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ABSTRACT

Precise and comprehensive knowledge about 3D urban space, critical infrastruc-
tures, and below ground features is required for simulation and analysis in the
fields of urban and environmental planning, city administration and disaster man-
agement. In order to facilitate these applications, geo-information about functional,
semantic, and topographic aspects of urban features, their mutual dependencies
and relations are needed. Substantial work has been done in the modeling and rep-
resentation of above ground features in the context of 3D city modelling by means
of City Geography Markup Language (CityGML). However, the below ground part
of the real world, of which utility networks form a big part, is often neglected in 3D
city models. At the same time, several existing utility network data models exist.
These are, however, commonly tailored to a specific domain and not suitable for the
integrated modeling and representation of utility networks and city objects in 3D
urban space

This research proposes a 3D data modeling approach for integrated management
of below ground utility networks features (viz. electricity and sewer) and related
above ground city objects (viz. streetlights and manhole covers). The data modeling
approach is successfully examined by implementing relationships between 1) the
below ground electricity network and above ground streetlights and 2) between the
sewer network and the above ground manhole covers.

Having existing utility network data and city objects as input, a file in CityGML
Utility Network Application Domain Extension (ADE) format is created. The manip-
ulation of the data structure and content, according the proposed data modeling
approach, is completed in Feature Manipulation Engine (FME). The output CityGML
dataset allows interoperability but may become very large and objects may be ar-
bitrarily nested leading to complex data structures. Therefore carefully optimized
database schemas are required that enables efficient storage, management and data
access of the CityGML data. The object-oriented CityGML data model, including the
Utility Network ADE, is mapped to a relational database by means of the 3D City
Database (3DCityDB). Subsequently, the CityGML data is inserted into the derived re-
lational database. Several relevant (network) analyses are performed by querying
the designed relational database. It shows the possibility to simulate what network
features are affected by e.g. a utility strike by means of pgRouting and visualization
in a Geographical Information System (GIS)

This research made one of the first attempts to thoroughly model existing utility
network data and city objects according the CityGML Utility Network ADE. Following
are further research that could optimize the proposed data modeling approach for
better decision making in the field of asset management:

e Modeling multiple different utility networks and city objects
Modeling in a higher Level of Detail (LoD)
Detailing the CityGML Utility Network classes and use
Better investigating on more types of analyses
Implementing larger datasets
Implementing datasets with a different accuracy
Exporting a CityGML file from the relational database
Better investigating on visualization of the data
Investigating on how to model different types of relationships

Keywords: utility networks, electricity network, sewer network, data model, CityGML,
Utility Network ADE, relationships, FME, PostgreSQL, PostGIS, relational database,
3DCityDB
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INTRODUCTION

1.1 BACKGROUND

Precise and comprehensive knowledge about 3D urban space, critical infrastruc-
tures, and below ground features is required for simulation and analysis in the
fields of urban and environmental planning, city administration, and disaster man-
agement. In order to facilitate these applications, geo-information about functional,
semantic, and topographic aspects of urban features, their mutual dependencies
and relations are needed. In recent years, substantial work has been done in the
modeling and representation of above ground features in the context of 3D city
and building models which has led to new approaches [Biljecki et al., 2015a]. The
developed 3D city models provide a representation of cities that goes beyond visu-
alization in terms of the application that they can support.

One well-known standard for representing semantic 3D city models is the inter-
national OGC standard CityGML [Groger et al., 2012]. CityGML is an open data model
and XML-based format for the storage, analysis, representation and exchange of
semantic 3D city models. The common information model behind CityGML defines
classes and relations for the most relevant topographic objects in cities and regional
models with respect to their geometrical, topological, semantic and appearance
properties. The CityGML information model is becoming the de-facto standard for
storing and managing urban geographical information. By means of a so-called ADE
the core model of CityGML can be extended systematically by application-specific at-
tributes and object types. 3D city models have been neglecting utility networks in
built environments for a long time [Hijazi et al.,, 2011]. With the CityGML Utility
Network ADE a common data model is defined for representing different types of
infrastructure networks, such as electricity, freshwater, wastewater, gas, oil, district
heating and telecommunication.

To support risk analysis and planning of emergency responce actions, modeling
the critical infrastructures and their mutual dependencies in 3D space is essential
[Becker et al., 2011]. Existing utility network data models however lack a rich in-
formation model for multiple and different underground structures. Moreover, the
mutual relations between networks as well as embedding into 3D urban space are
not supported yet. In contrast, existing utility network data models are commonly
tailored to a specific type of commodity, dedicated to serve as as-built documenta-
tion and thus are currently not suitable for the integrated modeling and representa-
tion of utility networks and city objects in 3D urban space [Becker et al., 2013].

1.2 SCIENTIFIC RELEVANCE

Several research papers are written and standards exist that deal with utility net-
work within 3D city models. The below ground part of the real world, of which
utility networks form a big part, is often neglected in the field of 3D city modeling.
The existing data models for utility networks are focused on just below ground util-
ity networks. In addition, they are tailored to a specific domain. Hence, it allows for
modeling of below ground utility network features to a certain extent but modeling
of related above ground city objects is not sufficiently supported.
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1.3 PROBLEM STATEMENT AND MOTIVATION

In today’s technologically advanced society the dependency of every citizen and
company on having a working infrastructure is extremely high [Semm et al., 2012].
Utility networks are complex. A 3D data model for utility networks and related
city objects can be used for management purposes and grasp the complexity of
existing underground utility networks. The existing models used for managing util-
ity networks however often only support representation in 2D, and are associated
with several drawbacks. Therefore, interest in 3D representation of utility networks
is rapidly increasing. Having the data modeled in 3D has several benefits. For
example, overlapping lines representing different networks and different vertical
elements can be missing in 2D but not in 3D [Du et al., 2006]. Moreover, topological
analyses are greatly hampered by using a 2D representation of the utility networks
which would not be the case in 3D. In addition, representation of utility networks
within 3D city models support the maintenance and incident management of net-
work infrastructure [olde Scholtenhuis et al., 2017]. Lastly, it should be mentioned
that the municipality of Rotterdam registers their utility network data in 3D. Thus,
neglecting the third dimension would mean information loss.

Different utility network data models were developed by different industries to
provide means to represent, exchange and store utility networks [Hijazi et al., 2017].
However a comprehensive 3D standard data model, which provides a common
basis for the integration of the different utility networks within a 3D city model in
order to facilitate analyses, visualization and management tasks, lacks. As a result,
the following problems can be identified:

e Lack of analytic capabilities due missing topological network structure

e Lack of relationships e.g. between network features, or between network fea-
tures and other city objects, and their embedding into 3D urban space

e Exchanging data (interoperability) is greatly hampered due incompatible and
incomplete data

As an example of incomplete data and lack of relationships; the line between the
above ground feature of interest, e.g. a streetlight, and the main electricity line is
often not registered. As a result, detailed network analyses are greatly hampered.

The municipality of Rotterdam has created a 3D city model in CityGML format
which is publicly available. The most recent version does not just contain buildings
but also other so-called themes like trees, ground level, design, building information
as well as underground pipes and cables. A viewer is made for visualization of the
Rotterdam 3D model (Figure 1.1). The pipes and cables are modeled as generic city
objects. The concept of generic city objects and attributes allows for the storage and
exchange of 3D objects which are not covered by any explicitly modelled thematic
class within CityGML or which require attributes not represented in CityGML. In
order to avoid problems concerning semantic interoperability, generic extensions
are used if appropriate thematic classes or attributes are not provided by any other
CityGML module [Groger et al., 2012]. Generic extensions, however, do not allow for
hierarchies and topological modeling.

(b)

Figure 1.1: Snapshots of the Rotterdam 3D model visualized in the web viewer
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With the CityGML standard the municipality intents to move forward in tackling
the presented problems. The municipality of Rotterdam, as manager of numerous
assets in the city, could benefit from a comprehensive integrated data model that
supports the following business and societal activities:

Utility services operation and maintenance

e Emergency management and disaster response

Construction planning and management

Medium and long term planning for development, utilities and transport

Information model foundations of smart cities

Moreover, there is a rising interest due to the increase of the urban and technical
world.

Having a comprehensive integrated data model for below ground utility network
features and city objects could be interesting for utility owners, managers, con-
tractors, surveyors and other stakeholders. The municipality of Rotterdam is such a
stakeholder that shows interest. An holistic understanding of the network is needed
in many situations. In such cases, it should be possible to perform geospatial anal-
yses in order to determine the implicit dependencies between network features, or
between network features and other city objects. Following are some practical cases
that motivate the use of a integrated topological data model.

¢ Finding answers to questions concerning reachability /connectivity e.g. is it
possible to get from asset A to asset B through the same network.

e For managing the storm drainage system the municipality wants to know the
amount of water that will be discharged into the system. The to be proposed
data model could support topological analyses, e.g. finding the area of build-
ings and non permeable surfaces that are connected to specific parts of the
network.

e For disaster management the municipality of Rotterdam shows interest in
what buildings and city objects will be out of service after e.g. a utility strike.
A data model for integrated management of utility networks and related city
objects could facilitate in finding which parts of the network itself and, in
particular, which city objects are affected by this failure.

e In order to warn residents about a scheduled or unscheduled maintenance
operation, the municipality of Rotterdam and grid operators need to know
what buildings are connected to the utility network the maintenance operation
is performed on. It should be possible to query the database in which the
relations between the buildings and the network are stored.

e The responsibility of a facility manager includes monitoring and maintenance
of building infrastructure, such as water, gas or electricity. These tasks used to
be completed using paper maps, which make integrated analysis of networks
challenging [Hijazi et al., 2012]. There is a need for an integrated modeling
of the utilities with other city features. For example, an easy access point can
be found by navigating through the network, which allows performing the
maintenance operations and minimizing disturbances.

e Risk analyses form an important part of asset management for the munici-
pality of Rotterdam. To support risk analysis and planning the integrated
modeling in 3D space is required. This will allow the joint visualizations of
3D city models and 3D utility networks, which would be very helpful to un-
derstand the locations and spatial relations of infrastructures in the context of

3
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city objects. An holistic understanding facilitated by a joint 3D visualization
would result in a better decision making process. Moreover, visualization and
analysis of dependencies between city objects and network components, such
as which city objects depends on which infrastructure, will be facilitated.

This research aims at a framework for storing utility network data within 3d city
models that facilitates asset management at the municipality of Rotterdam.

1.4 RESEARCH QUESTION
The thesis will be guided by the following main research question:

How to efficiently model below ground utility networks and related above ground city objects
in order to facilitate integrated asset management?

The objective of the research is to propose a suitable data modeling approach that
will allow for integrated management of underground utility networks and related
above ground city objects. In order to achieve this, the following sub-research ques-
tions are defined:

1. What dependencies and relations between below and above ground utility network
features are of importance for the municipality of Rotterdam in order to facilitate asset
management?

2. To what extent can the current state of an existing utility network data model such as
the CityGML Utility Network ADE fulfil the needs of the municipality of Rotterdam?

3. Is the proposed data modeling approach suitable for implementation of existing utility
network data and city objects in 3D city models?

4. Which mapping methods are required to derive a relational database from the designed
data model?

5. Can the designed relational database be used to perform essential (spatial) operations?

6. How to visualize the modeled data and (spatial) operations on the designed relational
database?

1.5 RESEARCH SCOPE

This research includes studying several existing data models for utility networks.
The data model with the most potential will be used as starting point and be elab-
orated. The findings, in addition to the ones gathered from experts at the munici-
pality of Rotterdam, can be used to test and, if needed, complement the data model
and support in fulfilling the needs of the municipality of Rotterdam.

The research scope will be limited by only looking at the Low-Voltage electricity
and conventional gravity sewer networks. These utility networks differ in many
ways and therefore expect to require a different modeling approach.

Many above ground city objects exist that relate to one or more below ground
utility network features. All of these objects are different, but the relation with the
below ground utility network is what they have in common. Examples of above
ground city objects that relate to the below ground electricity network are: street-
lights, traffic lights and electrical cabinets. Above ground city objects that relate
to the underground waste water network are e.g. manholes and pumping stations.
For this research, only streetlights, as part of the electricity network, and manholes
(covers), as part of the sewer network, will be used for testing purposes. Also,
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only actual physical relationships will be considered. Other types of relationships,
e.g. spatial relationships like proximity or the fact they are managed by the same
company, are not part of this research. Moreover, the utility networks and related
above ground city objects will be presented in a rather low LoD since this research
is initially not focused on how to optimally depict a real world situation,

Furthermore, other types of data, e.g. financial data, will not be considered. The
same goes for data that relate to time and planning.

(a) a streetlight in Munich (b) a manhole

Figure 1.2: Two real world examples of above ground features that relate to the below ground
utility network

1.6 THESIS OUTLINE

The following chapter presents the related work (Chapter 2). Chapter 3 will provide
the reader with some background information that is essential for understanding
the thesis research. Then, Chapter 4 will present the conceptual design and work-
flow developed and used to fulfil the objectives of this research. Subsequently the
implementation will be explained in Chapter 5 before testing and validation follow
in Chapter 6. Finally, conclusions will be drawn and the research questions will be
answered in Chapter 7 followed by points of improvement and future research.
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2 RELATED WORK

This section discusses the work done and papers written by others in the field of
3D modeling, with the focus on below ground utility network features.

2.1 3D CITY MODELING

Significant research has been conducted in the field of semantic 3D city modeling.
3D city models are a virtual abstraction of the real world and have existed for
several decades [Emgard and Zlatanova, 2007]. Semantic 3D city models represent
city objects such as buildings, bridges, tunnels, roads and vegetation. These city
objects mainly constitute the visible part of a city, e.g. that part striking ones eye
immediately when looking around a city.

Cities are increasingly adopting 3D city models. These days 3D city models are
not only used for pure visualization purposes but are increasingly employed in a
number of domains. Local governments use 3D city models for e.g. urban plan-
ning and environmental simulations in order to assess whether it is economically
beneficial to make certain decisions [Biljecki et al., 2015b; Benner et al., 2005].

One well-known standard for representing 3D city models is the international
OGC standard CityGML [Groger et al., 2012]. In [Kolbe, 2009] an overview is given
about CityGML, its modeling aspects and design decisions, recent applications, and
its relation to other 3D standards like Industry Foundation Classes (IFC), X3D, and
Keyhole Markup Language (KML).

CityGML is an open data model and Extensible Markup Language (XML)-based
format for the representation and exchange of virtual 3D city models. CityGML not
only represents the shape and graphical appearance of city models but specifically
addresses the object semantics and the representation of the thematic properties,
taxonomies and aggregations. In CityGML data is given high flexibility to grow with
respect to their spatial and semantic structuring as well as their topological correct-
ness in different stages of data acquisition or along a city model processing chain.

2.2 3D MODELING OF BELOW GROUND UTILITY NETWORKS

Although substantial work has been done in the modeling and representation of
above ground features in the context of 3D city models, below ground features are
often neglected both in theory and practice. This section discusses related work
done by others in the field of 3D modeling below ground utility networks.

In [Emgard and Zlatanova, 2007] a framework for integrated modeling of ge-
ographic 3D data, combining below and above ground features, into CityGML is
proposed. The framework is based on the subdivision of features into:

e Earth surface features
e Above earth surface features
o Below earth surface features

Although some objects exist both above and below the surface, e.g. streetlights, a
clear distinction between features above and below the surface is defendable due to
the fundamental difference (Figure 2.1).
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Figure 2.1: Subdivision of features. Image from [Emgard and Zlatanova, 2007]

Below ground utility networks are critical infrastructures and form a significant
part of the real world. [Becker et al., 2011] presents the requirements and a novel
framework for the integrated 3D modeling of such critical infrastructures within 3d
city models. The proposed framework, named Utility Network ADE, extends the
core CityGML model in order to integrate the utility networks into 3D city models. A
key prerequisite for corresponding network models is the possibility to link utility
networks in order to denote dependencies explicitly. Furthermore, the model must
support geospatial analyses in order to determine the implicit dependencies based
on spatial relations like proximity between network components within the same
or different networks. Such geospatial analyses require the embedding of network
structures into 3D space as well as the 3D topographic representation of network
components in addition to a graph-based model. Moreover, the topographic rep-
resentation allows for the integration of network components into their 3D urban
context in order to capture the mutual influence of urban objects. Up till now, none
of the existing utility network data models support all of these aspects.

The presented Utility Network ADE core module in [Becker et al., 2011] covers
only the topological and topographic representation of network entities. [Becker
et al., 2013] extends the Utility Network ADE, by introducing the functional and
semantic classification of network objects. It shows how concepts and classes can
be defined to fulfill the requirements of complex analyses and simulation, and how
properties of specific networks can be defined with respect to 3D topography but
also network connectivity and functional aspects.

Finally, [Hijazi et al., 2017] presents three methods complementing the CityGML
Utility Network ADE by functional aspects regarding the modeling of supply areas,
the characterisation of city objects and network features according to functional
roles and the representation of the potential and current supply of commodities to
city objects. These functional aspects allow for representing supply and disposal
tasks in cases when no detailed modelling of supply networks is available. In the
paper it is concluded that the CityGML Utility Network ADE represents a suitable
data model for modelling heterogeneous networks in the context of 3D city models.

Numerous dependencies and relationships exist between below ground network
features as well as between below ground network features and above ground city
objects. As nearly all crises affect geospatial entities, large interruptions might affect
neighbouring networks as well and therefore lead to a citywide crisis. Therefore,
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geo-information about functional, semantic, and topographic aspects of urban fea-
tures, their mutual dependencies and their relationships are needed, particularly
throughout crises [Becker et al., 2012a].

The project discussed in [Becker et al., 2012a] firstly identified this information
and secondly integrated it into the Utility Network ADE. The integration with the
CityGML standard facilitates the integration of multi-utility networks into 3D city
models for joint visualization and analysis tasks. Furthermore, interoperable ex-
change of, and access to 3D multi-utility networks is enabled. The developed data
model represents 3D topography, 3D topology, and functional properties and de-
pendencies of the networks and their components. Hierarchical representations for
both networks and components are supported as well. These characteristics allow
performing geospatial analyses in order to determine the implicit dependencies be-
tween network components within the same or different infrastructures, or between
network features and other city objects based on spatial relations such as proximity.

[Becker et al., 2013, 2011; Hijazi et al., 2017] has shown the many past develop-
ments of suitable data model for utility networks; the CityGML Utility Network ADE.
However, no thorough study is conducted on how to integrate existing utility net-
work data into 3D city models with the proposed framework. Furthermore, the
focus was mostly just on the modeling of below ground utility networks and ne-
glected dependencies and relationships between below and above ground objects.

So far, the discussed type of utility networks are the ones located below ground
and outdoor. However, a significant part of the utility network exist indoor, withing
buildings. Interior utilities are usually created and maintained using Building In-
formation Modeling (BIM) models, while exterior utilities are stored, managed and
analyzed using GIs. Following a background literature review, [Hijazi et al., 2009]
and the follow up research presented in [Hijazi et al., 2011] presents an approach
for the integration of interior building utility networks in city models by means of
mapping the BIM/IFC data model to the CityGML Utility Network ADE, as presented
in [Becker et al., 2011].

2.3 A DATABASE FOR 3D CITY MODELS

Traditionally Database Management System (DBMS) have been used for storage and
management of large volumes of data and to ensure the logical consistency and
integrity of data, which is also one major requirements in handling spatial data. In
[Zlatanova, 2006] the importance and challenges of 3D geometries in a spatial DBMS
are discussed, and points out the large step DBMS have made toward maintenance
of 3D geometries. From a system dealing with management of administrative data
an increasingly number of DBMS nowadays are providing spatial data types, spatial
indexing and extended spatial functionality, like PostgreSQL [Zlatanova and Stoter,
2006]. Generally, only basic 3D functions are supported by the DBMS. Rather com-
plex analyses are often not supported and have to be performed in front-end GIS
applications [Zlatanova, 2006].

[Zlatanova and Stoter, 2006] is devoted to the role of DBMS in new generation GIS
architecture and focuses on the manner spatial data can be managed, e.g. stored
and analysed, in DBMS. Two important aspects of DBMS functionality are addressed
in detail: spatial models and spatial analysis. Special attention is put on the third
dimension because of the increasing demand for 3D modeling, analysis and presen-
tations in many applications. Moreover, the operations that can be performed on
DBMS as well as the benefits of having the data topologically structured over geo-
metrically structured are described. A more detailed argumentation for the need to
organize topology in DBMS is given in [Van Oosterom et al., 2002].

The support of 3D geometries allows for storage and management of 3D city mod-
els in DBMS. A DBMS for 3D city models stores its components in a hierarchically
structured, multi-scale way, which allows for a stable and reliable data management
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and facilitates GIS modeling and analysis tasks. A database is required if 3D city
models have to be continuously managed. 3D city model databases form a key ele-
ment in 3D spatial data infrastructures that require support for storing, managing,
maintenance, and distribution of 3D city model contents. Moreover, a database can
provide an easy access method for e.g. visualization of 3D city models. Following
are work and papers that particularly relate to storage and management of 3D city
models in a database.

In [Stadler et al., 2009] the development of 3DCityDB is described. This database
schema implements the CityGML standard with semantically rich and multi-scale
urban objects facilitating complex analysis tasks, far beyond visualization. 3DCityDB
can be used to store, represent, and manage virtual 3D city models on top of a
standard spatial relational database. The main objective was to achieve both the
efficient storage and fast processing of CityGML.

The following steps, also depicted in Figure 2.2, can be distinguished in the de-
velopment of the 3DCityDB:

a. Simplification of the CityGML data model

b. Derivation of the relational database schema

c. Creation of an import and export tool

CityGML

Xsd Schema

<xs:complexType
name="CityModelType">
<xs:complexContent

<xs:extension

Java
binding

(JAXB)

Schema-derived
classes
public class CityModel {

sQL
| g | Qqueries

(Imp/Export
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UML Schema

import

T

Schema
simplifi-
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Oracle
database

database
creation

Relational
Diagram

I B

simplified
UML Schema

e

SQL DDL
statements
(JDeveloper)

mapping
classes to
tables

b

Figure 2.2: Tasks in the development of 3D city database. Image from [Stadler et al., 2009]

In item b the object-oriented CityGML data model is mapped to a relational database.
The object-oriented application schemas of e.g. CityGML contain specialization and
aggregation hierarchies, nested objects, and complex attributes. In order to map
these structures onto a relational database, different rules have been proposed and
discussed in the past. The mapping of specialization hierarchies onto database ta-
bles may follow one of three different mapping methods [Rumbaugh et al., 1991]:

e mapping all classes to a single table
e mapping non-abstract classes to their own tables
e mapping each class to a single table

Figure 2.3 illustrates the methods for the mapping of the CityGML abstract root

class .BRepGeometry.
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BRepGeometry

ID: HUMBER <<PK>>

TVPE : VARCHAR2(30)
I5_SOLID : BOOLEAN
I5_COMPOSITE : BOOLEAN
I5_TRIAMGULATED : BOOLEAN
GEOMETRY : SDO_GEOMETRY

<<Geometryx>
BRepGeometry
+isSolid : boolean [1]
+isCompasite : boolean [1] BRepAggregate Polygon
sisTriangulated : boolean [1] 1D: HUMBER <<PK>> 1Dz HUMBER <<PK>>
& 1S_SOLID : BOOLEAN 15_SOLID : BOOLEAN
1S_COMPOSITE : BOOLEAN 1S_COMPOSITE : BOOLEAN
IS_TRIANGULATED : BOOLEAN | | IS_TRIANGULATED : BOOLEAN
GEOMETRY : SDO_GEOMETRY

<<Geometry>>
BRepAggregate

<<Geometry>>
Polygon
+geometry : Polygon [1]

BRepGeometry

1D: HUMBER <<PK>>

I15_S0LID : BOOLEAN
15_COMPOSITE : BOOLEAN
I5_TRIANGULATED : BOOLEAN

[ Cc
| |
BRepAggregate Polygon

1D: HUMBER <<PK>><<FK>> ID: HUMBER <<PK>><<FK>>
GEOMETRY : SDO_GEOMETRY

Figure 2.3: Methods for mapping a class hierarchy to database tables. Image from [Stadler
et al., 2009]

In case of 3DCityDB, the desired mapping method for each CityGML class was cho-
sen and carried out individually. The criteria for the most suitable mapping method
are the expected number of tuples within the tables, the number of joins to recon-
struct the objects, and the overall complexity of the most important queries (with
respect to the CityGML object structure). By avoiding multiple tables the number of
joins is reduced, resulting in higher database performance.

Note that the derived relational database schema only implements the core CityGML
data model, without consideration of ADE’s e.g. the Utility Network ADE. Hence, it
is not possible to store utility network CityGML data in the core 3DCityDB. A possi-
ble solution for storing utility network data in 3DCityDB is presented with a recently
published first version of a 3DCityDB extension for ADE’s Energy and Utility Network
ADE is published [Yao and Kolbe, 2017].

In [Emgard and Zlatanova, 2007] a 3D Information Model (3DIM) is presented
which intends to integrate geographical features on the earth surface as well as
above and below the earth surface. In addition, a suggestion for a possible database
implementation of the extended information model is addressed. [Emgard and
Zlatanova, 2008] details the mapping of the 3D information model, presented in
[Emgard and Zlatanova, 2007], to a relational database. Two alternative mapping
methods are discussed and evaluated that are optimized for spatial or semantic
queries respectively. A distinction is made between implementation with the se-
mantics separated from the geometry and an implementation in which the tables
combine both semantics and geometry.
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BACKGROUND

This chapter will provide the reader with some background information that is of
importance for understanding the thesis research. Since the data used for exper-
imenting in Chapter 5 is a product of several used methods to register and store
subsurface utility information, possible ways of gathering utility network data are
presented. Subsequently, a brief explanation of the electricity as well as the sewer
network, and their functioning, will be given. This is essential for understanding
the model decisions presented in the Chapter 4. Then, existing utility network
data models are briefly described. The pro’s and cons are summarized where after
the data model with most potential will be used for further development in this
research.

3.1 GATHERING UTILITY NETWORK DATA

In many western countries, most utilities are buried beneath the surface level which
makes it challenging to detect utilities. Between the myriad of utility owners, there
is little consistency about how information about subsurface is registered and stored
in utility plans [Bitenc et al., 2008]. In addition, the way in which location data is
measured and registered differs from country to country. Oldest hand drawn plans
often use distances between utilities and other infrastructure to register the relative
utility location. More recent utility plans are mostly stored in a 2D GIS and use
Global Positioning System (GPS) coordinates obtained from land surveys. Over the
years, solutions are proposed to convert existing 2D plans into 3D visualizations of
the underground [Du et al., 2006; Doner et al., 2011]. Network assetmanagement
systems nowadays integrate both these old and new types of utility plans in one
geospatial database. As a result, the source data contains varying location informa-
tion.

In the Netherlands the cadastre facilitates the dissemination of utility network
location data with the Kabels en Leidingen Informatie Centrum (KLIC). The main
purpose of KLIC is to prevent damage to below ground pipes and cables [Kadaster,
2017]. Most municipalities in the Netherlands are not responsible for the registra-
tion and storage of utility network data. In contrast, the municipality of Rotterdam
registers and stores all below ground pipes and cables in the so-called Leidingen
verzamelkaart (LvZK). The LvZK is mainly used for licensing purposes by the mu-
nicipality of Rotterdam. This digital map contains all pipes and cables and gets
updated every time a new one is installed or a change has been made.

Since ca. 2010 the municipality of Rotterdam registers the depth of the utility, in
addition to the 2D location, using GPS. An accurate GPS measurement of the utility
is only possible before burying the utilities. Though non-destructive technologies,
e.g. Ground Penetrating Radar (GPR), can be used to detect and locate underground
utilities after burying [Jaw and Hashim, 2013]. A standard or estimated depth is
used in case a GPS measurement is conducted after burying the utility. The LVZK is,
as a result, a mixture of accurately and inaccurately measured utility location data.

The municipality of Rotterdam is however not responsible for maintenance of
most of the pipes and cables. Only the sewer system is managed by the municipality
of Rotterdam. The electricity and gas network in Rotterdam is managed by Stedin,
grid operator in Friesland, Noord-Holland, Zuid-Holland, Utrecht and Limburg
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[Stedin, 2017]. Hence, utility network data of Rotterdam exists in different systems,
owned and managed by different organisations. On top of that, the utility network
data of Stedin is different from the utility network data in the LvZK of Rotterdam.

Furthermore, the connection line between the above ground feature and the main
electricity line is often not registered. As a result, it is unknown to what electricity
line e.g. a streetlight is connected to.

3.2 UTILITY NETWORKS

In this section a brief explanation of the functioning of the electricity and sewer
network will be given.

3.2.1  Electricity network

A distinction between electricity cables exist, based on the voltage of the electric
power it transmits:

e Extra High-Voltage cable

e High-Voltage cable or HV cable

e Medium-Voltage cable or MV cable
e Low-Voltage cable or LV cable

The different networks are connected through transformer substations. For ex-
ample, a MV/LV transformer electrical substation transforms the voltage supplied
by the distribution network at Medium-Voltage into voltage values suitable for the
power supply of the Low-Voltage lines (Figure 3.1). A transformer substation is a
good example of an above ground feature that strongly relates to below ground
utility network features.

Distribution Grid
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Figure 3.1: Hierarchy in electricity network. Image from [Kremers, 2013]

In addition, electricity cables exist that are only used for street lightning. The
voltage of the electric power of these so-called "OV’ (In Dutch: Openbare Verlichting)
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cables is similar to the LV cables. However, OV cables are only carrying electric
current in case street lights need to be turned on. Streetlights can be fed by electric
current coming from LV or OV cables. Hence, only these types of electricity network
features will be taken into account.

Not every streetlight is directly connected to the main electricity line (OV or LS).
Multiple streetlights can be connected to each other. In this case only one of these
streetlights is connected to the main electricity line. This streetlight is responsible
for the functioning of the other streetlights (in series connection). Hence, in case
this streetlight is broken, the other streetlights are not functioning either.

The type of connection of the streetlight depends whether it can be directly con-
nected to the LV cable or to the OV cable. In case a fuse connection is used, it can
be connected to the main OV cable or to another streetlight, but not to a LV cable.
In contrast, the streetlight must be directly connected to a OV cable or to a LS cable
in case a connection through a assisting wire is used. A streetlight with such a
connection cannot be connected to another streetlight.

3.2.2 Sewer network

A sewer system comprises a network of pipes that collect and transport waste and
storm water to a waste water treatment plant or the receiving waters. Sewer pipes
exist in different shapes, sizes and material. The majority of the sewer pipes in
developed worlds, however, has a round shape and is made of concrete. Other
possible shapes are rectangular, egg shaped or ellipsoidal. Besides the physical
differences, sewer pipes can have different functions. Based on their function the
following sewer pipes (or shorter: sewers) can be distinguished:

e Standard sewer or a so-called gravity sewer that convey water using gravity

e Drainage sewer to run off the excess water to sea, reservoirs or any other
suitable place

e Pressure sewer that use pumps instead of gravity to transport waste water

Pumping stations are used to move waste water to higher elevations in order to
allow transport by gravity flow. The functioning of the sewer network depends on
the functioning of the pumping station. A pumping station is good example of a
above ground feature that strongly relates to below ground utility network features.

Figure 3.2 graphically depicts the functioning of a standard sewer network in
which water flows from higher to lower elevations (illustrated by the arrows). Gen-
erally, the pumping station is located at the lowest point in the network.

7
-
1

(a) top view (b) side view

Figure 3.2: Graphical representation of the functioning of a standard sewer network
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Another typical example of an above ground feature that relates to the below
ground sewer network, is a manhole. A manhole is a vertical pipe, usually made of
concrete, that connects the below ground sewer network to the surface. Manholes
are mostly used for inspection of the sewer network. In addition, manholes are
used in case of change in direction or material of the sewer pipe. Typically, only
the top ring and manhole cover would be visible at the surface. A manhole cover
is a removable plate forming the lid over the opening of a manhole. Often people
confuse a manhole with a storm drain. However, a storm drain is not meant for
inspection but is purely designed to drain excess rain and ground water.

3.3 EXISTING UTILITY NETWORK DATA MODELS

Different utility network data models are developed by different industries to pro-
vide means to represent, exchange and store utility networks [Hijazi et al., 2017;
Kutzner and Kolbe, 2016]. In addition, utility network data models are also pro-
posed in scientific literature [Halfawy, 2010].

Most of these utility network data models are developed to meet the needs of
specific domains. Therefore they are used by different actors in different situations.
This section gives a brief description of the existing utility network data models.

INSPIRE Utility Networks model

The INSPIRE Utility Networks model includes application schemas for electricity,
oil & gas, sewer, telecommunication, and water networks [INSPIRE Thematic Work-
ing Group Utility and Governmental Services, 2013]. In addition to generic network
information, each element can be detailed within its domain specific application
schema through various attributes. The focus of the model is on describing the to-
pography of network elements and devices and not on modeling their functionality
and dependencies. The INSPIRE Utility Networks model defines a 2D topologi-
cal relationship between network features. Other spatial relations such as network
features to above ground city objects is not supported. Also, it does not allow for
modeling hierarchies due the clear distinction between network features and the
lack of a feature aggregation schema. Furthermore, the model does not support
embedding of network features in 3D urban space. Hence, the utility network data
model is not suitable for e.g. collision detection, impact simulation and 3D visual-
ization [Kutzner and Kolbe, 2016].

IFC Utility model

IFC is an ISO standard which is predominantly used in BIM. It provides a 2D and
3D representation of network objects. Relationships between network objects are
described using a connectivity concept, which comprises both the physical and
logical connectivity. Therefore, it is possible to establish a linkage between different
network types. IFC provides a rich semantic categorization of network objects based
on their role in the network. The IFC data model is however developed with the
intention to provide a way to model utilities inside a building. The integration of
city scale network on small scale (large areas) is not supported [ISO 16739, 2016].
Modeling the spatial relationships between the utility network and city objects is
very limited since it is only supported on building level. Visualizations and analyses
are hence restricted to the building scale. Visualization of city objects, in 2D as well
as in 3D, is not supported at all.
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ESRI Utility Network

ArcGIS provides two sets of network data models to manage the logical and physi-
cal relations in a network [ESRI, 2016]. The ESRI Geometric Network model repre-
sents the basic structure for any utility network type. ArcGIS Schematics provides
a mechanism to represent the relations between different features in a network. Ar-
cGIS has a set of domain specific data models for gas, water and electricity that are
customized based on the Geometric Network model. Each of the domain data mod-
els is representing a commodity-specific 2D GIS-based abstraction of the respective
utility network in the real-world.

The data models are semantically rich and complex, but do only represent the
2D topography of the utility network besides the logical network connectivity in-
formation. Besides that, spatial relationships between different networks as well
as between network features and city objects is not supported in the data model.
The model is lacking the topographic representation of network objects in 3D urban
space and also managing the logical relation between network objects is challeng-
ing. A 3D representation of the utility network is only possible for just pure 3D
visualization purposes.

PipelineML

PipelineML is a Geographic Markup Language (GML)-based data interchange stan-
dard for the exchange of pipeline data focusing on the oil and gas industry [OGC,
2016]. In its current stage of development, the standard focuses on distribution
components and 2D geometries only, terminal elements such as pump stations are
not considered, neither is a topological representation of networks.

Due the fact PipelineML is a GML-based interchange standard, it is good for inter-
operability. Only the spatial relationships between network features in a network
are modeled. Analytic capabilities between network features and city objects are
completely missing. Moreover, PipelineML only focuses on oil and gas networks
which limits the use for an integrated modeling of different utility networks.

Common Information Model (CIM)

The CIM is meant for power systems and has currently two primary uses: to facilitate
the exchange of power system network data between companies; and to allow the
exchange of data between applications within a company [McMorran, 2007]. The
CIM comprises two standards; the IEC standard 61970-301 and the IEC 61968-11.
The IEC standard 61970-301 is a semantic model that describes the components of a
power system at an electrical level and the relationships between each component.
The IEC 61968-11 extends this model to cover the other aspects of power system soft-
ware data exchange such as asset tracking, work scheduling and customer billing.

The CIM extensively models the relationships and domain specific semantics, but
completely neglects the geometry of each electrical components. Hence, spatial
analyses or visualizations in 3D urban space are not supported.

Informatiemodel Kabels en Leidingen (IMKL)

IMKL, Information Model for Cables and Pipes, is a Dutch standard data model for
all types of utility networks. A distinction is made between the different utility
networks: electricity, gas, chemicals, drink water, waste water, telecommunication
and district heating. Each network comprises network elements such as cables,
pipes and junctions. All the network elements together form the network for a
specific commodity. Every utility network is described by its location and topology
of network elements. Moreover, the network is described by its theme, responsible
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organizations, commodity type, product type and other related properties [van den
Brink et al., 2016].

IMKL is particularly meant for exchanging location information of utility network
data and avoid damage to utilities. The data model does not consider the spatial
relationships with above ground city objects. In [Zlatanova et al., 2011] an investiga-
tion is carried out what would be the best 3D standard for the Netherlands. Based
on a comparison of several popular 3D GIs and CAD standards it is concluded
that CityGML is the most promising. CityGML provides the best support regarding
semantics, objects, attributes, georeferencing and use on the web. Several Dutch in-
formation models have been studied of which IMKL was one. IMKL has been further
adapted to fit better to international standards, such as the OGC cityGML Utility
Network ADE.

CityGML Utility Network ADE

CityGML is the international Open Geospatial Consortium (OGC) standard for repre-
senting and exchanging semantic 3D city models [CityGML, 2017]. CityGML has been
developed by the members of the Special Interest Group (SIG) 3D since 2002. To sup-
port applications in context of urban planning and geo-design the core data model
can be extended with so-called ADE’s. An ADE can be used to extend the schema
with new classes and attributes which are not explicitly modelled in CityGML.

The Utility Network ADE of CityGML represents a first approach to extend the
abstract model of CityGML by integrating utility networks into the 3D urban space
and to make their network topology and topography explicit. It aims to provide a
common basis for the integration of the diverse models in order to facilitate joint
analyses and visualization tasks. Furthermore, the Utility Network ADE allows for
hierarchical modelling of networks and subnetworks as well as of components and
subcomponents. Moreover, the application schema is designed for modeling de-
pendencies and relationships between network features and city objects as well as
between network features of different types of networks [Becker et al., 2012b].

The first draft version of the Utility Network ADE was presented in 2010 and
limited to only the NetworkCore model. The last major ADE update was in 2012 by
extending the data model. Besides the Core model, the Utilty Network data model
is currently defined by the following models:

o NetworkComponents Model
e NetworkProperties Model
e FeatureMaterial Model

e HollowSpace Model

All cityGML Utility Network ADE Unified Modeling Language (UML) class diagrams
are in Appendix A.

3.4 CONCLUSION; THE MOST PROMISING UTILITY NET-
WORK DATA MODEL
In Section 3.3 existing data models for utility networks are briefly described. In

Table 3.1 a comparison is made between the different utility network data models.
The prerequisites of the data model are put in the table as column names.



3-4 CONCLUSION; THE MOST PROMISING UTILITY NETWORK DATA MODEL [ 19

Data model 2D/3D  Scale Topological relationships  Utility type

network network features
features and city objects

INSPIRE Utility Networks 2D Urban Yes No Any

IFC Utility model 2D+3D Building Yes Yes* Any

ESRI Utility Network 2D** Urban Yes No Any
PipelineML 2D Urban Yes No Oil and gas
CIM - Urban Yes No Electricity
IMKL 2D+3D  Urban Yes No Any
CityGML Utility Network ADE  2D+3D  Urban Yes Yes Any***

Table 3.1: A comparison between the different utility network data models

*Only inside a building
**Only in 3D for just pure visualization purposes
***A single model is used for any type of utility network

The possibility to topologically relate below ground utility network features with
above ground city objects is a key requirement. The comparison shows that only
the CityGML Utility Network data model is capable of relating utility network fea-
tures as well as utility network features and above ground city objects. Moreover,
the application schema is designed for modeling dependencies and relationships
between network features of different types of networks. With this comparison it is
concluded that, for this particular research, the CityGML Utility Network ADE is the
most promising data model. To summarize, characteristics of the CityGML Utility
Network ADE are:

a. Simultaneous representation of heterogeneous utility networks, e.g. the ADE

is not restricted to specific network types
b. Topographic 3D and topological representation of infrastructure networks
(dual representation)

c. Hierarchical modeling on the feature and network level

d. Representation of functional aspects in the form of supply areas, the character-
isation of city objects and network features according to functional roles and
the representation of the potential and current supply of commodities to city
objects

e. Linking utility networks with 3D city models; this is not supported by other

existing standards
f. Modeling multi-utility scenarios; this is not covered by other existing utility
modeling standards

g. The ADE provides a common data model which can serve as information hub

for various stakeholders and various use cases. Data conforming to the ADE
can be shared and integrated seamlessly with other utilities, without loss of
information or functionality.

h. The ADE can not only be applied in urban areas, but also in rural and suburban

areas to represent the transmission of resources from generation plants, wells
and reservoirs located outside urban areas.

The items e and f in particular are most relevant for the research.

A possible drawback of the Utility Network ADE is the lack of documentation and
the fact it is continuously under development. Moreover, no one ever thoroughly
mapped existing utility network data and city objects to the CityGML Utility Network
ADE which makes using the data model challenging from the start.
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This chapter provides an outline of the steps conducted in the thesis research from
a conceptual point-of-view. Figure 4.1 gives a schematic overview of this process.
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Figure 4.1: Workflow

Based on the comparison presented in Section 3.4, the CityGML Utility Network
ADE turns out to be the most promising data model based on a comparison be-
tween the examined existing data models. The prerequisites of the data model are
acquired from interviews with experts at the municipality of Rotterdam and the
investigation of existing data models. Then, after some data pre-processing which
will be discussed in detail in Section 5.5, both the electricity and sewer network data
will be mapped to the CityGML Utility Network ADE. The focus will be on how to
connect below and above ground features of interest. Subsequently, the data model
will be mapped onto a relational database model. Then, the modeled data will be
inserted into the database where after the database will be queried. By querying the
database it will be validated whether the mapping is done correctly or not on the
one hand. On the other hand the developed data model can be tested by performing
some interesting geospatial analyses which can subsequently be visualized.

4.1 UTILITY NETWORK DATA MAPPING

This section describes how the utility network data is mapped to the CityGML Utility
Network ADE. First the mapping of the electricity network will be discussed. Then,
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the mapping of the sewer network will be discussed. Focus is put on relating below
ground utility network features and above ground city objects.

In order to understand the actions taken and decisions made, it is important
to have a general understanding of the current CityGML Utility Network data model.
Figure 4.2 desribes the CityGML Utility Network ADE core module at the abstract level
of graphic UML. Except for the NetworkLink, all classes are used for the mapping
of both the electricity and the sewer network data. The core model can be roughly
divided into two parts, a topographical part and a topological graph part. The
Network and its AbstractNetworkFeature instances are used for the topographic
representation of the utility networks. The FeatureGraph, as member of the Net-
workGraph, represents a separate graph structure for each utility element reflecting
the functional, structural as well as the topological aspects of each element.

4.1.1  Electricity network data mapping

This section describes in more detail how the electricity network is mapped to the
CityGML Utility Network ADE. Figure 4.3 is a UML class diagram with the classes
used for the topographical representation of the electricity network. Some detail
is added through e.g. the AbstractFeatureMaterial and AbstractCommodity classes.
However, only the classes belonging to the core module are depicted for readability
purposes. After discussing the topographical part, the graphical representation will
be discussed.
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Figure 4.3: A UML diagram with all classes used for topographical representation of the
electricity network
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Figure 4.2: CityGML Utility Network - Core
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Since electrical current is transported through cables, the Cable class is used to
topographically represent all electricity cables. The Cable class inherits the prop-
erties of both the AbstractDistributionElement as well as of the AbstractNetwork-
Feature superclass. The physical characteristics of the electricity cables are similar,
and electrical current can seamlessly be transported from a Low-Voltage cable to
an OV-cable, or vice versa (see Section 3.2.1). Because of this reason, all electricity
cables are part of the same Network. In order to still have a distinction between the
different cables, the type is specified in the feature class description.

The class attribute of the AbstractDistributionElement is used to have a distinc-
tion between the main electricity line and the connection line to the streetlight. The
codelists in the Network Components module provide some possible values for the
class attribute (see Appendix A). The ‘supplyLine’ value is used for the connection
line and the ‘'mainLine’ value is used for the main electricity line. Furthermore, the
status attribute the AbstractNetworkFeature is used to state whether a electricity
cable is in use or not. Depending on how detailed the information is that comes
with the dataset is, more attributes can be added.

The TerminalElement class is a-kind-of AbstractNetworkFeature. A TerminalEle-
ment represents the connection point of the below ground feature, where the cable
is connected to the above ground feature. This could be the point where the electric-
ity cable and the below ground part of the streetlight meet. A streetlight is a typical
example of a city furniture object [Groger et al., 2012], thus the CityFurniture class
is used (Figure 4.4).

CityFurniture

\ Above ground

I
. Below ground

nt
T rmma\ﬂeme
(S

Cable

Cable Cable

Figure 4.4: Electricity network topography

In Section 3.2.1 it is explained that streetlights can be connected to the main
electricity line as a “group’ of multiple streetlights. In this case one of the streetlights
is directly connected to the main electricity line. In case this connection line between
the main electricity line and parent streetlights is broken, the other streetlights in
the group are not functioning either.

This group of streetlights is grouped to a CityObjectGroup. CityObjectGroups
aggregate CityObjects, e.g. TerminalElements. Each member of a group may be
qualified by a role name, reflecting the role each CityObject plays in the context of
the group. A ‘parent’ role is assigned to the streetlight that is connected to the main
electricity line (the one on the right in Figure 4.5). In case the streetlight has no
dependents, it will not be found as part of a CityObjectGroup. In this way it can
easily be checked what streetlights are part of the same group and what streetlights
are affected in case the parent streetlight is not functioning anymore. Moreover, the
structure of the resulting CityGML file is more clear which helps when inserting the
data into a database. Figure 4.5 and Figure 4.6 depict this situation respectively
with a topographical representation and corresponding UML model. Note that only
the main electricity lines and connection lines to the parent streetlights, and not the
lines between the mutually connected streetlights, are represented.
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Figure 4.5: Grouping streetlights
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Figure 4.6: Grouping streetlights in UML

The FeatureGraph class is used in order to reflect the topological aspects of each
element. In other words, a FeatureGraph is used for relating the different below
ground utility network features. A FeatureGraph consists of at least one Node.
A network component that is mapped to a single exterior Node is the minimum
possible FeatureGraph representation.

The electricity cable is graphically represented by an InteriorFeatureLink marked
with an exterior start and end Node. The topological relation between different
network features is established by an InterFeatureLink. An InterFeatureLink is a
connection between two exterior nodes belonging to a different FeatureGraph in
the same Network. Figure 4.7 illustrates this concept with a simple example of two
connecting lines. The nodes used as start and end of the InterFeatureLink have
different id’s but the exact same xyz coordinates.
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Figure 4.7: Utility Network ADE topology principle

Figure 4.8 is a graphical representation of the below ground electricity network
features, and their relationships. To have a complete image of the situation, the city
furniture object is graphically represented as a simple vertical line.

Above ground
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FeatureGraph of Cable FeatureGraph of Cable

Figure 4.8: A graphical representation of the electricity network

Figure 4.8 shows three intersecting lines, with one point of intersection. This
is the point where the connection line meets the main electricity line. The main
electricity line is split up in order to do rather detailed (network) analyses later on.
In addition, a streetlight is graphically represented as a simple vertical line. The
dotted lines represent InterFeatureLinks that are used to topologically relate the
different FeatureGraphs. More specific, an InterFeatureLink is used to describe the
connection between two exterior nodes of different FeatureGraphs. In this particu-
lar case, InterFeatureLinks are used to connect the FeatureGraphs of the different
Cables and to connect the FeatureGraph of the supply Cable and the FeatureGraph
of the TerminalElement.

Since, the above ground city objects are not directly part of the utility network, it
is not possible to have a relationship between the TerminalElement and the CityFur-
niture through an InterFeatureLink. This is where the useful ‘connectedCityObject’
attribute of the AbstractNetworkFeature comes in. This attribute is used to create a
one-to-one topological relationship between the below ground network feature (Ter-
minalElement) and the streetlight as above ground city object (CityFurniture). This
is presented with the UML class diagram in Figure 4.9. The classes in blue belong to
the CityGML core model and the classes in yellow belong to the Utility Network ADE.
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Figure 4.9: Linking below and above ground electricity network features in UML

4.1.2 Sewer network data mapping

This section describes how the sewer network is mapped to the CityGML Utility
Network ADE. Figure 4.10 is a UML class diagram of the classes used for the topo-
graphical representation of the sewer network. Some detail is added through e.g.
the AbstractFeatureMaterial and AbstractCommodity classes. However, only the
classes belonging to the core module are depicted for readability purposes. After
discussing the topographical part, the graphical representation will be discussed.
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Figure 4.10: A UML diagram with all classes used for the topographical representation of
the sewer network

In Section 3.2.2 it is explained that the sewer network data is gathered through
measurements at the place of a manhole. As a result, each sewer network line
is marked with a manhole at its start and end point. Hence, each sewer pipe is
connected to a manhole at its end and start. Depending on the shape, the sewer
pipe is topographically represented with one of the AbstractPipe subclasses (see
Figure 4.10)

The AbstractPipe class inherits the properties of both the AbstractDistributionEle-
ment as well as of the AbstractNetworkFeature class. In case the cross section shape
of the pipe is round, the interiorDiameter attribute is used to determine the inner
diameter size. In other cases, the height can be different than the width. For this rea-
son, the two possible attributed, interiorWidth and interiorHeight, are used to spec-
ify the size of a sewer pipe with a rectangular cross section. Sewer pipes with other
possible cross section shapes, e.g. egg shaped, are mapped to OtherShapePipes.

In Section 3.2.2 it is explained that the sewer network as a whole consists of pipes
with different functions. The collection of pipes with similar functional character-
istics can be seen as a subNetwork. Since the focus is this research is put on the
gravity sewer system, all pipes are part of the same Network. Again, the status
attribute the AbstractNetworkFeature is used to state whether a sewer pipe is in
use or not.
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The SimpleFunctionalElement class is a-kind-of AbstractNetworkFeature. In the
codelist some possible values for the SimpleFunctionValue attribute are given (see
the Network Components module in Appendix A). The codelist includes a couple
of different fittings as well as a ‘manhole” value. The difference between a fitting
and a manhole is that a manhole not only connects the below ground sewer pipes
but also has a connection to the surface, with the manhole cover. This manhole
can be topographically represented in LoD 1 to 4. To be consistent, the manhole is
represented in the lowest possible LoD, as a point object.

Manhole covers are visible on the surface, so are part of the core CityGML model.
However, in [Groger et al., 2012] it is not stated in a clear manner to what class man-
hole covers should be mapped. City furniture objects can be found in traffic areas,
residential areas, on squares or in built-up areas. This aligns with the definition of a
manhole cover. Also, it is stated that city furniture objects are immovable. Though,
the CityFurniture class is used for e.g. garbage cans. Just as garbage cans, manhole
covers can potentially be moved, if needed. For this reason, the CityFurniture class
is used for representation of the manhole covers. Figure 4.11 is a topographical
representation of a manhole, mapped to a single node, as connection between two
sewer pipes and a manhole cover.
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Figure 4.11: Sewer network topography

The sewer pipe is graphically represented by an InteriorFeatureLink marked with
an exterior start and end Node. Figure 4.12 shows two connecting lines, with a man-
hole in between. The manhole connects both below ground sewer pipes but forms
a connection to the above ground manhole cover too. InterFeatureLinks are used to
have a topological link between (the exterior nodes of) the FeatureGraphs of the Pipe
and the SimpleFunctionalElement. In a standard sewer system water flows from
higher to lower elevations. Therefore, the node with the lowest z-value is marked
as end node of InteriorFeatureLink. At the same time, this node is marked as start
node of the InterFeatureLink to the SimpleFunctionalElement which is graphically
represented by a single node. The node as part of the InteriorFeatureLink with the
highest z-value is marked as start node of the InteriorFeatureLink and, at the same
time, as end node of the InterFeatureLink.
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Figure 4.12: A graphical representation of the sewer network

The ’"connectedCityObject’ attribute of the AbstractNetworkFeature is used to cre-
ate a directional one-to-one topological relationship between the below ground net-
work feature (SimpleFunctionalElement) and the manhole cover as above ground
city object (CityFurniture). This is illustrated with a UML class diagram in Fig-
ure 4.13. The classes in blue belong to the CityGML core model and the classes in
yellow belong to the Utility Network ADE.
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Figure 4.13: Linking below and above ground sewer network features in UML

4.2 DERIVATION OF THE RELATIONAL DATABASE

Two main parts can be defined; mapping the core CityGML model to a relational
database, and extending the database by mapping the data model for utility net-
works to the relational database.

As CityGML datasets may become very large and objects may be arbitrarily nested
leading to complex data structures, the efficient storage and input/output of CityGML
data requires carefully optimized database schemas [Stadler et al., 2009]. One of the
benefits is that a database ensures interoperable data access. Moreover, a database
is essential in applications in which large amount of large-scale geodata need to be
continuously maintained and managed [Zlatanova and Stoter, 2006].

4.2.1  Mapping the core CityGML model onto a relational-database model

This section describes how the object-oriented data model of CityGML is mapped to
the relational structure of a spatial relational DBMS (SRDBMS) (henceforth referred
as ‘relational database’ or just ‘database’). Note that this database only allows for
storage of city objects belonging to the core CityGML model, and e.g. not to the Utility
Network ADE. The focus is put on the city objects that relate to the below ground
electricity and sewer network; streetlights and manhole covers.

This mapping task is conducted by means of 3DCityDB. 3DCityDB is a free open
source package consisting of a database schema and a set of software tools to im-
port, manage, analyze, visualize, and export virtual 3D city models according to
the CityGML standard. The database schema results from a mapping of the object-
oriented data model of CityGML to the relational structure of a database.

Before the mapping process, the original CityGML model is slightly simplified
allowing an optimized workflow and guaranteeing efficient processing time. Sub-
sequently, all the feature classes are mapped to database tables. Generally, one or
more classes are merged and mapped to a single table (see Section 2.3). In case
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representation is only possible by additional tables, a class is mapped to a single
table. The attributes of the classes become columns of the corresponding table.

Although the 3DCityDB allows to map all thematic CityGML classes, this section
focuses only on the mapping of those classes representing city objects that could
possible relate to the below ground utility networks. As explained in Section 4.1.1
and Section 4.1.2, these are: streetlights and manhole covers which are modeled as
city furniture objects.

The base class of all thematic classes within CityGML is the Cityobject class, which
may be aggregated to a single CityModel. The CityObject class provides a creation
and termination date for the management of histories of features as well as the
position relative to the terrain or water (see Figure 4.14a). The subclasses of the
CityObject class comprise the different thematic fields of a city model, e.g. city fur-
niture. The complete CityGML model is very extensive [Groger et al., 2012]. Though
in this research the focus is only put on the CityFurniture class since the related
above ground city objects are modeled as such.

Figure 4.14a depicts a UML diagram with 4 classes, representing the CityFurni-
ture class with its parent classes and a geometry class. The CityFurniture class is a
subclass of the CityObject class. Hence, city furniture objects inherit the properties
of the city object.
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Figure 4.14: UML diagram and resulting database schema after the mapping

Figure 4.14b presents the database schema after mapping the presented CityGML
classes. The four CityGML classes are mapped to five database tables. The classes
that are mapped to a single table are shown as orange blocks in the UML diagram.
Relationships, e.g. many-to-many relationships, that can only be presented by addi-
tional tables, are shown as green blocks.

All CityObject instances, and that of subclasses, are represented by tuples in the
table ’cityobject’. The fields in the cityobject table are identical to the attributes of
the corresponding UML class, plus some additional fields for metadata. In order
to identify each city object, a unique identifier is essential which is achieved by
the 'id” attribute. The cityobject table contains the attribute objectclass_id as foreign
key which refers to the parent table ‘objectclass’. This helps to identify the proper
subclass tables, e.g. a building has a different ‘objectclass_id” than a city furniture
object. All object class names of the schema are managed in the objectclass table. In
the “objectclass’ table, the relation of the subclass to its parent class is represented
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via the attribute superclass_id in the subclass tuple as a foreign key to the id of the
parent class. For instance, the tuple representing the CityFurniture subclass has a
superclass_id which refers to the CityObject class in the same cityobject table.

Besides having them stored as city objects, city furniture objects are represented
by tuples in the table ‘city_furniture’. The id, as primary key, of the city_furniture
table refers to the cityobject table. The geometry of the city furniture object is
stored in the field "lod1_other_geom’ of the city_furniture table. The geometry of city
furniture objects can be represented in various ways, e.g. as surface-based geometry
object or as point- or line-typed object. To be consistent and allow fast processing,
the city furniture objects are represented as points or lines. In case of the sewer
network, the manhole covers are mapped to point objects. In case of the electricity
network, the streetlights are mapped to simple vertical line objects.

The table ’cityobjectmember’ is created in order to allow aggregation of city ob-
jects to a single CityModel. This table has a composite primary key consisting of
a citymodel.id and cityobject_id. This ensures that a city object cannot occur more
than once in the same CityModel.

Figure 4.15 depicts an example of how a single city furniture object would be
stored in a database according the presented database schema.

citymodel cityobjectmember
id citymodel id cityobject_id
1l - 1 1
b 4
cityobject
id objec Ss_id creation_date termination_date relative_to_terrain relative_to_water
1" 21 2017-11-17 null substantiallyAboveTerrain null

objectclass

id classname supercass_id tablename
rity furniture _

3 CityCbject 2 cityobject
td class function usage lodl_other gt .:‘fff-~____§_-___

- \\“:l CityFurniture 3 city furniture
1 security lamppost null 01020000A040...

Figure 4.15: Storing a single city furniture object in the database according to the presented
database schema

4.2.2 Mapping the CityGML Utility Networks ADE onto a relational-database
model

This section describes how the 3DCityDB is extended in order to allow storage, repre-
sentation and management of utility networks. Therefore the Utility Network ADE
(objects-oriented data model) is mapped onto the relational database model (entity
relationship model) and added to the 3DCityDB.

[Yao and Kolbe, 2017] presents how the 3DCityDB can be extended in order to allow
for handling arbitrary CityGML ADE’s. The proposed approach has been successfully
implemented and tested based on a number of different CityGML ADE’s including the
Utility Network ADE. The 3DCityDB extension for the CityGML Utility Network ADE
comes with a set of scripts that extends the relational database with numerous tables
for representing the classes in all modules. However, only the Utility Network Core
module is relevant for relating below ground utility network features and above
ground city objects (see Section 4.1). The colored blocks in Figure 4.16 illustrate the
mapped parts of the Utility Network ADE Core. Figure 4.17 presents the resulting
entity relationship (ER) model for the Utility Network Core.
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«typex
Geometry root::GM_Object

CityGML_Core::_CityObject

«featureType»

0.l +lod| Geometry ZF
*
«FeatureType» +component «FeatureType»
AbstractNetworkFeature Network
0.%
. Ok
«Property» «Property»

+superOrdinateNetwork

+subOrdinateNetwork

+linkMember

Figure 4.16: Utility Network ADE Core with colored blocks illustrating the mapped parts.

Image from [Agugiaro, 2017]

+ function: FunctionValue [0..1] + dass: Code [0..1]
+ usage: FunctionValue [0..4] +subNetwork 0.* + function: Code [0.%] 0.*
+ connectedCityObject: URI [0..1] + usage: Code [0.%]
+ yearOfConstruction: Date [0..1]
+ status: StatusValue [0..1]
+ locationQuality: SpatialQualityValue [0..1] 0.
+ elevationQuality: SpatialQualityValue [0..1]
+consistsOf
0.%
+topoGraph 0.1 +topo Graph 0.1
«FeatureType» +featureGraphMember «FeatureType»
. FeatureGraph < NetworkGraph [€@—
0.*
+nodeMember
«FeatureTypey
. Node
=
GM_Primitive + type: NodeValue
Hiresdlizion + connectionSignature: AbstractSignature [0..1]
«type»
fYP . + linkControl: AbstractLinkControl [0..1]
Geometric primitive:: ol
GM_Point +start I +end I
0.* 0.*
GM_OrientableCurve | 4+ qalization
«FeatureType»
Gyppe AbstractLink
Geometric primitive: | 0.l
GM Curve + direction: Sign [0..1]
+ linkControl: AbstractLinkControl [0..1]
0.*
0.*
< «FeatureType» «FeatureType» «FeatureTypey
InteriorFeatureLink NetworkLink InterFeatureLink
+linkMember
* + type: InterFeatureLinkValue
+networkLinkMember 0.
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citydb.utn®_network_to_network
superardinate_network_id: integer
subordinate_network_id: integer

utnS_network_to_network_pk
utnS_ntw_to_ntw_subntw_id_floc
utnS_ntw_to_ntw_superntw_id_floc

&% % [ % (M

¥

[E citydb.cityobject

£ citydb.utng_network_feature

EH citydb.utn9_network

= citydb.utn9_network_to_network_feature

4 id: integer
B objectclass_id: integer
B network_parent_id: integer

48 network_id: intager
/2 network_featurs_id: integer

48 utnS_netwark_to_network_feature_pk

B network_root_id: integer
B commodity_id: integer

& class: varchar
Eg function: warchar
= usage: varchar

& utn9_network_pkey

< utn9_ntw_comm_id_flex

& utn3_ntw_ntw_parent_id_floc
4 utn3_ntw_ntw_root_id_floc
4 utnI_ntw_chjclass_id_floc

A3 id: integer

B objectclass_id: integer

ER ntw_feature_parent_id: integer
B ntw_feature_root_id: integer
B cityobject_id: intager

B prot_element_id: integer

E class: varchar

E2 function: wvarchar

ES usage: varchar

EH year_of_construction: date
gl B status: warchar

& utnS_ntw_to_ntw_feat_ntw_feat_id_flo:
< utnS_now_ro_ntw_fear_now_id_floc

E2 location_guality: varchar
E elevation_guality: wvarchar
E2 geom: public.geometry

4 utn3_network_feature_plkey
utn3_ntw_feat_cto_id_floc
utnS_ntw_feat_geom_spx

4f utnS_ntw_feat_ntw_feat_parent_id..|
& utn9_ntw_feat_ntw_feat_root_id_flod
utn9_ntw_feat_objclass_id_flox
utn3_ntw_feat_prot_elem_id_flox

3

A

WO

£ citydb.utn®_network_graph

&2 ids serial
Ej objectclass_id: intager
Eg network_id: integer

E= citydb.utn0_feature_graph

&2 ids serial
Ej objectclass_id: integer
B ntw_feature_id: integer

B gmlid: varchar E§ ntw_graph_id: integer
E2 gmlid_codespace: varchar
E2 namea: varchar

ES name_codespace: varchar
ES descriptions text

E2 gmlid: varchar

E2 gmlid_codespace: varchar
ES name: varchar

E2 name_codespace: varchar
EE description: text

& utn3_network_graph_phkey

< utn9_ntw_graph_gmlid_inx

4 utn9_ntw_graph_ntw_id_floc

4 utn9_ntw_graph_objclass_id_flo

¢ utnS_feature_graph_pkey

4 utnS_feat_graph_gmlid_inx

4 utnS_feat_graph_ntw_feat_id_floc
4 utn3_feat_graph_ntw_graph_id_floc
< urn3_fear_graph_objclass_id_flox
3

[

E citydb.utng_link

&2 ids serial

B objectclass_id: integer
E§ start_node_id: integer
B end_node_id: integer
ER feat_graph_id: integer
Ej ntw_graph_id: integer

E2 citydb.utnd_node

&2 ids serial

B objectclass_id: integer
B feat_graph_id: integer
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o ES name: varchar
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ES type: wvarchar
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E2 link_control: varchar
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£ utn3_node_phkey
4 utn3_node_feat_graph_id_floc
4 utnS_node_geom_spx
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utnS_link_start_node_id_flo:

WHEREERRE

Figure 4.17: ER model for the Utility Network ADE Core. Image from [Agugiaro, 2017]

In addition, the objectclass table is extended with the Utility Network ADE classes.

The utng_network_feature table contains a cityobject_id field which is a foreign
key that refers to the id of the cityobject table. This allows for relating the be-
low ground utility network features to the above ground city furniture objects, as
shown in the resulting ER model that consists of the tables of interest used for
the topographical representation (see Figure 4.18). In addition to the ones pre-
sented in Figure 4.14 and Figure 4.16 a utng_distrib_element is introduced. The
utng_distrib_element allows for adding more detail to Pipes and Cables e.g. section
shape dimension parameters.
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utn9_network_to_network citymodel cityobjectmember
1 *
superordinate_network_id: integer (PK) id: integer (PK) citymodel_id: integer (PK)
subordinate_network_id: integer (FK) gmlid: varchar cityobject_id: integer (PK)
* description: varchar *
creation_date: date 1
- termination_date: date cityobject
utn9_network 01 ; id: integer (PK)
id: integer (PK) objectclass_id: integer (FK)
) objectclass
objectclass_id: integer (FK) — - 1 = | gmlid: varchar
id: integer (PK) ] o
network_parent_id: integer (FK) description: varchar
classname: varchar
network_root_id: integer (FK) o creation_date: date
superclass_id: integer (FK) 1 o
commaodity_id: integer (FK) 1 — termination_date: date
tablename: varchar
class: varchar relative_to_terrain: varchar
is_ade_class: numeric
function: varchar relative_to_water: varchar
baseclass_id: integer (FK)
usage: varchar 1 1
1 .
N utn9_network_feature 01
0.1 - -
utn9_network_to_network_feature id: integer (PK) city_furniture
network_id: integer (PK) ! objectclass_id- integer (FK) id: integer (PK)
y id- i 0.1 041
network_feature_id: integer (PK) nitw_feature_parent_id: integer (FK) class: varchar
ntw_feature_root_id: integer (FK) function: varchar
utm9_distrib_element cityobject_id: integer (FK) usage: varchar
id: integer (PK) class: varchar lod1_other_geom: geometry
objectclass_id: integer (FK) function: varchar
function_of_line: varchar usage: varchar
is_gravity: numeric year_of_construction: date
0.1 1
ext_width: numeric status: varchar
ext_height: numeric geom: geometry

ext_diameter: numeric

int_width: numeric

int_diameter: numeric

Figure 4.18: ER model for the topographical representation of the relevant utility network
features and city furniture objects

The classes and derived tables used for the topographical representation of the
utility networks can be found in Appendix B.

4.3 IMPORTING THE CITYGML DATA INTO THE RELATIONAL
DATABASE

This section describes the process of importing the generated CityGML data into the
relational database. This includes both the importing of the above ground city
furniture objects as well as the below ground utility network features. First the
importing of the electricity network data will be discussed, followed by the sewer
network data.

After modeling the utility network data according to the Utility Network ADE, the
data is put into the database. The modeled data contains a varied set of different
types of features. To populate the tables in the database either only one or multiple
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types of features are used. The table names correspond with the names in the ER
model.

4.3.1 Importing the electricity network data

Table 4.1 lists what types of features are used to populate the tables in the database
for the electricity network data.

Feature Table
Network
© TerminalElement S0Pt
Cable
2 CityFurniture city_furniture
TerminalElement . .
3 CityObjectGroup cityobjectgroup
TerminalElement . .
4 CityObjectGroup group-_to_cityobject
5  Network utng_network
NetworkGraph utng_network_graph
7 Etzjri\;nalElement utng_network_feature
8 Cable utng_distrib_element
9  FeatureGraph utng_feature_graph
10 Node utng_node
1 InterfeatureLink. utng Tink
InteriorFeatureLink

Table 4.1: CityGML features and table names used for the electricity network

4.3.2 Importing the sewer network data

Table 4.2 lists what types of features are used to populate the tables in the database
for the sewer network data.
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Feature Table
Network
CityFurniture

. SimpleFunctionalElement citvobiect
RoundPipe yoP]
RectangularPipe
OtherShapePipe

2 CityFurniture city_furniture
Network utng_network

4 NetworkGraph utng_network_graph
SimpleFunctionalElement
RoundPipe

5 Rec tangularPipe utng_network feature
OtherShapePipe
RoundPipe

6 RectangularPipe utng_distrib_element
OtherShapePipe

7  FeatureGraph utng_feature_graph

8 Node utng_node
InterFeatureLink tno. link

9 InteriorFeatureLink uthg-m

Table 4.2: CityGML features and table names used for the sewer network

Note that the ‘cityobjects’ table is populated with below as well as above ground
features. The cityobjects table is a collection of all city objects, above and below
ground, in the city model. Several tables exist that relate to the cityobject table. For
this reason, some features are used to populate more than one table. The same goes
for the TerminalElement and CityObjectGroup features in the electricity network
data. Both feature types are used to populate the cityobjectgroup table as well as
the group_to_cityobject table.

Figure 4.17 has shown that many tables are linked through foreign keys which
makes the order of inserting the data an important task that must be handled with
care. For example, the cityobjects table has to be populated before populating the
utng_network table since the id of the utng_network table is a foreign key that refers
to the id, as primary key, of the cityobjects table. Hence, the id must exist in the
cityobjects table before populating the utng_network table. The order in which
Table 4.2 lists the features and tables is also the order of inserting used.

Moreover, assigning the id’s has to be done with care since these are all primary
keys and thus have to be unique. Inserting the different features into the cityobjects
table is done in one batch. All the features are inserted one after each other having
a unique numeric id. Also, care must be taken on referencing the id’s in different
tables. This means that e.g. the id of a feature in the city_furniture table must be
the same as it is in the cityobjects table. This is achieved by assigning the id’s as the
very first step in the process of inserting.
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5 TECHNICAL IMPLEMENTATION AND
RESULTS

This chapter describes the details of the experiments (including datasets used) and
the actual implementation of the data. The implementation details (e.g. language
details, classes, bits and bytes, running time) will be presented and discussed.

5.1 TOOLS AND LIBRARIES

Before the actual processing of the data, some pre-processing is done in Python and
with the FME software. The Python Shapefile Library (pyshp) is used for reading and
writing ESRI Shapefiles. Shapely is used for manipulation and analyses (e.g. nearest
neighbour) of the Shapefiles. Shapely is based on the widely deployed GEOS (the
engine of PostGIS) and JTS (from which GEOS is ported) libraries. Translating ESRI
Shapefiles to CityGML data is completely done in FME. Moreover, PgAdmin is used
as development platform for PostgreSQL object-relational database. PostGIS is used
as a spatial database extender for PostgreSQ. It adds support for geographic objects
allowing location queries to be run in Structured Query Language (SQL). In order
to visualize the data, Quantum GIS (QGISs), ArcGIS, FME’s Data Inspector or the
FZKViewer is used. QGIS is often used for quick inspections and minor analyses
of mostly 2D ESRI Shapefiles. FME’s Data Inspector and the FZKViewer are used
to visualize the datasets in CityGML format. ArcGIS is mainly used to visualize the
data stored in the database. In addition, Enterprise Architecture is used for UML
modeling.

5.2 SPATIAL SCOPE

The proposed data modeling approach is tested on an area in "Hoogvliet’, located in
the southern part of Rotterdam (Figure 5.1). Due the current developments, above
and below ground, this is an interesting area. Furthermore, this area has a diverse
network of pipes and cables and assets. Therefore, this area could be representative
for the rest of the city of Rotterdam.

Figure 5.1: Hoogvliet, Rotterdam
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5.3 ASSET MANAGEMENT IN ROTTERDAM

The term ‘asset management’ is included in the main research question and there-
fore needs to be defined. Asset management can be defined as an integrated frame-
work for the maintenance of the assets in public space, above and below ground.
In order to spend the maintenance budget as wisely as possible and better decision
making an optimum balance is needed between costs, performance and risk. Asset
management links technical maintenance directly to the most important goals of the
city. As such through maintenance of the city value is created for the development
of Rotterdam [Municipality of Rotterdam, 2017].

The following assets, managed by the municipality of Rotterdam, can be distin-
guished:

e Subsurface

e Green infrastructure
e Playgrounds

o Streetlights

e Roads

e Bridges and tunnels
e Surface water

e Sewerage

e Visual art and monuments

5.4 DATA

Thanks to municipality of Rotterdam a varied selection of datasets were available
to use for experimentation. Both a dataset containing the pipes and cables as well
as several related above ground city objects, e.g. streetlights and manholes, are
provided. The data is originally extracted from the LvZK which is used to manage
all pipes and cables in Rotterdam (Figure 5.2).

Appendix C describes the datasets in more detail. Following are a short descrip-
tion of each dataset:

5.4.1 Electricity network data

Electricity lines

An ESRI Shapefile containing 3D line objects representing the electricity lines (LV
and OV).

Streetlights

An ESRI Shapefile containing point objects representing the location of a streetlight.
The type of connection and physical properties, e.g. the height, are put in the at-
tribute fields.

5.4.2 Sewer network data

Sewer network lines

An ESRI Shapefile containing 3D line objects representing the standard sewer pipes.
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Figure 5.2: Pipes and cables in Hoogvliet, Rotterdam
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Manholes

An ESRI Shapefile containing point objects representing the location of the man-
holes.

5.4.3 Rotterdam 3D

A 3D city model of Rotterdam in CityGML format including buildings, trees, ground
level, design and building information. Pipes and cables are also part of the 3D city
model but are modeled as generic city objects.

In addition to the Rotterdam data, a 2D dataset from Stedin is examined and also
detailed in Appendix C.

5.5 PRE-PROCESSING THE ELECTRICITY NETWORK DATA

As described in Section 3.1, the connection line between the above ground feature
and main electricity line is not registered. Hence, it is currently unknown how the
streetlights are connected to the below ground electricity lines. In order to check
whether the CityGML Utility Network data model is suitable for modeling such de-
tailed network structures, an algorithm is written. Having the streetlights, as points,
and the electricity cables, as lines, as input a best estimate of what streetlights are
connected to what streetlights and what streetlights are connected to what electric-
ity line is computed in Python (see Figure 5.3 for a flowchart of the algorithm).

In Section 3.2.1 it is described that streetlights can be connected to the electricity
line in different ways. The constraints for the developed algorithm are listed below.

o A streetlight cannot be directly connected to a HV or MV voltage cable

e Any kind of streetlight can directly connected to an OV cable

e Streetlights with an assisting wire are directly connected to an OV or to a LS
cable

e Streetlights with a fuse connection are connected to another streetlight or to
an OV cable

e The connection line prefers the shortest distance

After running the pre-processing algorithm the original ESRI Shapefile is en-
riched with an attribute field specifying the group. Moreover, the algorithm outputs
the connection lines. As a result, the coordinates of the end point of the connection
line is equal to the base of the streetlight (Figure 5.4). The source and target ob-
ject, streetlight and electricity line, are specified as an attribute. In each group of
streetlights there is always one streetlight that has a direct connection to the main
electricity line.
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Comnected through an assisting wire?

Yes No
i«

Connect streetlight to nearest electricity line
(OV or LS cable)

Nearest line is a0V cable?

No Yes
' ™~

connect streetlight to nearest OV cable

Find nearest streetlight

Isstreetlight already in a group of streetlights?

Is nearest streetlight slready in a group of streetlights?

No
Yes \

/ Create group and add streeflight

Add streetlight to group

Figure 5.3: A flowchart representing the pre-processing electricity network data algorithm

streetlight

e ...\...____‘_f__._"'connection line

Figure 5.4: Main electricity line and connection line to streetlight
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This section describes in more detail how the utility network data, as ESRI Shape-
file, is mapped to CityGML including Utility Network ADE. This translation is com-
pletely done in FME, for both the electricity network and the sewer network. The
principle of FME is reading the source data, manipulating the data structure and
content with so-called transformers and subsequently writing the data. To be able
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to write CityGML files in FME, the different feature types need to be specified to
the CityGML Writer first. In addition to the standard core CityGML feature types,
the feature types of the CityGML Utility Network ADE are specified. The complete
translation is complex. Over a hundred FME transformers are used. Therefore, this
section only elaborates on the most important parts. The creation of the CityGML
file is different for both utility networks. However, the different types of used FME
transformers is similar.

The following FME Transformers are used:

e SpatialFilter

Intersector
TopologyBuilder
DuplicateFilter
Creator
UUIDGenerator
Tester
TestFilter
FeatureMerger
ListBuilder
ListExploder
NeighborFinder
StringConcatenator
SurfaceDraper
GeometryRemover
GeometryPropertySetter
VertexCreator
AttributeCreator
AttributeRenamer

Relationships (associations, aggregations, compositions) between the classes are
encoded in a CityGML file such that the referenced features are represented as child
elements of the referencing features (parent elements). When a UML class is ref-
erenced by several other UML classes, relationships are realized in CityGML using
XLinks. Xlinks are used for pointing to remote objects within the same or an exter-
nal document. Figure 5.5 presents how the relationships (child-parent or xlink) are
encoded in the Utility Network ADE Core model.

Figure 5.6 depicts a small segment of the resulting CityGML file. The InteriorFea-
tureLink and Nodes, as child elements, are indented into the parent FeatureGraph.
A reference to the start and end Node is built by assigning their identifiers to xlink
attributes of the InteriorFeatureLink.

The relationships need to be provided explicitly for each referenced feature in the
form of the role names in the UML diagram (see Appendix A). The AttributeCre-
ator transformer is used in FME to add the ’citygml_feature_role’ attribute to the
referenced features. The attribute value is the role name of the referenced UML
class. For example, for the features Cable and RoundPipe the attribute value is
‘component’ (Figure 5.7). The same procedure, but different role names, is used to
create relationships between other CityGML features.

The complete CityGML files can be found in [den Duijn, 2017].

5.6.1  Mapping the electricity network data to CityGML

This section elaborates on the mapping of the electricity network data, as ESRI
Shapefiles, to CityGML including the Utility Network ADE. The following CityGML
classes are written:

e CityGML Core

- CityFurniture
- CityObjectGroup
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afeatureTypes
CityGML_ Core::_CityObject

7

«FeatureTypes «FeatureTypes
AbstractNetworkFeature é child-parent < Network

| | child-parent
zlink child-parent

—— «FestureTypex { child-parent - «FeatureTypes

FeatureGraph NetworkGraph

child-parent

«FeatureTypes

Node
xlink zlink
child-parent | | child-parent
«FeatureTypex
Abstractlink
|
aFeatureTypes «FeatureTypes

InteriorFeaturelLink InterFeatureLink

Figure 5.5: Mutual relationships in simplified Utility Networks ADE

e CityGML Utility Network ADE
- Topographical
* Network
* TerminalElement (AbstractNetworkFeature)
x Cable (AbstractDistributionElement, AbstractNetworkFeature)
— Graphical
* NetworkGraph
FeatureGraph

*

* InterFeatureLink
InteriorFeatureLink
x Node
— Additional
x ExteriorMaterial

*

* ElectricalMedium

The connection lines, between the main electricity line and streetlight, are output
after running the algorithm, as explained in Section 5.5. Before determination of the
topological relationships, it is important to ensure that the connection lines touch
the main electricity line. This is achieved by extending the connection lines a little
(0.01 ground units) first. Then, the intersections between the lines are computed
with the Intersector Transformer, where after the short lines are neglected. This
process is depicted in Figure 5.8.

Subsequently, the topological relationships are determined with a TopologyBuilder
transformer. The TopologyBuilder is set to ‘assume clean data’ in order to prevent
that lines are splitted in case they intersect in 2D but not in 3D. The topologically
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<utility : featureGraphMember>
<utility : FeatureGraph gml:id="UUID_fc3aagfa —65ef —43d5—8a08 —64b5fgeeg614”>
<utility :linkMember>
<utility :InteriorFeatureLink gml:id="UUID_d39ddc52—9961—42e0—8af3 —1044bcof67bc”>
<utility :realization>
<gml: LineString srsName="epsg:28992” srsDimension="3">
<gml:posList >83433.28 431561.93 0.27 83429.88 431564.76 0.24</gml:posList>
</gml:LineString>
</utility :realization>
<utility : start xlink:href="UUID_ef69d839 —5252—4b49—aaae —y2150f2a5346"/>
<utility :end xlink:href="UUID_b1602879—1d9a—4ed6—a3a1—ogcaz2f6fycbe”/>
</utility :InteriorFeatureLink >
</utility :linkMember>
<utility :nodeMember>
<utility :Node gml:id="UUID_ef69d839 —5252—4bgq9—aaae —72150f2a5346">
<utility :type>exterior </utility :type>
<utility :realization>
<gml:Point srsName="epsg:28992” srsDimension="3">
<gml:pos>83433.28 431561.93 o</gml:pos>
</gml:Point>
</utility :realization>
</utility :Node>
</utility :nodeMember>
<utility :nodeMember>
<utility :Node gml:id="UUID_b1602879—1d9a—4ed6—a3a1—ogca2f6f7cbe”>
<utility :type>exterior </utility : type>
<utility :realization>
<gml:Point srsName="epsg:28992” srsDimension="3">
<gml:pos>83429.88 431564.76 o</gml:pos>
</gml:Point>
</utility :realization>
</utility :Node>
</utility :nodeMember>
</utility : FeatureGraph>
</utility :featureGraphMember>

Figure 5.6: Relationships between classes encoded in CityGML

% AttributeCreator Parameters hd

Transformer

Transformer Name: | AttributeCreator_30 |

Advanced: Attribute Value Handling
Attributes To Create

MNew Attribute Attribute Value
cityaml_feature_role O component
+ = 2 ~ = = Filter: | | Import ...

Help Defaults Cancel

Figure 5.7: Reference features using the FME AttributeCreator
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Figure 5.8: FME transformers used to ensure correct determination of topological relation-
ships

significant nodes (point geometries) and edges (curve geometries) are output. These
features, together with the point geometries in the Streetlights ESRI shapefile, form
the basis for the rest of the translation.

The output edges are mapped to the following features:
e Cables
e InteriorFeatureLinks as part of the FeatureGraph of the Cable

The output nodes are used to write the following features:
e Nodes as part of the FeatureGraph of the Cable
e Nodes as part of the FeatureGraph of the TerminalElement (the end of the
connection line corresponds with the location of the streetlight)
e InterFeatureLinks

— between the exterior nodes as part of the different FeatureGraphs of Ca-
bles

- between the exterior node as part of the FeatureGraph of a TerminalEle-
ment and the exterior node as part of the FeatureGraph of a Cable

e CityFurniture (the Neighborfinder transformer is used to find what nodes
should be enriched with the streetlight attributes and represented as street-
lights. The height attribute is used to create a vertical line which topographi-
cally represents the streetlight as a city furniture object)

The Creator transformer is used to write the Network and NetworkGraph features.
In addition, the "'SUBGROUP’ attribute, that is added to each streetlight after the
pre-processing, is used to write the CityObjectGroups.

5.6.2 Mapping the sewer network data to CityGML

This section elaborates on the mapping of the sewer network data, as ESRI Shape-
files, to CityGML including the Utility Network ADE. The following CityGML classes
are written:

e CityGML Core

- CityFurniture
e CityGML Utility Network ADE
- Topographical
* Network
* SimpleFunctionalElement (AbstractNetworkFeature)
* RoundPipe (AbstractDistributionElement, AbstractNetworkFeature)

* RectangularPipe (AbstractDistributionElement, AbstractNetworkFea-
ture)

* OtherShapePipe (AbstractDistributionElement, AbstractNetworkFea-
ture)

- Graphical
* NetworkGraph
* FeatureGraph
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* InterFeatureLink
* InteriorFeatureLink

* Node

— Additional
* ExteriorMaterial

* LiquidMedium

Again, the topological relationships are determined with a TopologyBuilder trans-
former. The topologically significant nodes (point geometries) and edges (curve
geometries) are output. These features, together with the point geometries in the
manholes ESRI shapefile, form the basis for the rest of the translation.

The output edges are subsequently mapped to the following features:

e Pipes (RoundPipes, RectangularPipes or OtherShapePipes)
e InteriorFeatureLinks as part of the FeatureGraph of the Pipe

The output nodes are used to write the following features:

e Nodes as part of the FeatureGraph of the Pipe

e Nodes as part of the FeatureGraph of the SimpleFunctionalElement (A sewer
pipe always starts and end at a manhole)

e InterFeatureLinks

— between the exterior nodes as part of the different FeatureGraphs of Pipes

— between the exterior node as part of the FeatureGraph of a SimpleFunc-
tionalElement and the exterior node as part of the FeatureGraph of a
Pipe

e CityFurniture (the manhole cover is represented as a single node, draped on
a Digital Terrain Model (DTM))

The Creator transformer is used to write the Network and NetworkGraph features.

5.6.3 Linking below ground utility network features and above ground city furni-
ture objects

For both the electricity and sewer network, the relationship between the below
ground utility network features and above ground city objects are created similarly.
In case of the electricity network, the TerminalElement represents the below ground
utility network feature. In case of the sewer network, the SimpleFunctionalElement
(below ground part of the manhole) represents the below ground utility network
feature. In both cases, the utility network feature is duplicated and assigned a
unique identifier. Subsequently, the ‘connectedCityObject’ attribute is assigned to
the utility network feature. A Uniform Resource Identifier (URI), as attribute value
of the connectedCityObject, is used to make a one-to-one reference to the above
ground city object. A URI reference is defined as an optional choice between an
absolute or relative URI, followed by object identifier that consists of a crosshatch
("#”) and additional reference information (the identifier of the above ground city
object). The crosshatch followed by the CityFurniture object identifier is used to
refer the TerminalElement or SimpleFunctionalElement to the CityFurniture object

(Figure 5.9).
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Figure 5.10: 3D view of both utility networks and city objects

<utility : component>
<utility : TerminalElement gml:id="UUID_44c9797e —4259—42be—gg9bb—4fddf85e11b3"”>
<utility : connectedCityObject >#UUID_o11b78d3—7fef —408a—gayb—8ffd378ab42a
</utility : connectedCityObject>
<utility :topoGraph xlink:href="#UUID_g4ocgb3fd—f66d —4023—8a37—6co14deo15bg”/>
<utility :lod1Geometry>
<gml:Point srsName="epsg:28992” srsDimension="3">
<gml:pos>83191.2 431661.31 3.34601202869416</gml:pos>
</gml:Point>
</utility :lod1iGeometry>
<utility :class>streetLight </utility :class>
</utility : TerminalElement>
</utility :component>

Figure 5.9: URI as connectedCityObject attribute value to refer a TerminalElement to a City-
Furniture object

5.6.4 Visualization of the data in CityGML format

Yet, the support of data in the core CityGML format is limited. Especially when it
comes to CityGML data including ADE’s such as the Utility Network ADE. Only a few
gis applications are able to read and visualize the data, e.g. the FME Data Inspector
or FZKViewer can be used [KIT: Karlsruhe Institute of Technology, 2017]. These
applications allow for quick inspections of the data in 3D (Figure 5.10). Moreover, it
is possible to export the data to another data format if desired. Further possibilities,
such as GIS analyses are, however, limited. Having the CityGML data put into a
relational database allows the user to do more operations. Section 5.7 elaborates on
the mapping of the CityGML Ultility Network ADE onto a relational database.

5.7 MAPPING THE CITYGML CORE AND UTILITY NETWORKS
ADE ONTO A RELATIONAL DATABASE
First, the core CityGML model is mapped onto a relational PostgreSQL/PostGIS

database by means of 3DCityDB. The SQL scripts that come with the installation,
are used to set up the database [Chair of Geoinformatics, Technical University of
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Munich et al., 2017]. Subsequently, the database is extended by running the sQL
scripts shipped with the 3DCityDB extension for the Utility Network ADE [Agugiaro,
2017]. Figure 5.11 is a screen dump of one of the many 3DCityDB tables in pgAdmin.

W pgAdmin 4
File -+  Object~ Tools ~  Help ~
i Browser @ Dashboard  ©f Properties [@ SQL | Statistics  { Dependencies  {) Dependents % Query-1
41 aUuress_w_vunumng N
B ade & B v Q ~@& B & Y ~iNoimt (| 4 v B & v X
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[ building_furiture

- building_installation

[ city _furniture

[ citymadel

[ cityobject

[ cityobje ct_genericattrib
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[ database_srs
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- generalization

[ generic_cityobject
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[ implicit_geometry
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[ objectelass
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[ raster_relief
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[ relief_feat_to_rel_comp
[ relief _feature
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[ schema_referencing

- [ schema_to_objectelass
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ORDER BY id ASC
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Figure 5.11: 3DCityDB tables

58 IMPORTING THE CITYGML DATA INTO THE RELATIONAL
DATABASE

The modeled data is inserted into the tables of the created relational database using
FME. The different feature types of the resulting CityGML file are used as readers.
As pointed out in Section 4.3, the order of importing is a task that must be handled
with care. Parallel importing of all feature types into the tables in a single workspace
might cause an error due to referencing to not existing id’s. Therefore, a command
line batch file is created that runs the different workspaces, used to populate the
different tables with the CityGML data, after each other (Figure 5.12).



58 IMPORTING THE CITYGML DATA INTO THE RELATIONAL DATABASE |

Created by Xander den Duijn 2017—10—19
Last edited by Xander 2018—-01—08

step 1
fme cityobject.fmw —SourceDataset_.CITYGML sewer.gml

step 2
fme city_furniture .fmw —SourceDataset_ CITYGML sewer.gml

step 3
fme utng_network.fmw —SourceDataset_ CITYGML sewer.gml

step 4
fme utng_network_graph.fmw —SourceDataset_.CITYGML sewer.gml

step 5
fme utng_network_feature.fmw —SourceDataset_.CITYGML sewer.gml

step 6
fme utng_distrib_element.fmw —SourceDataset CITYGML sewer.gml

step 7
fme utng_feature_graph .fmw —SourceDataset_.CITYGML sewer.gml

step 8
fme utng_node.fmw —SourceDataset_CITYGML sewer.gml

step 9
fme utng_link .fmw —SourceDataset_.CITYGML sewer.gml

Figure 5.12: Populating the 3DCityDB tables by running the FME workspaces after each
other in a single batch file

By connecting to the designed PostgreSQL /PostGIS database in a GIS application
such as QGIS or ArcGIS it is possible to view the stored data. Visualization in ArcGIS
is preferred since the data can be viewed in 3D (Figure 5.13). Besides just pure
visualization of the geometries in the tables, it allows for visualization of several
spatial analyses which will be discussed in Chapter 6.

\;}\\

Figure 5.13: Utility networks and related above ground city objects in ArcGIS
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6 TESTING AND VALIDATION; QUERYING

THE RELATIONAL DATABASE

Several SQL scripts are written in order to conduct (network) analyses on the spatial
data in the relational database. This section details two scenarios, one for each
type of utility network. Moreover, the queries are used to validate whether the
relationships are built properly.

6.1 SCENARIO #1: A UTILITY STRIKE DURING A MAIN-
TENANCE OPERATION

The registered location and depth of the utilities are often not accurate. A trench
is commonly dug in order to perform a maintenance operation and acquire more
accurate location information. Because the registered location of the below ground
utilities are initially not accurate, utility strikes often occur. In order to know the
consequences of such an event, several steps have to be taken which are detailed in
this section.

What utility network features are affected by a trench?

A trench is a linear excavation perpendicular to the utility lines on the map. Due
this, and its length, there is a high chance of finding the utility line. Figure 6.1
illustrates this with an example in the electricity network dataset.

Figure 6.1: A trench, as 2D line, in the electricity network dataset
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The query in Figure 6.2 checks with what geometries in the utng_network _feature
table the trench, represented as a 2D line, intersects.

SELECT intersect_check.id, objectclass.classname, intersect_.check.st_intersects
FROM (
SELECT id, objectclass_id, ST_Intersects (ST-GeomFromText (’LINESTRING (

83241.524 431159.165, 83254.870 431164.029)", 28992), geom)
FROM utng_network_feature
) AS intersect_check
JOIN objectclass ON intersect_check.objectclass_id = objectclass.id
WHERE st_intersects is true

Figure 6.2: A SQL query used to find what utility network features intersect with the trench
as 2D LINESTRING.

After executing the query a single network feature is output (Figure 6.17). By
joining the subquery table and the objectclass table, the objectclass of the network
feature is found which is in this case a Cable.

id classname st_intersects

1036 Cable True

Figure 6.3: SQL query result; affected network features

Flow direction and affected corresponding nodes
Each utility line is graphically represented by a FeatureGraph. The FeatureGraph of
a utility line, for both the electricity and the sewer network, consists of an Interior-

FeatureLink and two exterior Nodes (Figure 6.4). TerminalElements are graphically
represented as single exterior Nodes.

e\ ™

2

e

S

Figure 6.4: Graphical representation of a segment of the electricity network dataset



6.1 SCENARIO #1: A UTILITY STRIKE DURING A MAINTENANCE OPERATION | 55

The ntw_feature_id field of the utng_feature_graph table refers to the identifier of
the utng_network _feature table. The query below is used to find the corresponding
FeatureGraph id’s to the network features.

SELECT utng_feature_graph.id
FROM
(SELECT intersect_check.id
FROM  (
SELECT id, objectclass_id, ST_Intersects (ST_-GeomFromText(’LINESTRING (
83241.524 431159.165, 83254.870 431164.029)", 28992), geom)
FROM utng_network_feature
) AS intersect_check
JOIN objectclass ON intersect_check.objectclass_id = objectclass.id
WHERE st_intersects IS true) AS ntw_feature_ids
JOIN utng_feature_graph ON ntw_feature_ids.id = utng_feature_graph.id;

Figure 6.5: A SQL query used to find the affected FeatureGraph

The utng node table contains the feat_graph_id field that refers to the identifier
of the FeatureGraph. The affected corresponding nodes can be found by extending
the query in Figure 6.5 as follows:

SELECT id, objectclass_id , gmlid, type, feat_graph_id, point_geom
FROM utng_node
WHERE feat_graph_id IN (
SELECT utng_feature_graph.id
FROM
(SELECT intersect_check.id
FROM (
SELECT id, objectclass_.id, ST_Intersects (ST-GeomFromText(’LINESTRING (
83241.524 431159.165, 83254.870 431164.029)", 28992), geom)
FROM utng_network_feature
) AS intersect_check
JOIN objectclass ON intersect_check.objectclass_id = objectclass.id
WHERE st_intersects IS true) AS ntw_feature_ids
JOIN utng_feature_graph ON ntw_feature_ids.id = utng_feature_graph.id);

Figure 6.6: A SQL query used to find the affected corresponding nodes

The affected corresponding nodes are found after executing the query:

id objectclass gmlid type feat_graph_id point_geom
1648 304 UUID_2df... exterior 1036 01010000A0. ..
1647 304 UUID_44c ... exterior 1036 01010000A0. ..

Figure 6.7: SQL query result; found affected corresponding nodes

In a standard sewer network water flows from higher to lower elevations. In case
of the electricity network, an expert needs to determine the flow direction of the
current. This is not modeled in the current approach.

Graph connectivity

A graph is connected when there is a path between every pair of vertices. In a
connected graph, there are no unreachable vertices. A graph that is not connected
is disconnected. A graph is said to be disconnected if there exist two nodes in the
graph such that no path has those nodes as endpoints (Figure 6.8).
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Figure 6.8: Illustration of a graph that becomes disconnected when the dashed edge is re-
moved. Image from [WikiMedia Commons, 2015]

When the flow direction is known it is checked what network features can be
reached from the affected, marked dead, node. Assuming the commodity flows
through each network feature one after the other (a series circuit), the reached net-
work features, and city objects, are marked dead as well.

Often the utility network is modeled in such a way that the initially marked
dead network feature can be reached from still functioning network features. This
can be the other node of the affected FeatureGraph, or features coming from an
transformer substation that feeds the network. In this case the network graph is not
disconnected, since each network feature, and city object, can still be reached.

To check whether there exists a path between the affected nodes of the Feature-
Graph, pgRouting is used. The pgRouting library extends the PostGIS/PostgresQL
geospatial database to provide geospatial routing functionality [pgRouting Commu-
nity, 2017].

The WHERE clause in the subquery ensures restricted access to the ‘broken” link” in
the network, the one affected by the dug trench (see Figure 6.10).

SELECT sum(cost) AS sum_cost, node as node_id
FROM pgr_dijkstra (
"SELECT id, start.node_id::intq AS source, end_node.id::intg4 AS target,
cost::double precision
FROM utng_link
WHERE id != 24407,
1647, 1648, false)
GROUP BY node.-id;

Figure 6.9: A SQL query used to check the connectivity between two nodes, with restricted
access to the broken link

The 'sum_cost’ table defines the number of links it passes before reaching the
specified network feature. This includes both InteriorFeatureLinks and InterFea-
tureLinks. In case nothing it output, no path exists between the nodes and thus the
graph is disconnected. Only when e.g. a transformer station is connected to the dis-
connected graph, the streetlight would work. If this is not the case we can assume
that all network features that are part of the disconnected graph are not functioning
either.

The features that are part of the disconnected graph, the ones ’in reach’, are found
by means of pgRouting as well. Figure 6.10 depicts the use of pgRouting to find the
features in reach.
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SELECT sum(cost) AS sum_cost, end_vid as node.id
FROM pgr_dijkstra (
"SELECT id, start.node_id::intq AS source, end._node.id::intg4 AS target, cost::double precision
FROM utng_link
WHERE id != 24407,
1647, array[1,2,3...], false)
GROUP BY node-id
ORDER BY sum_cost ASC;

Figure 6.10: A SQL query used to find the nodes in reach

The query in Figure 6.10 assumes that the node with id number 1647 is the very
first broken affected node, and thus start node. From this node on, the query checks
what nodes can be reached.

sum_cost node._id

2046
1650
2045
1649
2158
1652
142

2157
1651
1654
151

2228
2227

1653
159

N OO unUul s B WWWNNR R

Figure 6.11: SQL query result; reached nodes

In this case, 15 nodes can be reached (Figure 6.11). These nodes can either repre-
sent exterior nodes as part of the FeatureGraph representing the Cable or the Termi-
nalElement. Each TerminalElement has a one-to-one relationship with a streetlight.
Note that InteriorFeatureLinks as well as the InterFeatureLinks are included in the
computation of the sum_cost. The query in Figure 6.11 is extended in order to find
what network features, Cables or TerminalElements, and related city objects are
affected (Figure 6.12).
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SELECT ntw_feature_id , classname, cityobject.id , lodi_other_geom

FROM(
SELECT ntw_features.id as ntw_feature_.id, classname, cityobject_id
FROM(
SELECT id, objectclass_id, cityobject_id
FROM(
SELECT utng_feature_graph.ntw_feature_id
FROM(
SELECT feat_graph.id
FROM(

SELECT sum(cost) AS sum_cost, end_vid as node._id
FROM pgr_dijkstra (
'SELECT id, start-node.id::int4 AS source,
end_node.id ::int4 AS target, cost::double precision
FROM utng_link
WHERE id != 2440,
1647, array[1,2,3...], false)
GROUP BY node.id
ORDER BY sum_cost ASC) as nodes-in_reach
JOIN utng_node ON nodes_in_reach.node.id = utng_node.id
GROUP BY feat_graph.id) as feat_graph_ids
JOIN utng_feature_graph ON feat_graph_ids.feat_graph_id
utng_feature_graph.id) as ntw_feature_ids
JOIN utng_network_feature ON ntw_feature_ids.ntw_feature_id =
utng_network_feature.id) as ntw_features
JOIN objectclass ON ntw_features.objectclass_id = objectclass.id)
as terminalelement_ids
LEFT OUTER JOIN city_furniture ON terminalelement_ids.cityobject_id =
city_furniture.id

Figure 6.12: A SQL query used to find the affected network features and related city furni-
ture objects

The graphical explain plan provides a view of the query and illustrates the large
number of table joins (Figure 6.13).

Figure 6.13: Graphical explanation of the query in Figure 6.12

Figure 6.14 depicts the tabular output.

id classname cityobject_.id lodi_other_geom
142 TerminalElement 1560 01020000A040. ..
151 TerminalElement 1569 01020000A040 . ..
159 TerminalElement 1577 01020000A040 . . .
1037 Cable null null
1038 Cable null null
1039 Cable null null
1235 Cable null null
1291 Cable null null
1326 Cable null null

Figure 6.14: SQL query result; affected network features and related city furniture objects
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Figure 6.15: Affected streetlights visualized in ArcGIS

A broken parent streetlight

In Section 3.2.1 it is explained that one of the streetlights in a group with mutually
connected streetlights has a parent role. This streetlight is responsible for the func-
tioning of the other streetlights (in series connection). Hence, in case this streetlight
is broken, the other streetlights are not functioning either. Figure 6.16 is used to
find what streetlights are not functioning when it is known that a parent streetlight
is broken (in this case streetlight with id=248)

SELECT terminal_element_id , connected_cityobject, cityobjectgroup.id, role, lodi_other_geom
FROM(
SELECT terminal_element_id , utng_network_feature.cityobject.id as connected_cityobject,
cityobjectgroup.id , role
FROM(
SELECT cityobject_.id as terminal_element.id, cityobjectgroup.cityobjectgroup_id, role
FROM (
SELECT cityobjectgroup.-id
FROM group-to_cityobject
WHERE cityobject_id = 248
) as cityobjectgroup
JOIN group_to_cityobject ON cityobjectgroup.cityobjectgroup_.id =
group-to_cityobject.cityobjectgroup_id) as terminalelements_in_group
JOIN utng_network_feature ON terminalelements_in_group.terminal_element_id =
utng_network_feature.id) as cityobjects_in_group
JOIN city_furniture ON cityobjects_in_group.connected_cityobject = city_furniture.id;

Figure 6.16: A SQL query used to find what streetlights are not functioning as a result of a
broken parent streetlight

After executing the query, several features are output, representing the street-
lights that are not functioning anymore (Figure 6.17).
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cityobject_.id cityobjectgroup-id role lod1_other_geom

244 1864 null 01020000A040 . . .
245 1864 null 01020000A040. ..
246 1864 null 01020000A040. ..
247 1864 null 01020000A040 . . .
248 1864 parent 01020000A040...

Figure 6.17: SQL query result; malfunctioning streetlights

The above analyses are particularly useful before performing operations on the
utility network. In case the operation comes with a high risk, e.g. streetlights in a
large part of the city might go off, the planned activities must be handled with extra
care.

The shown analyses assume the location of the utility strike is known. Often, it is
the other way around. In this case, the consequences of a problem in the network are
visible. This makes finding the problem in the network challenging. First, it needs
to be checked if the consequences are caused by the same problem. For instance, a
group of streetlights is off. In case this group is fed by the same electricity cable, it
can be assumed the streetlights are off caused by the same problem.

Subsequently, we check what part of the network is not causing the problem.
The part of the network that is used to carry electrical current to still functioning
streetlights is not causing the problem and can be disregarded. The part of the
network that is not used but does connect to the broken streetlights, is where the
problem probably lies (Figure 6.18).

part of the network that causes the problem

/\A—’\

Figure 6.18: Finding the problem in a network only not knowing the location of a utility
strike with on the left side the still functioning related objects in green, and on
the rights side the not functioning related objects in red

6.2 SCENARIO #2: WATER FLOW IN A STANDARD SEWER
SYSTEM

It is important to know what part of the sewer network relies on the functioning
of a pumping station. Therefore we need to find out what sewer pipes are used to
transport waste water by gravity flow in a sewer sub network. This section details
a small experiment that illustrates the relevance of implementing the flow direction
in a standard sewer pipe.

The query below checks through what sewer pipes and manholes the water flows
before reaching a random node within the network of which the id is known.
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SELECT ntw_features.id as ntw_feature_id , classname, geom
FROM(
SELECT id, objectclass_id , geom
FROM(
SELECT utng_feature_graph.ntw_feature_id
FROM(
SELECT feat_graph_id
FROM(
SELECT sum(cost) AS sum_cost, end_vid as node_id
FROM pgr_dijkstra (
"SELECT id, end.-node.id::int4 AS source,
start_node_id ::int4 AS target,
cost ::double precision
FROM utng_link ",
612, array[1,2,3...], true)
GROUP BY node.id
ORDER BY sum_cost ASC) as nodes_in_reach
JOIN utng_node ON nodes_in_reach.node.id = utng_node.id
GROUP BY feat_graph.id) as feat_graph_ids
JOIN utng_feature_graph ON feat_graph_ids.feat_graph_id
utng_feature_graph.id) as ntw_feature_ids
JOIN utng_network_feature ON ntw_feature_ids.ntw_feature_id
utng_network_feature.id) as ntw_features
JOIN objectclass ON ntw_features.objectclass.id = objectclass.id

Figure 6.19: A SQL query used to find what manholes and sewer pipes can reach a node in
a directed graph network

The directed parameter in the route query is set to true, since we are working with
a directed graph network. However, the source and target columns are swapped.
Doing this, reverses the direction and enables you to find what nodes can be reached
from the node with id number 612 (Figure 6.20). Actually, the query checks what
part of the network can reach this node.

(a) original direction of flow (b) reversed direction of flow

Figure 6.20: Swapping the direction of flow in order to find what part of the network can
reach a certain node

It is, however, not known whether the node with id number 612 is the final
destination or not. Therefore, we need to check what nodes can be reached from
this node. In order to do so, the start node and end_node columns are swapped
back in the route query (Figure 6.21).

61



62 | TESTING AND VALIDATION; QUERYING THE RELATIONAL DATABASE

SELECT ntw_features.id as ntw_feature_id , classname, geom
FROM(
SELECT id, objectclass_id , geom
FROM(
SELECT utng_feature_graph.ntw_feature_id
FROM(
SELECT feat_graph_id
FROM(
SELECT sum(cost) AS sum_cost, end_vid as node_id
FROM pgr_dijkstra (
"SELECT id, start-node_id::int4 AS source,
end_node_id ::intg4 AS target,
cost::double precision
FROM utng_link ",
612, array[1,2,3...], true)
GROUP BY node.id
ORDER BY sum_cost ASC) as nodes_in_reach
JOIN utng_node ON nodes_in_reach.node.id = utng_node.id
GROUP BY feat_graph.id) as feat_graph_ids
JOIN utng_feature_graph ON feat_graph_ids.feat_graph_id
utng_feature_graph.id) as ntw_feature_ids
JOIN utng_network_feature ON ntw_feature_ids.ntw_feature_id
utng_network_feature.id) as ntw_features
JOIN objectclass ON ntw_features.objectclass.id = objectclass.id

Figure 6.21: A SQL query used to find what manholes and sewer pipes can be reached from
a certain node
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Figure 6.22: Water flow from a node in a directed graph network

Combining the results of the queries in Figure 6.19 and Figure 6.21 shows what
network part is used to transport waste water by gravity flow (Figure 6.23).
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Figure 6.23: Network part used to transport waste water by gravity flow

The results of such analyses on directed network graph networks relies on the
‘correctness’ of the edge directions. In this case, the direction of flow is based on
the z-values of the nodes which mark the start and end of the sewer pipe. In
case a wrong z-value is assigned to a certain node and, as a result, the direction
of flow is wrong, the analysis becomes useless. The results of the queries show
a sewer network consisting of 6 sewer pipes while, normally, such networks are
bigger. Possibly, some z-values of the source data are incorrect or the start/end
attribute of a node is wrong due e.g. rounding errors during processing of the data.






CONCLUSIONS AND FUTURE WORK

The objective of this thesis was to propose a suitable data modeling approach for
below ground utility network features and related above ground city objects. First,
this section will answer the defined sub-research questions, where after a conclu-
sion will be drawn by answering the main research question. Secondly, the future
work and recommendations will be presented. Lastly, this section gives a short sub-
stantiated explanation to account for the results of the research in the graduation
phase.

7.1 RESEARCH QUESTIONS

In this section the sub-research questions, proposed in Section 1.4, will be answered.
They form the basis for the answer to the main research question.

o What dependencies and relationships between below and above ground utility network
features are of importance for the municipality of Rotterdam in order to facilitate asset
management?

As stated in Section 5.3, asset management can be defined as an integrated
framework for the maintenance of the assets, above and below ground, in
public space. In order to spend the maintenance budget as wisely as possi-
ble and better decision making, an optimum balance is needed between costs,
performance and risk. Important relations are the ones from hierarchical high
level assets e.g. relations with pumping stations and transformer substations.
The sewer network relies on the functioning of a pumping station. Trans-
former substations are responsible for the supply of electrical current to the
lower level electricity network. These high level relationships are the ones
that could cause harm or damage to humans, property, or the environment
in case of malfunctioning or missing. A missing relation to/from such high
level assets could lead to negative consequence on large scale. However, the
number of high level relations in a network is low and are commonly carefully
monitored.

Still the relationships between utility networks and hierarchical low level as-
sets, e.g. relations with streetlights, are of importance. These relationships
occur more often and are more likely to be affected. Moreover, there is a need
for the modeling of such relationships since it allows for detailed network
operations.

In Chapter 6 the relationships between the utility network features and city
objects are validated by querying the relational database. It is shown that
without much effort it is possible to check what features are affected in case of
a ‘broken’ link /relationship. Streetlights are used as an example, but other city
objects of interest could be modeled and found in a similar way. In addition,
the importance of relating below ground utility network features is shown by
finding what part of the sewer network is used for transporting waste water
in a standard sewer system.
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o To what extent can the current state of an existing utility network data model such as
the CityGML Utility Network ADE fulfill the needs of the municipality of Rotterdam?

Section 3.4 concludes that the CityGML Utility Network ADE is the most promis-
ing data model for the purpose of this research. CityGML is the international
OGC standard open data model and XML-based format for representing and
exchanging semantic 3D city models. This research is limited to the mapping
of electricity and sewer network data. Both utility networks can be very com-
plex in reality, but are modeled in a rather low LoD. For instance, a manhole
can integrate more components such as valves but is mapped to a single node
in the current approach.

The municipality of Rotterdam particularly has a need for a data model that
allows for relationships and hierarchies of 3D city objects, above and below
ground. Chapter 4 and Chapter 5 have shown that the Utility Network ADE
is suitable for relating utility network features as well as utility network fea-
tures and above ground 3D city objects. In this research only one-to-one re-
lationships between below ground utility network features and above ground
city objects are created. One-to-many, many-to-one or many-to-many relation-
ships are not considered. These type of relationships could occur in case e.g.
the below ground utility network is represented according a different level of
abstraction as the above ground city objects. For instance, a single utility line
that represents multiple utility lines could relate to multiple city objects. The
one-to-one relationship between the below ground utility network feature and
the above ground city object is modeled by means of a XLink. A disadvantage
of the XLink topology is that navigation between related objects can only be
performed in one direction, not bidirectional. As a result, a below ground
utility network feature can be related to an above ground city object, but not
the other way around.

o [s the proposed data modeling approach suitable for implementation of existing utility
network data and city objects in 3D city models?

Chapter 5 details the creation of CityGML Utility Network ADE data that proves
that the proposed data modeling approach is suitable for implementation of
existing utility network data and 3D city objects. Having existing utility net-
work data and city objects as input, a file in CityGML Utility Network ADE for-
mat is created. The manipulation of the data structure and content, according
the proposed data modeling approach, presented in Chapter 4, is completed
in FME. FME is a useful tool since it allows for writing CityGML Ultility Net-
work ADE data.

Building the network topology is one of the very first steps in the developed
FME workspace. The success of the implementation strongly relies on the
quality of the input data. In this research most experiments are conducted
with the data provided by the municipality of Rotterdam. Generally, the Rot-
terdam data is appropriate since the input vector data is topologically ‘clean’.
Building the topology, as one of the first steps in the implementation, would
be greatly hampered when the input data is not clean, e.g. under- or over-
shoots appear. In that case the data must be cleaned up first which can be
either done by a GIS analysis or manually by an expert.

The developed FME workspace is rather complex and is particularly designed
for the Rotterdam data in vector file format. Small adjustment to the FME
workspace are expected when working with data in a similar vector file for-
mat. The FME workspace requires bigger adjustments in case of working with
unclean data, different structured data and/or modeling of feature classes
from other modules is desired.
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o Which mapping methods are required to derive a relational database from the designed
data model?

Mapping the object-oriented CityGML data model to a relational database may
follow one of three different mapping methods:

- mapping all classes to a single table
— mapping non-abstract classes to their own tables
- mapping each class to a single table

The criteria for the most suitable mapping method are 1) the expected number
of tuples within the tables, 2) the number of joins to reconstruct the objects
and 3) the overall complexity of the most important queries (with respect to
the CityGML object structure). A mixture of mapping methods is used in this
research by means of the 3DCityDB.

Generally, most abstract classes are mapped to a single table with an addi-
tional field used to specify the object class. Additional tables had to be created
for establishing the one-to-many, many-to-one or many-to-many relationships
between classes. Several specific object class attributes are neglected in or-
der to limit the amount of table fields. Moreover, a large number of object
classes, including the used TerminalElements and SimpleFunctionalElements,
are grouped and mapped to a single table. As a result, the possible level of
detail is limited.

In the current version of the Utility Networks ADE, these grouped object
classes have a limited number of attributes which makes them suitable for
mapping to a single table. Electrical terminals and sewer manholes are, how-
ever, completely different types of objects. Due generalizing these objects, a
more detailed modeling is currently not possible.

In order to model the different components in more detail, the Utility Net-
work NetworkComponents module should be optimized. Adding classes and
attributes for the different components allow for a more detailed mapping to
additional tables. A manhole is, for instance, typically used to connect net-
work components. Therefore, the introduction of a ConnectionComponent is
suggested, just as for StorageComponents, ControllerComponents and Mea-
surementsComponents.

o Can the designed relational database be used to perform essential (spatial) operations?

In Chapter 6 examples of relevant (network) analyses are performed by query-
ing the designed relational database. It shows the possibility to simulate 1)
what network features are affected by e.g. a utility strike and 2) the water flow
in a standard sewer system by means of pgRouting. What specific operations
can be performed depends on the modeled data. In this case it is e.g. not pos-
sible to check how many households are affected by a utility strike since no
relationships between the utility network and houses are modeled. Though,
no problems are expected since modeling the relationship between the utility
network and a house would be similar as to a streetlight. Newly designed
queries would require more relationships, and vice versa.

e How to visualize the modeled data and (spatial) operations on the designed relational
database?

Yet, the support of CityGML Ultility Network ADE data by viewers and gis appli-
cations is limited. Only a few gis applications are able to read and visualize
the data, e.g. the FME Data Inspector or FZKViewer can be used. These appli-
cations allow for quick inspections of the data in 3D. Having the CityGML data
put into a relational database, however, allows the user to visualize the data
and to do more operations. Chapter 6 has shown that the relational database
allows for performing spatial network analyses. A query on the relational
database in a DBMS will, however, always have a tabular output. Plus, it is
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not possible to select/highlight the affected features by executing the query
in a gis application such as ArcGIS. The tabular output can be visualized by
executing the query in a DBMS and subsequently adding the result, as a new
layer, to a GIS.

Moreover, possibilities exist for visualization and interactive exploration of 3D
city models in CityGML through e.g. the 35DCityDB WebClient [Cesium Consor-
tium, 2017]. The team at Chair of Geoinformatics at TUM, is currently work-
ing on the development of an enhanced version of the open source 3DCityDB
WebClient including ADE’s.

Visualizing what objects are located below ground and what objects are lo-
cated above ground is challenging. Besides the utility networks, only build-
ings, streetlights and manholes are visualized in the current approach. A DT™M
and more above ground city objects would help in understanding the subdi-
vision between objects below and above ground.

7.2 CONCLUSION

In conclusion to the responses of the sub-research questions a answer can be given
to the main research question:

How to efficiently model below ground utility networks and related above ground city
objects in order to facilitate integrated asset management?

Based on a comparison between several existing utility network data models, the
CityGML Utility Network ADE turned out to be the most promising data model. In
contrast with other data models, the Utility Network ADE is capable of relating
utility network features as well as utility network features and above ground 3D
city objects which is a key requirement in this research. The data model allows for
topographical representation as well as a graphical representation used to ensure
topology.

The suitability of the CityGML Utility Network ADE is proved by the implementa-
tion of existing electricity and sewer network data. However, several other different
types of utility networks exist and therefore further research on the suitability of
the data model is needed.

The Utility Network ADE is part of the well-known matured CityGML standard and
therefore allows for implementation into 3D city models. In addition to the topolog-
ical relationships between below ground network features, the data model allows
for one-to-one attribute relationships between below ground network features and
above ground city objects. The proposed data modeling approach is successfully
examined by implementing relationships between 1) the below ground electricity
network and above ground streetlights and 2) between the sewer network and the
above ground manhole covers. Further investigation is however needed since sev-
eral other types of relationships exist but are not considered.

The manipulation of the existing utility network data structure and content is
a rather complex translation. The success of the translation strongly relies on the
type and quality of the input data. Subsequently, a simplified version of the object-
oriented data model is mapped to a relational database. The derived relational
database has proven to be suitable for storage and management of the modeled
data but in a limited level of detail.

To facilitate asset management, utility services operation and maintenance as well
as emergency management and disaster response are of great importance for the
municipality of Rotterdam. The designed data model allows for performing several
types of (network) operations, which are performed on the database, that support
these activities. For instance, the designed data model allows for finding the af-
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fected city objects in case of a utility strike and simulating the flow of water in a
standard sewer system. Also, knowing the risk of maintenance or construction op-
erations can assist asset management with respect to better decision making. Still
more other types of relationships would require new queries, and vice versa.

This research proposed a suitable 3D data modeling approach for below ground
utility networks features (viz. electricity and sewer) and related above ground city
objects (viz. streetlights and manhole covers) in order to facilitate asset manage-
ment. The proposed data modeling approach paves the way for future research on
the use and implementation of the CityGML Utility Network ADE, as standard data
model and as file format. Moreover, the object-oriented CityGML model is success-
fully mapped to a relational database which has proven to be efficient for storing,
management and analyses by the performed (network) operations.

7-3 FUTURE WORK AND RECOMMENDATIONS

This research made one of the first attempts to thoroughly map existing utility
network data and city objects to the CityGML Utility Network ADE. Further research
could optimize the proposed data modeling approach for better decision making in
the field of asset management. Following are the future work:

e Modeling multiple different utility networks and city objects

This research is limited to the modeling of the Low-Voltage electricity network
and the conventional gravity sewer network. Other types of networks, e.g. oil,
gas and telecommunication, are not considered. The challenges that come
along with the modeling of these other types of networks will enhance the
data model. Moreover, these networks have relationships to other types of
above ground city objects which are not taken into account in this research.

An interesting case would be a pumping station. Pumping stations are used
to move waste water from one place to another. In addition to the relationship
with the (waste) water network, a pumping station relies on the electricity and
telecom network.

e Modeling in a higher LoD

In this research most objects are modeled in a low LoD. A higher LoD allows
for a more thorough use of the designed data model. For instance, subsur-
face mass computation can be conducted more detailed when below ground
objects such as pipes and cables are modeled as geometric shapes instead of
single lines and nodes.

Furthermore, there is a need for additional class attributes. Besides round and
rectangular shaped pipes, pipes can e.g. be egg-shaped too. At the moment
it is not possible to assign a value to the interior width and height of pipes
shaped like these. A more detailed modeling of the shape of pipes and cables
would e.g. facilitate the determination of available design space.

e Exporting a CityGML file from the relational database

The 3DCityDB comes with a Importer/Exporter tool but currently only allows
exporting from the core 3DCityDB instance. Hence, exporting the utility net-
work features that are stored by means of the Utility Network extension of the
3DCityDB is not supported. This hampers the interoperable exchange of, and
access to the data.

e Detailing the CityGML Utility Network classes and use
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The state-of-the-art CityGML Utility Network ADE consist of several classes and
relationships that are not clearly defined. A thorough documentation of the
data model is missing. For this reason, some classes are used based on in-
tuitive decision making in this research. The same goes for the modeling
of objects in specific situations, such as the grouped streetlights discussed in
Section 4.1.1. The result of using the CityObjectGroup class is satisfying but
modeling it that way was cumbersome.

Better investigating on more types of analyses

Modeling more types of utility networks and city objects come with new types
of relationships. These relationships require newly designed queries.

Implementing larger datasets

The proposed data modeling approach is tested on an small area in the city
of Rotterdam. Implementation of larger datasets allows for validation and
optimization of the designed workspaces and algorithms.

Implementing datasets with a different accuracy

The workspaces in FME are initially designed particularly for the Rotterdam
data. The success of this translation relies on the quality and type of input
data. Implementation of data with a different accuracy, e.g. from Stedin, will
facilitate the optimization of the proposed data modeling approach.

Better investigating on visualization of the data

The 3DCityDB content can be directly exported and subsequently visualized
in a broad range of applications like Google Earth, ArcGIS, and the WebGL-
based Cesium Virtual Globe. CityGML data including ADE’s such as the Utility
Network ADE is however not supported. Further investigation on the support
of CityGML Utility Network ADE for visualization in Cesium is needed.

Moreover, investigation is required on how to clearly distinguish below ground
network features from above ground city objects in the visualization.

Investigating on the modeling of different types of relationships

Different types of relationships and dependencies between below and above
ground utility networks features exist. In this research only directional (from
below to above) one-to-one physical relationships, as they exist in the real
world, are created. Other types of relationships, many-to-one, one-to-many
and/or many-to-many , could occur in case e.g. the below ground utility net-
work is represented according a different level of abstraction as the above
ground city objects. Investigation on how to cope with these other types of
relationships is part of the future research.

Many-to-one relationships could be established by using the connectedCity-
Object attribute, just as with the one-to-one relationships. In this case, many
below ground network features are related to the same identifier of a sin-
gle above ground city object. The other way around, relating a single below
ground network feature to multiple above ground objects, is not possible since
the connectedCityObject attribute only allows for having a single attribute
value. A possible way to establish one-to-many relationships, would be by
grouping the above ground city objects into a CityObjectGroup. In this way,
the below ground network features can be related to the single above ground
CityObjectGroup. The same procedure could be used for many-to-many rela-
tionships. The below ground network features can be related to the identifier
of the above ground CityObjectGroup.
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7.4 REFLECTION

The Geomatics for the Built Environment programme at the TU Delft provides vital
spatial knowledge about the built environment. The science Geomatics is concerned
with the 1) acquisition, 2) analysis, 3) modeling/management and 4) visualization
of geographic data with the aim of gaining knowledge and a better understanding
of the built and natural environments.

The proposed data modeling approach presented in this thesis is examined by
implementation of 3D data representing two types of utility networks (viz. low-
voltage electricity network and standard sewer network) and related above ground
city objects (viz. streetlights and manhole covers). The different numbered aspects
Geomatics concerns perfectly align with the steps conducted taken in the thesis
research. When working with geographic data it is import to know something
about the acquisition method used. Several methods of gathering utility network
data exist (Section 3.1). The geographic data used in the thesis research is mostly
acquired through GPS measurements which come with a varying accuracy. The
analysis, modeling, storing and management of the geographic data is described
in Chapter 4 and Chapter 5. After a little pre-processing, the data is mapped to
the CityGML Utility Network ADE. The translation in which the data structure and
content is manipulated, outputs a single CityGML file. The data is subsequently im-
ported into a relational database which is created by means of 3DCityDB. A database
allows for efficient storage and management of the CityGML data. Moreover, it en-
sures interoperable data access and detailed (network) analyses. After having the
data imported into the relational database, the data can be viewed in a GIS. Besides
just visualization, it is possible to visualize the results of several network analyses.

To be more specific, the Geomatics courses on Python Programming, GIs and Car-
tography, Geo-DBMS, 3D Modeling and Geodatasets (GEO3001, GEO1002, GEO1006,
GEO1004, GEO1008) in particular proved to be very useful.
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DATASETS

This chapter details the different datasets that were used for testing and analysis
in this thesis. The majority of datasets were provided to me by the municipality
of Rotterdam. They originate from the similar geographical location; Hoogvliet
in Rotterdam. However, the characteristics of the datasets differ (Table C.1). The
Rotterdam Streetlights, Electricity lines, Manholes and Sewer pipes datasets were
all delivered as ESRI Shapefiles. Both datasets with line objects, Electricity and
Sewer, are in 3D. The Manholes and Streetlights are 2D datasets. These datasets
are extracted from the LvZK. The datasets have numerous attributes with detailed
information. Moreover, a the city model, created by the municipality of Rotterdam,
is used. This CityGML dataset is publicly available.
All datasets are presented in the following sections.

C1 TECHNICAL DETAILS

Table C.1 presents the technical details of the used datasets provided by the munic-
ipality of Rotterdam. It should be mentioned that, for faster processing and visu-
alization purposes, the size of the original datasets is limited to an area of about 4
square kilometers.

Rotterdam 3D Electricity Streetlights Sewer Manholes
File format CityGML ESRI Shapefile ESRI Shapefile ESRI Shapefile ESRI Shapefile
File size 225 MB 65 KB 12 KB 45 KB 7 KB
Object type  Any 3D Lines 2D Points 3D Lines 2D Points
CRS EPSG:25833 EPSG:28992

Table C.1: Details of the Rotterdam data

Note that the file size of the Rotterdam 3D dataset decreases to ca. 5 MB when
pipes and cables (GenericCityObjects) and trees (SolitaryVegetationObjects) are ne-
glected. This is due the large amount of surface geometries.

In addition to the Rotterdam data, a 2D dataset from Stedin is examined. Ta-
ble C.2 presents the technical details of the data provided by Stedin. The 'Points
of supply’ represent the objects that are supplied by electrical current through OV
cables.

LV cables OV cables  Points of supply
File format Esri Shapefile
File size 43 KB 14 KB 475 KB
Object type 2D Lines 2D Lines 2D Points
CRS EPSG:28992

Table C.2: Details of the Stedin data

In contrast with the Rotterdam data, all cables are represented by single electricity
lines in the Stedin data. In case several electricity cables are of the same kind and
located next to each other, they are mapped to a single line in the Rotterdam data.
An attribute value specifies the type and number of cables it represents.
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The following sections depict all datasets.

c.1.1  Rotterdam data - Electricity

Figure C.1: Rotterdam data; 3D electricity lines

c.1.2 Rotterdam data - Streetlights
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Figure C.2: Rotterdam data; Streetlights
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c.1.3 Rotterdam data - Sewer

Figure C.3: Rotterdam data; 3D sewer pipes

c.1.4 Rotterdam data - Manholes
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Figure C.4: Rotterdam data; Manholes
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c.1.5 Rotterdam 3D

Figure C.5: Rotterdam 3D

c.1.6 Stedin - OV and LV cables

Figure C.6: Stedin; OV and LV cables
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c.1.7 Stedin - Points of supply
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Figure C.7: Stedin; Points of supply
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