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Abstract

This paper describes a CityGML Geometrical
transformation and validation tool (CityGTV) enabling
the interoperability of CityGML datasets for urban energy
use cases. A brief explanation of the toolbox’s
functionalities along with the developed algorithms for
the geometrical validation are described in this paper.

Key Innovations
e  Open source transformation and validation tool
e  Python based extendable algorithms which could
be integrated with different tool chains and
workflows.

Practical Implications

The CityGTV will allow urban planners and simulation
scientists to facilitate urban scale energy performance
analysis and simulations for cities/districts where less
and/or no GIS data exists.

Introduction

With an increasing demand for advanced Geographical
Information Systems (GIS), there is a growing need for
3D city models to facilitate dynamic simulations. Though,
virtual 3D city models have been used for many use cases,
a lack of detailed semantic and geometric information
prevents the implementation of various application
domains and therefore, makes the existing procedures
even more complicated. GIS modelling techniques and
algorithms are also often used as the foundation for urban
scale thermal simulations. Therefore, virtual 3D city
models, do serve as an important entity for analysing the
thermal behaviour of buildings at an urban scale.
However, the geometrical and semantic information for
multiple buildings are openly available only for a
relatively small number of countries, cities, and districts.
City Geographical Markup Language (CityGML)
(Groger, et al. 2012), an XML based modelling standard,
is being widely used for city level information modelling
and simulations. State- and city-wide 3D CityGML LoD
1-2 models are also available for countries like Germany,
Austria, and Switzerland (Malhotra et al., 2020). Contrary
to that, for many of the developed and developing nations,

lEIIipsoid is used to represent the earth, an oblate ellipsoid of revolution,
made by rotating an ellipse about its minor axis (Mikkelsen &
Warmerdam, 2007).

the scarcity of CityGML datasets is quite high, yet these
countries have a large potential for energy conservation
and green energy production. Within the scope of this
paper, the authors envision to answer the question about
the geometrical interoperability of 3D CityGML data
models by facilitating coordinate transformations within
different reference systems. Furthermore, as the semantic,
geometric, and sometimes monitoring data availability of
the existing built-up buildings is higher, transformed
virtual 3D models of these buildings can be used as
references for future planning and development of an
urban area. Therefore, the presented CityGML
Geometrical Transformation and Validation Tool
(CityGTV) facilitates the interoperability aspects using
coordinate transformations for 3D CityGML building
models in countries where no or insufficient geometrical
data exists. Moreover, the CityGTV will also allow
simulation scientists and urban planners to efficiently
transform the building coordinates, validate the
geometrical aspects of the buildings and further compute
the district level energy performance of the buildings
using environments such as Modelica (Casella, 2015),
EnergyPlus (NREL, 2019), etc.

In order to understand the challenges and complexities of
model transformation and geometrical validation, an
extensive literature research over the previous studies and
state-of-the-art techniques was also a part of the
development process. According to IOGP (2009), the
changes of coordinates can be generally classified into
two types: coordinate conversion and coordinate
transformation. The term conversion, therefore, is used
for coordinate operations where no change of ellipsoid? is
involved. Conversions, however, are used to depict a
point on one defined datum? in various formats. Whereas,
the term transformation is used for operations where the
target ellipsoid differs from the source ellipsoid.
Moreover, transformations are wused to associate
coordinates from one datum/ellipsoid to a different
datum/ellipsoid. A coordinate reference system (CRS)
combines a coordinate system with a datum, which gives
the relationship of the coordinate system to the surface
and shape of the Earth. Furthermore, due to the elliptical

2Datum defines the position of the spheroid relative to the centre of the
earth. It provides a frame of reference for measuring locations on the
earth surface by defining the origin and orientation of latitude and
longitude (Mikkelsen & Warmerdam, 2007).
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shape of the earth, geocentric and geodetic coordinates
representations for the different CRS can be made.
Janssen (2009), Zhu (1994), Fukushima (1999),
Gonzalez-Vega and Polo-Blanco (2009) summarizes the
different conversion and transformation techniques
between the geocentric and geodetic coordinates that have
been implemented in the past.

In the domain of urban scale simulations, it is necessary
to convert the geodetic coordinates into grid coordinates.
This can be achieved using the Map Projection techniques
as mentioned in Synder and Voxland (1989). The
requirements of different sets of parameters are highly
based upon the method of map projections used. Some of
the other map projection methods developed and
implemented in the past are also explained with their
advantages and limitations in Brotton (2012), Karney
(2011), Engels and Grafarend (1995) and Synder and
Voxland (1989).

Although the process of conversion and transformation of
the multiple CRS is complex, information from the
archived geodetic parameter dataset of the European
Petroleum Survey Group (EPSG registry) (IOGP, 2009)
can be used to achieve the required CRS configuration of
the data models. In context of GIS, the CRS/spatial
reference system (SRS) is used to store each feature
member and raster dataset within a resolution of (x, y, z)
coordinates. Where, the z-coordinate generally defines
the surface elevation of the object. Moreover, in GML the
geometric properties such as PositionPoints, LinearRings
and Polygons are also defined using the CRS/SRS
resolution of the data (Karan and Irizarry, 2015).

Along with the implementations for coordinate
transformation and conversion, a thorough investigation
into the field of geometrical validation aspects for
CityGML data models is performed. In case of pure
geometric models, data validation would be limited to the
checking of spatial constraints defined for geometry
classes such as composites which have to be further
connected along their respective boundaries. In one study
by Stadler and Kolbe (2007), the role of spatio-semantic
coherence in validation of 3D city models is examined.
Furthermore, Fissore and Pirotti (2018) also presented a
workflow for uploading cartographic data, containing
building footprints and heights, and transforming them
into validated CityGML data models. They further tested
the wvalidated models over the Italian topographic
geodatabase (ISPRA, 2020). This workflow included a
web-portal for uploading the data as a compressed archive
containing shape files along with a back-end Python script
that reads coordinate vertices, attributes and other
necessary information, and creates a CityGML data
model as result.

CityGML datasets can also be geometrically validated
using pre-developed tool chains and workflows. One such
web-based and stand-alone tool val3dity (Ledoux, 2018)
enables the validation of the externally created CityGML
data models according to international standard
1ISO19107 (SIST EN ISO 19107:2019). The error code
classification from val3dity is used by the authors in this

paper. Moreover, Wagner et al. (2013) also developed a
validation algorithm as a part of a CityDoctor toolbox
(HFTStuttgart, 2013) where the CityGML logical
consistency, particularly geometries and semantics, are
validated. Validation reports such as quantitative
information on detected errors can also be documented in
a quality evaluation report. Previous studies such as
Leodoux (2009), Leodoux (2013), Oosterom et al. (2017)
also highlight different techniques and methods to
validate polygons and other geometrical objects.

Researches such as Oosterom et al. (2017) also
demonstrated that validated polygons may still cause
errors after a transformation of the coordinates has been
carried out. Therefore, it is quite important for the
community to validate the transformed datasets based on
the previously mentioned studies.

Although, there exist many different forms/formats
having different characteristics and methods to define 3D
city models, the developers of the CityGTV focus on the
integration of CityGML to increase the data
interoperability and efficiently use the geo-information
for GIS applications. The tool is currently being
developed and tested using Python 3.5+ and PyQt
bindings (PyQt, 2012) and will be available open-source.
For demonstrating the functionalities of CityGTV, the
authors selected, analysed and validated (schema-
specific) the appropriate CityGML dataset using the
CityGML Analysis Toolbox (Malhotra et al., 2020).

This paper is structured as follows: The “Methodology”
section highlights the geometrical transformation
techniques of the CityGML data models. Within the same
section the algorithms that are used and developed for the
geometrical validation of the data are also explained; the
“Implementation” section introduces the python based
graphical user interface, thereby, integrating the
previously explained transformation and validation
processes. This also includes the “Time Analysis” which
gives an insight to the execution times of the different
processes before going over to the “Conclusion”.

Methodology

Starting from building level to an urban scale simulation,
the amount of required relevant data for energy analysis
can differ with respect to the considered data model
and/or simulation environment (Malhotra et al. 2020).
When considering CityGML data models, the geometrical
and geographical information does play an important role
in the energy performance of a building/city quarter.
Therefore, the transformations of the building coordinates
with respect to the geographical context and keeping the
geometry intact requires high transformational and
geometrical precision in the developed algorithms. In
CityGML datasets, the list of (x, y, z) coordinates are
generally denoted under the namespace <posList>
(Groger et al. 2012). It defines the basic geometry unit for
all the objects and features of the CityGML buildings.
Therefore, it is necessary to convert the data from the
namespace <posList> into a composition of multiple
points, such as

R={(x,viz)]i=012,..%} (eq. 1)
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Furthermore, all the coordinates/points within a CityGML
dataset are modelled in a uniform CRS, thereby,
unambiguous for multiple interpretations. An example of
the <posList> shows the coordinate definition in
CityGML from an open source data set for a city in
Germany (Landesbetrieb Information und Technik
Nordrhein-Westfalen (Ref324 Geoinformationszentrum),
2017).

<gml:LinearRing

gml:id="GUID_1543405942858 43722226 2 3 0_">

<gml:posList srsDimension="3">290988.719 5623565.726
222.492 290985.884 5623566.653 222.492 290985.884
5623566.653 219.996 290988.719 5623565.726 219.996
290988.719 5623565.726 222.492</gml:posList>
</gml:LinearRing>
The methodology used in this paper is based on the
following transformation techniques.

Transformation of coordinates within an identical
CRS/SRS

Let’s consider a building dataset (referred to as D1) that
is modeled for a geographical area A;. Now D1 has to be
transformed for an area A, assuming that A; and A; are
within an identical CRS/SRS. In order to transform the
coordinates of D1 from A; to A, an additional offset
value has to be added to all the points of D1. Let the
number of buildings in the dataset D1 be n. One of those
buildings can be denoted as:

B_k wherek = 0,1,2.....n—1.

Furthermore, the building B_k has j geometric polygons.
If considering i to be the number of vertices of the jt
polygon, then a point P within the area A,can be denoted
as:

P(,j, k,A))

where P is the i point of j polygon of the k" building in
the area A..

Furthermore, the i point of the building polygon is
modeled as point list of (x, y, z). For simplification, the it"
point in Area A is denoted as:

Ti (x' Y.z Al)
To transform the point Ti (X, y, z, A1) to point Ti' (X, y',
7', Ay) in area Az an additional offset has to be calculated
and added to the actual point. Mathematically this can be
denoted as (eq. 1).
Ti’(x" y" Z’, AZ) = TL-(X, y' Z, Al) +
Ti(Axl Ay, AZ! Al) (EQ 2)

where T;(Ax, Ay, Az, A,) is the offset to the new point.

Moreover, in terms of the x, y, z coordinates of the point
Ti, eq. 1 can also be rewritten as:

x'(i,), k, Az) x(i,j,k Ayp) Ax(A,)
v, j,kA) | =|yGjkA) |+ [Ay(A1)] (eq.3)
Z'(i,j,k, Az) z(i, ), k, A1) Az(A,)

where x'(i, ], k, A3), Y'(i,j, k, A3), 2’ (i, ], k, A,) are the x,
y, z coordinates of the i point (T;) of the j™ polygon of the
k™" building in area A;.

With the current implementation of the CityGTV, the user
needs to define the latitude and longitude of the desired
transformation point Ti'. For simplicity, the elevation (z-
coordinate) of the point Ti’ can only be added in the
elevation option of the tool. The entered coordinates are
checked using the algorithm of the tool which is
highlighted in the Implementation section. Once the user
defined point Ti' is set, an offset is calculated in the tool
and is added to the original point P. This way the points
of all the different polygon surfaces of the buildings are
converted and transformed into the desired CRS.

In this paper, the authors present a mathematical approach
for transforming building coordinates into multiple CRS.
Moreover, a higher precision in transformations is also
foreseen in the future versions of the tool.
Transformation of coordinates within a non-identical
CRS/SRS

Similar to the transformation within an identical CRS, for
the transformation of buildings into a non-identical CRS,
an offset has again to be calculated. However, for
calculating the offset to the desired transformation, the
buildings need to be converted into an intermediate stage.
Again considering in the dataset D1, the it point of the jt"
polygon of the k™ building can be denoted as:

P(i,j, k, Ay, R(A1))
where R(A1) denotes the CRS of the point P. Furthermore,
as the i point is again modeled as (x,y,z), eq. 3 can be
rewritten as eq. 4(below):
X’(i, j: k) AZJ R(AZ))
y' (), k Az, R(Az))
z'(i,}, k Az, R(Az))

x(i,j, k, Ay, R(Aq)) Ax
=¢- Y(ll j) k, All R(Al)) + AY
2G,j, kAL R(AD)| LAz

where @ is the transformation function of the point
P(i,j, k,A;,R(4,)) into the intermediate state of
P(i,j, k, A1, R(4,)) and [Ax, Ay, Az] is the offset matrix.

Area =4, Area =4,
Default CRS = R(4;) Default CRS = R(4,)
S ON
(\G ARAN
7 N
’ o
1. Transform the Point into CRS R(4;): s\
P'=P(i ).k A1 R(47)) NN

KN
= $(P(i.i.k A, R(A))) AN

3. Based on offset,value, transform all
the other points: 1p(P) = p(F) + 48

|o 3. Coordinate Tranformation i(-)

2. If Target point represent in R(A;)
isknown P, = P(i,j,k, 45, R(4;)),
Offsetd = P, — P'

0. Choose i Point P = P(i, j,k, Ay, R(4,))
in /" Polygon = G(j, k, 4, R(4,)),
Kk Building = B(k, Ay, R(4,)).

Figure 1: The transformation of the building coordinates into
non-identical CRS.

As shown in Figure 1, once the point P(i, j, k, A;, R(4,))
is intermediately transformed into the point
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P(i,j, k, A, R(A,)), similar to the case of identical CRS,
the offset is calculated and added to get the new
transformed point into the form P'(i, j, k, A,, R(A3)). The
next subsection highlights the validation techniques that
are developed within the tool.

Validation

The geometrical validation of individual building surfaces
can be hierarchically divided according to different levels
of CityGML geometries (Ledoux, 2018). This includes
the MultiSurface level (LinearRing and Polygon level),
CompositeSurface level (Shell level), Solid level,
CompositeSolid level, CityGML Object level, etc
(Herring, 2001). In this paper, the validation algorithms
for the MultiSurface level, which is the most basic
geometry level, are developed in Python. Moreover,
LinearRing, also being one of the most basic geometry
elements in CityGML, consists of a <posList>. Most
errors in one single LinearRing element can directly be
validated without the help of mathematical methods,
including the error of not having enough points,
duplicated points and an unclosed ring. In this paper, the
validation methods for planarity and self-intersection are
also discussed in detail. Before the validation of the self-
intersection error, the planarity of the LinearRing should
also be assured. Similar to the validation error
classification in val3dity (Ledoux, 2018), two ways of
measuring the planarity are considered: a) Using the
point-to-plane distance and b) Relying upon the
calculation of a normal vector.

i) As defined below, the Algorithm 1 intends to find three
points (P1, P2, P3) from the CityGML geometry element
that are able to create a plane, denoted as 2. However, it
is also possible that these three points might align together
in a line. Therefore, in Algorithm 1, the authors replace
the point Ps with the next point P; (i>3) from rest of the
points in the LinearRing. The algorithm stops replacing
the point once three points are able to form a plane.
Furthermore, for the other points in the LinearRing
(denoted as Pj, where j > i), the algorithm calculates the
distance d; from point P; to the plane 2. As result, the
maximum distance dmax Of all the results of d; is returned.
Eventually, if the value of dma exceeds the present
tolerance ¢, the planarity error is raised. Algorithm 1 is
corresponding to Error 203 in val3dity’s classification of
validation errors (Ledoux, 2018). Moreover, the
calculation of the normal vector might prevent the
planarity error from small folds on the surface using the
distance method. The normal method is corresponding to
Error 204 in val3dity’s classification. In the following,
Algorithm 1 combines these two methods of planarity
validation. The function “Ori (PiP;, Px, Cartesian plane)”
returns “True” if the LinearRing is planar.

Algorithm 1 Planarity validation (distance to plane)
Input: List of points R = {P1, P, . Pn},
tolerance of distance deviation &g,

tolerance of angle deviation &y
Output: If the LinearRing is planar (True/False)

1. Pick the first two points Py, Py
2. For point Pi in R\ {P1, P2}:
If Ori (P1P2, Pi, “xy”) #0 Or
Ori (P1P2, Pi, “yz”) #0 Or
Ori (P1P2, Pi, “xz”) #0:
Create a plane 2,
Calculate the normal n,;
Break;
3. For point P;inR (j > i):
d; = Distance (Pj, 7);
6; = AngleDeviation (%2, n,)
4. dmax = Max (dj | j > i);
Omax = Max (6; | > 1);
5. If dimax > €4 OF Omax > &
return False;
Else: return True;

ii) After the planarity validation the self-intersection has
also to be checked. Therefore, to validate the self-
intersection of the points in a LinearRing it is important
to investigate all the pairs of points/edges i.e. ei = (P,
Pi+1). Note that each edge has its own direction, from
point P; to point Pi+1. To do so, a definition of the start
point has to be made. Considering the start point as the
head of edge and the destination point as the tail. For any
pair of edges that are joint, the head of one edge is similar
to the tail of the other. A list of edges can be generated
from the given the <posList>, as denoted in Algorithm 2
as:

A=1{ei=(Pi,Pi+1)|1<i<n-1}
Furthermore, the error of self-intersection can be defined
as:

Jei # ejinl,

where ej, gj are not joint (either j.nead # €j-tail OF €j.head #
&i.wil) but intersected (3 point P = [x", y", '] € ei N ).
Algorithm 2 describes the method to validate the error of
self-intersection. Function “joint (ej, €j)” is to determine
whether the two arguments are joint, which can be
implemented through the comparison of head/tail of these
two edges. More importantly, another function,
“isSeglntersected (ej, €j, Cartesian plane xy/xz/yz)” is a
core function (shown in Algorithm 3), that determines if
the projected segments of these two edges in plane “xy”
or “xz” or “yz”, are intersected or not.

Algorithm 2 Self-intersection validation
Input: Edge list 2 = {ei = (Pi, Pi+1) | 1 <i<n-1}
Output: If self-intersection exists (True/False)

For ejin A:
Forejin4, j>i:
If ei =ej Or Joint(e;, &j):
Continue;
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If isSeglntersected(e;, ej, “xy”) And
isSeglntersected(e;, &;, “yz”’) And
isSeglntersected(ei, ej, “xz”):

Return True;
Return False;

iii) In most cases, if two 2D segments are intersected with
each other, it holds that “point A and B are separated by
line CD, while point C and D are separated by line AB”.
In the paper, this refers to as the rule of “Double-
Separation”. Contrary to that, the results of orientation are
equivalent to the condition of separation i.e.: if A and B
are separated by line CD, then the orientation of point A
to line CD must not be the same as the orientation of the
point B (e.g. Ocpa # Ocpg). Therefore, based on the
method of “Double-Separation”, Algorithm 3 uses the
function, “Ori(AB, C, Cartesian plane xy/yz/xz)”, which
determines whether the point C exists on the left or right
part of line AB. Such problem of determining which part
of half-plane for the point C is called an Orientation
problem (Shewchuk, 1967). This only uses the sign of a
determinant as the orientation result:

Ax-Cx Ay-C.

Where point A, B and C are points in 2D. A.x is the
coordinate for the first dimension and A.y for the other
dimension. However, this rule cannot distinguish the case
when any three or more points are aligned in one line. For
that reason, in Algorithm 3 an extra investigation is
required if three points are aligned (e.g. Ocpa = 0)
(function “onSegment()”) and it is important to check if
one point falls between the other two (intersected), or on
the extended line of the edge (not intersected).

Algorithm 3 Function “isSegIntersected”

Input: Two edges neither identical nor joint “g;, &j”,

projection plane “uv” € {“xy”, “yz”, “xz”

Output: If the projected segments of these two edges
are intersected (True/False)

1. Project 3D edges ei, e onto plane uv. Get 2D
segments s, Sj:
si= PPy, 5= B.B, , where Py are 2D points;
2. Calculate orientations for each point:
Ocp,a = Ori (CD,A,“uv”); Ocp,g = Ori (CD,B,“uv”);
Ogns,c = Ori (AB,C,“uv”); Oasp = Ori (AB,D,“uv”);
3. If Ocpa#0cp,s AnNd Opg,c # Ong,p:
Return True;
Else:
If Ocp,a= 0 And OnSegment(CD, A, “uv”):
Return True;
If Ocp,g = 0 And OnSegment(CD, B, “uv”):
Return True;
If Opg.c = 0 And OnSegment(AB, C, “uv”):

Return True;
If Oag,p =0 And OnSegment(AB, D, “uv”):
Return True;
4. Return False;

iv) The Polygon level is the upper level to LinearRing,
which is composed of at least one exterior and several
interiors. The interiors are optional, depending on the
CityGML data itself. For example, generally the
GroundSurface does not consist of the interior LinearRing
therefore, the authors denote the exterior as Ry and the
interior LinearRing(s) as {Ri| i = 1, 2, 3, ...}. As the
Polygon is a combination of exterior and interior(s), it is
denoted as:
G={Ri|i=012 .}

The error of intersected rings will be raised, if any two
LinearRings (exterior or interior), Ri and R; (i # ) are
intersected. Algorithm 4 uses the point-line orientation
function and the rule of double-separation from the
validation Algorithm 3 on self-intersection.

Algorithm 4 Intersected rings
Input: The listofringsG={Ri|i=0, 1, 2, ...}

Output: whether any two rings are intersected with
each other (True/False)

For R in G:
Create an edge list of R; as E(i) = {eo, ey, ... exi},
where k(i) is the number of edges in R;.
ForRjinG,j>1i:
Create an edge list of R;j as E(j);
For edge enin E(i):
For edge ey in E(j):

If isSeglntersected(em,en,“xy””) And
isSeglntersected(em,en,yz””) And
isSeglntersected(em,en,“Xz”):

Return True;

Return False;

v) Now if all the rings are not intersected with each other,
some errors may still occur if the inner ring is outside of
the exterior or if the inner rings are nested within each
other. These two types of error are defined as Error 206
and 207 in val3dity, but the validation algorithms are
similar. Moreover, in order to determine if an interior ring
lies outside the exterior ring or if it lies inside another
interior ring, a problem of the ring-in-ring determination
can be formulated. Mathematically, this could also be
written as Problem 1 (Ring-in-Ring Determination) Ring
Ra is outside/inside of Ry, if Ra and Ry are not intersected
and a point P € R, is outside/inside of R.

Note that, if Ra lies outside of Ry, either Ra is nested with
Rp or they are geometrically separated. Therefore, in order
to validate whether an interior LinearRing lies outside of
the exterior, a point P from the interior LinearRing is
selected and tested based on its geometrical presence.
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The ring-in-ring determination can also be simplified to
point-in-ring determination (Sutherland et al., 1974) and
can be investigated using the Ray Casting Algorithm
(Shimrat, 1962). For this, a 2D XY-plane is considered.
As aray is casted from the testing point to the infinity, the
number of intersected points with the polygon determines
the result i.e. an odd number of intersected points
indicates that the point is inside of the ring, while an even
number shows the point to be on the outside. The direction
of the casted ray can be random, but for the sake of simple
implementation, the authors assume the ray to be parallel
to the X-axis. The direction of the ray will not change the
result of parity (odd or even of the number of
intersections).

As the CityGML data is in 3D, similar to the validation of
self-intersection, the authors project the data onto three
orthogonal planes (xy/yz/xz). Thereafter, the ray casting
algorithm operates on each projected plane. The results
are further stored in a tuple of three Boolean variables. If
the point lies outside of the polygon at any projected
plane, then the final result will be “outside (out)”, even if
the other two planes indicate “inside (in)” results. The
point is considered to be inside the ring if and only if all
the results from three projected planes indicate “inside”.
Generally, the results indicating inside and outside are
often uniform for the three projected planes, e.g. [in, in,
in] or [out, out, out]. The varied result of inside and
outside can only be found when the LinearRing lies
exactly parallel with one projected plane.

Based on Problem 1 and the Ray Casting Algorithm, the
Algorithm 5 highlights the procedure of validating outside
inner rings. The result of “False” from the Ray Casting
Algorithm indicates that the point lies outside. Thus, it
uses the Boolean operator AND to combine the three
results from the three orthogonal projected planes.

Algorithm 5 Outside inner rings
Input: The listof ringsG={Ri|i=0, 1, 2, ...},
The exterior is Rg
Output: whether any inner ring is outside (True/False)
For Riin G (i > 0):
pick the first point in R; as Pio;
If rayCasting(Pio, Ro, “xy”) and
rayCasting(Pio, Ro, “yz”) and
rayCasting(Pio, Ro, “Xz”):

Continue;
Return True;
Else: Return False

vi) The validation of nested inner rings can be also
formulated as a ring-in-ring problem. Similar to
Algorithm 5, the Algorithm 6 also considers Problem 1
and the Ray Casting Algorithm. Also, the outside result of
a ring-in-ring problem does not signify the nested case,
the inside result does. Therefore, selecting a point from R;
and demonstrating it to be outside R; can only prove that
Rj lies outside of R;, whereas, there also exists a possibility

that R; is nested within R;. Therefore, the mutual operation
is required. Here the authors select a point from R; and
also investigate its geometrical existence with respect to
Ri. The rayCasting function returns True as result of the
point inside the ring.

Algorithm 6 Nested inner rings
Input: The listofringsG={Ri|i=0, 1, 2, ..},
The exterior is Ro

Output: whether any inner rings are nested
Ifn<2:

Return False;
ForRiinG (0 <i<n):

For another interior Rjin G (j > i):

Select the first point in R; as Pio;

If rayCasting(Pio, Rj, “xy”) and
rayCasting(Pio, Rj, “yz”) and
rayCasting(Pio, Rj, “x2”):
Return True;

Select the first point in R; as Pjo;
If rayCasting(Pjo, Ri, “xy”) and
rayCasting(Pjo, Ri, “yz”) and
rayCasting(Pjo, Ri, “X2”):
Return True;
Return False;

Apart from the Algorithm 1-6, the authors also intend to
develop more validation methods in the future versions of
the tool. Moreover, the previously explained algorithms
are developed using Python scripts which could also be
further extended. The next section highlights the
Implementation and a time comparison of the different
functions in CityGTV.

Implementation and Time Analysis

For demonstrating the functionalities of CityGTV, the
authors selected a university building in a German city.
Open source CityGML data was considered. The user-
friendly architecture and modular structure of the
CityGTV facilitates the possibility to further extend the
tool. The tool development was accomplished using
Python 3.5+ and is divided into 4 main functions

CityGML Importer/Exporter and User Inputs

The algorithm reads and writes CityGML datasets. This
function is embedded in all the following functions. For
demonstration of the user Inputs and CityGML
Importer/Exporter, geographical CRS and coordinates of
the user intended output CityGML dataset from a web
mapping service (in this case Google Maps (Google Maps
2020)) were taken and individually entered in the tool.
The CityGTV Importer/Exporter checks if the user
selected dataset and the CRS are uniform or not.
Moreover, once the user inputs the desired centre point of
transformation, the algorithm checks if the point lies
within the CRS bounds of the (user selected) CRS. One
such example is given in Figure 2.
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Input CRS
epsg:25832 EU ~ | | epsg:27700 UK -

Output CRS

Please edit your Destination here: [Lon,Lat] from EPSG 4326 (in Degree)
| | Transform to [X,Y.Z] for OutProj

Lat= [51.489767 | Lon= (99

Destination in [x.y.z]
Coordinates shall fall within the projeced bounds of output CRS.

X= 4940272 102397605 | Y= [5432598.844228978| Z= |0

(H python

Target point [x,y,z] out of the projected bounds of the cutput
CRS.
Please re-enter.

ook

Figure 2: The user input window of the CityGTV. Here the
manually entered point is checked with respect to the user
selected “Output CRS”.

CRS Transformation
This function is used to transform the coordinates of the
input CityGML dataset to the user defined centre
point/CRS. Using this function, the users can also add
elevation and rotation to different buildings. Figure 3
transformed

demonstrates a CityGML  dataset.

a.

l/

Roofedges.
Footprints
walls

220
210 £
= | —
- |
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+2.94e5-60 T—
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Footprints
walls
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532820

X 532840
532860
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Figure 3: (a). Example of a university building visualized using
FZK Viewer (IAI/KIT, 2019). (b). Input CityGML visualization
in CityGTV. (c). Output visualization of the transformed dataset
with added elevation and rotation.

CityGML Visualization

This function is developed to visualize buildings based on
the input and output CityGML data. 3D images are
created using this function. Based on the thread-based
programming, users may run the visualization process for
both input and output CityGML models at the same time.

CityGML Validation

Using the previously mentioned algorithms, the users can
validate the input and output CityGML datasets.
Furthermore, the validation reports can be saved locally
as text files. Moreover, a time analysis for the
transformation algorithm was also made by the authors.
As the validation times are in milliseconds, those are not
included here. Figure 4 give a comparison between the
execution time for transformation algorithm with and
without multiprocessing based on different number of
buildings.

Without Multiprocessing
—— Multiprocessing

1200

1000

@
o
S

Transformation Time(s)
Y o
=] =3
S =3

[N
=3
S

0 50 100 150 200 250 300
Number of Buildings

Figure 4: Comparison of execution times with and with
multiprocessing for transformation of buildings.
Conclusions

The CityGTV is developed to facilitate geographical
transformation and geometrical validations of the data
models where no or less GIS data models exits. With
CityGTV, the users have the flexibility to transform and
use building models for energy related analysis. Using the
tool, the authors were able to transform/validate the
available models from one CRS to another, then using
other tools enrich the data with respect to the transformed
CRS and further perform energy performance
simulations. The CityGTV is available as open source
under the MIT license (https://gitlab.e3d.rwth-
aachen.de/e3d-software-tools/citygtv). In future, the
authors envision to further develop the tool, add more
CRS transformation and validation techniques. The
authors would also like to validate the tool using
measured geometrical data of real buildings and optimize
the functionalities with higher precision and less
computational time.
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