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ABSTRACT:

Spatial databases are a key component of 3D applications that require the storage, management, and manipulation of 3D objects.
Topological information that describes the containment, adjacency, and connectivity of objects within a 3D space is crucial for
complex spatial analysis. The need to maintain optimal storage and computation within spatial databases recommends the use of
lightweight approaches such as topology rules and models. However, current spatial databases use 2D topology mechanisms and
limited 3D topology functions. This study conducted experiments on existing topology rules and models within ArcGIS and Oracle
spatial database. Additional 3D topology rules were also implemented to determine topological relationships between 3D objects
stored in Oracle. The 3D topology rules were based on a 36-Intersection Model (361M) that describes intersections between objects
from OD to 3D. Based on the experiments, the 2D geodatabase topology rules within ArcGIS were able to determine topological
relationships between the objects stored as 2D multi-surfaces datatype. The 2D topology rules and the topology model within Oracle
were also unable to support topological relationships between 3D objects. The addition of 36IM topology rules could determine
topological relationships and describe the dimensions of intersections. Evidently, the support for 3D topology within spatial
databases depends on the availability of 3D datatypes. Most databases that support 3D datatypes have limited support for 3D
topology, whereby existing topology mechanisms require the decomposition of 3D objects. The use of 3D topology rules supports

the maintenance of topological information without breaking down 3D objects into lower dimension components.

1. INTRODUCTION

The use of 3D applications as a more accurate representation of
the real world has necessitated spatial databases to be able to
store and manage 3D data. In terms of geometries, 3D datatypes
have been implemented to support solids, multi-surfaces and
lines in 3D space. Topology which describes the relatedness of
objects within a space is also important to provide containment,
adjacency, and connectivity information. Topological
relationships are a simple representation of topology that
describes interactions between objects. Without topology to
give meaning to it, 3D objects remain as a graphical output
(Ujang et al., 2019). Therefore, topology is an accompaniment
to object geometry (Barzegar et al., 2020). Topological
information can be used in various 3D modelling, 3D analysis,
and semantic feature extraction applications. A common
problem faced in these applications is reconstructing topology
or retrieving topological relationships.

Using topological relationships, various applications can benefit
from enhanced capabilities. For example, in heritage house
maintenance, the application of 3D city models with domain
extension approaches enables better preservation and
management (Mohd et al., 2017). Similarly, the development of
a virtual 3D campus for a university, such as Universiti
Teknologi Malaysia (UTM), utilises topological information to
create an immersive and interactive environment (Salleh et al.,
2021). These examples demonstrate the practical applications
and value of incorporating topology into 3D applications.

In the context of spatial databases, topological information is
maintained using a topology model or topology rules. A
topology model is a schema that represents how the topological
properties and relationships of objects are preserved (Ghawana
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and Zlatanova, 2012). These models broadly define the
topological properties of an object without the actual physical
structure of the definition (Ohori, 2015). On the other hand,
topology rules are a set of rules that define valid topological
interactions between objects or topological relationships. The
implementation of topology rules provides topological
connectivity information without the complexities of a
topological data structure (Martinez-Llario et al., 2017). Both
approaches are often implemented due to their lightweight
nature and the fact that they require minimal storage.

This paper studied the use of topology models and topology
rules for 3D objects within a spatial database. Parallel to the
capabilities of spatial databases to handle 3D objects,
topological representation of 3D objects should also be able to
maintain adjacency, connectivity, and containment information.
Both topology model and topology rules were tested on 3D
objects stored within desktop GIS and RDBMS spatial database
using existing and additional topology mechanisms. The
following section presents related studies that implement
additional support or extensions for topology within spatial
databases. Next, Section 3 explains the methodology for this
study, which includes experimentation of existing topology
mechanisms and an additional implementation of 3D topology
rules. The results and discussions are presented in Section 4.
Finally, the conclusion is presented in Section 5.

2. RELATED STUDIES

Topology has long been utilised in applications and spatial
analysis that requires connectivity information. Availability of
3D data and spatial database capabilities in handling 3D data
have also made it possible to facilitate 3D applications. For
instance, fast-paced development necessitates efficient
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management of 3D building complexes that consists of multiple
uses or ownerships. In addition to the 3D representation and
storage of 3D objects or parcels, the complex relationships
between objects can be described as legal spaces whereby each
space adheres to rights, restrictions, and responsibilities.

Several studies have investigated and proposed topology models
to comprehensively represent the 3D object with its 3D
relationships. Barzegar et al. (2020) implemented a spatial
query algorithm to identify horizontal and vertical boundaries
between 3D parcels in a 3D BIM model based on 3D
topological relationships. This includes legal boundaries of a 3D
parcel which consists of interior, exterior and median boundary.
Likewise, 3D volumetric parcels for cadastral applications
undergoing subdivision processes can also use directional
operators to determine topological relationships between faces.
The intersection face which subdivides the 3D parcels is
determined using directional operators that describe topological
relationships of the object components (Jaljolie et al., 2021). An
example of the identified boundaries for a 3D parcel based on
the algorithm is shown in Figure 1.

Interior

Median boundary boundaries

Other boundary

Figure 1. Identification of 3D parcel boundaries based on 3D
topological relationships in horizontal and vertical direction
(Barzegar et al., 2020)

Similarly, a topological model was developed in a study by Li
et al. (2016) to determine topological relationships between 3D
objects in CityGML which can be applied for objects in any
level-of-detail (LoD). These models act as an extension of city
modelling, BIM or LADM-based data models to provide
topological support for 3D objects. On the other hand,
topological data structures have also been developed and
implemented to maintain topological properties for 3D objects
stored within a spatial database. Ujang et al. (2019) developed a
complex abstract cell complexes (CACC) topological data
structure that can be used to preserve connectivity between 3D
objects based on the topological primitives. An example of 3D
object traversal using the CACC topological data structure is
depicted in Figure 2.

Room B

Room A

Figure 2. Navigation of 3D objects using the CACC topological
data structure (Ujang et al., 2019).

Currently, 2D topology is fully supported in spatial databases,
however, the support for 3D topology remains limited. Most
spatial databases implement a set of 2D topology rules that are
based on the Dimensionally Extended Nine Intersection Model
(DE-9IM) which results in 2D topological relationships such as
“meets”, “disjoint”, “overlaps”, “contains” and “within”. A
more comprehensive set of 2D topology rules such as the 32
ArcGIS geodatabase topology rules describe valid interactions
between 2D areas, 1D lines, and OD points as shown in Figure
3.

ArcGIS Geodatabase Topology Rules
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Figure 3. ArcGIS Geodatabase Topology Rules for 0D to 2D
objects (ESRI, 2010).

In an effort to provide 3D topological support, extensive
research has been conducted to develop custom extensions for
handling 3D objects within spatial databases. Directional
operators show direction vectors from one vertex to another. In
terms of topology, directional operators can preserve positional
information of objects in relation to each other (Deeken et al.,
2018). Figure 4 depicts how this information was used as a
semantic mapping framework (SEMAP) for PostgreSQL to
support robotic applications where the positions of 3D objects
in an indoor environment are detrimental to navigation (Deeken
etal., 2018).
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Figure 4. Spatial relationships of objects within 3D scene (Deeken et al., 2018).

External topology engines were also developed as additional
support for spatial databases. For example, the Jaspa topology
engine was developed for the validation of datasets based on the
DE-9IM topology rules (Martinez-Llario et al., 2017).
Similarly, a Spatial Query Engine for Incomplete Information
(I-SQE) was developed as a spatial reasoning approach to
determine topological relationships in facilitating efficient
spatial queries from incomplete spatial information (Cuzzocrea
etal., 2011).

3. METHODOLOGY

Two types of spatial database were investigated consisting of a
desktop GIS software and an RDBMS or Relational Database
Management System. Based on previous studies (Salleh et al.,
2021; Xu and Zlatanova, 2013), ArcGIS (ArcScene) and Oracle
RDBMS had datatype capabilities to determine topological
relationships between 3D objects. An experiment was carried
out between two 3D objects that have a “meet (touches)”
topological relationship using the topology functions and
operators within the spatial database. The 3D objects with
“meets (touches)” topological relationships used as test data is
illustrated in Figure 5.

Figure 5. 3D objects that “meets (touches)”.

3.1 Existing Spatial Database Topology Experimentation

In order to determine topological relationships in ArcGIS, the
“Select by Location” tool which consists of various spatial
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operators based on the ArcGIS Geodatabase Topology Rules.
Similarly, the 9IM was also utilised as topology rules within the
Oracle RDBMS “SDO_Relate” utility. Besides that, a topology
model can also be used in Oracle RDBMS which creates a
topology table based on the geometries of objects stored in the
database tables. The topology is built using topological
primitives such as nodes, edges, and faces. The nodes are
connected to form edges and in turn edges are connected to
form faces.

[ staRT )
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Input |D for 3D object Aand B
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3.2 36IM Topology Rules Experimentation

Another approach demonstrated is the implementation of 3D
topology rules in the Oracle RDBMS as a separate PL/SQL
script based on a 36-intersection model (361M). Intersections
between objects were tested from OD intersections to 3D
intersections whereby only the highest intersection dimension
was preserved in the intersection matrix. The flowchart for the
361M topology rules implementation is shown in Figure 6.
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Figure 6. Flowchart of 361M topology rules implementation.

The resulting intersection matrix describes nine intersections
between 3D objects that are interior-to-interior, interior-to-
boundary, interior-to-exterior, boundary-to-interior, boundary-
to-boundary, boundary-to-exterior, exterior-to-interior, exterior-
to-boundary, and exterior-to-exterior. The possible dimension of
intersections for 3D objects based on the 36IM are described in
Table 1.

Table 1. Possible dimension of intersections between 3D
objects based on 361M.

Object B
Interior B Boundary B Exterior B
Object A
Interior A 3D 2D 3D
Boundary A 2D 0D, 1D, 2D 2D
Exterior A 3D 2D *(non-empty)

4. RESULTS AND DISCUSSION

The existing topological mechanisms and implementation of 3D
topology rules were tested on two 3D objects with a “meets
(touches)” topological relationship.

4.1 Existing Spatial Database Topology Results

The Geodatabase Topology Rules within ArcGIS were able to
determine topological relationships between objects as shown in
Figure 7.
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Figure 7. ArcGIS results using “touch” spatial operator.

Although it is a set of 2D topology rules, ArcGIS could
determine topological relationships between objects as a result
of storing 3D objects as a “MultiPatch” feature composed of 2D
surfaces. An example of the decomposition from 3D object to
“MultiPatch” feature is shown in Figure 8. Consequently, the
topological information appears to be in 3D, but is limited to 2D
topological connectivity. Nonetheless, it is still a practical
method to determine topological relationships between 3D
objects.

Figure 8. 3D object decomposition into “MultiPatch” feature.

The topology model within Oracle RDBMS was also unable to
build a topology from 3D solid geometry objects, as shown in
Figure 9.
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Figure 9. Geometry type error in the build topology within
Oracle.

This is due to the topology model being limited to edges that
construct faces and the absence of a 3D solid topological
primitive. Therefore, the 3D solid geometries could not be
decomposed to populate the topology table with connected
nodes, edges, and faces. Besides that, the objects tested had to
be stored in different tables in order to successfully build the
topology network. This hinders topology checks or relationships
between objects within a table; for example, a table containing
3D sub-units of a high-rise building.

On the other hand, the 9IM topology rules within Oracle
RDBMS was also found to be incapable of supporting
topological relationships between 3D objects, as shown in
Figure 10.

SELECT SDO_GEOM.RELATE (GEOM1_EXT, 'DETERMINE', GEOM2_EXT) RELATIONSHIF
FROM CUBE3D C
WHERE SDC GECM.RELATE (GECML EXT, '"ANYINIERACT', GEOM2 EXT) = 'TRUE' AND C.ID = 351!

INTO RELAIE_ID

END;

This MASK is Not Supported for 3D

Figure 10. Oracle 9IM topology rule error in handling 3D
objects.

4.2 361M Topology Rules Results
The implementation of 3D topology rules in Oracle RDBMS

was found to be able to determine the topological relationships
between 3D objects, as shown in Figure 11.
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Figure 11. 36IM topology rules implementation in Oracle
results.

Based on the intersection matrix in Figure 11, the significant
intersections for a “meets (touches)” topological relationship
between 3D objects is that there are no intersections (-1) for
interior-to-interior (1), interior-to-boundary (IB), and boundary-
to-interior (BI). Apart from that, the intersection for boundary-
to-boundary (BB) can be of value 0, 1, or 2. Therefore, the
intersections between each dimension of geometries within the
3D object could be tested without decomposition of the 3D
object into lower dimension geometries. This in turn preserves
connectivity information between the 3D objects and yields
accurate 3D topological relationship results.

5. CONCLUSION

Storage and query runtime are expensive in the usage of spatial
databases in storing 3D data as well as executing spatial
analysis. In terms of topological information, topological
relationships are the simplest ways to describe the connectivity
between objects. In this paper, existing topology rules and
topology model within ArcGIS and Oracle spatial database were
tested for topological relationships between 3D objects. The 3D
objects are stored as multi-surface objects in ArcGIS which can
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visualise the objects as 3D but remain a 2D datatype. This
allows the existing 2D topology rules to determine the
topological relationships between the objects. However, the
topological relationships remain in 2D, which does not maintain
3D intersections.

On the other hand, 3D objects stored in Oracle as a 3D datatype
could not utilise existing 2D topology rules and topological
models. An additional implementation of 3D topology rules was
also tested within Oracle based on 361M. The 3D topology rules
could support 3D datatypes by determining 3D topological
relationships that describe intersections from 0D to 3D without
any object decomposition. In conclusion, the simplest and most
effective way to maintain topological information is to use 3D
topology rules whereby the topological relationships to be
determined  without requiring additional storage. The
topological relationships can also be determined without any
object decomposition, which safeguards the integrity of the 3D
object, reduces query runtime, and accurately represents 3D
connectivity between objects.

These findings highlight the dependence of 3D topology
support on the availability of appropriate 3D datatypes within
spatial databases. Most databases that support 3D datatypes
currently have limited support for 3D topology, often requiring
the decomposition of 3D objects and a new way of data
acquisition (Azri et al., 2018; Azri et al., 2020; Hairuddin et al.,
2019). The use of 3D topology rules presents a promising
approach for maintaining topological information while
avoiding the breakdown of 3D objects into lower-dimensional
components.
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