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Abstract

The rise of urban digital twins emphasises the critical role of representing real-world en-
vironments for decision-making and collaboration among stakeholders. This leads to an
expectation of effective management and visualisation of large-scale urban data models. 3D
Tiles is an open specification designed for streaming and rendering massive heterogeneous
3D geospatial datasets. It is widely adopted in fields such as urban planning and engineering
construction, where geospatial data is crucial for decision-making and collaboration.

However, as the 3D data size is growing, the performance of traditional file-based solutions is
facing challenges. Currently, dissemination and visualisation of 3D data are often reliant on
file-based systems. Users suffer from problems such as long load times, data inconsistencies,
and lack of flexibility. In this thesis, an approach for compactly storing both geometries and
attributes in the Database Management System (DBMS) and efficiently serving data compliant
with 3D Web standards to the client is proposed, advocating the direct serving of 3D Tiles
from the database.
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1. Introduction

1.1. Motivation and problem statement

As urban digital twins gain momentum, a wide range of use cases require 3D geospatial data
visualisation to represent the real world, where rapid response to the built environment is
critical. Ensuring timely updates and easy access is important to fostering collaboration
among stakeholders such as citizens, municipal decision-makers, and other urban planning
entities. This also promotes bottom-up strategies that promote community engagement,
enabling actively shaping the development of the city.

Over the last decade, there have been endeavours to enhance the dissemination and visuali-
sation of 3D data. For example, Cesium provides a platform that is accessible to anyone with
a Cesium ion account. The platform seamlessly optimizes, hosts and streams 3D geospatial
data, enabling users to create presentations using their 3D geospatial data. In addition, 3D
Tiles designed by Cesium allows massive data to be divided into smaller chunks [Cesium
and OGC, 2019]. This supports progressive loading and helps solve the problem of long
retrieval and loading times when there are many buildings.

Figure 1.1.: 3D Tiles streaming and progressive loading on Cesium

Typically, data is maintained in a DBMS and then serves as data copies in a �le format. While
easy to store data, this approach raises concerns about spatial and temporal inconsistencies.
The de�nitive mechanism to guarantee simultaneous updates to both geometry and attribute
values is absent in �le management. For example, information in the �le may be outdated
and inconsistent with the database. In addition, this �le-based approach lacks ef�ciency
and �exibility in data access. Despite the fact the 3D Tiles is optimised for massive data,
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users experience a long loading time with the current 3D viewer, Cesium, because of the
large number of tiles in a large-scale scene. The 3D models are divided into �xed-size
tiles to organise the 3D Tiles. This makes it dif�cult to search for the digital representation
of speci�ed regions and �lter data. Another concern is that a �le-based system increases
redundancy and impacts storage ef�ciency.

This highlights the need for alternative solutions that directly serve the data from the
database. Instead of exporting 3D Tiles as separate �les and then serving them, 3D Tiles
are streamed directly from the database to the web application. This streamlined approach
provides immediate access to the most current data and simpli�es the process of accessing
and visualising 3D spatial data.

Furthermore, 3D city models are not only for 3D visualisation but also often used for vari-
ous geographical Information System ( GIS) simulation and analysis tasks. Due to the large
size and complexity of the country-wide 3D geospatial data, the GIS software vendors and
service providers face many challenges when building 3D spatial data infrastructures for
realising the ef�cient storage, analysis, management, interaction, and visualisation of the 3D
city models [Yao et al., 2018]. Spatial databases enable a wide range of geometric operations.
Apart from data retrieval, storing geometries inside the database could also handle 3D data
more easily and ef�ciently, including validating and �exibility to perform spatial analysis
tasks.

However, there is currently no standard procedure for manipulating and displaying 3D Tiles
for web visualisation. This research aims to research the possibility of compactly storing
geometries and attributes in the database and effectively generating data formats that
comply with 3D Web standards . We examine the bene�ts of serving 3D Tiles data directly
from a database management system (DBMS), and explore suitable database solutions for
reducing duplication, enhancing interoperability and providing fast data access.

To formulate the research question properly, an overview of the methods, related to 3D data
modelling in the database as well as data transfer between client and server, is given in the
next chapter.

1.2. Potential use cases

Through an exploration of direct serving 3D Tiles from Database Management Systems
(DBMS), our objective is to unveil the bene�ts of this approach within the realm of 3D spatial
data management and visualisation. In which scenarios do applications derive signi�cant
bene�ts from direct serving of 3D data from a Database Management System (DBMS) as
opposed to �le-based storage methods?

Case 1: 3D Land Administration Domain
In the context of urban development where certain buildings exceed height limitations, ef�-
ciently visualising this information is crucial for land use and planning departments. How-
ever, the large size of the dataset takes a long time to load, and the need for a fast search for
speci�c spatial content is not met. To address this challenge, directly serving the relevant
buildings as 3D Tiles based on user-de�ned conditions becomes imperative. By leverag-
ing database capabilities to stream only the buildings that exceed height limitations to the
web application, unnecessary data transfer and processing overhead are minimised. Spatial
indexing and clustering in the database can also speed up accessing the spatial data.
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Figure 1.2.: Overview of Cesium prototype showing spatial planning information in Jakarta,
Indonesia [Indrajit, 2021]

Apart from �ltering objects based on attribute querying, analysis tasks based on geomet-
ric operations can be performed. For example, to examine if a building is inside a parcel, a
point-in-polygon metric operation can be performed for each point constituting the footprint
of the building [Biljecki et al., 2015]. In the PostgreSQL spatial database with PostGIS ex-
tension, this can be performed directly by spatial functions. Another example is performing
visibility analysis. 3D city models are essential for visibility analyses, such as determining
the line of sight ( LOS) between two points and estimating sight volumes within urban envi-
ronments. For instance, they are used in property valuation in urban areas, because the view
from an apartment may signi�cantly impact the property values [Kara et al., 2020].

Case 2: Municipal Engineering Construction
An example is that in a project the industry technicians change attributes in the database,
however, 3D visualisation on the web client is not updated in time. The necessity of di-
rectly serving 3D Tiles from the database stems from the need for a way to guarantee the
synchronisation of spatial and relational attribute data in a geometry database.

A municipality requires a comprehensive database management system to monitor and
manage the utility network in this area. The updates in DB involve maintenance, repair,
and changes of the utility, for example, the geospatial location of water pipes. Spatial at-
tributes and associated attributes must be updated simultaneously to ensure data accuracy
and integrity. The issue of a �le-based approach is the absence of a guarantee for updating
the geometry and attributes simultaneously.

Additionally, engineering constructions like tunnels often span large spatial extents, posing
challenges for ef�cient search and fast retrieval of relevant information. A database man-
agement system (DBMS) enables ef�cient queries within the system and targeted retrieval
of speci�c regions.

Case 3: Bridging multiple Digital Twin databases
Urban digital twins, as the means of monitoring physical assets and simulating dynamic sce-
narios, facilitate decision-making. However, there is no standard digital twin database. Chal-
lenges need to be addressed, such as scalability, reproducibility and interoperability.

It is acknowledged that the physical world is complex, and it is impossible to manage one
model database for an entire digital world representation. Multiple model databases have
been developed in different domains, including geospatial aspects and other non-geospatial
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aspects, such as transportation, marine and so on. The main challenge is how to link these
�elds and obtain the required information from numerous data.

Collaboration between multiple digital twin databases can be costly. There is a gap between
the need to build larger systems from multiple digital twins and the desire to help reduce
costs through digital twin models. In the short term, bridging the differences between
multiple databases is more manageable than standardizing an entire massive digital twin
system. It is not easy to visualise the digital twins, given that these databases are not
connected and are built with different standards. 3D Tiles, as an OGC standard, enhances
data sharing in academia and the industry. It is a promising way to compose these pieces
from multiple databases into 3D Tiles and directly serve from the database.

1.3. Objectives & Research Question

In response to the identi�ed challenge and the imperative to address speci�c use cases, the
main research question is formulated as follows:

How to compactly store geometries and attributes in the database and effectively serve
3D Tiles to the client?

To answer the main question, the following sub-questions are relevant:

1. How to organise the database storing raw data, for example, storing raw geometries
as polygons, multi polygons or polyhedrons?

2. How to de�ne the mapping rules for storing 3D Tiles in a relational database?

3. How to derive meshes (triangulated geometries) from raw data?

4. How to avoid potential problems such as data redundancy and data inconsistency?

5. How to de�ne the tiling rules?

6. What kind of spatial and attribute queries could be performed based on the proposed
data model?

7. What are the advantages and disadvantages of generating 3D Tiles on the �y compared
to a �le-based approach?

Ef�ciently storing and seamlessly visualising 3D geospatial data in web-based GIS appli-
cations forms the core focus of this research. The main objective revolves around �nding
optimal methods for storing both geometric information and associated attributes within
a database while ensuring compliance with 3D web standards. This pursuit gives rise to
several critical research objectives.

This research primarily emphasises two key aspects: the compact database storage of 3D
Tiles and the visualisation of geospatial data through web-based GIS .

1.4. Thesis Outline

The remainder of this thesis is organised as follows:
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Chapter 2: Theoretical Background
This chapter provides the relevant theoretical background and explains the current web
technologies and DBMS methods that support the management and visualization of 3D city
models in general. It explains the fundamental concepts of 3D Tiles and helps explore a
DBMS approach for managing and serving 3D Tiles.

Chapter 3: 3D Tiles Approach
This chapter introduces the database model requisites, geometry storage and topological
references, and hierarchical storage structures for ef�cient 3D Tiles organisation. It explores
methodologies for organising 3D Tiles, and explains system architecture, query procedures,
and visualisation strategies.

Chapter 4: Implementation and Experiments
This chapter identi�es the tools used and the preparatory phases for dataset processing and
describes the prototype implementation for testing the proposed storage models and web
retrieval methods.

Chapter 5: Results and Analysis
This chapter describes and analyses the benchmarks used to examine the proposed approach
and presents visualisation results.

Chapter 6: Conclusion and Future Work
This chapter provides the answers to the research question and discusses the contributions
and limitations encountered. Finally, relevant future work is given.

5





2. Theoretical Background

The theoretical background chapter aims to provide a foundational introduction for the sub-
sequent thesis sections. Section 2.1 outlines digital representation for the real world. Section
2.2 focuses on WebGIS standards and services. Section 2.3 explains conceptual and logical
design, indexing and clustering methods, and geometric operations within DBMS. It also
describes the current DBMS approaches for 3D city model management and visualisation.
Section 2.4 focuses on 3D Tiles. These lay the foundation for further developing a DBMS
approach for managing and serving 3D Tiles.

2.1. Modelling the real world

2.1.1. 3D spatial data representations

Spatial modelling involves the process of translating intricate real-world objects into dig-
ital representations. This progress requires abstracting entities resembling real-world ele-
ments into representations suitable for computer storage. There are different representation
schemes for data models in the context of spatial modelling, the main difference lies in
the way that they decompose and discretize the space into a de�ned set of elements [Ar-
royo Ohori, 2016].

Boundary representation

Boundary Representation (B-Rep) in computer-aided design leverages mathematical theo-
rems like the Jordan curve and Jordan-Brouwer theorems to depict complex Three dimen-
sional (3D) objects using 2D boundary surfaces. These structures can consist of decomposed
surfaces composed of basic cells like triangles or polygons. B-rep describes the geomet-
ric shapes, interconnectivity, and relationships among vertices, edges, faces, and volumes.
These elements form the representation of complex 3D objects. It forms the foundation for
various operations in 3D modelling, including Boolean operations, mesh generation, etc.
However, managing and creating B-rep models can be intricate, especially for complex ob-
jects or non-manifold surfaces.

Constructive solid geometry

Constructive Solid Geometry ( CSG) enables complex 3D object representation through sim-
ple geometric primitives and Boolean operations. It ef�ciently creates intricate shapes in
Computer-Aided Design ( CAD ) and game engines, ensuring a watertight object. Typically, a
complex object is formed by combining basic geometric primitives using Boolean operations,
which manipulate sets of points [Kragler, 2016]. These operations include union, difference,
intersection, and others. These primitives and operations can be organised hierarchically
and represented as a CSG tree.
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(a) object modelling (b) corresponding graph

Figure 2.1.: Boundary Representation

Figure 2.2.: Hierarchical CSG tree [Kragler, 2016]

Parametric approach

Parametric modelling serves as a fundamental principle in Computer-Aided Design (CAD),
particularly in Mechanical CAD ( MCAD ). It offers a systematic approach to de�ning entities
through adjustable parameters that encompass various measurements and geometric fea-
tures. Its essence lies in its �exibility, allowing swift modi�cations to parameters to alter
entity characteristics and relationships between components. Nevertheless, this modelling
approach has its limitations of the manual de�nition of geometries and features by design-
ers, which requires human labour.

In the Building Information Modeling ( BIM) domain, constructive solid geometry and para-
metric modelling are key methods for modelling geometries. Regarding the GIS world,
boundary representation is typically used, which is the geometric modelling paradigm we
focus on in this project.

2.1.2. Open data models

This section discusses the practice of various open data models. Open data models provide
a standardised framework for representing and organising data, fostering interoperability,
accessibility, and collaboration in data sharing and exchange.
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GPKG

The GeoPackage (GPKG), an Open Geospatial Consortium (OGC) standard, is a versatile
container for various types of spatial data elements, including vector data, raster data,
and associated attributes, into a single SQLite database �le format. GPKG complies with
the OGC Simple Features standard, encompassing various geometry types such as Point,
LineString, Polygon, MultiPoint, MultiLineString, MultiPolygon, and GeometryCollection.
Among these, the MultiPolygon type is noteworthy as it can encapsulate both 2D and 3D
geometries.

CityGML

Geography Markup Language ( GML ) encompasses more complex data structures and em-
bedded topological information. International standards such as City Geography Markup
Language (CityGML ), an open data model for representing 3D city models. It de�nes the com-
bination of geometric and semantic information to enable comprehensive urban modelling
and analysis. Moreover, the emergence of CityGML as an open model for 3D city object
representation marks a crucial advancement in standardising the storage and exchange of
urban models in multiple levels of detail.

Figure 2.3.: LoD1-LoD4 represented in the CityGML standard (OGC CityGML)

CityJSON

CityGML, initially introduced by the OGC as an open data model, encountered challenges
due to its XML-based format, which posed dif�culties in processing and distribution. CityJ-
SON emerged as a more streamlined alternative, utilising JSON for a simpler, lightweight
representation. While CityGML offers extensive features and capabilities, CityJSON's JSON-
based structure facilitates ef�cient dissemination online.

glTF

The Graphics Language Transmission Format (glTF) is a standard developed by the Khronos
Group for ef�ciently representing 3D models. Its core part is a JSON �le that describes
the whole contents of the 3D scene [Group, 2021]. The JSON �le also contains links to
the geometry and textures of the 3D objects, which are stored in dedicated binary �les, as
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shown in Figure 2.4. This allows the data to be stored in a compact format, resulting in
smaller �le sizes ideal for web-based applications. Widely adopted across the industry, glTF
strikes a balance between �le size and visual �delity, making it popular for game engines,
web browsers, VR, and AR platforms. Its JSON-based structure enables easy authoring and
editing, facilitating seamless interchange of 3D content across different tools and work�ows.
glTF 2.0 is the primary tile format for 3D Tiles which is introduced in the next section.

Figure 2.4.: The glTF structure

2.2. Web 3D GIS related standards and applications

The need for WebGIS (Web Geographic Information System) arises because of the necessity
of modelling, representing, and simulating the dynamic world in a spatiotemporal context.
There are mainly two parts that facilitate 3D WebGIS. One is standardisation introduced by
international organisations like the OGC. The other is the software and hardware support
visualisation of 3D formats on desktop and mobile devices.

2.2.1. WebGIS-related standards of OGC

The Open Geospatial Consortium (OGC) serves as an international standards organisation.
Its speci�cations aim to ensure compatibility with geospatial technology. One of them is
the Web Feature Service (WFS). It aims to facilitate the creation, modi�cation, and exchange
of vector-format geographic information over the Internet through HTTP protocols. A WFS
encodes and transfers information in Geography Markup Language (GML).

In 2019, OGC introduced the OGC API - Feature standard, which embraces a RESTful archi-
tecture. This development represents a signi�cant stride towards enhancing the accessibility
and user-friendliness of geospatial resources on the web.

Despite years of developing and managing geographic standards that have set mature stan-
dards supporting 2D data �le formats, standards that work with various 3D data formats
are still on the way. The OGC web services standards provide interoperability for spatial
data exchanging over the web, while limitations arise when dealing with 3D data, such as
in scenarios of multi-scale 3D planning (eg: Transit-oriented development).
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It is noteworthy that, in response to 3D WebGIS challenges, the OGC has introduced stan-
dards like the 3D Portrayal Service Standard 1.0 (3DPS), incorporating strategies like the Web
View Service (WVS) and Web 3D Service (W3DS) for server-side and client-side rendering
of 3D data.

With the increasing need for 3D web visualisation, a generic approach is needed to accessing
3D data. Continuous efforts by organisations like the Open Geospatial Consortium (OGC)
are actively taken to formulate comprehensive standards for 3D data formats. 3D Tiles
and Indexed 3D Scene Layers (I3S) are the latest open standards for streaming massive 3D
geospatial content.

3D Tiles

3D Tiles is designed to provide ef�cient streaming of 3D geospatial data. Each tileset is a
set of tiles that are organised hierarchically, with each tile having a corresponding bound-
ing volume. This yields a hierarchical spatial data structure that optimises rendering and
enables ef�cient spatial queries. When rendering, Cesium �rst evaluates the topological re-
lationship between the bounding volume and the view frustum. If the bounding volume
overlaps with the view frustum, then check if its geometric error falls within the prede�ned
error limit speci�ed in the tileset. If both conditions are met, the tile will be fetched and
rendered.

3D Tiles facilitate seamless adoption and compatibility across different platforms. By of-
fering batch 3D models, instanced 3D models, point clouds, composites, and detailed 3D
Tiles style speci�cations, 3D Tiles presents a holistic solution for managing and visualising
intricate 3D geospatial datasets.

I3S

Indexed 3D Scene Layer (I3S) is an innovative solution developed by Esri for managing vast
and diverse 3D geographic datasets. A single I3S data set, known as a Scene Layer, serves
as a comprehensive container capable of accommodating large amounts of heterogeneously
distributed data. The delivery format and persistence model for Scene Layers, speci�ed as
Indexed 3D Scene Layer (I3S) and Scene Layer Package (SLPK), respectively, are outlined in
the OGC Community Standard. Utilising JSON and binary ArrayBuffers, I3S is optimised for
cloud, web, and mobile environments, leveraging modern web standards for easy handling,
parsing, and rendering by web and mobile clients.

2.2.2. Visualisation of 3D city models using OGC's standard

The web visualisation of 3D City Models is made possible through the utilisation of OGC's
Standard.

Web-Based 3D Routing System using WFS

Alattas et al. [2021] developed a routing system accessible through a web-based 3D Graphical
User Interface (GUI). This web-based application utilises the integrated model of LADM
and IndoorGML to enable indoor navigation based on user access rights within an educa-
tional building. On the server side, the system relies on a PostgreSQL/PostGIS database
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with pgRouting functionality. Additionally, GeoServer is employed to implement industry-
standard OGC protocols such as Web Feature Service (WFS). Apache Tomcat serves as the
web server for hosting the application. This setup ensures ef�cient and accessible routing
capabilities for users via their laptops, tablets, or mobile phone web browsers. Note that the
BIM (Building Information Modelling) data is �rst converted into Batched 3D Model ( B3DM)
�le and then served separately to the web server.

Figure 2.5.: The system architecture [Alattas et al., 2021]

Visualisation of 3D city models using 3D Portrayal Service

Kouko�kis et al. [2018] explored the interoperable visualisation of 3D city models using
OGC's standard 3D Portrayal Service. This experiment assessed the end-to-end process of
transforming CityGML data into web-enabled visualisations using Cesium via OGC's 3D
Portrayal Service. It involved converting CityGML data to 3D Tiles format, importing it into
the 3D Portrayal Service Framework, and querying hierarchical 3D geometries. Addition-
ally, an Attribute Server provided supplementary information. Through this evaluation, the
experiment showcases the seamless integration enabled by OGC's 3D Portrayal Service for
visualising 3D geospatial data on web platforms like Cesium. However, directly serving 3D
Tiles from the database is not supported. Instead, the CityGML �le is exported from the
GeoRocket, a high-performance data store for geospatial �les, and then converted into 3D
Tiles.
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Figure 2.6.: The data �ow from GeoRocket to the visualised 3D Tiles, which are requested
via the 3D Portrayal Service queries [Kouko�kis et al., 2018]

Figure 2.7.: The sequence diagram that displays data �ow from GeoRocket to the visualised
3D Tiles [Kouko�kis et al., 2018]

From two setups for web-based 3D visualization, it can be seen that 3D Tiles and additional
features are served separately to the web application. The approaches create �le represen-
tation for geometries during the process, and imply a lack of integrity maintenance. In the
�rst scenario, b3dm (one of the 3D Tiles formats) is produced using FME, while additional
features are retrieved from the database using WFS as GeoJSON format. In the second sce-
nario, the 3D Tiles is generated using a converter and served via the 3DPS framework, while
additional features are retrieved from another server.

2.2.3. WebGL-related frameworks

Today, WebGL is supported by all major desktop and mobile web browsers, and there are
examples of 3D WebGIS frameworks based on WebGL.

Cesium supports the loading and display of 3D Tiles. CesiumJS is an open-source JavaScript
library for creating 3D globes and 2D maps that run in browsers and across devices. The
platform uses the Earth Centred, Earth Fixed coordinate system (ECEF, which is EPSG:4978),
in which the centre of mass of the reference ellipsoid of Earth is taken as the origin. To render
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the objects in 3D Tiles at the correct position, instead of using local coordinates, a coordinate
transformation to ECEF needs to be ensured [Alattas et al., 2021].

X3DOM is an open-source JavaScript framework that enables the creation of declarative 3D
scenes within web pages without the need for plugins. By integrating X3D (Extensible 3D
Graphics) and DOM (Document Object Model), X3DOM allows for dynamic manipulation
of 3D elements using familiar JavaScript operations, making 3D content a natural part of the
web browsing experience. Three.js is another open-source JavaScript library used to create
and display 3D computer graphics in web browsers.

Various commercial and proprietary solutions support geospatial applications. One is the
ESRI CityEngine web viewer which is tailored for urban planning applications, facilitating
the rapid prototyping and visualisation of urban environments through WebGL technology.
As a market leader in geospatial software, ESRI provides CityEngine as an extension to
its ArcGIS software, widely utilized in municipalities worldwide. The web viewer offers
tools for plan sharing and public participation, enhancing collaboration and decision-making
processes in urban planning initiatives.

Unity was originally developed as a 3D game engine for desktop PCs and game consoles.
This game engine is versatile, enabling the development of augmented and virtual real-
ity, simulations, and other applications. Unity has expanded its capabilities to support
geospatial visualization through extensions like WorldComposer. This extension enables the
creation of realistic 3D visualisations from geospatial data.

2.3. Database management system

An increasing number of database management systems (DBMS), such as PostgreSQL Spa-
tial and Oracle Spatial, are incorporating the maintenance of geometry type in compliance
with the OpenGIS speci�cation [Zlatanova et al., 2004]. We focus on PostgreSQL Spatial,
a free and open-source relational database management system (RDBMS) widely popu-
lar among GIS users for its powerful spatial capabilities. PostGIS and SFCGAL serve as
an extension to PostgreSQL, implementing the OGC Simple Feature Speci�cations for SQL
standards.

2.3.1. Geometrical representation in PostgreSQL Spatial

The maintenance of spatial objects typically involves three fundamental components. First, a
schema within the RDBMS de�nes the data storage, which is often extended with specialised
extensions like PostGIS. Second, a spatial indexing mechanism is employed to organize and
access spatial data ef�ciently, enhancing the performance of spatial queries. Finally, a set
of operators and functions are provided for performing spatial queries and other spatial
analysis operations.

Spatial data storage: PostgreSQL spatial supports a relational model to store different types
of spatial data. It supports geometric primitives such as points, lines, polygons, and also
geometric aggregate (multi-geometries). Apart from working with 2-D geometries, Post-
GIS supports additional dimensions on all geometry types, such as a “Z” dimension to
add height information. Additionally, PostGIS includes the TIN type that models triangu-
lar meshes as rows, and the POLYHEDRALSURFACE type which allows users to model
volumetric objects.
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Indexing: This is typically implemented using the Generalized Search Tree ( GiST). Apart
from the GiST index, other types like SP-GiST, BRIN, and B-tree can also be used. Spatial
indexing supports quickly searching and retrieving spatial data based on its location.

Functions and operators: These functions enable users to perform a wide range of geometric
operations. For example, users can �lter and analyse spatial data, measure distances and
areas, intersect geometries, buffering, and more. Furthermore, some of the spatial functions
will automatically make use of a spatial index.

2.3.2. Topological data model

Various topological models have been proposed in the literature to address the complexity
of spatial data representation.

3DFDS

Formal Data Structure (3DFDS) is a comprehensive vector model that contains geometric
and semantic information and maintains 3D topology [Zlatanova et al., 2009]. This model
can be implemented using an object-oriented approach, based on fundamental objects like
Points, Lines, Surfaces, and Bodies, along with primitives such as Nodes, Arcs, Edges, and
Faces.

Figure 2.8.: 3D Formal Data Structure [Molenaar, 1992].
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Figure 2.9.: The relational data structure of 3D FDS [Zlatanova et al., 2009]

TEN

The TEN (Tetrahedral Network), offers a different perspective by employing primitives like
tetrahedrons, triangles, arcs, and nodes. However, while this method subdivides space
effectively and naturally for geological applications, it creates a large volume of unnecessary
data, especially when representing man-made 3D objects.

Figure 2.10.: Tetrahedral Network(TEN) [Pilouk, 1996].
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