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ABSTRACT: 

The storage of spatial data that consists of spatial and non-spatial properties requires a database management system that possesses 

spatial functions that can cater to the spatial characteristics of data. These characteristics include the geometrical shape, topological 

and positional information. Parallel to how geometries describe the shape of an object, topological information is also an important 

spatial property which describes how the geometries in a space are related to each other. This information describes the connectivity, 

containment and adjacencies of spatial objects which are the foundation for more complex analysis such as navigation, data 

reconstruction, spatial queries and others. However, the topological support provided by spatial databases varies. This paper provided 

an overview on the current implementations of topological support in spatial databases such as ArcGIS, QGIS, PostgreSQL and others. 

The native topology in most spatial databases was found to be 2D topology maintained by 2D topology rules with limited representation 

of 3D topological relationships. Consequently, 3D objects represented by 2D topology had to be decomposed into objects of lower 

dimensions. Approaches to implement additional topological support for spatial databases included the use of topological data models, 

data structures, operators, and rules. 3D applications such as 3D cadastre required more detailed representations of topological 

information which required a more comprehensive 3D topological data model. Nonetheless, comprehensive preservation of topological 

information also mandates voluminous storage and higher computational efficiency. Thus, the appropriate 3D topological support 

should be provided in spatial databases to accurately represent 3D objects and meet 3D analysis requirements. 

1. INTRODUCTION

Modelling spatial objects in three-dimensional (3D) environment 

has now become common. With the existence of 3D data 

acquisition technology that can be used at the end-user level (i.e., 

LiDAR), 3D data has become accessible, and it simplifies the 

process of modeling 3D objects. Currently, the use of 3D spatial 

objects is used in various applications such as environmental 

modeling (Ledoux, 2008; Ujang et al., 2018), GIS-based 

Building Information Modeling (Atazadeh et al., 2017; Döllner 

and Hagedorn, 2007; Wan Abdul Basir et al., 2017; al., 2018) and 

3D city modeling (Biljecki et al., 2017; Jovanović et al., 2020; 

Salleh et al., 2021). Even so, there are still various issues as the 

3D integration of objects between various fields sometimes 

require further assessments. 

An object which has a location that ties it to the space is referred 

to as spatial data. Real-world processes can be understood by 

acquiring information from the analysis of spatial data. Analysis 

often requires large volumes of spatial data. Therefore, spatial 

databases are specifically used to store, manage and edit data 

with spatial properties (Winstanley and Mooney, 2020). 

However, spatial data also has non-spatial attributes that 

describes other properties of an object. A spatial database which 

consists of a standard database management system and a spatial 

subsystem is capable to handle spatial and non-spatial attributes 

as well as perform spatial functions (Mella et al., 2019). A well-

functioning spatial database is required to handle data storage, 

data management, spatial data model support, spatial queries 

support and spatial indexing (Yue and Tan, 2018). 

A spatial subsystem is responsible for spatial data management 

and spatial functions such as spatial data model support, query 

language for spatial queries and spatial indexing. The manner in 

which spatial data is constructed and functions is determined by 

a schema defined by a spatial data model (Howari and Ghrefat, 

2021). A query language is another function of the spatial 

subsystem that allows the creation of instances, data editing and 

spatial queries. The Structured Query Language (SQL) is a well-

known query language used to access the spatial database and 

execute queries. In order to access spatial objects, the spatial data 

are indexed to ensure efficient query processes. The spatial 

indexing function determines the specific order and arrangement 

of data which can be in terms of location, geometry, attributes or 

relationships of the spatial data.  

As spatial objects have a location or position, the object is 

considered to reside in a topological space. Topology is defined 

as the study of topological transformations and the properties that 

remain unchanged by changes to the space (Worboys and 

Duckham, 2004).  In other words, topological properties of 

objects such as adjacencies, connectivity and containment remain 

unchanged (Ellul and Haklay, 2006; McDonnell and Kemp, 

1995). Similar to how geometric properties describe the shape of 

an object, topological properties are also crucial to describe how 

objects within a space are related. In terms of topology for spatial 

objects, topology can be described as intrinsic topology and 

extrinsic topology. Intrinsic topology refers to topological 

properties and connectivity within a single object while extrinsic 

topology refers to topological relationships between objects 

(Knoth, Atazadeh and Rajabifard, 2020). The uses of topology 

may differ between the two whereby intrinsic topology usually 

handles geometric or topological validation of an object while 

extrinsic topology addresses how objects are related. 

This paper attempts to provide an overview on the current 

topological support available for spatial databases and discusses 

the implementation of 3D topology for spatial databases. This 

paper is divided into four subsequent sections. Section 2 

addresses current maintenance of topology in spatial databases. 

Section 3 will present implementations of custom topological 

extensions for spatial databases. Next, Section 4 will put forth a 
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discussion on 3D topological support in spatial databases. 

Finally, this paper will be concluded in Section 5. 

  

2. CURRENT MAINTENANCE OF TOPOLOGY IN 

SPATIAL DATABASES 

A GIS or Geographic Information System is often the simple and 

go-to solution for storing spatial data. A desktop GIS can be 

defined as a stand-alone GIS software that consists of storage, 

analysis, display, retrieval and update of spatial data (Maguire, 

2008). A well-established desktop GIS is ESRI’s ArcGIS which 

implements topology rules to define topological relationships 

between spatial objects. The 32 ArcGIS geodatabase topology 

rules defines valid topological interactions between spatial 

objects from 0D vertices up to 2D polygons. For instance, 

polygons must not have gaps between them, lines must not self-

intersect, points must be disjoint and others. Figure 1 depicts the 

32 topology rules implemented in ArcGIS. 

 

 
Figure 1. ArcGIS geodatabase topology rules (ESRI, 2010). 

 

Another GIS software which is Quantum GIS (QGIS) also 

implemented topology rules based on topological rules to 

determine valid topological interactions for spatial objects of 

each dimension (QGIS, 2021). Spatial objects of each dimension 

has a pre-defined set of topological rules. The DE-9IM is also 

implemented in QGIS to determine topological relationships by 

examining the intersections between interiors, boundaries, and 

exteriors of spatial objects and the dimensionality of the 

intersection. The intersections are represented by -1 for empty or 

no intersection, 0 for intersection at 0D point, 1 for intersection 

at 1D line and 2 for a 2D polygon intersection. Figure 2 illustrates 

an example of “Overlaps” topological relationship between  2D 

regions based on the DE-9IM. 

 

  
 Interior (B) Boundary (B) Exterior (B) 
Interior (A) 2 1 2 

Boundary (A) 1 1 1 

Exterior (A) 2 1 2 

 

Figure 2. Example of “Overlaps” between 2D regions based on 

DE-9IM. 

 

Similarly, SuperMap utilises topology rules as definitions of how 

spatial objects interact. SuperMap implemented different sets of 

topology rules where 6 rules were defined for 0D points, 14 rules 

for 1D lines and 10 rules for 2D regions (SuperMap, 2017). An 

A 

B 𝐷𝐸9𝐼𝑀(𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑠) = [
𝑇 ∗ 𝑇
∗ ∗ ∗
𝑇 ∗ ∗

] 
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additional 5 topology rules also define topological interactions 

between spatial objects of different dimensions.  

 

A DBMS or database management system can also be used to 

store, manage, edit and update spatial data. In spatial databases, 

a DBMS is often assisted by spatial extensions to facilitate spatial 

data and spatial functions. PostgreSQL is an object-relational 

DBMS that can cater to spatial data with the inclusion of the 

PostGIS extension. The main language used to access the spatial 

database is SQL but PL/pgSQL, and C language can also be 

supported. A few topological rules were implemented in the 

extension which facilitated validation of geometries. The 

topological rules returned errors which describes invalid spatial 

objects. Similarly, Oracle DBMS can also support spatial data 

with the extension of object-relational Oracle Spatial. However, 

topology is handled by Oracle Spatial as a separate layer which 

explicitly represents topological primitives such as node, edge 

and face. The topology can be built based on topology data or 

spatial geometries. In building the topology layer, the topological 

primitives must adhere to specifications of valid geometries. 

Table 1 presents a summary for the topological component of 

spatial databases. 

 

Spatial Database 
Topology 

Model 

Number of Rules 

0D 1D 2D 3D 

Desktop 
GIS 

ArcGIS 
10.8 

ArcGIS 

Geodatabase 
Topology 

Rules 

6 16 11 - 

QGIS 3.16 
QGIS 

Topology 

Rules 

6 6 7 - 

SuperMap 

iDesktop 
8C 

SuperMap 

Topology 
Rules 

6 14 10 - 

DBMS 

PostgreSQL 

13 with 
PostGIS 3.2 

PostGIS 

Topology 
Rules 

0 8 5 - 

Oracle with 

Oracle 
Spatial 21c 

Oracle 

Topology 
Rules 

OGC Simple 

Features 
Specification 

8 

Table 1. Summary of topology for spatial databases. 

 

The storage of 3D geometries provides the basis of topological 

information whereby 3D objects are stored as MultiPatch features 

in ArcGIS or simple polyhedrons in DBMS such as PostgreSQL 

with PostGIS and Oracle Spatial. Therefore, no 3D topological 

primitives are explicitly stored and a limited number of 3D 

topology rules such as those provided by Oracle Spatial are 

available on-the-fly. Consequently, the limited 3D topology also 

limits the execution of 3D spatial queries and query performance 

(Solihin, Eastman and Lee, 2017).  

 

3. CUSTOM TOPOLOGICAL EXTENSIONS FOR 

SPATIAL DATABASES 

Topological information as a spatial property of objects have 

proven to be crucial in maintaining connectivity information and 

adjacencies between objects. Its importance can be seen in a 

variety of spatial applications. Among them such as its use in 

CityGML (Salleh and Ujang, 2018, 2019), 3D geoinformation 

(Thomsen et al., 2008), smart city applications (Azri et al., 2018, 

2019) and other computing applications (Keling et al., 2017; 

Löwner, 2013; Mohd et al., 2017). Topological relationships 

which describe how objects are connected is a simple yet 

powerful way to preserve topological information. Analyses 

based on graphs which represent the connectivity of elements 

also necessitates topological relationships between elements as a 

prerequisite (den Duijn, Agugiaro, and Zlatanova, 2018). 

However, the requirements of topological information depend on 

the needs of the application and spatial analyses.  

 

Several approaches have been developed as an extension which 

provides additional topological support for spatial databases. The 

management of 3D cadastral parcels required accurate 

representation of topological relationships specifically in 

determining parcel boundaries. A topological based algorithm 

was developed as additional topological support for 3D cadastral 

system to determine complex topological relationships between 

3D volumetric parcels or 3DVP (Jaljolie, Riekkinen and Dalyot, 

2021). The algorithm utilised directions of vertices to determine 

the topological relationship of the vertices in relation to other 3D 

objects (Jaljolie et al., 2021). The algorithm provided further 

representation for topological relationships between 3D complex 

objects including concave and hollow objects. Figure 1 illustrates 

a process of subdividing 3D parcels at a face using the 

topological algorithm.  

 

 
Figure 1. Topological-based approach of subdivision process of 

3DVP at a face (Jaljolie et al., 2021). 

 

Another study by Deeken, Wiemann and Hertzberg (2018) 

integrated a semantic mapping framework (SEMAP) in a 

PostGIS spatial database which implemented topological 

relationships to support navigation between 3D objects in an 

environment for robotic applications. The additional SEMAP 

integration includes 3D topological relationships such as 

containment for 3D objects as well as directional operators which 

describes objects in relation to other objects in terms of directions 

(Deeken et al., 2018). In robotic applications, topological 

relationships and directional operators facilitated exploration of 

an environment by preserving positional information of objects 

in relation to each other. 

 

A topology engine (Jaspa) was developed by Llario et al. (2017) 

in Java for spatial databases to validate complex geographic 

datasets based on topological rules. Jaspa implemented 

topological rules that define conditions for relationships between 

spatial layers to ensure valid geographic data. The topological 

rules are based on the DE-9IM which determines topological 

relationships between 2D spatial objects with an additional 

cluster tolerance parameter (Llario et al., 2017). A similar study 

by Cuzzocrea and Nucita (2011) developed a Spatial Query 

Engine for Incomplete Information (I-SQE) which is a spatial 

reasoning approach to determine topological relationships for 

spatial databases. The additional topological support was found 

to facilitate efficient spatial queries from incomplete spatial 

information (Cuzzocrea and Nucita, 2011). 

 

Additional topology developed in custom extensions varied 

according to user requirements. For instance, 3D cadastre 

systems which required 3D topological information implemented 

a 3DVP topological data model to determine topological 

relationships (Jaljolie et al., 2021). While some applications only 

require specific topological information such as containment and 

intersection, other applications may require more comprehensive 

topological representation defined by topological rules. Table 3 
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summarises the custom extensions developed for spatial 

databases to provide additional topological support. 

 

 

Custom 

Extension 
Spatial Database Native Topology Additional Topology 0D 1D 2D 3D 

3DVP 

(2021) 
• 3D Cadastre  

(Python-based) 
• N/A 

• 3D Topological Data Structure  

(8 topological relationships) 
√ √ √ √ 

SEMAP 

(2018) 
• PostgreSQL • DE-9IM 

• 3D Topological Operators  

(Containment & Intersection) 
√ √ √ √ 

Jaspa 

(2017) 

• PostgreSQL 

• Oracle 

• PostGIS 

Topology 

Rules 

• Topological Rules  

(67 rules) 
√ √ √ √ 

I-SQE 

(2011) 
• MySQL • N/A 

• Topological Composition 

Function (8 topological 

relationships) 

√ √ √ × 

Table 3. Custom topological extensions for spatial database. 

 

4. DISCUSSION ON 3D TOPOLOGICAL SUPPORT IN 

SPATIAL DATABASES 

In terms of data storage, complex objects stored in spatial 

databases are composed of geometries such as 0D points, 1D 

lines, 2D surfaces and 3D polyhedrons. However, topological 

support in spatial databases have been limited to only 2D 

topology or few topology rules for 3D objects. Therefore, it is 

sufficient for 2D topology rules to be used in spatial databases. 

However, the interpretation of topological relationships is limited 

to 2D and does not describe 3D topological interactions. This is 

supported by Ellul (2006) who found that analysis results will 

remain in 2D if the topology is in 2D. 3D objects must also be 

decomposed into lower dimension objects in order to adhere to 

the 2D topology rules. This is counter-productive to the 

capabilities of the spatial database in handling 3D objects.  

 

The previous section has put forth examples of topological 

extensions developed to provide additional topological support 

for spatial databases. The extensions were developed according 

to specific requirements of the application. The approaches to 

implement topology in a spatial database included the use of 3D 

topological data structure, topological operators or functions and 

topological rules. The implementation of topology in spatial 

database is also determinant on a number of factors such as 

analysis requirements, storage space, query efficiency and others. 

Topological support in the simplest form is the topological model 

or schema which is implemented by most commercial and open-

source spatial database. Similar to geometric specifications 

provided by Open Geospatial Consortium Simple Feature Access 

(OGC-SFA), a schema for topology can also be utilised by spatial 

database to represent the topological properties of objects. 

However, the implementation of the model can vary from a 

limited representation of “relates” between two objects up to a 

more detailed but hierarchical representation of topological 

relationships. Spatial operators that execute specific functions 

such as determining intersections or containment can also be 

implemented in maintaining topology. 

 

In attempting to maintain topological properties of objects as 

accurately as possible, a topological data structure can be 

implemented by spatial database to maintain topological 

properties. A topological data structure explicitly stores 

topological primitives and relationships (Ohori, 2015). However, 

due to its extensive and complex nature, topological data 

structures are often developed separate to the spatial database as 

it requires a lot of space. Nonetheless, the use of a topological 

data structure provides a comprehensive foundation for spatial 

analysis and can be extended up to higher dimensions of data. 

Currently, the middle ground of topological support in spatial 

database is the use of topological rules that define valid 

topological relations. The implementation of topological rules 

often covers basic relations to achieve the requirements of the 

spatial database and have limited expansion capabilities. 

However, more complex analysis will require implementing 

more comprehensive topological rules. Even so, comprehensive 

or detailed topological rules will not be as complex as 

implementing a topological data structure due to the focus only 

being on the topological relationships and not on all of the 

topological primitives or properties. 

 

5. CONCLUSION 

This paper provided an overview on 3D topological support in 

spatial databases. Current topological support for commercial 

and open-source spatial databases implemented topological rules 

that can support 2D topology for 2D objects. In addition, 2D 

topological rules could also maintain topological information for 

3D objects by decomposing the 3D objects into 2D or lower 

dimension objects. The topological rules implemented in spatial 

databases also differ in comprehensiveness where not all valid 

topological interactions between spatial objects are defined. The 

representation of valid topological relationships between spatial 

objects of different dimensions are also limited. However, more 

complex analysis that requires connectivity, containment and 

adjacency information requires 3D topological representation of 

spatial objects.  

 

Additional implementations of topological models, data 

structures, operators and rules were developed as an effort to 

improve topological support for spatial databases. Applications 

that required specific topological information utilised topological 

operators or topological models as a lightweight approach in 

maintaining topological information tailored to the users’ 

requirements. On the other hand, 3D topological data structures 

allowed a comprehensive preservation of topological primitives 

from which 3D topological information and relationships can be 

extracted for 3D spatial analysis. Apart from that, 3D topological 

rules were also implemented to define valid topological 

interactions between 3D spatial objects without decomposing the 

objects into geometries of lower dimensions. This ensured valid 

topological interactions between 3D spatial objects in ensuring 

accurate spatial analysis without the need to explicitly store all 

the topological primitives of objects. 

 

Parallel to how different 3D applications may require different 

levels of comprehensive topological information, the approaches 

implemented to improve topological support in spatial databases 
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also varies according to its topological requirements. 3D 

applications that require detailed topological information may 

also require voluminous storage and higher computational 

efficiency to facilitate complex 3D topological data structures. 

As storage is a concern for spatial databases, 3D topological rules 

can be implemented as a compromise that does not require much 

storage while still maintaining comprehensive 3D topological 

information. Thus, the appropriate 3D topological support should 

be provided in spatial databases to meet 3D analysis requirements 

and obtain accurate results. 
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