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A standardized core cadastral domain model (CCDM), covering land registration and cadastre in a
broad sense (multipurpose cadastre), will serve at least two important goals: 1. avoid reinventing and
re-implementing the same functionality over and over again, but provide an extensible basis for efficient
and effective cadastral system development based on a model driven architecture, and 2. enable
involved parties, both within one country and between different countries, to communicate based on the
shared ontology implied by the model. This paper will focus on the inclusion of 3D aspects within the
core cadastral model. Two important components of the 3D Cadastre model are: 1. the ‘surface parcel
partition’ based on a detailed elevation model and 2. the volume parcel and its representation.
Technological solutions for both parts are not yet available in commercial Geo-ICT software and
therefore solutions in a Geo-DBMS environment have been investigated, designed and developed . A
number of countries in the world do already have legislation allowing the registration of volume
parcels, sometimes even including detailed regulations for 3D survey plans. However, until today these
are not yet integrated in the cadastral information system.

1. Introduction

Until today most countries (or states or provinces) have developed their own cadastral system because there are
supposed to be huge differences between different systems. It should be emphasised that a cadastral system entails a)
land registration, b) the ‘administrative/legal component', and c) (geo referenced) cadastral mapping, the ‘spatial
component’. There are systems that operate deed registration, other operate title registration, some systems are
centralized, and others decentralized. Some systems are based on a general boundaries approach, others on fixed
boundaries. Some cadastres have a fiscal background, others a legal one (Bogaerts and Zevenbergen, 2001). However,
it is also obvious that because of differences in systems the implementation and system's maintenance of a cadastral
system are not cheap, especially if one considers the ever-changing requirements. Also, the different implementations
(foundations) of the cadastral systems do not make meaningful communication very easy, e.g. in an international
context such as within Europe. Looking at it from a little distance one can observe that the systems are in principle the
same: they are all based on the relationships between persons and land, via (property) rights and are in most countries
influenced by developments in the Information and Communication Technology (ICT). The two main functions of
every cadastral system are: 1. keeping the contents of this relationship up-to-date (based on legal transactions) and 2.
providing information on this registration.

Organisations are now increasingly confronted with rapid developments in the technology, a technology push: internet,
(geo)-databases, modelling standards, open systems, GIS, as well as a growing demand for new services, a market pull:
e-governance, sustainable development, electronic conveyance, integration of public data and systems. Cadastral
modelling is considered as a basic tool facilitating appropriate system development and re-engineering and in addition it
forms the basis for meaningful communication between different (parts of the) systems. Standardization is a well-
known subject since the establishment of cadastral systems. Open markets, globalisation, and effective and efficient
development and maintenance of flexible (generic) systems ask for further standardization. The initiative described in
this paper will demonstrate how standards-based distributed networks of databases and information services can help
consumers and citizens to access vital data, businesses to offer premium customer services, and governments to provide
more effective service to citizens. In this paper we specifically focus on the 3D aspect of cadastral systems.
Individualisation of property started originally with subdividing the surface into property units using 2D boundaries.
For this reason the basic entity of current cadastral maps is the ‘parcel’, which makes the cadastral map a 2D map. To
ensure completeness and consistency, 2D parcels may not overlap and gaps may not occur (forming a surface partition).
Although parcels are represented in 2D, someone with a right to a parcel always has in general been entitled to a space
in 3D, i.e. a right of ownership on a parcel relates to a space in 3D that can be used by the owner (it includes space
above and below the parcel as well) and is not limited to just the surface parcel defined in 2D without any height or
depth. If the right of ownership only applied to the surface, the use of the property would be impossible. Consequently,
from a juridical point of view cadastral registration always has been 3D. The 2D approach of registration has been
adequate for decades to give insight into traditional property situations, where it is clear which persons are entitled to



which parcels (including space above and below the parcel). However, the question can be posed if traditional cadastral
registration, which is based on the concept of a 2D parcel, is also adequate for registering all kinds of situations that
occur in the modern world.

Pressure on land in urban areas and especially their business centres has led to overlapping and interlocking
constructions. The creation of property rights to match these developments is available within existing legislation,
however describing and depicting them in the cadastral registration poses a challenge. The challenge is how to register
overlapping and interlocking constructions and how to register the property situations above and below the surface in a
cadastral registration that registers information on 2D parcels. Although property has been located on top of each other
for many years, it is only recently that the question has been raised as to whether cadastral registration should be
extended into the third dimension. The growing interest for 3D cadastral registration is caused by a number of factors:

e aconsiderable increase in (private) property values;

e the number of tunnels, cables and pipelines (water, electricity, sewage, telephone, gas, glass fibre data cables,
coax TV cables), underground parking places, shopping malls, buildings above roads/railways and other cases
of multilevel buildings has grown considerably in the last forty years;

e an upcoming 3D approach in other domains, 3D GIS (Geographical Information Systems), 3D topographic
data, 3D data collection (GPS, laser, surveying) 3D planning, which makes a 3D approach of cadastral
registration technologically realisable.

The core cadastral domain model (CCDM) therefore supports 3D cadastral registration; besides the surface parcels
(defined in 2D but implying 3D columns), the CCDM also recognizes true 3D-defined volume parcels as real estate
objects; see Section 2. Two alternatives for 3D cadastre support, which do not introduce a new 3D volume parcel as real
estate object (which requires also changes to the legislation) are presented in Section 3: a). Rights are associated with
3D RightObjects and b). Legal space of physical objects is registered. In both alternatives the parcels remain the only
units on which rights or restrictions can be established, the other new introduced objects types should be considered
additional in order to provide better insight into the 3D situation. However, the introduction of a full 3D cadastre
remains the superior solution (but requires a change in legislation in most countries). Therefore the conceptual model of
a full 3D cadastre is further analysed in Section 4, together with implementation issues of both the surface parcels (in
3D) and the volume parcels. A case study in Queensland, Australia is used as an illustration. Section 5 contains the
conclusions.

2. Core Cadastral Domain Model (CCDM)

Figure 1 shows the central part of the Core Cadastral Domain Model (CCDM) as was already presented at the FIG
working week in April 2003, Paris (Lemmen, Van Oosterom 2003). It shows the Unified Modeling Language (UML)
class diagram, which represents the result of the previous work. The relationship between real estate objects (e.g.
parcels) and persons (sometimes called ‘subjects’) via rights is the foundation of every land administration. Besides
rights, there can also be restrictions between the real estate objects and the persons. The figure shows that
RightOrRestriction is an association class between the classes Person and RealEstateObject. Note that this an n-to-m
relationship, with the conditions that every persons should at least be associated with one RealEstateObject and vice
versa; every RealEstate object should be associated with at least one Person (indicated in the UML diagram with the
multiplicity of ‘1.*’ at both ends of the association). The first refinement is the extension of the class
RightOrRestrction to explicitly include Responsibilities as well. A restriction means that you have to allow someone to
do something or that you have to refrain from doing something yourself. Responsibilities mean that one has to actively
do something.
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Figure 1: Core of the Cadastral Domain Model: Person, RightOrRestricton(OrResponsibility), RealEstateObject



The proposed UML class diagram for the CCDM contains both legal/administrative object classes like persons and
rights, as well as the geographic description of real estate objects. This means in principle that data could be maintained
by different organizations, e.g. Municipality, Planning Authority, Private Surveyor, Cadastre, Conveyancor and/or Land
Registry. The model will most likely be implemented as a distributed set of (geo-) information systems, each supporting
the maintenance activities and the information supply of parts of the dataset represented in this model (diagram),
thereby using other parts of the model. This underlines the relevance of this model; different organizations have their
own responsibilities in data maintenance and supply and have to communicate on the basis of standardized processes in
so called value adding production chains. It is not the intention of the model that everything should be realized in one
system. The true intention is that, if one needs the type of functionality covered by the CCDM, then this model should
be the used and thereby avoiding reinventing (re-implementing) the wheel and making meaningful communications
with others possible. Furthermore basic packages could be implemented by different software suppliers. The principles
of Cadastre 2014 (Kaufmann and Steudler, 1998) are integrated in our approach.

HonG eoR ealE state PartOfParcel

+type : Codelist +partMurm :Integer
+estimatedfrea Real

2.*
split

Parcel ServingP arced
== FestureType == ] +legalbres (Real 2. * | +type: Codelizt
ReafEstate Dbjoct +parcelname (Charad erString serving
i Elems
+ohjedid (OID ParcelConplex —
+uzeCode: Codelist[1.%] i 0.4 2% i
+taxamount cnteger(1.4]  le}—— +lotalfrea Real AdninParcelS et
+hame CharacterSting [0.1 ] +name :CharacterSting
+tmin :Date HPPRegion +hierachtLevel :Integer
+tmax :Date <
2.
JAN o faren farm
inside 2.2
constraint AV
i == FeatureT ype == TP_Face
*
PointP arcel SpagettiP arcel PartitionParcal Geometry
+estimatedArea (Real +legaldres (Real +computeddres: R esl +houndary (TP _Faceboundary
+getG eometry(: GM_Polygon o
0.4 . 1.4 |2 1.% | BoundedBy (ordered)
Jderived
- - - 2z FestureType == 15 Edoe
L= 2.0 Conples ParcelBoundary
+aparttum : Intecer +camplium oid e K Geometry
e g in i ) +ouality : Codelist +houndary (TP _E dyeboundary
ferived |, surveyDate :Date
+lineCode Codelist At
* +
. EndModes
retric metric metric SYEEEmIEH (e OURD
2
Restrictionfirea VolumeProperty TP Hode
+legalires Flost +legalvolume :Float )
+computedarea :float +computediolume  :Flosat frgtric
+realize (gm_surface +Realize(1gm_volume
* a0 geametry [ 0.1
2D geom etry (structured)
[ord ered ) g% |32 34 2.*
=~ *
3. == FeatureType ==
SurveyPoint
== FeatureType == eyP metric
SourceDocunemnt +location (GM_Poirt
+submission :Date sy CrelEliel
+registration - Diate +pointCode : Codelist
+acceptance :Date +transfonnationP arams  CharaderSting
A Source | 1.#
SunveyD ocunment

+number :Charad erString
+measurements data
+guality : Codelist
+=urveyDate :Date

Figure 2: The RealEstateObject part of the CCDM



Because of the high pressure on the use of space, more and more situations occur which can best be modelled in three
dimensions. Normally a (2D) Parcel represents the whole 3D column from the center of the earth, through the surface
out into the sky. Explicit 3D VolumeProperties ‘carve out’ a part of this space in favour of another Person (the buyer of
a 3D VolumeProperty). It is possible that one VolumeProperty overlaps with many Parcels (again this can be obtained
via spatial overlay). VolumeProperties are modelled without external topology, but with internal topology by
referencing several times to the same SurveyPoint, when this is shared between the different faces of a polyhedron,
which is the geometry type that represents the 3D spatial properties of VolumeProperties. VolumeProperties should not
overlap in 3D space. However, their projection in 2D space may overlap. It is expected that it will not happen often that
VolumeProperties will share faces with other explicit VolumePropties (as is the case in 2D with the PartitionParcels).
Might this assumption turn out to be wrong, then a 3D topological structured model should be introduced. Discussion
on alternative ‘3D cadastral models’ can be found in section 3.

The Cadastral Domain Model is based on already accepted and available standards on geometry and topology in 2D
published by ISO and OGC (ISO, 1999a, 1999b, OpenGIS Consortium 1998, 2000a, 2000b, 2000c and 2000d).
Geometry is based on SurveyPoints (mostly after geo referencing, depending on data collection mode: tape, total
station, GPS, etc) and is associated with the classes tp_node (topology node) and tp_edge (topology edge) to describe
intermediate ‘shapes’ points between nodes, metrically based on SurveyPoints. The association between a
ParcelBoundary and SurveyDocument is derived via the classes SurveyPoint, tp_node and tp_edge. Parcels have a 2D
geometric description. A Parcel corresponds one-to-one to the tp_face in a topological structure (as defined by 1SO TC
211 and OpenGIS Consortium). Concerning 3D, implementation standards on both geometry and topology need to be
specified.

3. Three dimensional alternatives/extensions

Current cadastral registration systems, based on 2D topological and geometrically described parcels, have shown
limitations in providing insight in (the 2D and 3D) location of 3D constructions (e.g. pipelines, tunnels, building
complexes) and in the vertical dimension (depth and height) of rights established for 3D constructions (Stoter and
Ploeger, 2002; Stoter and Ploeger, 2003). In the previous section the VolumeProperty was introduced, but this requires
a significant change in the legislation in most countries. Therefore in this section some alternatives (with less legal
impact and based on the well known concept of the 2D parcel) for 3D situations are presented together with their UML
class diagrams. As 3D legal volumes, 3D constructions themselves cannot be queried in current cadastral registration
systems. For example it is not possible to perform a query such as 'who is the owner of this tunnel?'. To overcome these
limitations, the 3D aspect should be incorporated in the core cadastral data model. Two alternatives to the
VolumeProperty of the core cadastral data model have been introduced in the 3D cadastre research (Stoter and Ploeger,
2002; Stoter and Ploeger, 2003; Stoter, 2004). These will be described in this section.

3.1 Registration of the 3D extension of rights

The first alternative is just a simple extension of the central part of the model as was shown in figure 1: the introduction
of a 3D right-object. The UML class diagram of 3D right-objects is shown in figure 3. For every right that is established
on a parcel and that concerns a complex situation (one parcel is used by more than one person) a 3D right-object is
maintained. This contains the 3D representation of the space to where the right applies, which is also maintained in the
DBMS.

The 3D right-object is established on a parcel for a 3D construction (Stoter and Ploeger, 2002). The 2D extent of a 3D
right-object is the actual parcel-boundary. The upper and lower limits of the 3D right-object are the upper and lower
limits of the space to where the right applies (Stoter and Ploeger, 2002). The 3D right-object gives insight into the
vertical dimension of the rights established. For example when a railway tunnel crosses a parcel and a right of
superficies is established on the parcel, the 3D right-object is the 3D description of the space to where the right applies.
This example is illustrated in figure 4. For this example new (fictive) parcel boundaries were created in order to avoid
that parts of parcels that do not overlap with the tunnel are affected with a right of superficies. With the 3D right-objects
it is possible to see that the rights are established for an underground construction, also the depth and height of the



construction is visible, which is not visible on conventional cadastral maps.
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Figure 3: UML class diagram of 3D right-objects

One 3D right-object can be associated with more than one right, e.g. if a tunnel is held by two subjects. One 3D right-
object can have a reference to more than one physical object. For example when two tunnels held by one subject cross a
parcel and only one right is established for the two tunnels. All 3D right-objects belonging to one physical object can be
found since they refer to the same 3D physical object. The factual ownership of a volume of space can be found by
tracing the subject(s) that has/have the right that is associated with the 3D right-object. The data model needs some
adjustment compared to the current cadastral model, but the principle of the 2D parcels as basic objects remains the
same. The registration of a 3D right-object will not take place if only one subject has the complete right on a parcel. For
the tunnel the registration of 3D right-objects will not take place, when the Ministry of Transport and Public Works
owns the intersecting parcel. This leads to 'gaps’ in the 3D registration. This is illustrated in figure 4 on the right.

Figure 4: 3D right-objects representing the 3D extent of rights established on 2D parcels for a railway tunnel owned by
the Ministry. Left: all the parcels are encumbered by right of superficies, new parcels are created for all intersecting
parcels. Right: Newly subdivided parcels are encumbered with a right of superficies (with 3D representation), other

newly subdivided parcels are now owned by the Ministry while other (complete) parcels owned by the Ministry are not

subdivided .

3.2 Legal space of object is registered

How to know the actual location of the tunnel and to avoid the 'gaps' in the registration? A solution is the registration of
the complete construction itself, as is shown for the railway tunnel in figure 5. This would be the most optimal solution
to register the legal space of the 3D physical object. The legal space is the space that is relevant for the cadastre
(bounding envelope of the object), which is usually larger than the physical extent of the object itself (for example
including a safety zone). Note that this solution does not introduce the possibility to register 3D physical objects as real-
estate objects. The cadastral registration of the legal status of real estate is still based on 2D parcels.




Figure 5: Registration of the legal space of the railway tunnel. The dashed line is the projection of the tunnel on the
surface. Note that the parcels are not divided into smaller parcels.

The UML class diagram of this registration is shown in figure 6. Apart from parcels (cadastral objects), the legal space
of 3D physical objects are also registered. The holder of the 3D physical object is a subject with a right on the
intersecting parcels established for the 3D physical object (factual ownership, which is not the same as the juridical
ownership). This can be right of superficies, but also complete ownership. In general the holder of a 3D physical object
is the person or organization who is responsible for the 3D physical object, and uses the object as if he were the owner.
Rights and limited rights are still registered on parcels. The only right that a person can get on a 3D physical object is
that he can become the holder of this object. Therefore, a 3D physical object is not a subset of cadastral objects: 3D
physical objects are maintained in addition to 2D parcels.

The juridical relationship between the legal space of the 3D object and the intersecting parcel(s) is stored implicitly,
because the holder of a 3D physical object is maintained. This is the same (non-natural) person who has a right on the
intersecting parcels. The solution of registering the legal space of 3D objects compensates many limitations of current
cadastral registration. The intersecting parcels still need a right referring to a 3D construction, but the parcels need not
to be divided into smaller parcels. The spatial relationships between parcels and the (legal space of the) 3D physical
object can be maintained with spatial functions in the DBMS.

Subject ‘has a rght on' or ‘halds" Fiegistration object|
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Figure 6: UML class diagram of 3D physical objects

4, 3D Cadastre implementation aspects
The term *3D cadastre’ can be interpreted in many ways ranging from a full 3D cadastre supporting volume parcels, to
traditional cadastres in which limited information is maintained on 3D situations. In our research we have distinguished
three different conceptual models for a 3D cadastre (with several alternatives):
- Full 3D cadastre (see section 2), in which persons can explicitly be entitled to volumes:
0 Alternative 1: combination of (traditional) infinite parcel columns and volume parcels
o0 Alternative 2: only parcels are supported that are bounded in three dimensions (volume parcels)
- Hybrid cadastre, in which persons are entitled to volumes by giving them rights on the intersecting parcels (see
section 3):
0 Alternative 1: registration of 2D parcels in all cases of real property registration and additional
registration of 3D legal space in the case of 3D property units within one parcel, using a bottom and
top height level of the space to which rights apply (see subsection 3.1)
0 Alternative 2: registration of 2D parcels in all cases of real property registration and additional
registration of the legal space of physical objects in 3D space (see subsections 3.2)
- 3D administrative tags/warnings linked to parcels in current cadastral registration (not discussed earlier, but
this is the current situation in many countries)



The last solution (3D administrative tags and warnings) has proven to be a good starting point (it is current practice in
many cadastral registrations). However a fundamental lack of this approach is that both spatial and non-spatial
information is not integrated in the cadastral registration: the 3D information is stored in separated files. The hybrid
approach has shown to be a good alternative for cadastres that are still very much land (surface) oriented, i.e. right to
real property can only be established by encumbering the intersecting surface parcels with limited rights and
restrictions. Therefore one basic principle is not addressed. Since the legal status is still registered by means of land
parcels, querying the legal status in 3D still means collecting information on the legal status of the intersecting surface
parcels.

Although parcels are traditionally represented in 2D, someone with a right to a parcel always has been entitled to a
space in 3D. This led to no disputes as long as only one person was entitled to a land parcel since the traditional
cadastre was capable of reflecting such property situations. However, in recent times stratified property is common
practice, and in many countries multifunctional use of space is official planning policy. Also the way humans relate to
land has changed drastically (value of private property has increased considerably). Today’s cadastral registration
should therefore reflect the true principle of property rights that entitle persons to volumes and not to just areas. The
ultimate ambition for 3D cadastral registration should be a full 3D cadastre in which it is possible to entitle persons both
to unconstrained parcel columns that are defined by boundaries on the surface and to bounded amounts of space
(volume parcels).

In a full 3D cadastre, 3D space (universe) is subdivided into volumes partitioning the 3D space. The legal basis, real
estate transaction protocols and the cadastral registration should support the establishment and conveyance of rights that
explicitly entitle persons to volumes (i.e. 3D rights). The 2D cadastral map does not lay down any restrictions on 3D
rights: 3D rights are not related to the surface configuration (as is the case in the two other conceptual models of a 3D
cadastre). Real estate objects can be defined in 3D. Rights and restrictions can be related to volumes. Relationships
between two volume parcels may be necessary to take care of for example the accessibility of a volume parcels which is
not directly connected to the surface. In subsection 4.1 the two alternatives for a full 3D Cadastre a compared and it is
concluded that alternative 1 (combination of infinite parcels columns and volume parcels) is the best solution. Next
subsection 4.2 discusses a model for integrated storage the surface parcels and the surface height (based on a refined
constrained TIN structure). The model for representing the volume parcels (based on a polyhedron data type) is
discussed in subsection 4.3. Finally, this section is concluded with a case study in which the different parts of the
solution are used: surface parcels and volume parcels (subsection 4.4).

4.1 Full 3D Cadastre alternatives
In the full 3D cadastre, alternative 2, the only real estate object that is recognised by the cadastre is a volume parcel
(bounded in all dimensions). These volume parcels form a complete partition of the domain in 3D space. In this solution
it is no longer possible to entitle persons to infinite parcel columns, defined by surface parcel boundaries, but only to
well-defined (and totally bounded), surveyed volumes. In this alternative cadastral registration of the whole country is
converted into 3D. The question can be posed if a full 3D cadastre that only supports volume parcels is realistic for
cadastral registrations that have a long history and already contain a lot of information that is related to 2D parcels
which still suffice in many cases. It requires a total renewal of the cadastre, also in 2D situations: traditional 2D
situations (parcels with no other owners in the 3D column) also need to be changed. Therefore, in our research we
focused on the more realistic alternative of a full 3D cadastre, which combines volume parcels with parcels that are
defined by parcel boundaries on the surface (but which correspond to the infinite parcel columns in 3D space).
The full 3D cadastre that combines parcels defined on the surface (corresponding to infinite 3D parcel columns) and
volume parcels starts with the currently registered parcels (that still suffice in many 2D situations). In addition to the
infinite parcel columns, volume parcels are distinguished.
Part of the UML class diagram of this solution was already shown in figure 2. The collection of the 2.5D surfaces of
parcels (parcels draped over a height surface) explicitly covers the whole surface (without overlaps and gaps), that is, a
complete surface partition. This is further examined in subsection 4.2. This is a very important concept in cadastral
registration in order to avoid inconsistencies. A Parcel implies the whole 3D column above and below the surface or
what is left after volume parcels have been subtracted from the parcel column. The geometry of the VolumeParcel
defines a bounded space in 3D (and the possible realisation of this is discussed in subsection 4.3). Consequently a
complete space partition is defined by the (infinite) Parcel columns and the VolumeParcels. One VolumeParcel can be
established crossing several parcels and several volume parcels can be established above or below one parcel. Important
constraints for the full 3D cadastre are:

1. projection of Parcels that are defined on the surface should form a full partition of the 2.5D earth surface;

2. VolumeParcels may not intersect other VolumeParcels (in 3D).

To be able to register the Parcels and VVolumeParcels in the cadastral registration, all real estate objects must have a
survey document, which should make clear to what space the real estate object refers. The 3D information in these
survey documents can then be integrated in the cadastral geographical data set, which will be a mix of 2.5D objects
(surface parcels and restriction areas) and 3D objects.



4.2 Elevation model based surface Parcels

In the 3D cadastre research the conceptual models of a 3D cadastre, as described in section 2, are translated into
prototype implementations. Therefore the required technology has been studied and, if necessary, existing technology
has been extended with self-implemented extensions (Stoter, 2004). The DBMS is considered as the core in the
prototype architecture, since DBMS is the fundamental part in the new generation GIS architecture. In this section we
focus on the first technical aspect of the proposed full 3D cadastral model when combining the volume parcels with
elevation model based surface parcels: the 2D parcels need to be represented in 2.5D, draped over a height surface. In
section 4 another important technical aspect of our model is discussed: how true 3D volume objects can be represented
in the DBMS.

For the surface parcels (2.5D representations), we studied the most appropriate data structure. TINs (Triangular
Irregular Network) have proven to be a suitable structure for representing height surfaces. Therefore we focused our
research on representing the height surface of parcels in a TIN structure. For this research four different types of TINs
were generated, all representing surface height models based on point heights obtained from laser altimetry, and of
which the last three also include 2D parcels. In all cases the data is stored in one single DBMS. In the future a
distributed DBMS structure may be possible within the Geo-Information Infrastructure (GllI). An integrated view, based
on two different databases (as the different data sets are maintained by different organisations in different databases)
may be feasible from the technical perspective.

There is a close relationship between Digital Elevation Models (DEMs, 2.5D), based on for example raw laser-altimetry
point data, and the topographic objects or features embedded in the terrain. 2D objects, from another independent
source, such as a cadastral or topographic map, can explicitly be incorporated as part of the TIN structure, which is
representing a height surface (Lenk, 2001; Stoter and Gorte, 2003). In this case the TIN structure is based on both 2D
objects and point heights. The data structure of the surface partition of 2D objects is embedded within the TIN. Within
this data structure, the 2D objects are identifiable in the TIN and are obtainable from the TIN, as a selection of triangles
which yield 2.5D surfaces of individual 2D objects. This is the topic of this research. For the study described here, the
following two data sets have been used (see figure 7): laser height data and (2D) cadastral parcel. A number of different
triangulation methods are tested as basis for the TIN of the integrated height/parcel model: Unconstrained TIN,
Constrained TIN, Conforming TIN, and Refined constrained TIN (Stoter et al., 2004). After some analyses, the most
promising solution, the refined constrained TIN, was selected.




Figure 7: Data sets used in this research; top: elevation (dark = low, light = high), middle: cadastral parcels, bottom:
integrated 2D surface parcels and height points in a conforming TIN (note: observation point from other side)

4.3 Volume objects

In the previous subsection it was described how to derive and store elevation model based surface parcels. In this
subsection it is described how the second main element of our conceptual model, true 3D volume objects can be
supported, including validation and spatial functions in 3D, in a DBMS. The present Geo-DBMSs do not support 3D
primitives. The absence of a real 3D volume primitive in the Geo-DBMSs, however, creates major problems. Geo-
DBMSs do not recognise 3D spatial volume objects, because they do not have a 3D volume primitive to model them.
This results in DBMS functions that do not work properly (e.g. there is no validation for the 3D volume object as a
whole and functions only work when these objects are projected, because the third dimension is ignored). In our
research we implemented a polyhedron data type in the DBMS (Stoter and Van Oosterom, 2002; Arens et al., 2003) as
an extension to the geometry model of Oracle Spatial (Oracle, 2002). The (2D) geometry model of Oracle is (more or
less) similar to the OGC (ISO TC211) model. The polyhedron is the equivalent of a polygon, but in 3D. It is made up of
several flat faces that enclose a volume. An advantage is that one polyhedron equals one factual object. A polyhedron
has exactly one exterior boundary (set of faces). For every internal ‘cavity’ (hollow) the polyhedron has also exactly
one interior boundary. In total a polyhedron has therefore one ore more boundaries (shells). Because a polyhedron can
have holes in the exterior and interior boundary (set of faces), it can model many types of objects.

The 3D primitive was implemented in a geometrical model with internal topology. The polyhedron was realised by
storing the vertices explicitly as (X,y,z) and describing the arrangement of these vertices in the faces of the polyhedron.
This yielded a hierarchical boundary representation (Aguilera, 2001; Zlatanova, 2000). Note that edges were not stored
explicitly in this model. Managing topological structures between objects (e.g. sharing common faces) is not within the
scope of the polyhedron primitive. However, internal topology within one object was maintained since the vertices for
one object would be stored only once: faces were defined by internal references to nodes and nodes were shared by
faces. The implementation details and examples can be found in (Arens et al., 2003). The SQL ‘INSERT INTO’
command is used to insert a polyhedron (cube) in the table (see Figure 8), which show the syntax when encoding a
polyhedron primitive:

INSERT INTO polyhedron_table (id, geometry)

VALUES (1, -- 1d of object
mdsys.sdo_geometry (3002, -- geometry type: 3D line (polyhedron faked for spatial index)
NULL, NULL,
mdsys.sdo_elem_info_array( -- array with triplets:
- starting offset, element type, interpretation code
1,2,1, -- First triplet is line for spatial indexing, next six faces

25,0,1006, 29,0,1006, 33,0,1006, 37,0,1006, 41,0,1006, 45,0,1006),
mdsys.sdo_ordinate_array(

1,1,0, 1,3,0, 3,§,0, 3,1,0, -- coordinates of the nodes 1-4
1,1,2, 1,3,2, 3,3,2, 3,1,2 -- coordinates of the nodes 5-8
1,2,3,4, 8,7,6,5, 1,4,8,5, -- bottom, top, front face (node references)
2,6,7,3, 1,5,6,2, 4,3,7,8) -- back, left, right face (node references)
):
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Figure 8: Polyhedron (cube) defined by its six faces

It is important that the spatial data be checked when it is inserted or changed in the DBMS. Checking the geometry of
the spatial objects is called validation. Validation is necessary to ensure that the objects can be correctly manipulated,
e.g. it is impossible to compute the volume of a cube when the top face is omitted; this would merely be an open box.
Validating may seem fairly easy to humans, but a computer needs a large set of rules to check spatial data. Validation of
the values of a data type (such as the polyhedron) is lowest, most fundamental, level of a spatial integrity constraint in
the DBMS. To allow for checking the spatial data, it is important to give an accurate definition of the 3D primitive. A
polyhedron is a bounded subset of 3D coordinate space, which is enclosed by a finite set of flat polygons in such a way
that each edge of a polygon is shared by exactly one other polygon (Aguilera, 2001). A valid polyhedron bounds a
single volume, which means that from every point (also on the boundary), every other point (also on the boundary) can
be reached via the interior.

The implemented validation function and some of the 3D functions have a tolerance value as input parameter. For
example, the flat faces of a polyhedron are flat surfaces within a certain tolerance, as the points that make up the
polygon can be slightly outside the flat plane, because of the geodetic measuring methods (Stoter and Salzmann, 2003;
Stoter and Van Oosterom, 2002; Teunissen and Van Oosterom, 1988) and the finite representation of coordinates in a
digital computer. To solve this problem a close-to-zero tolerance value was introduced. It is important that this value is
not zero, as this would introduce errors in the functions if there were any deviations in floating point computations. It
should not be too large either; otherwise invalid objects would be accepted as valid. A good value for the tolerance is
the standard deviation of the geodetic measurements.

The standard functions in most current Geo-DBMSs (including Oracle Spatial), ignore the third dimension, that is the
3D spatial objects are projected onto 2D coordinate space. For example, the area of a face that is standing up (vertical
face) is zero, because its 2D projection is a line. To offer realistic functionality, some of the most common functions
were implemented in 3D (for OD up to 3D primitives):

Unary function/program to insert data: Creating data from 3D multi-polygons and VRML.

Binary functions that return a Boolean: Point-in-polyhedron and intersection tests.

Unary functions that return a scalar: Area, perimeter and volume.

Binary functions that return a scalar: Distance between centroids.

Unary functions that return a simple geometry: Bounding box, centroid, 2D footprint and transformation
functions.

e Binary functions that return a simple geometry: Line segment representing the distance between centroids.

4.4 Example from Queensland, Australia

In order to evaluate the developed model and concepts a case study with real data has been conducted. The cadastral
registration in Queensland is used here to illustrate in more detail the characteristics of a land registration that is already
able to define parcels with a bounded volume. Queensland was selected from the other countries because for a number
of years it already has detailed regulations for 3D survey plans and many examples are available from the Public
Register (and it also has a complete digital 2D cadastral map). 3D cadastral issues in Queensland have been studied in
collaboration with the Queensland Government, Department of Natural Resources, Mines and Energy (NRME).
Volumetric parcels in the registration of Queensland, Autralia. According to the Land Title Act of Queensland
(Queensland, 2003), a standard parcel (defined in 2D, but implying the 3D column) is a lot (or a collection of lots)
which are unlimited in height and depth. Apart from these 'unrestricted' parcels, also Volumetric parcels are possible
since 1997: parcels that are fully limited by bounding surfaces and are therefore independent of the 2D boundaries of
the surface parcels. A case study from practice will be used to illustrate the establishment of volumetric parcels in
Queensland: the establishment of 3D property units for the Gabba Cricket stadium in Brisbane. This stadium overlaps
two streets: Vulture Street in the north and Stanley Street in the south (see figure 9).
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Figure 9: Overview of Gabba Stadium overhanging Stanley Street in the south and Vulture Street in the north,
Brisbane, Australia.

The 3D geometries can be incorporated in a cadastral geographical dataset that contains surface parcels represented in
2.5D in order to get a 3D overview of the complete situation. For this purpose a conforming TIN (Triangular Irregular
Network) was generated that incorporated the surface partition of the cadastral base map (see section 3). The result is
shown in figure 10.

Figure 10: Visualisation of 3D geometries of volumetric parcels together with the 2.5D cadastral base map.

5. Conclusion
A core cadastral data model should serve at least two purposes:

1. Enable effective and efficient implementation of flexible (and generic) cadastral information systems based on

a model driven architecture (as argued in this paper), and

2. Provide the ‘common ground’ for data exchange between different systems in the cadastral domain.
The later one is a very important motivator to develop a core cadastral data model, which could be used in an
international context; e.g. the EULIS project and the OGC (ISO TC211) activities such as ‘Property and Land
Information Initiative’. It has always been the intention of the FIG core cadastral domain model (CCDM) to be
compliant with both OGC and 1SO TC211 standards (including the geometry and topology). In order to adhere to the
ISO standard a model has to adhere to certain modelling rules (1SO19109) and the spatial types as defined in (ISO
19107) have to be used. Other relevant parts of the standard are about temporal modelling and geodetic coding. One of
the advantages of modelling in UML is that it gives the possibility to generate an exchange format for the data in a
standardised way. The GML3 standard (ISO 19136) describes how to translate an UML model to an GML Applications
Schema (Portele, 2004). The foundation of the new CCDM is a 3D spatio-temporal parcel (actually four dimensions)
with possible fuzzy boundaries. This does not mean that every cadastral system should have four dimensional fuzzy



parcels, but the model gives the overall framework. The actual systems are in a certain sense ’special cases’ of this
general model; a number of examples of systems fitting in the CCDM:
e atraditional 2D parcel based system (with exact boundaries)
e the system extended with 3D VVolumeProperties
e a 2D system but with temporal rights, actually the RealEstateObjects do have fixed geometry, but the right,
restrictions or responsibilities do change over time (could be in according to some kind of repeating pattern).
e a 2D system with well defined parcels, but extended (in certain areas) with more fuzzy types of parcels
(SpagettiParcels and PointParcels)
The new version of the model is intended to be a kind of interoperable implementation specification version of Cadastre
2014 (which is at a more abstract level). Being at an implementation level, it will guarantee that different systems
adhering to this specification of the CCDM will be interoperable. This paper focused on modelling the 3D aspect of a
Cadastral registration and the most prosing model (full 3D cadastre based on infinite parcel columns and volume
parcels) was further investigated. The full 3D cadastre offers many improvements compared to traditional cadastral
registrations:
e The real situation is no longer projected on the surface, i.e. volumetric parcels are not dominated by the parcel
pattern on the surface.
e Persons can be entitled to space in a transparent way instead of establishing property rights on intersecting
parcels to establish the legal status above and below the surface.
e The space is precisely described in a 3D survey document, which offers a uniform way of defining 3D
property units.
The full 3D cadastre also offers improvements in countries and states that already establish 3D property units unrelated
to the surface:
e The information from the 3D survey document can be used to insert the volume parcels in a topological
structure and in geometrical primitives in the DBMS.
e The volume parcels can be viewed interactively.
e The geometry of volume parcels can be checked, e.g. are the faces planar, is the volume closed, are there no
self-intersections?
e The 3D situation can be (spatially) queried in the DBMS (e.g. do volume parcels intersect?).
e The volume parcels can be visualised in an integrated view with a 2.5D representation of the parcels that are
defined by parcel boundaries on the surface.
e The volume parcels and the 2.5D surface parcels can be queried in the DBMS, e.g. is the volume parcel
located above or below the surface, or does it intersect the surface?
In this article we presented the 3D cadastre model that showed the best potential for the long-term future based on the
requirements for cadastral registration: a full 3D cadastre that supports both infinite parcel columns defined by 2D
surface parcels and volume parcels. The advantage of this model is that it has a strong link to the current 2D registration
(parcels represented with parcel boundaries are still supported) while it also is possible to establish volume parcels
which are no longer related to the surface. For the representation of parcels in this model, a height surface of parcels is
needed. The integrated model of parcels and point heights was also described in this article. Several TINs were created
and evaluated. The refined constrained TIN showed the best potential. In the future the representation of the integrated
TIN should be implemented as an integrated view (in the DBMS sense) on the two data sets maintained as independent
and distributed sources and not as a physical permanent integration. The second technological development was the
selection, design and realisation of a 3D volume primitive within the geo-DBMS, a polyhedron data type, which is used
to represent the (completely bounded) volume parcel.
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