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1. Introduction

Models that represent the geometric elements of a city, in a three-dimensional space, are called
3D models of the city and can faithfully describe the environment. Other types of data, such as
statistical, social, historical data, etc., can be associated with geometric data, leading to a
holistic approach to the spatial representation of cities, as well as to the sustainable
development and management of cities. Thus, 3D semantic city models are created, which
include, besides geometric information, semantic information or knowledge about the
represented urban area (Billen et al., 2014).

The need to develop 3D spatial models of cities is constantly increasing, these models being
useful in a wide variety of fields. They allow, in addition to visualization, to carry out a series
of analyses and obtain statistical data. In a study conducted by Biljecki et al. (2015), the
usefulness of 3D models of cities in a large number of areas is highlighted, such as solar
radiation estimation, energy demand estimation, positioning, building classification,
improvement of visualization methods, visibility analysis, estimation of shadow areas
produced by buildings, noise propagation estimation, 3D cadastre, urban planning, emergency
response, population estimation, disaster prediction, archaeology, etc. (Figure 1.1). The data
necessary for such representations are acquired through different methods, such as laser
scanning, photogrammetry, extrusion of buildings footprints, but also architectural models and
drawings (Biljecki et al., 2015).

Visibility analysis

Solar potential estimation

3D cadastre

Energy demand estimation Infrastructure planning

Emergency response

—
—

Noise propagation \

Shadow estimation Indoor navigation

Utility management

Figure 1.1. Examples of Applications of 3D City Models (Biljecki et al., 2015)

In terms of spatial modelling techniques, traditionally, generating 3D models of cities required
a large amount of work, consisting of scanning maps and acquiring digital images, obtaining
buildings footprints and manually extruding them, depending on the height of each
construction, or manually modelling 3D geometries using specialized software products.
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Currently, to reduce the workload and time invested, software products are used to
automatically generate the 3D models of the cities (Takase et al., 2003).

An example of an automatically generated 3D spatial representation of buildings can be the 3D
BAG (Figure 1.2). This is an open data set containing 3D models of buildings in the
Netherlands, with three different levels of detail and constantly updated. The data leading to
this model is obtained from the Dutch Building and Address Register (BAG), which is a set of
data relating to the address of each building, as well as its destination and date of construction.
This dataset is updated as buildings are constructed or demolished. Data are also taken from
the Dutch National Height Model (AHN), obtained by laser scanning, with an average density
of 8 points per square meter (Overview - 3D BAG).

|y ==
Figure 1.2. 3D Representation of Buildings in Rotterdam, Netherlands, from the 3D Bag
Dataset (Overview - 3D BAG)

Virtual Singapore (Figure 1.3) is a three-dimensional semantic and dynamic model of cities in
Singapore that includes detailed information such as the texture of represented objects, land
attributes, vegetation, water, transportation, infrastructure, etc. It is built based on 2D geometric
data and data from various public agencies (Virtual Singapore).

Figure 1.3. Virtual Singapore - Building a 3D-Empowered Smart Nation (GWPrime)

Chosing the modelling technique is influenced by the level of detailed required for the purpose
of the project, and also by the method of spatial data acquisition, such as laser scanning or
photogrammetric methods. In this report, different 3D spatial modeling techniques will be
studied, using data from different sources, such as point clouds or orthorectified images, but
also different software products that allow the creation and visualization of these models.

. ____________________________________________________________________________________________|
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2. Software Products and 3D Spatial Modelling Methods

2.1. 3D Model Generation Methods Based on Point Clouds

According to Maas & Vosselman (1999), the main methods of automatically generating 3D
models of buildings from point clouds obtained by laser scanning are: model-driven methods
for generating 3D models and data-driven methods for generating 3D models.

In the case of model-driven methods for generating 3D models, we use primitives which are
simple shapes, described by a set of parameters, found in a library of models. Thus, for simple
buildings, the library is searched for the model closest to the building and the most likely values
of the parameters are calculated. For complex buildings, one method is to divide the complex
form of the building into several primitives, which can be done based on the roof break lines
(Tarsha-Kurdi et al., 2007).

Methods for generating data-driven 3D models assume that any building is a polyhedron and
involve modelling without dividing the construction into several primitives, analysing the point
cloud entirely (Tarsha-Kurdi et al., 2007).

In a comparative study of the two methods, Tarsha-Kurdi et al. (2007) concluded that the main
advantage of the model-based method is that it allows geometric models to be obtained quickly
without visual distortions, while data-driven methods lead to polyhedral 3D models, which
more faithfully represent the reality. The disadvantage of the latter is that some visual
deformations occur, which can be reduced by a homogeneous distribution of the point cloud
and a suitable density of points, closely related to the size of the elements to be modelled.

2.2. CityGML Standards

2.2.1. General Characteristics

CityGML standards define a semantic conceptual model and a means of data exchange for
representing and storing 3D spatial models of the cities, contributing to the integration of the
geospatial data from urban areas into a large number of applications. CityGML is based on
GML (Geography Markup Language), which is an XML format used to model geometric
features (CityGML | OGC).

CityGML has been developed since 2002 as an open-data model and defines both urban object
classes and their relationships. Classes of objects can define not only buildings, but also
vegetation, elevation, waters, as well as "urban furniture” (Groger et al., 2008). Thus, 3D
models of cities are represented both geometrically and topologically, as well as through
databases containing relevant information about the represented urban areas.

The CityGML model consists of a main module and a number of thematic extensions. The
main module comprises the essential components of the CityGML data model, and based on it
each extension defines certain thematic 3D spatial models, which can be used in different
combinations alongside the main module, forming CityGML profiles. The main thematic
extensions implemented by the CityGML standard are: Appearance, Building, CityFurniture,
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CityObjectGroup, Generics, LandUse, Relief, Transportation, Vegetation, WaterBody and
TexturedSurface (Groger et al., 2008).

Currently, CityGML 3.0 is implemented, which is an evolution of the previous two versions
(1.0 and 2.0) and allows data encoding both in GML/XML format and in JSON format
(JavaScript Object Notation) or database schema.

2.2.2. Level of Detail

The term "Level of Detail” (LOD) is used to define how complete the data in the composition
of the 3D model are (Biljecki et al., 2014), or the degree of proximity of the model to the reality
(Tang et al., 2020). CityGML 2.0 standards define 5 levels of detail (Figure 2.1) as it follows
(Groger et al., 2006):

» LODO is a 2.5D digital model of the terrain, over which a photogrammetric image or
map can be draped;

> LOD1 is a model that includes buildings represented by rectangular shapes, with flat
roofs;

> LOD2 additionally includes differentiated roof shapes as well as thematic surfaces and
vegetation elements;

> LODS3 represents architectural models with detailed elements of walls, roofs and
balconies;

» LOD4 complements the LOD3 with the interior structures of the buildings.

Figure 2.1. Levels of Detail in CityGML 2.0 (Kolbe et al., 2005)

Biljecki et al. (2016) concluded that the five levels of detail are insufficient from a geometric
perspective and redefined the concept of LOD as shown in Figure 2.2.

. ____________________________________________________________________________________________|
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LOD x.0 LOD x.1 LOD x.2 LOD x.3

'\

LODO0.0 LODO.1 LODO.2
LOD1.0 LOD1.1 LOD1.2 LOD1.3

LOD2

LOD3

LOD3.0 LOD3.1 LOD3.2 LOD3.3

Figure 2.2. The 16 Levels of Detail Defined by Biljecki et al. (2016)

According to Biljecki et al. (2016), different spatial data acquisition techniques lead to different
spatial representations of the objects and implicitly to a different level of detail of the obtained
models, even though according to CityGML 2.0 standards, they fall into the same category.
Their study focuses on the exterior of buildings and highlights the importance of the concept
of LOD in numerous applications, in addition to the initial visualization one, hence the
importance of fragmenting the existing 5 levels of detail.

In the case of CityGML 3.0, the concept of LOD has been modified so that each level of detail
includes a representation of interior objects, and LOD4 has been excluded (Kutzner et al.,
2020).

2.2.3. Modelling Principles

A Dasic principle in modeling according to CityGML standards is the coherent connection
between geometric/topological elements and their attributes (Figure 2.3). Semantically,
features are represented by different attributes and relationships, and spatially, objects are
represented by 3D geometries. Thus, the model is divided into two hierarchical structures: the
semantic model and the geometric model (Stadler & Kolbe, 2012).

. ____________________________________________________________________________________________|
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® Building Semantics
A
BuildingPart

Roof Building Poly \/ Poly
Surf, Installation izl gon gon

Figure 2.3. Complex Construction with Spatio-Semantic Structure (Stadler & Kolbe, 2012)

Another important aspect of modelling is the integration of 3D objects and the terrain they are
on. In some cases, 3D objects are represented above or submerged in the terrain, and a
TerrainlntersectionCurve (Figure 2.4) is used to solve this problem, suggesting the line of
intersection between the terrain and the represented element (Groger et al., 2008). This is very
important in certain analyses, such as calculating solar radiation or estimating noise
propagation, where only objects located on the surface of the terrain are relevant (Groger &
Pliimer, 2012).

Obijects that are not relevant to the intended purpose are not defined by a 3D volume, but are
represented using ClosureSurfaces (Figure 2.4). These surfaces can also be used to represent
objects that are not on the land surface, such as tunnels or underpasses, which are needed to
perform analyses such as flood simulations (Groger et al., 2008).

Figure 2.4. Tunnel Modeling with TerrainintersectionCurve (red) and ClosureSurfaces
(green) (Kolbe et al., 2005)

In order to avoid mistakes in the classification of the objects by their attributes and to ensure
the interoperability of data, ExternalCodeLists are used, which are implemented using

. ____________________________________________________________________________________________|
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dictionaries (in CityGML 3.1.1.: Simple Dictionary Profile) in which all types of attributes are
included (Groger et al., 2008).

External references are used for situations where the represented 3D objects come from
external datasets, e.g. architectural models, or when there are relationships between them and
certain databases, e.g. cadastral databases, and are particularly useful for updating data (Groger
et al., 2008).

In addition to spatial and semantic aspects, modelled 3D objects are also characterized by
observable properties of external surfaces (Appearances), which represent both surface
textures and different themes such as infrared radiation, noise pollution, etc. They contribute
to improving visualization as well as data analysis processes (Groger & Plimer, 2012).

In some situations, CityGML may have certain limitations, which is why the model is extended
with the help of an ADE (Application Domain Extensions) mechanism. Such a mechanism
allows the addition of new object classes, new attributes or new standard geometries for certain
object classes (Biljecki et al., 2021).

2.3. ArcGIS CityEngine ESRI Software Product

2.3.1. General Characteristics

CityEngine is an application developed by ESRI used for 3D spatial modelling of urban areas,
based on geospatial data imported in an Esri geodatabase (.gdb) or shapefile (.shp) format
(Advanced 3D City Design Software | ArcGIS CityEngine).

The basis of modelling with the the CityEngine software product is a procedural approach to
the work stages, which leads to an increased efficiency of the modelling process, eliminating
manual interaction between the user and the program by entering a code consisting of a series
of commands to be executed by the program. The programming language is CGA shape
grammar, designed specifically for generating 3D architectural models. The main idea is to
define rules that are applied iteratively, generating more details (Figure 2.5). Building
modelling is accomplished in the following steps (About CityEngine—ArcGIS CityEngine
Resources | Documentation):

> Buildings footprints are either generated by CityEngine or imported,

» The user selects the .cga file with the rules to be applied either to all constructions or
individually;

» The user can start the modelling process by applying the established rules on the
selected geometries;

» To edit the resulting model, you can edit the applied rules, or modify the parameters of
individual buildings;

» After completing the modelling process, the result can be exported.

PHD CANDIDATE ENG. ANCA PATRICIA GRADINARU 9



Figure 2.5. The Iterative Process of Defining Buildings Details in CityEngine Software
(About CityEngine—ArcGIS CityEngine Resources | Documentation)

2.3.2. Modelling Principles

The input data required in modelling with the CityEngine software product, as evidenced by
Turksever (2015) can be: the digital terrain model (DTM), or the digital elevation model
(DEM), in TIFF format, road axes, with line geometries and a table of attributes containing
street names, types of roads, sidewalks, speed limits, etc., buildings footprints, represented by
polygon geometries and their attribute table that can include types of buildings, building
heights, number of floors, vegetation and water areas, etc..

In the modelling process, different tools are used that make up the workflow represented in
Figure 2.6. For the first step, the necessary data is imported and the road network is generated.
The areas bounded by roads are then divided to create the lots on which the buildings are
located, followed by the generation of the building geometries (Parish &; Muller, 2001).

Geographical and Control Maps

Attribute Layers (images)

”
Street network creation

and editing
\ Street network

Graph (center lines)

-
Basic lot/street geometry

and lot subdivision
\ Lots and Streets

Shapes (2D polygons)

-
Geometry generation

with shape grammar
| HHeheRecY 3D City

Models (textured 3D Mesh)

~
Export models
L in industry formats

mREEar

Figure 2.6. The Mechanism for Generating 3D Models with the CityEngine Software Product
(About CityEngine—ArcGIS CityEngine Resources | Documentation)

To create the road network, files in *.DXF, *.GDB, *.OSM or *.SHP format can be imported,
containing street segments (line) and network nodes (Turksever, 2015). For this, there is the
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Grow streets tool that allows, in addition to creating a new street network, expanding existing
networks. The algorithm allows differentiation between larger streets, which enclose a block,
and smaller streets within them (Generation of street networks—ArcGIS CityEngine Resources
| Documentation). There are three types of street network templates, represented in Figure 2.7.

Raster Radial Organic

+— [

Figure 2.7. Types of Street Networks that Can Be Represented with the CityEngine Software
Product (Parish &; Muller, 2001)

To adapt the street network to the digital elevation model (Figure 2.8), the terrain must be
selected and the adaptation function enabled (Generation of street networks—ArcGIS
CityEngine Resources | Documentation).

Figure 2.8. Adapting the Street Network to Land Elevation in CityEngine (Generation of
street networks—ArcGIS CityEngine Resources | Documentation)

Other tools that can be used are Edit street/curves (for editing the width of the street and
sidewalks, as well as their curvature), Clean-up streets (for joining street segments and creating
nodes at their intersection), Align streets to terrain (for aligning the network with map layers
that have the defined elevation), Generate Bridges (useful for models that do not have elevation
data and it is necessary to represent different passages in 3D), Fit widths to shapes (for datasets
that do not contain attributes that define street widths) or Simplify graph (for transforming
polylines with many inflection points into longer, curved lines).

For building modelling, their footprints can be imported in shapefile format, accompanied by
attributes that define the height of the buildings (Turksever, 2015). To model them, the file in
.cga format is necessary, which contains the rules to be applied. The process is iterative, which
means that at each stage a geometry is taken and modified to obtain a new geometry. In creating
the .cga file, conditions can be placed related to the heights of the buildings (attr minheight=...,

PHD CANDIDATE ENG. ANCA PATRICIA GRADINARU 11
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attr maxheight=...) or to the extrusion of buildings footprints according to the established height
(lot --> extrude) (Work with rules—ArcGIS CityEngine Resources | Documentation).

Operations that can be performed with imported geometries are (Figure 2.9) Extrusion (for the
extrusion of a geometry at a given height), Transformation (places, ranks and sizes the
geometry), Component split (divides a geometry into several components), Subdivision split
(divides geometry along axes), Insert assets (loads different elements and inserts them into the
created model) (Essential shape operations overview—ArcGIS CityEngine Resources |
Documentation).

Extrusion

Transformation

Subdivision split Insert assets

Figure 2.9. Essential Shape Operations Overview—ArcGIS CityEngine Resources |
Documentation)

To apply textures to building facades and roofs, different facade images or rooftop satellite
images can be used, which are also found in Esri libraries.

The results obtained from the modelling process can be exported to a CityEngine WebScene
format, viewed and distributed online via CityEngine web viewer, in .3ws format (Figure 2.10).

. ____________________________________________________________________________________________|
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Kisumu3D siste eis: sonin amcowonone: 2 QA Xy BB

Figure 2.10. 3D Model Viewed in CityEngine Web Viewer (CityEngine Web Viewer -
Kisumu3D)

2.4. Esri 3DCIM - 3D City Information Model Solution

2.4.1. Introduction

The 3D City Information Model (3DCIM) is a model developed by Esri for data management,
analysis, and visualization (Figure 2.11). 3D models of cities can be brought into ArcGIS and
CityEngine and can be used in a wide range of applications. 3DCIM and CityGML are
complementary and interoperable (Maren, 2014).

Figure 2.11. Esri 3DCIM Solution (Maren, 2014)
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2.4.2. Modelling Principles

The 3DCIM model is compatible with CityGML standards and with the data format required
to ensure interoperability of models. From a content perspective, the 3DCIM model includes
three main themes (Reitz & Schubiger-Banz, 2014):

- Built environment (Figure 2.12) — consisting of features and networks such as
structures (buildings, bridges, tunnels), interior elements of buildings, installations
(hydrants, poles, rubbish bins, bicycle racks), utilities, transport networks, etc.; the
Building element represents the footprint of the building and contains the most
attributes, BuildingShell is used for the 3D representation of the building body, and
BuildingShellParts is used in the process of separating different elements such as roofs
or walls (Reitz et al., 2014);

k

a. Buildings P-Utility
Networks

— 7 cUtilities AN TS .

d.Buildings

ST N m

Figure 2.12. The Built Environment in 3DCIM (Reitz etal., 2014)

- Legal environment (Figure 2.13) — includes elements of urban zoning, regulations
(e.g. maximum allowed height of buildings) and property boundaries;

To this end, there's also the ArcGIS Urban application, which enables digital city
transformation and regional planning (Urban Planning and Design—Smart Urban
Planning | ArcGIS Urban).
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- Natural environment (Figure 2.14) — includes natural features such as land coverage
with vegetation or water, but also geological structures, atmosphere, weather or climate.

a. Geological elements b, Atinosphrs and poliition

o .-

Figure 2.14. The Natural Envirohment in 3DCIM (Reitz et al., 2014)

2.5. 3D Spatial Modelling 3dfier Software Product

The 3dfier software product is an open-source 3D spatial modelling solution, developed by a
group of researchers from the Delft University of Technology, based on an automated process
for reconstructing 3D objects. It uses 2D geographic data, represented by polygons, and based
on a point cloud, the elevation and semantic elements necessary for the extrusion of 2D
geometries are obtained (Figure 2.15). The ultimate goal is to achieve error-free, overlap-free
and gap-free surfaces (Ledoux et al., 2021).

The input data used in modelling are 2D polygons representing buildings, lakes, roads, etc. and
elevation points, usually obtained from laser scanning, in *.LAS format, or extracted from
photogrammetric images. Each polygon is assigned a specific class: Terrain, Forest, Water,
Road, Building, Bridge/Overpass and Separation (for walls or fences). The semantic data
corresponding to each polygon is used to obtain a 3D geometry by extrusion. The obtained
geometries are joined to form a single surface, without voids and overlaps (Ledoux et al., 2021).

a:20i0ata T°p°9fafhff Map b. Elevation Data - Point Cloud <30 C“%

ol TR

Figure 2.15. 3D Spatial Modelling with the 3dfier Software Product (Ledoux et al., 2021)
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2.6. Using ArcGIS Pro Software Product in 3D Spatial Modelling

2.6.1. Introduction

ArcGIS Pro is a GIS application that allows integration, visualization, edit, analysis and
distribution of geospatial data in 2D, 3D or 4D spaces, being compatible with a number of other
ArcGIS products, such as ArcGIS Online or ArcGIS Enterprise (2D, 3D & 4D GIS Mapping
Software | ArcGIS Pro).

2.6.2. Modelling Principles

Within ArcGIS Pro, data is stored in a geospatial database, which can include vector, raster, or
attribute features (Figure 2.16). Vector data is stored on layers called Feature Classes. They
are a collection of features that share the same geometry (point, line, or polygon), attributes,
and coordinate reference system. A Feature Dataset is a collection of classes of elements that
are stored together and have the same spatial reference. A class of items that stores textual data
or representations that contain information about objects is called Annotation (ArcGIS Pro
Resources | Tutorials, Documentation, Videos & More).

Points ® Lines
®
@
e
(-]
® o
%) 4

Polygons Adnotation

Figure 2.16. Object Types in GIS (ArcGIS Pro Resources | Tutorials, Documentation, Videos
& More)

Raster data (Figure 2.17) is stored in raster datasets, with each image stored on a layer. Raster
datasets can be stored in many formats, such as *.TIFF, MrSid, ESRI Grid, etc.. Raster data
can serve as a base-map for the area to be modelled (ArcGIS Pro Resources | Tutorials,
Documentation, Videos & More).

Figure 2.17. Raster Image in ArcGIS Pro (ArcGIS Pro Resources | Tutorials,
Documentation, Videos & More)
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Within ArcGIS Pro, by using the Local Scene template, a 3D scene of the project, in a projected
coordinate system, where the curvature of the Earth is not taken into consideration, can be
created. A local scene with 3D objects can be used to represent and visualize objects such as
buildings or 3D models of cities. For 3D building editing (Figure 2.18), the building footprint
can be converted into a multipatch feature. Data from LiDAR point clouds can be used to obtain
the correct buildings heights. A point cloud can be imported into ArcGIS Pro in either ASCII
or LAS format to represent different constructions or details of them. Within the representation,
symbology can be modified and textures can be added to elements for a more realistic
representation. Textures can be added from the Edit tab, with the Multipatch texture function.
For the representation of the buildings, textures from the real world, for the facades of the
buildings and for the roof can be added (Badea, 2020).

33333

Bplorsony..

Figure 2.18. Editing Buildings in ArcGIS Pro (Model made during the Geographic
Information Systems course, Technical University of Civil Engineering Bucharest, Doctoral
School)

In the modelling process, both geospatial data, obtained by the user through different
acquisition techniques and data existing in the online catalogue — Living Atlas —which includes
different data, maps or applications created by ArcGIS users around the world, can be used.
Available data can be photogrammetric images, basic maps, demographics, administrative
boundaries, transport lines, urban systems, historical maps, or observations of the Earth
(earthquakes, fires, weather, etc.) (The ArcGIS Book | The ArcGIS Book).

For cases where the data retrieved are not complete, missing values may be interpolated from
data collected from the same area. There are different interpolation methods—for example, the
Kriging function—chosen based on available data and modelled objects or phenomena (The
ArcGIS Book | The ArcGIS Book).

. ____________________________________________________________________________________________|
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2.6.3. Exploring the Possibilities for 3D Modelling Based on eTerra 3 Data in
ArcGIS Pro — Case Study

The chosen study area is a residential area in the city of Bragadiru (Figure 2.19).

Figure 2.19. Study Area (Google Maps)

The initial data was exported from the eTerra3 application and represents: the buildings
footprints, the address and the number of floors of the buildings, depending on which the height
was approximated, considering that the height of a floor is 2.75 m.

In order to be able to extrude the buildings footprints, | imported a file in *.shp format, and the
created layer was moved to the 3D layer area (Figure 2.20). In the attribute table | added the
following new fields: Numir de niveluri (number of floors), Inalaltime etaj (floor height),
Inaltime constructie (building height), Adresa (address). After populating the table with data
exported from the eTerra3 application, | determined the approximate height of each building
with the Field Calculator function. The result can be seen in Figure 2.21.

il

Figure 2.20. Buildings Footprints Imported into ArcGIS Pro

Field: @ Calculate | Selection: FE Select By Attributes 155 Switch
‘LI Shape = LAYER GM_TYPE Mumar_de_niveluri Inaltime_constructie = Inaltime_etaj Adresa
0 Polygon| CONSTRUCTI_ACTIVE Unknown Area Type 8 22 2.75 |Loc. Bragadiru, Str Prelungirea Ghencea, Nr. 45, BI. C 3
|1 Polygon CONSTRUCTI_ACTIVE Unknown Area Type 9 24.75 2.75 Loc. Bragadiru, Str Prelungirea Ghencea, Nr. 45, BI. D5
2 Polygon| CONSTRUCTI_ACTIVE Unknown Area Type 10 215 2.75 |Loc. Bragadiru, Str Prelungirea Ghencea, Nr. 45, Bl. D4
2 Polygon CONSTRUCTI_ACTIVE Unknown Area Type 1 30.25 2.75 Loc, Bragadiru, Str Prelungirea Ghencea, Nr. 45, BI. D3
4 Polygon CONSTRUCTI_ACTIVE Unknown Area Type 8 22 2.75 Loc. Bragadiru, Str Prelungirea Ghencea, Nr. 45, BI. C4, 5¢. 2/
5 Polygon CONSTRUCTI_ACTIVE Unknown Area Type 8 22 2.75 Loc. Bragadiru, Str Prelungirea Ghencea, Nr. 45, Bl. C4, 5c. 2
Click to add new row.

Figure 2.21. Table of Attributes of the Layer with the Buildings Footprints

. ____________________________________________________________________________________________|
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For the extrusion of building geometries, | used the Extrusion function, choosing the
Indltime_constructie field. The symbology modification was made by choosing the stacked
symbol, which divides the texture of the buildings by the number of floors according to the
corresponding height, and the result can be seen in Figure 2.22.

Figure 2.22. The Result of Buildings Footprints Extrusion

ArcGIS Pro also allows adding bookmarks, in order to facilitate map navigation (Figure 2.23).

wnalysis View Edit Imagery Share Appeara

— : e Eﬂ + EEAdd Preset -
L'-0- G 5L

Add Graphics Layer

Bookmarks Go | Basemap Add Select
= To XY = Data~ =
All=
Scene Bookmarks
r L I.'
a i @
Bl D3 Bl D4 Bl D53
Bl C3 Bl C4, Sc. 2 BlL.C4, 5c. 2
|_|!| MNew Bookmark...
Manage Bookmarks
ﬁ!l Export Bookmarks...
'll_'|!| Import Bookmarks..,

Bockmark Options k

Figure 2.23. Bookmarks in ArcGIS Pro
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2.7. Using CAD Software Products for 3D Spatial Modelling

2.7.1. Autodesk 3ds Max Software Product

Autodesk 3ds Max solution is a modelling software product that is suitable both for 3D spatial
modelling of the buildings (Figure 2.24), their structures and interior elements, as well as for
making 3D models from animations or video games (3ds Max Software | Get Prices & Buy

Official 3ds Max 2022).

_‘

Figure 2.24. 3D Model of a Building, Made in Autodesk 3ds Max Software Product
(Autodesk, 2008)

To model different objects, one can start
from primitives implemented in the
software, or use 2D shapes, generally
spleen type, which can be extruded to
obtain volumes (Autodesk, 2008).

The Building Object Style Editor function
allows the generation of 3D models starting
from the buildings. A certain style of
building can be established for a multitude
of buildings by associating a label (shape
label masks). From the Edit Style Element
window (Figure 2.25) you can change
attributes such as the name of the created
element, Pick Shape Label, Building
Height, Number of Floors, Floor Height,
Wall Mapping Style (sets how texture is
applied), Wall Material ID (sets the
material identifier associated with walls)
(3ds Max 2022 Help | Building Object Style
Editor | Autodesk).

PHD CANDIDATE ENG. ANCA PATRICIA GRADINARU
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Shape Label Mask
Shape01

Pick Shape Label >

Building Height: 10.0 =
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Floor Height: |2. 5 =

Wall Mapping Style:

|Face mapping v
Wall Material ID:
|[2] 02 - BuiidingMap v

[ Use instancing?

Figure 2.25. Edit Style Element Window in
Autodesk 3ds Max (3ds Max 2022 Help |
Building Object Style Editor | Autodesk)
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2.7.2. Autodesk Revit Software Product

Revit is an Autodesk BIM (Building Informational Model) product, used to accurately generate
spatial models of buildings (Figure 2.26), in fields such as architectural design, civil
engineering, installations, etc. (Revit Software | Get Prices & Buy Official Revit 2022 |
Autodesk).

RECHA K-4-Q=-R0A @-0E%8-7 it 2022 - East Resic < Asch_phil - 3D View: 3D - Clean <00 & phiippebonn- Y7 @ - _&x
B Achitecture  Structre  Steel  Precast  Systems Insert Amnotate Analyze  Massing &Site  Collabosate View Manage Add-dns  Modify (D
Iy @ ) Object Styles {7 Project Parameters @ Transfer Project Standards I8 ~ % © @ % & = @1 & ’ a
- s — [l
1 . , - -
Modify] Materials 02 snaps o3 shared Parameters U Purge Unused 8" aggitional k. Design e Bplore  Manage ' phases ¢ B G  Dynamo Dynamo
% Project Information &8 Global Parameters B Project Units BB - Settings a- Options | Main Mode! ~ Swdy Outcomes  Links i Player

Select v Settings Project Location Design Options Generative Design Manage Project Phasing Selection Inquiry Macros  Visual Programming

Properties X 4 30-Cean X

@ over

3D View: 3D - Clean v BB EditType
Title on Sheet ~

Eaeaty
Phasing

Phase Filter None

Phase New Construction
Other

Browser Sort Order

Properies help Asly

Project Browser - East Residence Hall - Arch_phili.. X
5 10, Views (all) A
4 Floor Plans
4 Floor Plans (Floor Plan_Enlarged)
¥ Ceiling Plans
30 Views
3
30 - Analysis
3D - Clean
30 - Coordinate review
3D S48
3D View 1
30 View 2
30 View 3

Figure 2.26. 3D Model of a Building made in Autodesk Revit (Revit Software | Get Prices &
Buy Official Revit 2022 | Autodesk)

Autodesk Revit software specializes in architectural design and has various design options that
allow different possible ways for buildings to be explored in their 3D version (Revit Software
| Get Prices & Buy Official Revit 2022 | Autodesk).

2.7.3. Autodesk Civil 3D Software Product

Autodesk Civil 3D is a BIM solution with features that facilitate design and documentation.
The initial data can be both geometries represented by closed polylines and point clouds
obtained from laser scanning. Modelling results can be exported to ArcGIS-compatible
formats.

Surface modelling can be done by combinations of point elements, lines and contours, resulting
in different types of surfaces such as TIN surfaces - Triangular Irregular Networks, formed by
triangulation (Figure 2.27-b.) or GRID surfaces, formed by points that make up a network
(Figure 2.27-a.) (Civil 3D Features | 2022, 2021 Features | Autodesk).

You can also use the Autodesk Dynamo for Civil 3D extension, which allows you to automate
the modelling process by creating a set of rules that will be written in a Visual Programming
Language (VLS) and applied (About | The Dynamo Primer).
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Figure 2.27. Type a. GRID and b. TIN Surfaces (Rahman et al., 2010)

3. 3D Spatial Modelling Based on Photogrammetric Images

3.1. Introduction

Image classification (Figure 3.1) involves categorizing and labelling groups of pixels or vectors
in an image, based on a set of specific rules. Classification rules may be designed based on one
or more spectral or textural characteristics. The main classification methods are: supervised
classification and unsupervised classification (Gavali & Banu, 2019).

Unsupervised classification is performed in a fully automatic way, through specific algorithms,
while supervised classification involves manually selecting samples (training datasets) from
the image and assigning them to predetermined categories, such as roads, buildings, water
bodies, vegetation, etc., leading to statistical measures that are applied to the entire image
(Gavali & Banu, 2019).

There are different techniques for classifying images, such as classification using neural
networks, Support Vector Machine or Random Forest algorithms, Fuzzy logic, genetic
algorithms, etc. (Gavali & Banu, 2019).

Various factors can affect the results of the image classification process, such as the choice of
classification method, the availability of specific software products, but also the complexity of
the terrain in the study area. An essential step in image classification is the pre-processing of
the initial data, which may include detection and recovery of distorted lines, geometric
rectification, radiometric calibration, application of atmospheric correction and topographic
corrections (Lu, 2007).

Currently, the main classification methods are based on machine learning techniques, an
application based on artificial intelligence (Al), which includes algorithms that analyze data,
learn from it and apply what they have learned in decision making (Deep Learning vs. Machine
Learning, 2020).
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Figure 3.1. Orthorectified Image (left) and Image Classification Result (right): red-
construction, dark green-tree, light green-low vegetation, grey-waterproof surface, yellow-
cars (Hohle, 2017)

3.2. Objects Extraction from Images using Machine Learning

3.2.1. Support-Vector Machine Algorithm

Support Vector Machine (SVM) is one of the most widely used algorithms for supervised
image classification. The quality of the results of the SVM classification process depends on
the accuracy of the classification, derived from the samples chosen at the training stage and the
coverage provided by them. Data redundancy can slow down the training process, by using
more memory than necessary (Aslani & Seipel, 2020).

The SVM method involves the use of a training dataset, based on which the algorithms will
divide the dataset into several classes, according to the initially chosen samples. The data will
thus be separated by optimal separation hyperplanes, which are, in fact, the decision limit
between the characteristics of different classes (Maulik & Chakraborty, 2017).

In Figure 3.2, the blue dots and red triangles represent two classes of elements, represented by
the characteristics x and y, and the black line represents the decision boundary (a hyperplane
represented in 2D space). The SVM algorithm takes the data and creates the most appropriate
boundary that separates it into two distinct categories.

. ____________________________________________________________________________________________|
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Figure 3.2. Support Vector Machine (SVM) Algorithm Explained, 2017)

When using the SVM algorithm, the optimal hyperplane is considered to be the one that takes
into account the maximum distance from the class characteristics, i.e. the highest limit (Support
Vector Machines (SVM) Algorithm Explained, 2017).

Figure 3.3. Classification of an Image (left side) by SVM Algorithm, Obtaining the Buildings
Footprints (right side) (Aslani &; Seipel, 2020)

The initial data used to obtain building geometries by classifying images with the SVM
algorithm (Figure 3.3) can be orthorectified images, LIDAR data, buildings footprints, point
clouds derived from oblique photogrammetric images with Dense Image Matching, etc. (Aslani
& Seipel, 2020).

. ____________________________________________________________________________________________|
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3.2.2. Random Forest Algorithm

The Random Forest classification algorithm is a supervised classification algorithm that is
based on a combination of decision trees. It selects random data from the original dataset,
generates a decision tree for each sample, and each tree casts a unified vote for the most popular
class (Breiman, 1999). Finally, for assigning a pixel to a given class, the algorithm selects the
most voted result as the final prediction (Figure 3.4).

In the training process, trees are created by extracting a subset of training data, by substitution;
thus, a sample may be selected several times, and others may not be selected at all. Around
two-thirds of the samples are used in the training process, and the rest are used to estimate
classification performance (Belgiu & Dragut, 2016).

Two parameters are required to generate the trees: the number of decision trees (Ntree) and the
number of variables to be selected and tested for tree generation (Mtry). The number of trees
can be as large as necessary, but studies have shown that at a number of around 500, the
classification errors will stabilize. The number of variables is usually established as the square
root of the number of input variables (Belgiu &; Dragut, 2016).

X dataset
N, features N, features N, features N, features
_® .. B o
Q 2 Q Q o Q Q Q
OO0 €0 OO0 Oe Oe OO0 OO0 €0
TREE #1 TREE #2 TREE #3 TREE #4
I | | I
l
|
FINAL CLASS

Figure 3.4. Classification with Random Forest Algorithm (Chauhan, 2021)

In the semantic classification of images for extracting the geometry of buildings (Figure 3.5),
the Random Forest algorithm is distinguished by its ability to use a large volume of sampling
data.
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AX buildings

LS shantytowns s HR apartments s CM buildings

Figure 3.5. Results of a Classification with the Random Forest Algorithm (Du et al., 2015)

3.3. Extracting Objects from Images Using Artificial Neural Networks

3.3.1. Introduction

Neural networks have many applications in various fields such as mathematics, physics,
statistics, or engineering, being used to model phenomena. An artificial neural network is an
information processing system, similar to a biological neural network, which has as its main
component an artificial neuron similar to a biological neuron and has the following
characteristics (Yadav, 2015):

> Information processing is done through simple connections called neurons (Figure 3.6);

» Signals are transferred between neurons via connecting links;

» Each connection link is assigned a certain strength, which multiplies the transmitted
signal;

» An activation function is applied to the net input signal by each neuron to determine its
output signal.

I ———
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Each neuron receives one or more input signals through connections also called synapses,
and produces a single output signal (Yadav, 2015).

User

Neuron

Inputs X2

> ——p Output

Teaching Input

Figure 3.6. The Structure of an Artificial Neuron (Yadav, 2015)
3.3.2. Neural Networks Architecture

The structure of neural networks is given by the algorithm used in the training process. There
are three types of neural network architectures (Haykin, 2008):

» One-layer Feedforward networks (Figure 3.7.a): represents the simplest form of a
neural network and involves an input layer of source nodes, which is projected into an
output layer of neurons, but not vice versa;

» Multi-layer Feedforward networks (Figure 3.7.b): are characterized by the presence of
one or more hidden layers, whose computational nodes are referred to as hidden
neurons or hidden units;

» Recurrent networks (Figure 3.7.c): unlike Feedforward networks, they are
characterised by at least one feedback loop.

1 T ] [y Unit-time delay
E] E] E : operators
R
C) * 4
O
A
Input layer Output layer b
of source of neurons Yy
nodes A
Input layer Layver of Layer of
of source hidden output
nodes neurons neurons \.n
Y
a. b. .

Figure 3.7. Types of Neural Network Architectures (Haykin, 2008)
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3.3.3. Convolutional Neural Networks

The term Deep Learning refers to multi-layered artificial neural networks. One of the most
widely used deep artificial neural networks is the Convolutional Neural Network (CNN). An
important feature of this type of network is that the determinations made are not dependent on
the position in space of objects, meaning they can be identified regardless of their position in
the image (Albawi et al., 2017).

Deep learning methods have proven to be very effective in the process of semantic
segmentation of images, with the emerge of FCN (Fully Convolutional Networks) neural
networks, characterized by a small number of parameters that allow reducing the time required
for the training process (Long et al., 2015).

SegNet is an FCN neural network based on an encoding-decoding architecture (Figure 3.8)
that generates output data with the same resolution as the input data.

Encoder Decoder
conv + BN + ReLU + pooling upsampling + conv + BN + ReLU

£

Figure 3.8. SegNet Neural Network Architecture (Audebert et al., 2017)

Figure 3.9 shows an example of a classification using the SegNet neural network, in which
roads are represented in white, buildings are shown in blue, in cyan — low vegetation, in green
—trees and in yellow — cars.

Figure 3.9. Image (left-false colour), Classified (right) using the SegNet Neural Network
(Audebert et al., 2017)
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3.4. Obtaining 3D Models of the Buildings from Buildings Footprints Extracted
with a Deep Learning Algorithm in ArcGIS Pro — Case Study

ArcGIS Pro software includes tools that use Al and deep learning methods to extract features
from images. This requires the Deep Learning Libraries Installers to be installed in ArcGIS
Pro (Deep Learning Libraries Installers for ArcGIS, 2020/2022).

In Living Atlas there are also different models for buildings footprint extraction based on
satellite images. In this case, | used the Building Footprint Extraction — USA model, based on
a convolutional neural network with a Mask R-CNN architecture (Building Footprint
Extraction - USA - Overview).

The study area is a residential neighbourhood in Craiova (Figure 3.10).

Figure 3.10. Study Area

The Detect Objects Using Deep Learning geoprocessing tool applies an indicated deep learning
model to a raster image, resulting in a new class of features containing the objects identified in
the image.

To set the parameters (Figure 3.11), as input layer | chose the layer with the raster image, and
the output layer would be the layer containing the buildings footprints extracted from the
image. The coordinate system was set to be chosen from the created Scene, i.e. the Stereo 70
system, and for the processing extent | chose the current screen extension. The function also
allows you to choose the type of processor used for image segmentation, namely: CPU (central
processing unit) or GPU (graphics processing unit).
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Geoprocessing >3 x
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v Qutput Coordinates

(®)  Detect Objects Using Deep Learning () Output Coordinate System

Parameters Environments @ |F'ulko\ro_'l%Z_Adj_ﬁﬂ_Stereo_?D '| &

Input Raster Geographic Transformations

Craiova_V2.ecw '| | Y|
Output Detected Objects
| Craiova_V2_Clip_DetectObjects |
Model Definition Extent |A5 Specified Below '|
| Deep_Learning_Libraries\usa_building_footprints.dlpk |

¥ Processing Extent

d-| 405437.19937948 | -Pl 405732.785254379 |
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Mame Value l| 311063.329724971 | ‘I‘l 311328.243706513 |
padding 128 .
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Parallel Processing Factor
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Figure 3.11. Setting the Parameters for the Detect Objects Using Deep Learning Function

Figure 3.12. Image Segmentation Result with Detect Objects Using Deep Learning in ArcGIS
Pro

The result of image segmentation can be seen in Figure 3.12. The buildings footprints extracted
from the image are not regular, and to regularize them | used the Regularize (Figure 3.13)
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geoprocessing tool, choosing as input layer the previously obtained layer, as output layer the
new layer with the regularized buildings footprints, and the Right Angles method, to obtain
geometries with right angles.

Geoprocessing -1 x
© Regularize Building Footprint *
Parameters Environments @

Input Features
| Craiova_V2_Clip_DetectObjects -|

Output Feature Class
| Craiova_V2_Clip_DetectObject6_REG |

Method
|RightAngIe5 '|

Tolerance | '||

Densification | |

Precision | D.25|

Figure 3.13. Setting the Parameters for the Regularize Function

The final result of extracting buildings footprints from satellite imagery using the deep learning
algorithm implemented in ArcGIS Pro can be seen in Figure 3.14.

2 - O X

& Anca Patrica (Doctor! School - UTCE) = 1@ A

420 Layers
4[] Craiove.V2_Clip_DetectObjects_REG

4[] Craiova_2_Clip_DetectObjects

erts [T T iEE BATEMBTTN v O siectsd Festues:0 | 11 | 2| Geoprocessing | Symbology

Figure 3.14. The Result of Extracting Buildings Footprints from Satellite Imagery Using the
Deep Learning Algorithm Implemented in ArcGIS Pro
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Based on the floors number of the buildings, their height was estimated (Figure 3.15).

5 Craiova_V2_Clip_DetectObject6 REG X

Field: @ Calculate | Selection: E_"g Select By Attributes .QEE“ Switch

0OID* Cass Confidence Shape* ORIG_OID STATUS Shape_length Shape Area Numar_niveluri Inaltime_constructie Inaltime_etaj
2|2 1 98.450643 | Polygon 2 0 50.204581 146.25 3 T 25
33 1 97.37879 | Polygon 3 0 50.204581 147 3 1.5 23
44 1 96.599132 | Polygon 4 0 49,497475 145 3 75 25
515 1 98.201215 | Polygon 5 0 52.325902 163 3 1.5 23
6|6 1 97.797024 | Polygon 6 0 50.911688 154.875 3 T P
77 1 97.222275 | Polygon 7 0 50.204581 147.5 3 7.5 23

Figure 3.15. Table of Attributes of the Buildings Layer

With the Extrusion function, the buildings footprints were extruded, depending on their height,
and the result can be seen in Figure 3.16.

Figure 3.16. Extrusion of Buildings Footprints

4. Conclusions

The purpose of this research report was to analyze the main methods and software products for
3D spatial modelling of the buildings, in the context of an increasing need for the development
of 3D models of cities.

The data sources needed to generate 3D models of the cities are varied and can be point clouds,
orthorectified images, buildings footprints, elevation data, etc. Depending on the availability
of this data, we can choose an optimal modelling method and software. From photogrammetric
images, building geometries can be obtained through various machine learning and deep
learning processes, while point clouds, buildings footprints and other elevation data can be the
basis of 3D models made with GIS or CAD software products.

CityGML standards create a basis for numerous 3D modelling applications, ensuring

interoperability between them. CityGML comprises five levels of detail, which define the
I ———
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completeness of the data in the composition of the 3D model. The model proposed by Esri —
3DCIM (3D City Information Model) is a geospatial database that provides data management
and allows data exchange between it and the CityGML model, the two being interoperable.
Geospatial data is associated with attributes, together forming a semantic model of the city.

Software products such as Autodesk 3ds Max, Revit and Civil 3D are generally suitable for
design or BIM applications, but their results can be used to complement existing data and
improve 3D models of the cities.

The supported format of the data is also an important factor, ensuring the integration of data
into several types of applications. Thus, the described methods and software products allow
importing and exporting data in several types of formats, such as .dxf, .shp, .ascii, .xml, .gdb,
Aiff, etc..

The automation of the modelling process is a very important factor, especially when working
with a large volume of data. In case of using the methods for generating 3D spatial models
based on point clouds, we can talk about model-driven methods, which use primitives described
in a library, or data-driven methods, which analyze the point cloud in its entirety, without
dividing the building into primitives. When generating 3D models based on orthorectified
images, | identified different machine learning algorithms, such as the Support Vector Machine
algorithm or the Random Forest algorithm, used to classify images. In addition, another method
used to classify images is the use of artificial neural networks, which reduce the time required
for the entire process.

ArcGIS Pro software has distinguished itself by incorporating a number of 3D modelling
possibilities from different data sources, including 3D point clouds and photogrammetric
images.

From the case studies it is noted that in order to obtain a higher level of detail, it is necessary
to acquire spatial data through laser scanning techniques, the point cloud offering the
possibility of modelling details such as roofs and terraces. Existing building data in the eTerra3
application can help generate 3D models with a lower level of detail, but they do not provide
sufficient coverage.

Following the study, | propose to consider creating, at national level, an open database
containing different types of attributes related to buildings such as the year of construction,
number of levels, height, building destination, area, address, or other relevant data to which the
general public can have access. This database can be useful in areas such as solar radiation
estimation, energy demand estimation, positioning, building classification, improvement of
visualization methods, visibility analysis, estimation of shadow areas produced by buildings,
noise propagation estimation, urban planning, emergency response, population estimation,
disaster prediction, archaeology, etc..

In conclusion, taking into account the initial available data, or the possibilities of their
acquisition, the level of detail imposed by the purpose of the project and also the type of
application that requires 3D modelling of buildings, optimal methods and software products
can be chosen to obtain 3D spatial models of buildings in accordance with the accuracy
requirements of the project.
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