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Comparison of Data Encodings to Deliver 3D Terrain Models as
Triangulated Irregular Networks

Abstract: Models describing the Earth surface or other surfaces related to it, such as
underwater terrain, pedologic and geologic layers, are often given as triangulated
irregular networks (TINs). Such models are used in numerous technological contexts
such as GIS, CAD, BIM, 3D computer graphics, scientific visualization and others. The
problem arises when the exchange of TIN data between applications is required,
because there is no generally accepted standard. Different disciplines favour their
formats and data encodings, so GIS applications primarily use GML formats, IFC is
used in the BIM context, DXF in the CAD world, while VRML/X3D is mostly used in the
3D graphics community. This paper aims to investigate how formats are conceptually
different, what semantic differences exist between the required formats, what
information can be stored in which format and which format is most suitable for a
particular task depending on the final purpose of application. It also deals with the
issue of mutual format conversion and the loss of semantic information in that process.

Keywords: 3D file formats, format conversion, semantic differenece, triangulated
irregular network

Usporedba podataka za kodiranje za isporuku 3D modela terena

kao nepravilne mreZe trokuta

SaZetak: Modeli koji se koriste za opisivanje Zemljine povrsine ili povrSine povezane s
njom, kao sto su podvodni tereni, pedoloski i geoloski slojevi, Cesto su prikazani kao
nepravilne mreze trokuta (TIN). Takvi se modeli koriste u brojnim tehnoloskim
podrucjima kao Sto su GIS, CAD, BIM, 3D racunalna grafika, znanstvena vizualizacija
i drugo. Problem nastaje kada je potrebna razmjena TIN podataka izmedu aplikacija
Jjer ne postoji opéeprihvacen standard. Razlicite discipline favoriziraju viastite formate i
kodiranje podataka, pa tako GIS aplikacije primarno koriste GML formate, IFC se
koristi u BIM kontekstu, DXF u CAD svijetu, dok se VRML/X3D najvise koriste u 3D
grafickoj zajednici. Cilj ovog rada je istraziti kako se formati konceptualno razliku, koje
semanticke razlike postoje izmedu trazenih formata, koje informacije mogu biti
pohranjene u koji format te koji je format najprikladniji za odredeni zadatak ovisno o
konacnoj svrsi primjene. Takoder cilj rada je istraziti medusobne pretvorbe formata te
gubitke semantickih informacija u tom procesu.

Kljucne rijeci: 3D formati podataka, nepravilna mreza trokuta, semanticke razlike,
pretvorba formata
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1. INTRODUCTION

Triangulated irregular network (TIN) represents a surface as a set of non-overlapping
contiguous triangular facets of irregular sizes and shapes. This network is widely used in
geographical information systems (GIS) and other related fields to represent topography and
terrain (Vivoni, 2003). Models that describe the surface of the Earth or other surfaces related
to it such as underwater terrain, pedologic or geologic layers are often given as triangulated
irregular networks. In addition to GIS, numerous other technological contexts such as BIM,
CAD, 3D computer graphics, scientific visualization, gaming applications and others use
these models.

The problem arises when the exchange of TIN data between applications is required, because
there is no generally accepted standard. Different disciplines favuor their formats and data
encodings, so GIS applications primarily use GML formats, IFC is used in the BIM context,
DXF in the CAD world, while VRML/X3D is mostly used in the 3D graphics community.
This paper deals precisely with this problem.

The second chapter of the paper lists the basic concepts of terrain and surface models,
elements for representing the Earth's surface and the structure of digital models. In the third
chapter triangular irregular network is described. The fourth chapter deals with the 3D format
in a general way. In the fifth chapter, each 3D file format is described in detail separately. The
sixth chapter deals with the comparison of 3D file formats based on a number of criteria. In
the seventh chapter, the topic of mutual conversion of formats is elaborated, whether the
conversion is possible and whether there are losses and which, if it is possible.
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2. 3D TERRAIN MODELS

The digital terrain model is a static presentation of the continuous ground surface by an
outsized number of selected points with known X, Y, Z coordinates in an arbitrary reference
frame.

The basic concepts of terrain and surface models are defined (Krtali¢ et al., 2019 stated in
Maune, 2001):

e as Digital Elevation Model (DEM) — a term that contains digital topographic data in
various forms,

e as Digital Terrain Model (DTM) — synonymous for a digital elevation model of a
scene where is only bare ground (natural relief),

e as Digital Surface Model (DSM) — show's the elevations of the tops of reflective
surfaces, such as the Earth's surface (artificial objects) and vegetation.

In addition to these models, there is also normalized Digital Surface Model (nDSM), which is
defined as the difference between DSM and DTM (Figure 2.1). nDSM indicates objects in
relative relation to the ground (artificial objects and vegetation such as trees) or objects on the
ground (flat areas, roads, etc.).

Figure 2.1. DSM, DTM, nDSM and their differences (Krtali¢ et al., 2019)

The most important specific elements for representing the Earth's surface are:

pits — local minima (eg valleys or sinkholes),

peaks — local maxima (hills and mountain peaks),

ridge lines — lines that connect local maxima in cross section,

course lines — lines that connect local minima in cross section (river valleys, flow
lines),

break lines — places where the change of slope is emphasized,

e crossings, saddles — crossing points of watersheds,

e contours — lines of equal height above the reference level (level of the sea or geoid),
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¢ slope lines — falling gravitational flow lines, under right angle to the contours,
e planes — areas of relief where all altitude values are equal.

2.1 Input data

Methods and measurement techniques for collecting input data on Earth surface and for the
aim of making its digital model can be divided on:

vectorization of topographic maps (isohypses, elevations),

field measurement for the collection of position and altitude data (tachymetry, GNSS),
photogrammetric method of measurement (terrestrial, aerial, satellite),

radar data collection methods,

collect and process LIiDAR data.

Each of the above methods of data collection has its aim and purpose in form of required
accuracy, accessibility of instruments and available funds, on which their choice also
depends.

2.2 Digital model structure

The structure of digital models is most often divided into two groups:

e Triangulated Irregular Network (TIN),
e GRID - regular grid of points (Figure 2.2.).

The TIN structure of a digital model is vector and implies an explicit definition of topology,
i.e. the use of edges and nodes to determine spatial relationships between individual triangles
in a grid. On the other hand, GRID has a raster structure of data, which interpolate values
between known points collected at regular intervals, which also defines the spatial resolution
of future DMR that is the minimum area for which the developed model can provide a result.
Both models have their advantages and disadvantages, but in this thesis attention will be only

., 2019)
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3. TRIANGULATED IRREGULAR NETWORK (TIN)

Triangulated Irregular Network (TIN) is used in a Geographic Information System (GIS) for
the representation of a surface. It is a representation of land surface and sea bottom, made up
of irregularly distributed nodes (vertices) and lines with three-dimensional coordinates (X, v,
z) that are arranged in a network of triangles that are not overlapping and do not share
common intersection points. Points in TIN are distributed variably based on an algorithm that
determines which points are most necessary to an accurate terrain representation. Because of
that, data input is flexible and fewer points need to be stored than in a raster-based network.
Also, TINs have disadvantages and are not convenient for every project. TINs requires a lot
of processing time because of complex structure and high memory requirements. One more
disadvantage is, because TINSs are linear, many edges will appear jagged, distorting the image.
Also, because of the irregularity of the TIN, the organization, storage, and application of its
data are more complicated than that of the regular grid DEM (URL 2).

TIN represents a topographic elevation surface with elevations at corners of triangles. In the
model, in addition to the elevations, are also stored the planimetric position and the
topological relationship between nearby triangles. In regions where is little variation in
surface height, the points can be widely spaced, while in areas with more intense variation in
height density is increased.

The vertices are connected with a series of edges to make a triangle network. There are
different methods of interpolation of triangles, such as Delaunay triangulation, distance
ordering, simulated annealing algorithm and radiation scanning algorithm (URL 3).

The most commonly used triangulation in practice is Delaunay triangulation (Figure 3.1.). It
is unique, because in Delaunay triangulation there will be no other points in the circumcircle
of any triangle. A triangle is made up of the three nearest points and each segment of the line
does not intersect. If the diagonals of the convex quadrilateral formed by any two nearby
triangles are interchangeable, then the smallest angle between the six internal angles of the
two triangles will not become larger. If the smallest angle of each triangle in the triangulation
is ordered ascending, the organization of this triangulation will receive the largest value.
Moving, adding or deleting a vertex will only have an impact on the nearby triangle.The
result is that long, thin triangles are avoided the maximum amount as possible, triangles are as
equi-angular as possible (URL 4).
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Figure 3.1. Delaunay triangulation (URL 5)

TINs are generated from points, polygons and lines. Mass points are points that are used in
defining the TIN. Areas with constant elevation, such as water surfaces are called exclusion
polygons. Breaklines are lines such as shorelines and streams. Breaklines can be soft or hard.
Soft features are, for instance, ridgelines on rolling hills. Hard features are roads, streams and
shorelines which indicate a significant break in slope. When a TIN is formed, mass points
become nodes, breaklines and exclusion polygon boundaries become triangle edges (URL 6).
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4. 3D FILE FORMATS

3D file formats collect extensive details about 3D models with their attributes. These formats
have large applications in different fields such as video gaming, film, 3D printing, academic
projects, engineering visualization, architectural projections and numerous scientific
applications. A 3D file format encodes geometric information of a model and creates it
readable on computers. It is possible to store texture and material information of the model
apart or within it (URL 7).

4.1 Geometry

The geometry of 3D model is a collection of points, lines and planes, and they are called
vertices, edges and polygons (or faces). 3D geometries are composed of more than thousands
of triangles or polygonal meshes. A 3D file format compresses this information and makes it
machine-readable (URL 8).

There are three different ways of encoding surface geometry. They are called approximate
mesh, precise mesh and constructive solid geometry (URL 9).

4.1.1 The approximate mesh

In this encoding, the surface is first covered with mesh that contains tiny imaginary polygons.
Triangles are most usually used shape. The vertices of the triangles and the outward normal
vector of the triangles are saved in the file. This represents the geometry of the surface of the
target model. The process of covering a surface with a geometric shape that is not overlapping
is called ,tessellation”. Because of that, these file formats are also known as tessellated
formats. The triangles approximate the smooth geometry of the surface. Therefore, this is
called approximate format. The approximation is better the smaller the triangles are, but
implies that the file needs to save more number of vertices and normal vectors.

4.1.2 The precise mesh

There are situations where an approximate mesh is not enough and one needs precise
encoding of the surface geometry. In the precise file formats, polygons are not used. Instead
of them, Non-Uniform Rational B-Spline patches (NURBS) is used. These parametric
surfaces are created of a small number of weighted control points and a set of parameters
called knots. From knots, a surface can be computed mathematically by smoothly
interpolating over the control points. While the precise mesh is accurate at any resolution,
they are displayed more slowly and should be avoided in applications where speedy rendering
IS important.

4.1.3 Constructive solid geometry

This type of file format does not include meshes at all. In this format, 3D shapes are built by
performing Boolean operations (addition or subtraction) of primitive shapes such as cubes,
spheres etc. Constructive solid geometry is excellent for designing 3D models and is user-
friendly.
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4.2 Appearance

Appearance means textures and materials. Textures and materials are applied to 3D
geometries to add color, character and improve the reality of 3D objects. This is used to make
feelings of smoothness, sheen, shadows and reflectivity. In 3D models, textures and materials
can be stored individually or composed into bundles. They are typically stored as bitmaps
(images) or procedural textures (mathematical formulas) and can be referenced within a 3D
file format or stored separately for external reference.

4.3 Scene

The scene provides information about cameras, light sources and other important objects. The
camera is defined with camera properties such as four parameters for magnification and
principal point, the 3D position of the camera, a 3D vector indicating the direction it is
pointing, and another 3D vector indicating the up direction. A 3D file format can reference or
store information about the scene in which 3D objects appears. This data contains the
encoding of light source infomation such as intensity and location (McHenry and Bajcsy,
2008).

4.4 Proprietary or Open Source

Proprietary formats are designated as trade secrets and created by companies to force to buy
particular hardware or software and limit interoperability. Before closed operating systems
such as iOS and Windows existed, there was a tradition in software development to contribute
innovations in software engineering to the public domain. Today, open-source 3D file formats
are made for data and file portability across devices and applications. An open-source format
exists in the public domain and can be used for proprietary, free and open-source software by
following a standard licensing agreement. Commonly, there is no charge or licensing fee for
using open-source software standards. Converting proprietary formats into open-source
formats is hard because the encoding format of data is often locked to prevent reverse
engineering.

4.5 The ability to display ,,true 3D model* or ,,2.5D model“

Some 3D file formats have the suitability to give a true 3D model, but some of them do not.
The second one is the 2.5D model. The main difference between these two models is that
2.5D is typically a 2D representation changed in some way to present itself as a 3D illusion.
2.5D generally does not have depth perspective in Z, but rather is a trick to simulate depth
perspective in XY. 2.5D effect can be rendered by using shadows applied to a 2D objects
(URL 14).

2.5D model stores only one elevation value (z) for any (x,y) location. Topologically, the
surface shown by TIN is a 2-manifold. This means that each edge of the TIN on only one or
two triangles and triangles that are falling on the vertices form a closed or open fan (Figure
4.1).




Petra Pokrovac Master thesis

vertex inside the TIN
(closed fan)

vertex at boundary
(open fan)

Figure 4.1. 2-Manifold TIN (URL 18)

However, some features are not possible to represent in 2.5D model, such as vertical walls,
balconies, tunnels, etc., because, it would result in data loss. A model called 2.5D+ has more
than one value (z) for the same X,y value and serves for modeling vertical walls of natural or
artificial objects. It is still a 2-manifold model. 2.75D model is a 2.5D+ model but extended to
model any surface with 2-manifold with features as balconies and overhangs.

Mentioned terrain representations provide the geometrical model of a terrain and do not
include explicit representation of individual terrain features such as land use, buildings, roads
and water bodies. An overview of terrain features is needed to support semantic queries about
those features. In order to identify these individual terrain features, we must define them as
discrete objects and provide their characteristics and relationships with other features
explicitly through semantics. From an object perspective, terrain can be seen as a container
inhabited by these objects, each with an identity, spatial embedding and attributes. This
terrain representation is called 3D model.

Figure 4.2. shows different types of terrain representations.

idi
(d) Terrain with discrete objects Building

Relief
Semantic

Ll #F . s Semant

(e.g. Buildings)

((“) Terrain with vertical walls and overhangs

J\\\_‘ /\\‘/@\/\ 2.75D ]

(b) Terrain with vertical walls
\ Semantics
25D+ [ with TIN

Terrain (bare earth model)

(a) S~~~ —~ 25D —

Figure 4.2. Different TIN representations for modelling terrains (URL 18)
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4.6 Level of Detail (LOD)

Several LOD concepts differ from each other.

In computer graphics, the term level of detail presents the complexity of displaying a 3D
model. The level of displayed details can be reduced when the model moves away from the
viewer. However, it can be changed according to other parameters, such as object importance,
speed or viewpoint position. LOD reduces the number of vertices that need to be processed
and avoid the problem of micro triangles (URL 13). The Figure 4.3. shows how the number of
triangles increases with respect to the number of details shown.
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6800
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Figure 4.3. Representation of number of triangles in different LODs (URL 13)

In CityGML, the term LOD refers to a predefined, unified, scale-independent specification of
the level in which architectural details of buildings are given. The levels of detail that can be
displayed are described below (Figure 4.4):

1. LODO is the coarsest level for a digital terrain model. LODO defines a 2.5D
representation of features. A 2.5D geometry describes by polygons built-in in 3D
space where for each (x,y) coordinate there is at most one height value on the polygon
(i.e., vertical polygons are excluded). Volume objects such as buildings are
represented by a single horizontal polygon.

2. LOD 1 is a block model, building block (raised area). In this model, volume objects
such as buildings and vegetation are modelled in a generalized manner as prismatic
models of blocks with vertical walls and horizontal ,,roofs“. Objects such as roads and
water surfaces are still defined as 2.5D surfaces.

3. LOD 2 is a 3D model of external shell, roof structures and simple textures. When it
comes to buildings, this model also shows balconies and dormers. Vegetation objects
are shown with more details. Water surfaces may differ thematically and roads are still
represented as 2.5D, but transport objects have been improved by explicit modelling
of traffic areas and ancillary traffic areas.

4. LOD 3 is an architectural model, a 3D model of the external shell with texture. This
model is the most detailed level for the farthest shape of objects. Roads and land use
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objects are represented as very detailed 2.5D surfaces. Water surfaces and building
objects are also shown in a very detailed way.

5. LOD 4 is an interior model. It is a 3D model of the building with interior structures
such as rooms, floors and others. The resolution of textures, which can be mapped to
almost any feature, also increases with higher LOD (Groger and Plumer, 2012).

LoDO0 LoD1

LoD2
Figure 4.4. Showing different levels of detail on the example of a building (Groger and Plumer, 2012)

In Building Information Modeling (BIM) applications, there is another term of LOD. In this
case, the LOD gives the percentage amount of information that a BIM element contains.

4.7 Support of TIN tiling concept

Tiling TIN data structure aims to consider the most targeted part of the TIN that will have a
quite small number of objects (triangles and/or vertices) instead of taking into account the
whole TIN. The TIN area will be divided between several tiles. Therefore the division will be
up to the level of the triangle, i.e. the triangle will not divide. Each tile must know the
triangles that belong to it, or vice versa: each triangle needs to know its tile. Each tile is
responsible for the area it has been assigned.

The goal here is to assign one tile to each triangle of the TIN. This means that any triangle is
‘owned’ by only one tile, however, each tile has more than one triangle. Each triangle is
assigned to the tile with which its area of overlap is greatest. If two or more tiles have the
same overlap area, assign a triangle to one of them in a systematic way. Figure 4.5. illustrate
how a TIN overlapped with a tiling system.
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Figure 4.5. Tiling TIN structure (Al-Salami, 2009)

4.8 Attributive thematic data and metadata

Attributive thematic data can be any data associated with specific locations, places or objects.

Metadata is simply data about data. It is a description and context of the data. It helps to find,
better understand and organize data. Typical metadata elements are title, description, author,
date, who last modified it and when, etc. In the context of terrain modelling, metadata
describes information connected with a particular terrain dataset or element of that dataset,
e.g. name, location, resolution, size, attribution, data accuracy, format, copyright notices, etc
(Reddy et al., 1999).

The international standard 1SO 19115 is metadata standard in geographical domains. The
problem is its use is mostly limited to 2D datasets and 3D datasets very rarely have stored
metadata information. One of the reasons is that ISO 19115 specifications do not cover
several aspects of 3D datasets.

The Federal Geographic Data Committee (FGDC) has developed a comprehensive standard
for storing metadata related to digital geospatial data. This standard is called Content Standard
for Digital Geospatial Metadata (CSDGM).

Figure 4.6. shows the division of metadata into mandatory, mandatory if applicable and
optional.
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Figure 4.6. Classification of metadata (URL 15.)
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5. DESCRIPTION OF DATA ENCODINGS

In this chapter will be described in detail each of the file format that are used for delivering
3D Terrain Models as Triangulated Irregular Network. The formats to be described are
VRML, X3D, CityGML, GML3, 13S, IFC, DXF and Wavefront OBJ.

5.1 The Virtual Reality Modeling Language (VRML)

The Virtual Reality Modeling Language (VRML) is a file format for presenting interactive
3D world objects over the Word Wide Web (WWW). It is used to create three-dimensional
representations of complex scenes such as illustrations, definitions and virtual reality
presentations. VRML can represent static and animated objects and it can have hyperlink
to other media such as sound, movies and images. Many 3D modelling applications can
save objects and scenes in VRML format (URL 1).

VRML 1.0 is the first release of VRML and it provides a means of creating and viewing static
3D worlds. VRML has been widely accepted as an international standard of interactive
visualization since 1997, when ISO VRML97, or so-called VRML 2.0 is released. VRML 2.0
is a more advanced version and provides much more. The main goal of VRML 2.0 is to
provide a more exciting and interactive user experience than is possible within the static
boundaries of VRML 1.0. Its improvements are enhanced static worlds, interaction,
animation, scripting and prototyping. VRML has been replaced with Extensible 3D (X3D)
format. X3D is an XML based 3D file format. It supports all features of the VRML and also
has some additions.

VRML code is written in plain text. Extenstion of VRML files is .wrl. These files could be
viewed and adapted in a plain text editor, but the produced 3D renderings must be viewed in a
VRML browser or other program, such as a web browser with a VRML plugin (URL 11).

This programming language can be used in software, such as CAD for importing elements
and Cortona3D Viewer, which is an application that works as a VRML plugin for browsers
and office applications. There is also an open source viewer called FreeWRL for Windows,
Linux, OSX and Android and a free, open source software OpenVRML (URL 12).

The requirements of the VRML are as follows (Bell et al., 1996):

e authorability — allows the development of application editors and generators and
the import of data from other industrial formats,

e completeness — provides all the information needed for implementation and address
a complete set of features for wide acceptance in the industry,

e composability — the ability to use VRML elements in combination and thus
enabling reuse,

e extensibility — the ability to add new elements,

e implementability — the ability to implement on a wide range of systems,

e multi-user potential — should not exclude the implementation of multi-user
environments,

e orthogonality — should be independent of each other or if they are dependent, they
should be structured and very good defined,

o performance — the elements should be created with the attention on interactive
performance on different types of computing platforms,
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e scalability — VRML elements should be created for unlimited large compositions,

e standard practice — standardized should be only elements that reflect existing
practice, which is necessary for support in existing practice or that are needed to
support suggested standards,

e well-structured — elements should have a well-defined interface and avoid
elements with multi uses and side effects.

The scope and field of application include the following:
e a mechanism for saving and transporting two-dimensional and three-dimensional
data elements,
e elements for representing two-dimensional and three-dimensional primitive
information,
elements for defining characteristics of that primitive information,
elements for modelling and viewing 2D and 3D information,
a container mechanism for including data from other metafile formats,
mechanisms that define new elements which extend the capabilities of the metafile
to support additional types and forms of information.

5.1.1 Nodes

The basic building block for VRML is a node. Nodes have fields. Fields serve as attributes
and define the constant state of the node. There are 54 types of nodes, which can be divided
into three groups: grouping nodes, children nodes and attribute nodes. Child nodes are in
grouping nodes as an attribute. Grouping nodes sometimes contain other grouping nodes and
also may contain other grouping nodes as children. A grouping node defines a coordinate
system for its children's nodes relative to its parent coordinate system. The parent relationship
supports a sequence of transformations that, when connected, position children nodes in the
file's world coordinate space. Attribute nodes serve as attributes for other nodes (Taubin et al.,
1998).

Nodes can receive and send messages to other nodes. These messages are called events.
Events are commonly associated with the setting and changing of a node's fields. A route is a
connection between a receiving node and a transmitting node. Routes are defined in the
VRML file.

In VRML also exist one node that is called script node. The script node is special in that a
user may augment it by defining additional events and fields. The uniform resource locator
(URL) field of the script node contains program logic. The program logic defines the
behaviour of the script node. This allows the script node to send and receive an event.

VRML supports the definition of new node types, called prototypes. Existing node types can
be built-in or previously defined prototypes. The combination of prototypes and script nodes
provides a powerful mechanism to encapsulate content and behaviour in a reusable entity.

One of the most important features of VRML is its support of the World Wide Web. VRML
has several nodes that use URL's to connect all nodes to the network.

These nodes include:
e Inline node for additional VRML content,
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e Hyperlinks to other URL's (Anchor node),

e AudioClip for audio content,

e JPEG or PNG files for images,

e VideoTexture node for audio and video files.

VRML supports different types of sensor nodes, such as environmental sensors, pointing-
device select sensors and pointing-device drag sensors. Also, it supports a variety of
interpolator nodes for use in creating linear animation supporting interpolation in colors,
coordinates, normals and orientations.

This file format does not provide the capability to define units of measure. All linear distances
are reputed to be in meters and all angles are in radians. Units of time are determined in
seconds.

Color nodes define a set of RGB colors to be used in the fields of the other node. They are
only used to specify multiple colors for one part of the geometry because it is a different color
for each face or top of the IndexedFaceSet.

Material node specifies surface material properties for jointed geometry nodes. Also, it is used
by the VRML lighting equations during rendering. Material node is used for determining the
total number of material parameters of lighted geometry. All fields in the material node are in
the range of 0.0 to 1.0. If the material node and the color node are listed for geometry, then
color should ideally replace the component of the material.

Textures have the advantage over colors, specifying both texture and color node for geometry
results in neglecting the color node.

Shape nodes define the geometry in the world. The shape node contains exactly one
geometric node in its geometric field. This node must be one of the these node types: Box,
Cone, Cylinder, ElevationGrid, Extrusion, IndexedFaceSet, PointSet, Sphere, and Text.

Some of the geometry nodes also contain Coordinate, Color, Normal and TextureCoordinate
as geometry property nodes. All geometry nodes are specified in a local coordinate system
and are affected by parent transformations.

5.1.2 Coordinate Systems and Transformations

VRML uses a Cartesian, right-handed, three-dimensional coordinate system. By default,
objects are projected onto a two-dimensional display device by projecting them in the
direction of the positive Z-axis, with the positive X-axis to the right and the positive Y-axis
up. Transformation of a camera or modelling may be used to change this default projection
(URL 10).

VRML worlds may include an arbitrary number of local (or ,,object-space®) coordinate
systems, defined by modelling transformations using nodes such as Translate, Rotate, Scale,
Transform, and MatrixTransform. Given a vertex V and a series of transformations such as:

e Translation T,
e Rotation R,
e scaleFactor S,

the vertex is transformed into world-space to get V' by applying the transformations in the
following order:
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V'=TR'SV 1)
V'=V-S-RT )

The first formula (1) is used if the vertices are considered as column vectors and the second
(2) if the vertices are considered as row vectors.

VRML also has a ,,world*“ coordinate system and viewing or ,,Camera“ coordinate system.
The different local coordinate transformations map objects into the world coordinate system.
This is where the scene is assembled. Then is the scene viewed through a camera and is
introduced another conceptual coordinate system. In VRML nothing is specified using these
coordinates. They can rarely be found in optimized implementations where all the steps are
connected. However, having a clear model of the objects, the world and the camera spaces
will help authors.

Since VRML has a Cartesian local coordinate system, there is a need to connect that
coordinate system to any one of the standards, global coordinate systems. This problem is
solved by GeoVRML. It is a file format, an open extension to VRML that supports
geographic coordinate systems and the fusion of different data sources (Goodchild and
Kimerling, 2002).

Node coordinate defines a set of 3D coordinates, which will be used in the coord field of
vertex-based geometry nodes (IndexedFaceSet, IndexedLineSet).

5.1.3 TIN representation in VRML

The IndexedFaceSet node is equivalent to cartographic 3D Triangular Irregular Networks
(TINS). It is a 3D shape created by constructing faces (polygons) from vertices specified in
the coord field. The coordinate field must include a Coordinate node. IndexedFaceSet is using
indices in its coordindex for determining polygonal faces. Index -1 means that the current
face is finished and the next one begins. If the largest index in the coordindex field is N, then
the Coordinate node has to contain N + 1 coordinates. IndexedFaceSet is described in the
local coordinate system and is affected by parent transformations.

The IndexedFaceSet node has three SFBool fields that provide hints about shape. These fields
are ccw, solid and convex. The ccw field indicates that the vertices are ordered in a counter-
clockwise direction when the shape is viewed from the outside. In this case, field value is
TRUE. Otherwise, field value is FALSE and the vertices are ordered in a clockwise direction.
The solid field indicates if the shape encloses a volume (TRUE). The convex field indicates
whether all faces in the shape are convex (TRUE).

IndexedFaceSet uses all four of the geometric property nodes for specifying vertex
coordinates, colors per vertex, normals per vertex and texture coordinates per vertex.
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Figure 5.1. The terrain represented as TIN (Gomez and Gonzalez, 2006)
Figure 5.1. shows a Triangular Irregular Network generated from a point cloud input.

5.1.4 LOD and support of tiling concepts

The LOD node determines various levels of detail or complexity for a given object and
provides suggestions for browsers to automatically choose the appropriate version of the
object based on the distance from the user.

This node contains fields level, range and center. The level field has a list of nodes that
represent the same object or objects at varying levels of detail, from highest detail to lowest.
The range field determines the ideal distances to switch to between the levels.

The center field is a translation offset in the local coordinate system that specifies the center
of the LOD objects for calculating the distance. In order to calculate which level to display, it
is first necessary to calculate the distance from the point of view, then transform it into the
local coordinate space of the LOD node, to the center point of the LOD. The first level of the
LOD is drawn when the distance is less than the first value in the range field. If the value is
between the first and second value of the range field, then the second level is drawn, and so
on. If in the range field is N values, the LOD should have N+1 nodes in its level field.

Transitions from one level of detail to another have to be smooth. Browsers may adapt which
level of detail is displayed to keep interactive frame rates, to display an already-fetched level
of detail while a higher level of detail is fetched. LOD nodes continue to receive and send
events (routes), no matter which LOD level is active.

The LOD nodes are also used for division the terrain model by providing an additional
internal tiling within each VRML world. This process of the tiling is used to allow multiple
data sets of varying resolution to be provided for each LOD node and it allows that VRML
browser can render each LOD node at a suitable resolution. The nodes that are further from
the user are rendered at a lower resolution which reduces the rendering effort (Leung and
Coddington, 1998).

Figure 5.2. shows four different resolutions of a digital map where each level has been
segmented into a regular grid of tile and then the TIN is created independently for each tile.
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The raster terrain is rendered at Each tile covers 256x256 pixels of the
different LODs Each zoom is regularly divided in regular grid in this LOD

square tiles 1\

(0,3)](1,3)[(2,3)|(3,3)

(0,2)((1,2)](2,2)[(3,2)

(0,1)((1,1)](2,1)|(3,1)

(0,0)|(1,0)((2,0)((3,0)

We create a TIN for each tile
independently

Figure 5.2. Four different resolutions and TIN (Campos et al., 2020)

The problem occurs when there are a large number of levels of detail, because VRML
browsers load all scenes at once. To solve this problem, two approaches have been developed
for movement through the LOD hierarchy.

First approach is Anchor/LOD tree files. Here three or four levels are loaded at the same time
which gives an acceptable compromise between download time and interactivity. Therefore,
tree files are produced that each contains a small LOD hierarchy where each tile is an anchor
node in a higher resolution tree file. This approach allows navigating deep LOD hierarchies,
but has the disadvantage of requiring the user to click on areas to receive larger resolution, but
then only a small area of interest is visible.

Second approach is called QuadLOD tree files (Figure 5.3.). This is a more practical approach
and it used Java script to manage the loading and unloading of data. This node implements a
specialized quad-tree LOD facility where the four higher-resolution children of a tile are
loaded only when the user enters a specific proximity volume around the tile. These children
are also unloaded when the user leaves this volume.

Figure 5.3. Matching triangulation of a restricted quadtree subdivision (Pajarola, 2002)

5.1.5 Attributive thematic data and metadata
VRML has basic support for attributes.

In VRML 2.0 Info node is replaced with the WorldInfo node. It provides the scene's title and
other information about the scene, such as information about the author and copyright
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information. This node was for many years the only way to persistently save metadata in
scenes. Since each WorldInfo node could include a set of arbitrary string values, any type of
metadata data could be included. That is true. However, without an internal structure and
without the ability to change such strings during execution, WorldInfo has limited practical
use from a metadata point of view and is rarely used. This led to the definition of typed
Metadata nodes which are used in X3D file format.

5.1.6 Sample file

Figure 5.6. shows sample file in which there are five vertices with X, Y, Z coordinates and
four faces. Most VRML Viewers cannot handle large X, Y, Z coordinates (Table 2). Thus, for
this example, an offset of '-200000.0 0.0 -5500000.0" has been added. To create a TIN
IndexedFaceSet is used.

Sample file is written in Notepad++ (Figure 5.4.) and visualized in the FreeWRL programme
(Figure 5.5.).

Table 1. Coordinates

X Y z
200000.0 5500000.0 100.0
200100.0 5500000.0 100.0
200100.0 5500100.0 100.0
200000.0 5500100.0 100.0
200050.0 5500050.0 125.0
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FVRML V2.0 utfs

Shape {

geometry IndexedFaceSet
coord Coordinate {
point [

0.0 100.0 0.0,

100.0 100.0 0.0,

100.0 100.0 100.0,

0.0 100.0 100.0,

50.0 125.0 50.0

1

}

coordIndex [

0, 1, 4, =1,

1, 2, 4, -1,

25 B¢ Ay =1y

3, 0, 4, -1,

1

color Color {

color [

001,

010,
0: 1 13
1.0 0,

1

}

colorPerVertex FALSE
colorIndex [ 01 2 3 ]
}

}

Figure 5.4. Sample file

Figure 5.5. File visualization
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5.2 Extensible 3D (X3D)

Extensible 3D Graphic is an improved version of the VRML format and they have many
similarities. For this reason, only X3D enhancements that VRML format does not have will
be described in this subchapter.

X3D is a free open standard for viewing, printing, publishing and archiving 3D models on the
Web. X3D is an 1SO standard and it fully represents three-dimensional data. This standard
can run on many platforms and render 3D models in most web browsers without requiring
additional applications (URL 31).

It provides classes and attributes for supporting a wide array of application domains such as
scientific visualization, CAD, GIS, animation, 3D printing, Augmented and Virtual Reality.

This format may describe how to connect real-world locations to elements in the X3D world
as specifying nodes particularly set for geospatial applications. It supports a limited set of
coordinate reference systems.

X3D file format supports geometry definitions such as sphere, cylinder, cone, polygonal
meshes and non-uniform rational basis splines (NURBS). X3D does not support constructive
solid geometry directly.

This file format has a lot of nodes and fields for controlling the appearance of objects,
including material attributes, texture mapping and fill properties.

5.2.1 Attributive thematic data and metadata

In an X3D file a metadata node can be used to provide information about any node in an X3D
graph and it is placed as a child of the node that describes. Metadata nodes are persistent,
meaning that their values remain available and accessible after loading. Metadata nodes do
not affect the visual representation of the scene. The X3D metadata nodes include
MetadataBoolean, MetadataDouble, MetadataFloat, Metadatalnteger, MetadataString and
MetadataSet (URL 16).

Other mechanisms for placing information on the scene include <meta> tags located in the
<head> section of the document. Meta tags provide attribute-value pairs of information about
the overall scene.

Another way to store metadata are comments. Comments are unstructured text that can
provide useful information to authors. They are not retained when the X3D scene is analysed
and are not presentable to users when the scene is loaded.

X3D has no native capability for custom attributes, but allows the linking of attributes in other
XML files for that capability.

5.2.2 Sample file

Figure 5.6. shows a sample file in which there are five vertices with X, Y, Z coordinates and
four faces. Most X3D Viewers are no able to handle large X, Y, Z coordinates (Table 2).
Thus, for this example, an offset of '-200000.0 0.0 -5500000.0' has been added. To create a
TIN IndexedFaceSet is used.

Sample file is written in Notepad++ (Figure 5.6.) and visualized in the FreeWRL programme
(Figure 5.7.).
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Table 2. Coordinates

X Y z
200000.0 5500000.0 100.0
200100.0 5500000.0 100.0
200100.0 5500100.0 100.0
200000.0 5500100.0 100.0
200050.0 5500050.0 125.0

<?xml version="1.0" encoding="UTF-8"?2>

<!DOCTYPE X3D PUBLIC "ISO//Web3D//DTD X3D 3.2//EN" "http://www.web3d.org/specifications/x3d-3.2.dtd">
1<X3D profile='Interchange'>

] <Scene>

1 <Transform scale='0.02 0.02 0.02'>

] <Transform translate='-50.0 -112.5 -50.0'>

]

<Shape>
<Appearance>
<Material/>
</Rppearance>
<IndexedFaceSet solid='true' colorPerVertex='false' coordIndex='
01 4 -1
124 -1
2 34-1
] 304 -1">
<Coordinate point='
0.0 0.0 100.0
100.0 0.0 100.0
100.0 100.0 100.0
0.0 100.0 100.0
50.0 50.0 125.0'/>
<Color color='

1
0
1
0

H ooo
QL OKrH KO

Vi
</IndexedFacesSet>|
</Shape>
</Transform>
</Transform>
</Scene>

-</X3D>

Figure 5.6. Sample file of X3D format
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Figure 5.7. File representation

Figure 5.7. shows four triangles forming a TIN with each other. Each of the triangles has its
color.

5.3 City Geography Markup Language (CityGML)

The City Geography Markup Language (CityGML) is a concept for the modelling and
exchange of 3D city and landscape models and it is quickly being adopted on an international
level. CityGML is a common informative model for presenting 3D urban objects. This model
defines classes and relationships for the most relevant topographic objects in cities and
regional models concerning their geometric, topological, semantic, and appearance properties.
Hierarchies of generalization between thematic classes, aggregations, relationships between
objects and spatial properties are included. Unlike other 3D vector formats, CityGML is based
on a rich, general-purpose information model, with geometry and graphical content that
allows the use of virtual 3D city models for sophisticated analysis tasks in various application
domains such as simulation, urban data mining, facility management and thematic inquiries.
Areas of application explicitly contain urban and landscape planning, architectural design,
tourist activities, 3D cadastres, mobile telecommunications, disaster management, vehicle and
pedestrian navigation and mobile robotics (URL 17).

CityGML is an open data model and it is an XML-based format for the storage and exchange
of virtual 3D city models. The goal of CityGML development is to achieve a common
definition of basic entities, attributes and relations of the 3D model of the city. This is
especially important for the cost-effective sustainable maintenance of 3D city models because
it allows the reuse of the same data in different application fields (Groger et al., 2012).

CityGML is an official OGC and 1SO TC211 standard and can be used free of charge.

Software systems that provide CityGML support are CityEditor, Bentley Map, BS Contact
Geo, CityGRID and CityServer3D (URL 19).
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CityGML can be applied to large areas and small regions and can represent terrain and 3D
objects simultaneously with different levels of detail. Models can be represented as simple
models without topology and with few semantics or can be very complex multi-scale models
with full topology and fine-grained semantical differentiations. Because of it, CityGML
allows lossless information exchange between different G1 systems and users.

Features of CityGML are:

e Geospatial information model for urban landscape,

e GML3 representation of 3D geometries, based on the 1ISO 19107 model,

e Representation of characteristics of object surface such as textures, materials,

e Taxonomies and aggregations:

1. Digital Terrain Models as a combination of TINs, regular raster, break and
skeleton lines, mass points,

Sites (buildings, bridges, tunnels),

Vegetation,

Water bodies,

Transportation facilities,

Land use,

City furniture,

Generic city objects and attributes,

User-defined (recursive) grouping,

e Five well-defined consecutive levels of detail (LOD): LODO (regional, landscape),
LOD1 (city, region), LOD2 (city districts, projects), LOD3 (external architectural
models), LOD4 (interior architectural models),

e Multiple displays in different LODs simultaneously, generalization of relations
between objects in different LODs,

e Optional topological relationships between (sub) geometry features.

CoNoORWN

CityGML represents the graphical appearance of the city model and also semantic and
thematic properties, taxonomies and aggregations. It includes geometry and a thematic model.
The model of geometry admits consistent and homogeneous definitions of geometry and
topological properties of spatial objects within 3D city models. CityObject is the basic class
of all objects and it is a subclass of a GML class Feature. All objects inherit the properties
from CityObject.

Although surfaces in CityGML have to be planar and 2-manifold, this format offers some
support for non-manifold topology in the form of Cell Complex.

5.3.1 TIN representations in CityGML

The simplest way to represent a TIN is to store each of its triangles as a list of vertex
coordinates. Simple Feature (Figure 5.8.) is one example of such a data structure. Each
triangle is stored as a closed linear ring with its vertex coordinates. The disadvantage of this
data structure is the redundancy of the data, ie the first vertex of each ring is repeated as the
last vertex of the linear ring. Second, it has very limited topology and does not explicitly store
the adjacency relationships between the triangles which are necessary for spatial analysis.
Another problem is vertical triangles representation in TIN. CityGML is a 2.75D model, but
there is no procedure to explicitly handle these vertical triangles (Kumar et al., 2016).
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(z1,y1, 21)
P »
(22,92, 22) i (23,93, 23)

< gml : triangle >
< gml : exterior >
< gml : LinearRing >
< gml : posList >
zl yl 21 22 y2 22 23 y3 23 z1 yl 21
< /gml : posList >
< /gml : LinearRing >
< [/gml : exterior >
< /gml : triangle >

Figure 5.8. Simple Feature representation of a triangle (URL 18)

5.3.2 Storing terrains in CityGML

The CityGML data model consists of a core model and several thematic models for describing
urban features such as Building, Relief, LandUse, Transportation and WaterBody. In this data
model terrains are defined within the thematic module Relief and represented by the class
ReliefFeature, which have 5 different levels of detail (LOD 0-4). With ReliefFeature, the
terrain can be displayed as a TIN (TINRelief), a grid (RasterRelief), mass points
(MasspointRelief) and as break lines (BreaklineRelief). Terrain can also be represented as a
combination of different terrain types in one CityGML data set.

TINReflief (Figure 5.9) represents terrains as TINs using either GML geometry class
gml:TriangulatedSurface or gml:Tin. The triangles of a TIN are in gml:TriangulatedSurface
explicitly specified with Simple Feature geometry. In gml:TIN, only 3D points are
represented, where the triangulation can be reconstructed by standard methods (Delaunay
triangulation). However, the disadvantages of Simple Features are visible in the
implementation of CityGML when working with massive field datasets.

Figure 5.9. CityGML terrain as TINRelief (Kumar et al., 2019)
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5.3.3 LOD and support of tiling concept

CityGML specifies five levels of detail (LOD), reflecting different accuracies or resolutions.
But in practice, the problem is that it does not exist exact specifications for terrain LODs.
There is no difference between different LODs of terrain at geometrical and semantic levels.

Also, there is no support for tiling. The main role in deciding the maximum size of the dataset
that can be processed is played by the main memory. If the size of the datasets exceeds the
available memory limit, then it is split into small parts called tiles. The concept of TIN tiling
cannot be extended to CityGML because there may be triangles that include several tiles.
Such triangles are repeated in the spanning tiles to complete the closed linear ring structure,
which causes redundancy of information in the CityGML datasets (Kumar et al, 2016).

5.3.4 Attributive thematic data and metadata

Many attributes which are covered in the data model of CityGML. However, if someone
wants to model attributes that are not covered in CityGML data model, then there are two
possible solutions. First option is to use Generic city attributes and the second is to use
Application Domain Extensions (ADE).

Generic CityGML module is a semi-structured extension mechanism in which the city objects
are extended with additional objects and attributes, but without making any changes in the
CityGML schema. The problem with using generic attributes is that it is not possible to verify
them against the schema because their names and data types are not formally defined in the
schema. Consequently, the use of Generics has very limited semantic and syntactic
interoperability.

CityGML has a mechanism called Application Domain Extensions (ADE). This mechanism
specifies additions to the CityGML data model. Such additions include introducing new
properties into existing CityGML classes. The ADE has to be defined in an additional XML
schema definitional file with its namespace. This file must explicitly import the XML schema
definition of extended CityGML modules. Existing classes and objects in CityGML can be
supplemented with thematic attributes using ADE. The type and quantity of these attributes
are selectable (Groger et al., 2012).

The Figure 5.10. shows a flowchart from which it can be read that the attributes can be
assigned to both the triangles and the TIN itself.
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Figure 5.10. Flowchart (URL 18)

iTriangle (Figure 5.11.) represents the geometry of an individual triangle. It has an optional
element igml:vertical to specify if the triangle is a vertical because sometimes it is easier to
use a single triangulated surface containing vertical triangles instead of using a volumetric
model. This means that the model is more than 2.5D, but less than 3D. The geometry is 3D,
but the underlying topology in 2D.

<igml:iTriangle>
<igml:id>34</igml:id=>
<igml:vertical>false</igml:vertical>
<igmliindexes>1 2 3</igml:indexes>

</igml:iTriangle=

Figure 5.11. iTriangle

In CityGML, metadata are rarely stored. The reason is that CityGML does not offer
mechanisms to store metadata in a structured way. Practitioners often need to define their own
methodology for storing them (URL 20).

5.3.5 Sample file

In CityGML file format TINRelief represents terrain as TIN using gml:TriangulatedSurface.
Gml:TrianglePatches close triangles with a triangular surface. Gml:LinearRing creates a
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triangle of 3 points with coordinates of which the first point must be also the last. CityGML
supports geodetic coordinate reference systems. Figure 5.12 shows part of the CityGML file.

<gml :boundedBy>
<gml:Envelope srsDimension="3" srsName="EPSG:4326">
<gml:lowerCorner>190000 5400900 90.0</gml:lowerCorner>
<gml:upperCorner>200500 5500500 120.0</gml:upperCorner>
</gml:Envelope>
</gml : boundedBy>
<cityObjectMember>
<dem:ReliefFeature gml:id="GML_6bb30328-7599-4500-90ef-766fde6aa67b">
<gml:name>Sample TIN </gml:name>
<dem:lod>1</dem: lods|
<dem:reliefComponent>
<dem:TINRelief gml:id="GML_4ebl61b0-aa7e-4087-937c-5c4c427c7£co9">
<gml:name>TIN</gml:name>
<dem:lod>1</dem:lod>
<dem:tin>

<gml:TriangulatedSurface gml:id="ground">
<gml:trianglePatches>
<gml:Triangle>
<gml:exterior>
<gml:LinearRing>

g
<gml:posList>200100 5500000 100.0 200100 5500100 100.0 200050 5500050 125.0 200100 5500000 100.0</gml:posList>
</gml:LinearRing>

<gml:Triangle>
<gml:exterior>
<gml:LinearRing>

</gml:Triangle>

Figure 5.12. Part of the xml-based CityGML file

Color is added in the program called eveBIM. It is possible to add it to Properties. One color
is added to the whole TIN, not to each triangle separately as seen in Figure 5.13.

Figure 5.13. TIN visualization in eveBIM

5.4 Geography Markup Language 3 (GML3)

Geography Markup Language is based on XML and it stores, transports and represents
geographic information such as attributes, geometries and relationships. GML was developed
by the Open Geospatial Consortium (OGC).
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GML 3 defines some complex entities such as topologies, dynamic and nested features. These
entities have many optional aspects. It includes support for complex geometries, spatial and
temporal reference systems, topology, units of measure, metadata, gridded data, and default
styles for feature and coverage visualization (Portele, 2012).

GML 3 allows encoding several types of geographic features, including (Portele, 2012):

e Geographic features with their geometry, topology and temporal evolution,

e Geographic coverage, including geometry and attribute values,

e Geographical observations,

e Coordinate reference system (CRS),

e Abstract values (numerical quantities with units of measurement, categorization).

GML specifies XML encodings, accordingly to ISO 19118 standard, of several of the
conceptual classes defined in the ISO 19100 series of International Standards and the
OpenGIS Abstract Specification. These conceptual models include those defined in (Portele,
2012):

ISO/TS 19103 — Conceptual schema language (units of measure, basic types),

ISO 19107 — Spatial schema (geometry and topology objects),

ISO 19108 — Temporal schema (temporal geometry and topology objects, temporal
reference systems),

ISO 19109 — Rules for application schemas (features),

ISO 19111 — Spatial referencing by coordinates (coordinate reference systems),

ISO 19123 — Schema for coverage geometry and functions,

ISO 19148 — Linear Referencing.

GML provides XML Schema syntax, mechanisms and conventions which:

e have an open framework for description of a geospatial application for storage and
transport geographic information in XML,

o allow profiles that support appropriate subsets of the descriptive capabilities of the
GML framework,

e support geospatial application schemas description for specialized domains and
information communities,

e enable the creation and maintenance of related geographic schemes of applications and
datasets,

e support of application schemas storage and transport,

e increase the ability of organizations for sharing geographic application schemas and
the information they describe.

GML3 has a temporal reference system for mesuring time.
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The Web Feature Service (WFS) is a change in the way geographic data is created, modified
and shared on the Internet. WFS 2.0.0 request has to return GML 3.2 as the default format.
WES 1.1.0 requests return GML 3 as the default format (URL 25).

5.4.1 TIN representation in GML3

SimpleTriangle is a spacial type of simple polygon and has 3 control points. Unlike the
CityGML format, in this format is not necessary to repeat the first point as the last point.

Triangulated Irregular Network (gmltin:TIN) uses Delaunay or a similar algorithm
supplemented with limitations defined by TIN elements (gmltin:tinElements). TIN elements
specify elements connected with TIN such as vertices (points), limitations (boundary, break
line, hole, stop line, etc.) and user-defined elements. The gmitin:elementType defines the type
of TIN element.

Gmltin:elementGeometry specifies the geometry of the TIN element. Gmltin:elementType
defines the geometry type and it could be:

e Gml:MultiPoint — random points TIN elements with 3D geometry,

e Gml:Polygon — boundary, break void and void TIN elements with 3D geometry,

e Gml:Polygon — drape void and hole TIN elements with 2D or 3D geometry,

e Gml:LineString — break line, soft break and control contour TIN elements with 3D
geometry,

e Gml:LineString — stop line TIN elements with 2D or 3D geometry,

e Gml:GemetryPropertyType — user-defined TIN element.

Gmltin: TINElementTypeType is a code list that is an aggregation of enumerations of
predefined TIN element types and a form for specifying a user-defined TIN type.

Figure 5.14. TIN created with mass points (Bhargava et al, 2013)

Figure 5.14. shows creation of TIN from the mass points using Delauney's Triangulation
method.
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5.4.2 Attributive thematic data and metadata

An attribute is a named property of a class that describes a range of values that property cases
can hold. Thematic properties of objects are modeled as attributes of the corresponding class.

Each element has a type, identified by name (generic identifier) and can have a set of attribute
specifications. Each attribute specification has a name and a value. An XML schema connects
attributes and elements of an XML object.

The metaDataProperty follows a property form and is used to contain or refer to metadata for
GML objects. It is used in one of the following ways:

e Asingle root element must be declared in the metadata schema. This element must be
replaceable for gml_MetaData.

e Attached to a GML object and without the ,,gml:about* attribute it provides metadata
for the GML object to which it is linked.

e Attached to a collection of GML objects and with the gml:about attribute it provides
metadata for GML objects within the collection of objects referenced by the gml:about
attribute, the value of which is an XPointer expression.

5.4.3 Sample file

In GML file format triangles can be represented using gml:Triangle (Figure 5.15) or
gml:PolygonPatch (Figure 5.16). In gml:PolygonPatch the last coordinate has to be the same
as the first, while in gml:Triangle the last coordinate does not repeat the first. GML has
support for a geodetic coordinate reference system.
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<gml:
<gml:
:patches>
<gml:
<gml:
<gml:
:posList>200000 5500000 100 200100 5500000 100 200050 5500050 125</gml:posList>

<gml

<gml

surfaceMember>
Surface>

Triangle>
exterior>
LinearRing>

</gml:LinearRing>
</gml:exterior>
</gml:Triangle>
</gml:patches>
</gml:Surface>
</gml:surfaceMember>

<gml:
<gml:
:patches>
<gml:
<gml:
<gml:
:posList>200100 5500000 100 200100 5500100 100 200050 5500050 125</gml:posList>

<gml

<gml

surfaceMember>
Surface>

Triangle>
exterior>
LinearRing>

</gml:LinearRing>
</gml:exterior>
</gml:Triangle>
</gml:patches>
</gml:Surface>
</gml:surfaceMember>

<gml:
<gml:
:patches>
<gml:
<gml:
<gml:
:posList>200100 5500100 100 200000 5500100 100 200050 5500050 125</gml:posList>

<gml

<gml

surfaceMember>
Surfaceﬁ

Triangle>
exterior>
LinearRing>

</gml:LinearRing>
</gml:exterior>
</gml:Triangle>
</gml:patches>
</gml:Surface>

<gml:
<gml:
<gml:
<gml:
<gml:
<gml:
<gml:
<gml:

</gml:
</gml:
</gml:
</gml:
</gml:
</gml:

<gml:
<gml:
<gml:
<gml:
<gml:
<gml:
<gml:

</gml:
</gml:
</gml:
</gml:
</gml:
</gml:

<gml:
<gml:
<gml:
<gml:
<gml:
<gml:
<gml:

GML file was
After that, the

Figure 5.15. Part of the GML file with gml:Triangle

imension="3">

CompositeSurface gml:id="ground" srsName="EPSG:4326"
surfaceMember>

Surface>

patches>

PolygonPatch>

exterior>

LinearRing>

posList>200000 5500000 100 200100 5500000 100 200050 5500050 125 200000 5500000 100</gml:posList>
LinearRing>

exterior>

PolygonPatch>

patches>

Surface>

surfaceMember>

surfaceMember>

Surface>

patches>

PolygonPatch>

exterior>

LinearRing>

posList>200100 5500000 100 200100 5500100 100 200050 5500050 125 200100 5500000 100</gml:posList>
LinearRing>

exterior>

PolygonPatch>

patches>

Surface>

surfaceMember>

surfaceMember>

Surface>

patches>

PolygonPatch>

exterior>

LinearRing>

posList>200100 5500100 100 200000 5500100 100 200050 5500050 125 200100 5500100 100</gml:posList>

Figure 5.16. Part of the GML file with gml:PolygonPatch

first uploaded in QGIS 2.18., the color was added to the TIN (Figure 5.16).
file is saved again in gml format and uploaded in FME Data Inspector to be

displayed in 3D (Figure 5.18).
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Figure 5.17. TIN representation in 2D

Figure 5.18. TIN representation in 3D

55 VTK file format

VTK is a data directory that contains examples of the VTK file format used by the
Visualization Toolkit. The Visualisation Toolkit is a software system for 3D computer
graphics, image processing and visualization on desktop, mobile and web. VTK is written in
C++. It can render data in a web browser (URL 23).

In VTK two different styles of file formats are available. The simplest are the legacy, serial
formats that are easy to read and write by hand or programmatically. However, these formats
are less flexible than the XML based file formats. The advantages of the XML formats are
that they support random access, parallel I/0 and portable data compression.

The legacy VTK file formats have five basic parts (Figure 5.19.):

Identifier and file version,

Header

File format — ASCII or binary,

Dataset structure — geometry and topology datasets,
Dataset attributes.

arONE
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# vtk DataFile Version 2.0 ]
Really cool data ]

ASCII | BINARY 73

DATASET #npe

:|(4)
POINT DATA n

CELL DATAn |®

Figure 5.19. Overview of five parts of VTK data file formats (URL 21)

The Visualization Toolkit supports five dataset formats, and those are structured points,
structured grid, rectilinear grid, unstructured grid and polygonal data. Triangles and their
combinations belong to the unstructured grid and polygonal data. The unstructured grid
dataset has an arbitrary combination of any possible cell type. These grids are defined by
points, cells and cell type.

Also, there are some dataset attributes as scalars, vectors, normals, texture coordinates,
tensors and field data.

Another set of data formats uses XML syntax. They are more complicated than the original
VTK, but support many more features. The main reason for their development was to
facilitate data flow and parallel 1/0. Some format features include support for compression,
portable binary encoding, random access, a new extension for different VTK data types. Two
different types of VTK XML data files are parallel and serial. Serial data file type is designed
to read and write in single-action applications. That means that all data is in one file. Parallel
data file is designed to read and write in programs with multiple parallel processes. The data
set is divided into parts.

In XML format, VTK datasets are divided into two categories. The first category is structured
datasets. Here belongs topologically regular array of cells such as pixels and voxels or
quadrilaterals and hexahedra. The second datasets are called unstructured datasets. These
datasets form a topologically irregular set of points and cells. TIN belongs to this category.

PARAVIEW is a 3D graphics program that can read VTK files and display data. Also,
applications such as Molekel, Vislt, VisTrails, MOOSE, 3D Slicer, MayaVi, and OsiriX use
VTK.

5.5.1 Coordinate System Support

VTK can represent a position in a variety of coordinate systems and convert the position to
other coordinate systems, but it does not support a geodetic coordinate system (URL 22).
5.5.2 TIN representation of VTK format

In VTK format, vertices can be classified into five classifications (Figure 5.20.):

e Simple vertex (A) — every edge is shared by two triangles,
e Complex vertex (B) — edges can be shared by more than two triangles,
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e Boundary vertex (C) — vertex is surrounded by a semi-circle of a triangle,
e Interior vertex (D) — vertex which is shared by exactly two edges, classified as feature

edges,
e Corner vertex (E) — shared by more than two feature edges.

B

Figure 5.20. Vertex classifications (Knapp, 2002)

Delaunay triangulation is used to construct a topology from unstructured point data. Triangles
(i.e. an unstructured grid or polygonal datasets) are generated in two dimensions, while
tetrahedra (i.e. an unstructured grid) are generated in three dimensions. If elevated points (z
value) are added to the 2D triangulation, a 2.5D Delaunay triangulation will be obtained.

Figure 5.21. Presentation of a terrain model as a triangle mesh (URL 38)

Figure 5.21. shows a terrain model of Honolulu, Hawaii as a triangle mesh.
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5.5.3 LOD and support of tiling concept

To display different levels of details is called vtkLODActor. It is storing multiple levels of
detail (LOD) and can automatically switch between them. The highest level is just the normal
data. The second level is a cloud of points of a certain number of points that are randomly
sampled from the map input. Attributes of points are copied over to the point cloud. The
lowest level of detail is a simple bounding box outline of the actor. These two lower levels of
detail are achieved by creating instances of vtkOutlineFilter (low resolution) and
vtkMaskPoints (medium resolution). Additional levels of detail can be added using the
AddLODMapper () method (URL 23).

VTK does not support the tiling concept.

5.5.4 Attributive thematic data and metadata

VikDataSetAttributes is a class used to represent and manipulate attribute data, such as
scalars, vectors, normals, texture coordinates, global IDs and field data. This adds to
vtkFieldData the ability to select one of the fields from the field as the currently active string
for each attribute type. In addition, vtkDataSetAttributes provides methods that filters call for
data forwarding, data copying, and field interpolation. Datasets attributes are information
associated with the structure of dataset. In VTK, datasets are supported for both points (point
attribute data) and cells (cell attribute data). Attribute data, together with the data set structure,
Is processed by the many VTK filters to generate new structures and attributes.

Metadata include queries such as number of columns, their names and their data types.

5.6 Sample file

Figure 5.22. shows sample file which is created in Notepad++. VTK format can display large
coordinates, although there is no geodetic coordinate reference system (CRS) support.

# vtk DataFile Version 3.0
vtk output

ASCII

DATASET POLYDATA

POINTS 5 float

200000.0 5500000.0 100.0
200100.0 5500000.0 100.0
200100.0 5500100.0 100.0
200000.0 5500100.0 100.0
200050.0 5500050.0 125.0
POLYGONS 4 16

30114

3512 4

3234

3304

CELL_DATA 4

SCALARS cell_scalars int 1
LOOKUP_TABLE TriangleValues
4]

1
2
3

Figure 5.22. Sample file of VTK format
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Figure 5.23. shows a visualization of this sample file in Paraview. Four triangles are shown in
different colors, together forming a TIN.

5.7

Figure 5.23. File visualization

Indexed 3D Scene Layers (13S)

The Indexed 3D Scene Layers is an Open Geospatial Standard (OGC) for storage and
transmission of large, heterogeneous 3D geospatial datasets. It is designed to be cloud, web
and mobile-friendly. 13S supports various coordinate systems along with a lot of layer types
(Reed and Belayneh, 2020).

This format can be used for the representation of different types of 3D data. The following
layer types have been specifying and those are 3D Objects, Integrated Meshes, Point Features
and Point Clouds.

I3S and the corresponding Scene Layer Package format (*.slpk) fulfil the following features:

User Experience first — high interactivity and fast display,

Scalability — support large layers of the scene, of global proportions and many detailed
features,

Reusability — it is a delivery, storage and exchange format,

Level of detail — multiple levels of detail,

Distribution — enable distribution of very large data sets,

User-controllable symbology — effective rendering of symbology on the client-side,
Extensibility — supporting new layers, geometry types and new platforms,

Web friendliness — use JSON and other web standards

Compatibility — structure is compatible across web, mobile and desktop clients.

When it comes to selecting the Coordinate Reference Systems (CRS), 13S have to fulfil some
requirements:

Reduce the need for client-side re-projection,
Support datasets globally,

37



Petra Pokrovac Master thesis

e Easy rendering in coordinate reference systems for projected CRSs and geographic
CRSs as well
e Support local and global data with very high positioning accuracy.

I3S uses a node-based hierarchal spatial index structure for organizing information, in which
each node can contain features with associated geometry, textures and attributes. The role of
the index is to enable fast access to blocks of relevant data. Node data is stored in multiple
individually available resources. The node index document captures the Bounding Volume
Hierarchy (BVH) tree topology for the node. It includes information such as the node's
bounding volume information, metadata for LOD and parent-child relationships. Each node
includes a set of information that covers the nodes below it and is part of the path of the leaf
nodes below it. Internal nodes can have a reduced representation of the information contained
in the descendant nodes.

Node information is modelled using a set of resources including NodelndexDocument,
FeatureData, Geometry, Attributes, Texture and SharedResource. All of this together
represents a set of features or data elements for a given node. These resources are always
attached to the node.

The node structure may be:

e ‘expanded’ — with complete meta-information about node's position and topology,
o ‘fixed-size' — in support of a ,,paged* access pattern (many nodes together).

All types of Scene Layer use the same basic set of geometry types: points, lines and triangles.
Array Buffer View geometry property declarations control geometries storage and
consumption representation. 13S provides complete control over these properties, such as the
arrangement of components by vertex (positions, normals, texture coordinates).

5.7.1 TIN representation in 13S format

I3S supports triangle mesh storage via geometric triangle type. 3D Object and Integrated
Mesh layer type represent geometry as triangle meshes using the mesh-pyramids profile. The
mesh-pyramids profile uses the triangles geometry type to store triangle meshes with a
reduced level of detail representations of the mesh, segmented by features, available in the
interior nodes.

Triangular Irregular Network (Figure 5.24.) is suitable for engineering applications and
provides interactive capabilities. It can present a terrain with multi-resolution and has robust
support for handling large amounts of data. Mass points are measurements that are used for
triangulation.

TIN may be constructed from point clouds.
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Figure 5.24. TIN representation in 13S format (URL 33)

5.7.2 LOD and support of tiling concept

Level of Detail concept is important to the 13S standard. Levels of detail can be selected
based on different metricTypes. LOD can be switched based on the screen size of the node,
based on the screen scale of the node, based on normalized distance of the node from the
camera or based on an estimate of point density covered by the node. In GIS, LODs usually
refer to maps defined in given scales and resolutions. Greater fidelity is provided by higher
levels of detail. Scene layers support detail levels in a way that preserves the identity of
individual features that are retained within any level of detail. Levels of detail can be used to
separate heavy features, thin or cluster for better visualization, and to integrate files with
external authorship.

I3S has a discrete LOD approach. This means that different levels of detail are connected with
different levels of the index tree. The level of detail will be lower as the node are closer to the
root. For each subsequent lower level, the amount of data is usually reduced by applying
methods such as texture sampling, feature reduction, generalization, grid reduction
generalization, grouping, or thinning, so that all internal nodes also have a balanced weight.
Generalization refers to the scene layer as a whole, and the number of discrete detail levels for
the layer corresponds to the number of levels in the index tree for the scene layer (URL 32).

The Level of detail is here analogous to the standard raster and vector tiling schemes. A node
in the 13S scene layer tree could be considered the analogue of a tile in a raster or vector tiling
scheme.

5.7.3 Attributive thematic data and metadata

AttributeData are tabular data associated with features that are used for attributed-based
display or symbol representation. They are presented in a structured binary form defined in
the I3S/SLPK standard. Attributes are used for displaying data and for scaling the displayed
model.
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I3S supports the two types of access to attribute data:

1. from optional paired services that expose RESTful endpoints that can query and
provide direct access to dynamic source data, including attributes,

2. from fully cached attribute data in binary form within the 13S store, attribute values
are stored as aligned geometries per field.

Metadata about each attribute resource is available to clients through the scene service layer.
When attributes are present in the scene cache, the resourcePattern string in the layer store
will contain a value called Attributes, indicating that the attributes are a required resource
used for symbolization and display. This metadata allows clients to initialize and allocate all
necessary resources on the client side before accessing any interesting attributes.

5.8 Industry Foundation Classes (IFC)

IFC is an ISO open standard format for importing and exporting building objects and their
properties. It is also a common data model. This file format provides interoperability between
different software applications. BuildingSMART International develops specifications for
IFC as its Data Standard. IFC files can be read and edited by any BIM software. IFC files are
compatible with Autodesk’s Revit, Tekla’s BIMsight software, Adobe Acrobat, FME
Desktop, Constructivity Model Viewer, CYPECAD, SketchUp, GRAPHISOFT’s
ARCHICAD, and more (URL 26).

IFC models contain a structure that is a combination of geometric and non-geometric
(semantic) data. This data can be displayed, analysed and modified in different ways in
multiple software applications.

There are different versions of the scheme. Currently, the most used version is IFC2X3 but
expect version IFC4 to gain adoption in the coming years.

Geometry of IFC file format can be defined as a network of polygons (triangles). IFC
describes not only individual components but also their interrelationship. For each object,
there is the possibility of adding user parameters (attributes) as well as user-defined geometry,
attached documents and other references to external information sources (URL 27).

5.8.1 Coordinate System Support

IFC provides entity called IfcCoordinateReferenceSystem. This entity allows defining the
name of the coordinate reference system, geodetic datum and vertical datum. While
IfcCoordinateReference System is an abstract class, its subclass IfcProjectedCRS is used to
define a concrete projected coordinate reference system.

This standard does not provide the calculations required for proper mapping to and from a
Cartesian coordinate system into a geodetic coordinate system. In infrastructure design and
surveying are mostly used map grid coordinates (easting, northing). BIM tools might have
problems with these large coordinates. Therefore, the IFC standard allows referencing of the
locally defined coordinate system to the global coordinate system. The advantage of using a
local coordinate system is that it allows using shorter specified coordinates.

IfcMapConversion entity is used to define a local coordinate system concerning the global
coordinate system. It provides atributes SourceCRS and TargetCRS.
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Elements are typically modelled in local coordinate systems, which are defined by a
hierarchical set of transformations based on entities defining local systems
(IfcLocalPlacement), axes (IfcAxis2Placement), and 2D / 3D vectors (lfcDirection).
However, global coordinates can be obtained using the georeferencing information that is
sometimes included in IFC files, such as information with the latitude, longitude and
elevation in IfcSite.

It is possible to define more than one geodesic reference system within an IFC model, but it is
not recommended.

5.8.2 TIN representation in IFC

Terrain surface can be described using an entity called IfcTriangulatedirregularNetwork. The
way triangles are generated in TIN differs between software products, so the final recorded
triangle is the only way to ensure that the TIN can be accurately transmitted between the
software product. IfcTriangulatedlrregularNetwork efficiently provides enough data for the
reconstruction of equivalent surfaces in a variety of software products, including each 3D
point and triangular surface. Triangles are represented at IFC as an indexed set, where the
indices refer to existing points. Consequently, the point instances can be referenced by
various other entities. In IfcTriangularlrregularNetwork all the 3D points must be unique in
the XY plane. All faces have to have the same direction. It could be counter-clockwise. In the
XY plane faces should not overlap. Boundaries of continuous faces may touch at one or more
common points, but they may not cross (Borrmann et al, 2017).

Figure 5.25. TIN representation of the terrain (brown), (URL 34)

Figure 5.25. illustrates the terrain using Triangular Irregular Network.

5.8.3 LOD and support of tiling concept

IFC file format does not support Level of Detail. It only supports Level of Development
(LODt), but it is not included in the IFC standard. LODt does not have a standard definition.
Unlike LOD, LODt is local while LOD is global. That is, LODt is specific to each object and
LOD is specific to the project (Tolmer et al., 2013).

This file format also does not support the tiling concept.
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5.8.4 Attributive thematic data and metadata

Each IFC model consists of IFC entities built in a hierarchical order. Each IFC entity has a
fixed number of IFC attributes and any number of additional IFCs properties. The main
identifiers of the entities are the IFC attributes. The names of these attributes are fixed and
defined by buildingSMART as part of the IFC standard code.

IFC classes have associated direct attributes that can indicate a connection to some other
object or could simply be attached as a simple attribute of the data type, such as integer, string
or logical. Therefore, IFC models make a difference between attributes that are directly
connected to the object as entity attributes and attributes assigned to indicate a relationship to
other objects.

Figure 5.26. shows that each IFC class can have simple data attributes with referenced object
attributes as in the case of IfcRoot, or a referenced object with relationship attributes as in the
case of IfcProduct, or entity attributes and relationship attributes together as in the case of
IfcObject.

IfcRoot IfcProduct IfcObject
A Globalld Q ObjectPlacement O ObjectType
A OwnerHistory A\ Representation O IsDefinedBy
O Name O ReferencedBy
© Description

O Simple attributes A\ Referenced object attributes [J Relationship attributes

Figure 5.26. IFC attributes (Ismail et al, 2017)

Metadata is used extensively in IFC, but different software does not use it consistently. As
basic information, IFC provides special entities for the [IFC file header
(FILE_DESCRIPTION, FILE_NAME, FILE_SCHEMA), as well as certain entities in the
body files, such as IfcOrganization, IfcPerson, etc. Additional information is usually added
via a reference to an external document. Reference records external file metadata, and IFC file
metadata is located in an external document.

5.8.5 Sample file

In IFC format TIN is created using entity type IFCTRIANGULATEDFACESET. Although
IFC has limited support for a geodetic coordinate system, it can support large coordinates.

Figure 5.27 shows part of the written code.
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#901= IFCCARTESIANPOINT((0.,0.,0.));

#902= IFCDIRECTION((1.,0.,0.));

#903= IFCDIRECTION((0.,1.,0.));

#904= IFCDIRECTION((0.,0.,1.));

#905= IFCDIRECTION((-1.,0.,0.));

#906= IFCDIRECTION((0.,-1.,0.));

#907= IFCDIRECTION((0.,0.,-1.));

#1000= IFCBUILDINGELEMENTPROXY ('1kTvXnbbzCWw8lcMdldR4o',$,'P-1', 'sample proxy',$,#1001,#1010,5,%);
#1001= IFCLOCALPLACEMENT (#511,#1002);

#1002= IFCAXIS2PLACEMENT3D(#1003,5,%);
#1003= IFCCARTESIANPOINT ((1000.,0.,0.));

#1010= IFCPRODUCTDEFINITIONSHAPE ($,$, (#1020));
$1020= IFCSHAPEREPRESENTATION (#202, 'Body', 'Tessellation', (#1021)):

#1021= IFCTRIANGULATEDFACESET (#1022,%,.T., ((1,2,5),(2,3,5),(3,4,5),(4,1,5)),%):
#1022= IFCCARTESIANPOINTLIST3D(((200000.,5500000.,100.),(200100.,5500000.,100.), (200100.,5500100.,100.), (200000.,5500100.,100.), (200050.,5500050.,125.0)));

Figure 5.27. Part of the code

Figure 5.28 shows a visualization of a simple TIN in a program called usBIM.viewer+. One
color is added to the whole TIN and it is made in this program.

A
Figure 5.28. TIN visualization

5.9 AutoCAD Drawing Exchange File (DXF)

The DXF file format is an open-source, uniquely structured format created by Autodesk for
2D and 3D models and drawings. This file format is mostly used to export modelling data
between various CAD programs. It can be processed as a raster or vector file type (URL 28).

It is a text file consisting of a string of ASCII characters and codes. The DXF file is a
complete language that describes how the CAD program reads and displays drawings. These
files are highly compressed, device and software-independent and can include 3D models
(URL 29).

The DXF file has sections and they are (Figure 5.29.):

e Header: It always comes first in the DXF file. It has code to identify the DWG format
version. Other variables include default units and styles for the drawing, drawing size
limits, the coordinate system for spatial positioning, a project name, etc.
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e Classes: It contains information related to application-defined or custom classes whose
instances (objects) appear in other sections.

e Tables: it contains various tables that support the functionality of the CAD application
and displays the contents of the drawings.

e Blocks: It contains an entry for each block in the drawing.

e Entities (graphical objects): Includes entity types such as line, circle, vertex, shape,
polyline, etc. Entity objects may contain references to related objects.

e Objects (non-graphical): Contains dictionaries, settings, etc. which support the
drawing and rendering functions in CAD application.

e Thumbnail Image: An additional section is used if the preview image is saved for use
in directory lists or similar application menus.

TABLES

DXF Files
ENTITIES

BLOCKS

Figure 5.29. Components of DXF file (URL 35)

This file format can provide an exact copy of DWG drawings and, unlike DWG files, it can
also be used in third-party software. DXF was made for AutoCAD with multi-platform
compatibility. It also works with GIS programs. However it is not designed for the web, but
some vendors have provided visualization tools over the Internet.

The DXEF is difficult to interpret because it contains many different types of data. However, it
is structured so that developers and programs can read the sections they need and skip
elements they do not need.

Since DXF file format has been designed as a drawing Interchange format, it does not support
thematic attributes. Also, this format has no support for semantic, topology, texture, LOD and
coordinate reference systems. It only supports projected coordinates.

5.9.1 TIN representation in DXF

In AutoCAD software TIN can be made using the command TINSurface. The TIN surface
can be saved in a DXF file as TIN 3D Faces. DXF files support two types of three-
dimensional triangle objects, 3D Faces and Polylines.
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The command Export DXF 3D Face File/TIN File allows the user to export any loaded
elevation data sets to a DXF 3D Face file. After selecting this command, the user may choose
options such as Tiling panel, Export Bounds panel, etc (URL 36).

This file can be used to store 3D triangulation and it can be stored using ASCII or a binary
code, but the problem is that it is not effective, rarely georeferenced and does not support a
clean topology of shared edges.

Figure 5.30. shows Triangular Irregular Network in AutoCAD Civil 3D sofware.

Figure 5.30. TIN representation in AutoCAD Civil 3D (URL 37)

5.9.2 LOD and support of tiling concept
The DXF does not support 