose indoor spaces which are used as a
core spatial unit in our data model. The difference from
the IPMS 3C is that the geometries of indoor spaces
touch each other at passages, which means they are not
exclusively bounded by physical structures.
Apart from already mentioned indoor spaces, the exter-

nal building, can be characterised as an important entity
for registration of RRRs on buildings. The external build-
ing geometry should enclose all indoor space geometries.
It represents a key feature that delineates the building
from the traditional continuous land parcel structure
found in most land administration systems. Following

the third objective, the model is designed to leave the tra-
ditional 2D parcel-based cadastral system mostly
unchanged. For integration with 2D parcels, the ground
contact area or maximal extent area (or both) of the
building can be used. Depending on legal regulations,
these areas are restricted to one parcel, form a parcel or
can be independent of the parcel structure and only pro-
vide the information about the spatial extent of the build-
ing. These approaches are well established in most
cadastral systems worldwide.
The pure concept of using indoor spaces and building

external geometry, enclosing indoor spaces, becomes pro-
blematic when dealing with semi-indoor and semi-out-
door spaces that are partly connected to a building, but
cannot be characterised as indoor space (Fig. 6). There
are countless variants of these spaces (balconies, covered
or semi-covered terraces, atriums, etc.). Yan et al. (2019)
provide a comprehensive study on this matter from a navi-
gation perspective that illustrates that no clear boundary
exists between indoor and outdoor space. The determi-
nation of what is part of a building and what is not is a
general dilemma when dealing with RRR registration
on buildings. Our proposed model can be used to register
these spaces in a similar way as indoor spaces in Atazadeh
et al. (2017).
Following the fourth objective, we have designed the

implementation of the proposed model in the PostgreSQL
DBMSwith PostGIS and SFCGAL extensions. The data-
base implementation represents a basis that can be further
extended according to the specific needs of each jurisdic-
tion. The selected DBMS supports 3D spatial data types,
including solid geometries. Additionally, it offers func-
tions that support the stored 3D data management and
analyses.

Data model concept
Based on the objectives, we develop the data model con-
cept (Fig. 7), defined by the main entities, their relations
and their geometric representations. Compared to the
data models that are referenced in section 2, our model
can be perceived as basic. The reason for this is that this
model is used to present and discuss the idea of using
indoor spaces as the core cadastral data modelling entity,
not to provide a complete and all-inclusive data model.

Figure 5 Various sizes of legal units, presented in different
colours, for the same apartments (boundaries
between real property units lie in the middle of
the wall)

Figure 6 An example of the building geometry with legal
amendment (balcony space)
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3D building modelling for cadastral purposes is the
main focus of this paper. However, the presented concept
also includes the relation to the land parcels and the
optional relation to the 3D legal spaces, which are not
defined by physical features. The proposed concept
assumes that each building is associated with at least
one real property unit, but this depends on the jurisdiction
and can be altered. For buildings where no condominium
is established, only basic data or no data is collected.
The data model is aligned with the LADM (Fig. 8).

RealPropertyUnit is related to the LA_BAUnit class
and IndoorSpace to LA_SpatialUnit and its subclass
LA_LegalSpaceBuildingUnit. However, LADM expli-
citly denies the restriction of legal spatial units to the
building’s physical structures (Lemmen et al. 2015),
which differentiates the two models. As the focus of the
proposed data model is on indoor spaces, the solid rep-
resentation of the geometry is selected as the most appro-
priate. It facilitates 3D representation, spatial analyses
and provides volumetric information (Rajabifard et al.
2019), while LADM provides geometric representation
of 3D geometries by boundary faces.

Despite the differences, the proposed data model is
partly compliant with the 3DCDM data model (Aien
2013) and the extended Core Model for 3D cadastre pro-
posed by Knoth et al. (2018). Both models use an integra-
tive approach and represent physical features using
multiple entities. However, if the same concept of using
indoor spaces to define the real property units is used,
the data models would be similar to the one that is pro-
posed in the paper.

Results
DBMS implementation
A DBMS represents the technical backbone of cadastral
(information) systems worldwide. It provides an efficient
way for secured storage and maintenance of cadastral
data as well as for exploitation of cadastral data and infor-
mation. Each new solution or upgrade of cadastral sys-
tems should, therefore, include or be supported by an
advanced DBMS. Spatial data storage and maintenance
are supported by the majority of DBMSs considering
the ISO SQL/MM-Part 3 (ISO 2016) or OGC Simple fea-
ture access (OGC 2010), providing spatial data types,
spatial indexes and operations that allow the geometry
of the objects to be stored alongside their thematic attri-
butes. The proposed cadastral data model is implemented
using open source DBMS PostgreSQL with PostGIS and
SFCGAL extensions, which support storage of polyhe-
dral surfaces and solids, and offers functions to perform
3D operations. Three main tables (Fig. 9) are used to rep-
resent three core features of the presented concept (Build-
ing, RealPropertyUnit and IndoorSpace).
Although the selectedDBMS supports storage of solids,

the internal holes are not fully supported. The polyhedral
surfaces can be storedwith internal closed boundaries that
form holes. However, 3D operations require solid geome-
tries, obtained by the ST_MakeSolid. The polyhedral sur-
faces with an internal hole(s) cause the ST_MakeSolid
function to crash with an invalid geometry error. This is

Figure 7 The concept of the proposed cadastral data model for buildings

Figure 8 The relation of the proposed cadastral data model
(white) and LADM (green) classes
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not a problem in our case, as indoor spaces are bounded by
physical structures. A hole in the indoor spacewouldmean
the physical structure would be detached and would
‘hover’ in space. The hole in indoor space could be created
only by another indoor space that belongs to the other real
property unit in the same physical indoor space. Similarly,
the building external volumetric representation does not
need internal holes, as an internal hole would still be
indoor and not outdoor space. Despite this, we present
the extension of the basic implementation that can accom-
modate holes in 3D solids. The database schema presented
in Fig. 10 introduces two new tables that can store several
solid objects for one Building or indoor space represen-
tation. The hole Boolean type attribute indicates whether
the geometry represents a hole.
The CityGML standard widely introduced the concept

of modelling of spatial entities in a 3D environment with
multiple levels of detail (LOD). There are several benefits
of this approach, such as efficient visualisation and data
manipulation, and efficient spatial and other analyses
that can also be identified as important by cadastral auth-
orities. The extension (Fig. 11) can accommodate mul-
tiple levels of detail for both indoor spaces and outdoor
geometry by adding an attribute that identifies the corre-
sponding level of detail for each geometry. The concept of
multiple LODs is useful for cadastral authorities to store
additional, more detailed data to further clarify the RRR
situation in the building.

Data model integration
Registration of a building in the cadastral system, i.e. land
administration system, represents one of the few available

instruments for public authorities to obtain accurate,
structured, relatively detailed spatial and thematic data
about buildings, including data about the indoor environ-
ment, which is not accessible through remote sensing
technology. Cadastral data has often been used for mul-
tiple purposes beyond its core one, partly so that the
high costs of establishing and maintaining the system
can be spread and justified, and partly because it has
been the only available data source. If the cadastral data
is structured so as to enable integration with data from
other related domains, it can significantly increase its
potential applications and consequently, its importance
and value. Therefore, one of the most important objec-
tives of our research has been to develop a cadastral
data model for buildings that can be integrated with the
dominant standards relating to 3D building modelling.
The integration or at least linking is important to the
data input side, i.e. to obtain data for registration from
various data sources, and to the data output side, i.e. to
include or use the 3D cadastral data in other models
and increase the cadastral data usage/application
potential.

Integration with IFC

The importance of integrating land administration pro-
cesses and BIM is increasing with the rapid adoption of
BIM in theAEC industry. Several studies have already ana-
lysedvarious options for the integration of BIMand cadas-
tral data (El-Mekawy and Ostman 2012, Liu et al. 2017,
Oldfield et al. 2017, Rajabifard et al. 2018, Atazadeh
et al. 2019, Rajabifard et al. 2019). All studies identified
the IfcSpace as themost important class for the integration

Figure 9 DBMS implementation of the proposed cadastral data model

Figure 10 DBMS implementation allowing storage of solids with holes
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of IFC with RRR data. Atazadeh et al. (2019) propose an
approach that uses IfcSpace and IfcZone classes and is
aligned with our modelling approach. The authors estab-
lish a link with LADM classes, by linking IfcSpace with
the LA_LegalSpaceBuildingUnit class and IfcZone with
LA_BAUnit (Fig. 12). This indicates that our proposed
cadastral data model can be integrated with IFC data.

Integration with CityGML

CityGML is the dominant standard for 3D topographic
modelling in the geospatial domain. The CityGML stan-
dard defines five LODs that increase in their geometric

and semantic complexity. An interesting data model spe-
cification as an extension of LODs for detailed building
modelling was proposed by Biljecki et al. (2016), where
a set of 16 LODs focused on the grade of the exterior geo-
metry of buildings, while the indoor space was not dis-
cussed. Since the introduction of CityGML 2.0 in 2012,
the standard has also been intensively studied from a
3D cadastral perspective. Çaǧdaş (2012) proposed a
CityGML extension for property taxation. Góźdź et al.
(2014) proposed an ADE for the CityGML standard to
link it with LADM classes, which is further studied by
Li et al. (2016). The authors propose linking the

Figure 11 DBMS implementation allowing storage of multiple levels of detail

Figure 12 The concept of the integration of the proposed data model with the IFC, CityGML and IndoorGML standards
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LADM LA_LegalSpaceBuildingUnit class with a legal
object class that is related to the BuildingPart and Build-
ing classes. Ying et al. (2017) use CityGML LOD 3
models to construct volumetric objects, suitable for use
in 3D cadastres.
As the core element of our model is indoor space, the

corresponding class in CityGML is the Room class.
Like the indoor space in our model, the Room class has
a solid geometry representation (Fig. 12). However, the
Room class can be included only in the LOD 4 model,
where very detailed physical structures are required. Up
to LOD 4, the CityGML standard does not provide an
option to model the building interior. Boeters et al.
(2015) emphasise the need to include indoor geometries
to lower levels of detail. The building geometry, on the
other hand, can be better integrated with CityGML.
Unlike the Room class, the _AbstractBuilding class is
not restricted to specific levels of detail.

Integration with IndoorGML

Of the three standards considered in this section, the
IndoorGML has the simplest data model. To avoid dupli-
cations, the standard allows linking with IFC and
CityGML. The main role of IndoorGML is to provide
a data model for indoor navigation purposes. Zlatanova
et al. (2016) and Alattas et al. (2017) studied the link
between LADM and IndoorGML to provide additional
information about indoor spaces which can improve
indoor navigation performance. Rajabifard et al. (2018)
discussed the options for linking IndoorGML with
LADM and concluded that IndoorGML cells could be
used to define the geometry of legal spaces. To realise
this, the authors emphasise the need for investigation of
complex 3D spatial analyses. Our approach is very simi-
lar, and we addressed the need for 3D spatial analyses
by implementing the model in PostgreSQL with PostGIS
and SFCGAL extensions that provide state-of-the-art
DBMS support for 3D spatial operations.
As in the proposed model, the core element of the

IndoorGML data model is the indoor space (CellSpace
class), which makes the two very aligned and interoper-
able in this aspect (Fig. 12). Following the duality con-
cept, the IndoorGML data model contains navigation
graph elements – nodes and edges (State and Transition
elements), which are not included in the proposed cadas-
tral data model. The indoor space geometries in the pro-
posed model touch each other on the surfaces that
represent the passage between them (doors and other
openings). This makes it possible to derive the indoor
space topology from geometries using 3D operations
available in the selected DBMS. If the physical indoor
space is divided into several touching indoor spaces
belonging to different real property units, these can be
used to perform subspacing of IndoorGML CellSpace
entities.

Discussion
The legal frameworks that regulate the registration of
RRRs on buildings differ very much among the countries
and jurisdictions. The data model is focused on the defi-
nition of real property units using indoor spaces, indepen-
dently on the legal definition of a real property unit. As
already mentioned, the legal regulations do not require

the borders of the real property units to coincide with
the borders of indoor spaces. Therefore, the proposed
data model cannot be directly introduced and
implementedwithout amendments of the legal framework
or the proposed data model. The proposed data model
can be amended with an additional entity, which rep-
resents the building’s physical features. These features
are linked to the corresponding real property unit the
same way as indoor spaces. Using this amendment, the
model can support all types of boundaries of real property
units within the buildings, while still allowing the pre-
sented geospatial data integration options. On the other
side, the legal frameworks can also be amended to
increase the compatibility with the presented data
model. These amendments are mostly related to the defi-
nition of the RRRs on the physical features of the build-
ing (walls, slabs, etc.). One option is to define that all the
physical structures of the building are owned by all the
owners, if not additionally defined differently. Another
option is to define that the physical structures between
two indoor spaces of the same real property unit also
belong to this real property unit. The physical structures
between two indoor spaces of different real property
units can be defined as owned by both owners, or
owned by each owner to the middle. The data model
can also be modified to allow the modelling of only the
outer boundaries of the real property units. The geometry
of the real property unit can be defined as a union of all
adjacent indoor spaces belonging to the same real prop-
erty unit, also containing all physical structures of the
building. In case the indoor space geometries would be
sourced from the BIM entities, this union should be
done additionally using 3D modelling software. If the
indoor spaces are modelled based on measurements,
then all the spaces of the same real property unit can be
joined into one 3D geometry representing the extent of
the real property unit. However, this would reduce the
options for integration with other data models and conse-
quentially the options to use the cadastral data for other
purposes.
One of the challenging topics regarding RRR regis-

tration on buildings and parts of buildings within a 3D
cadastre is the required geometric accuracy as well as
the level of detail of the geometric data model. This
research does not deal with this issue apart from allowing
storage of multiple levels of detail. If the boundaries of
legal spaces coincide with physical boundaries, the
required accuracy is not as high as it is for boundaries
with no physical counterpart. In the future, the BIM
models will provide very detailed data on the building’s
physical elements for more and more buildings. The inte-
gration, as presented in this study, will therefore be very
beneficial. The current problem is that many IFC models
do not provide as-built data, essential for cadastral
registration.
The developed data model is based on indoor spaces

that are touching each other at passages, which means
that 3D geometries of indoor spaces have shared faces.
The proposed database implementation uses the polyhe-
dral surface to represent each indoor space, which
means the ‘touching’ faces are duplicated. Consequently,
the required storage space is increased. Additionally, the
duplication can cause the data to be inconsistent. How-
ever, this approach has several advantages over storing
3D geometries using the topological data structure.
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(1) The 3D geometries can be managed by the available
database 3D functionalities.
(2) We have direct access to 3D geometries, without the
need to construct 3D geometries using lower-dimen-
sional geometrical features and their topological
relationships.
(3) The 3D geometries can be stored in line with other
attribute data.
The inconsistencies should be avoided by automatically

checking the data at insertion and each manipulation of
geometry. The PostgreSQL DBMS with PostGIS and
SFCGAL extensions has functionalities to implement
some data validation as an overlapping check also in 3D.
The open question for cadastral building registration is

which buildings to include. While in many countries
detailed cadastral registration is foreseen only for build-
ings where a condominium is to be established, some
countries, e.g. Slovenia and Sweden (see Drobež et al.
2017, Larsson et al. 2020), register all buildings, mainly
for efficient real property valuation that serves many gov-
ernmental applications. In this case, the indoor spaces
have to be measured to obtain the area information.
With some additional vertical measurements, it is possible
to obtain enough information for 3D modelling of the
indoor spaces according to the proposed data model.
This also opens new possibilities for valuation as we
obtain not only area but also the volume of the indoor
spaces.
For the buildings with no established condominium, all

indoor spaces can be grouped into one real property unit.
Following this concept, also these buildings can be mod-
elled according to the proposed data model. If the cadas-
tral system registers only the buildings with multiple real
property units, only some basic data may be registered
about the other buildings (e.g. external geometry) or
they can be entirely left out. The buildings having multiple
real property units can be modelled according to the pro-
posed data model.
However, it should be noted that the developed concept

and data model is in accordance with the current practices
of RRR registrations on parts of buildings, e.g. condomi-
niums, based on floor plans.
Storing detailed data on the interior of buildings can be

problematic from a privacy and security aspect. This can
be efficiently managed by making parts of the data
(indoor spaces) available only to authorised users. Given
that the proposed model offers data that can be used for
many applications, including public safety, crisis and dis-
aster response by police, firefighters, ambulance and other
first responders, the benefits should outweigh the
concerns.

Conclusions
In our study, we look for generic solutions to 3D cadastral
building modelling that would be suitable for deployment
in various jurisdictions. The idea of using indoor spaces
constrained to physical features as the core element for
cadastral registration of buildings is used for 3D cadastral
modelling. Using the indoor space as the core spatial unit
differentiates the research presented here from other
related studies that have included indoor spaces in the
data models. The model design process is thoroughly dis-
cussed, with references to the initial objectives used to
steer and guide the model design process. The

contribution of this study can also be perceived in the
presentation of a complete design process from initial
idea to DBMS implementation. The aim of the study
has not been to reject all the proposed 3D cadastral
models and research in this field, but to provide an
alternative data modelling approach. The data model is
designed to be aligned with the LADM standard and
standards related to physical modelling of buildings.
This means it enables and facilitates the integration of
cadastral data with the data from other related domains,
which is becoming increasingly important. It can be con-
sidered and applied by the cadastral authorities in revising
or designing new cadastral data models with objectives
aligned with the ones presented in this paper.
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