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ABSTRACT

The Geomatics Synthesis Project (GSP) is a project that combines scientific
research with practical work by applying essential skills acquired in the
Master’s programme Geomatics for the Built Environment at the Delft
University of Technology. The topics of GSP 2017 are Point Clouds (PC)
and Internet of Things (IoT).

This report is prepared by the GEOloc team as part of the PC project,
which focuses on the the accessibility, interoperability, and quality of differ-
ent point cloud datasets. The main objective of this project is to research
the process of harmonizing point cloud datasets of different origins and to
incorporate the integrated dataset in a web viewer that allows for visualiza-
tion and analysis. As a case study, the Three-Country Point (TCP) where
Germany, Belgium, and the Netherlands share a border will be evaluated.

The project is split into several stages. The first step is a theoretical re-
search, which aims to give the team members more knowledge and ideas
about the main topics in the project. Then, the key requirements from the
client are specified and a project plan is developed as a general overview of
the main objectives. In the next step, the data are collected from the three
countries bordering the TCP and the acquired point cloud datasets are pro-
cessed. The main challenge in the GEOloc project will be the determination
of an ideal common coordinate reference system (CRS) for the datasets and
the transformation of the coordinates into the new CRS. In the process, spa-
tial differences between the datasets originating from various sources are
analyzed. Consequently, the harmonized datasets are stored using a spatial
clustering method and visualized in a web viewer that allows for analysis.

READING GUIDE

This report is organized as follows. The first part contains an executive sum-
mary in the form of a scientific paper which reviews the data collection and
processing, the CRS transformation, and the development of a web viewer.
The second part gives a detailed overview of the project’s work flow as a
final technical report. The first chapter encompasses the problem definition,
specification of the requirements, and risk management. The methodology
is captured in the second chapter with a special focus on defining a common
CRS and harmonizing the point cloud datasets. Consequently, the results
are shown and the data differences are discussed. In the fourth chapter
the developed point cloud viewer is presented along with its functionalities.
The report ends with a series of conclusions and further recommendations.



Harmonization of point cloud datasets with varying coordinate
reference systems*

Neeraj Sirdeshmukh, Lydia Kotoula, Andria Christodoulou, Manuela Manolova and Laurens Oostwegel
Delft University of Technology, 2628 BL Delft, The Netherlands

Abstract— This paper has its focus on the accessibility,
interoperability and quality of different point cloud datasets.
The main objective of the project is to research the process
of harmonizing point cloud datasets of different origins and
to incorporate the integrated datasets in a web viewer that
allows for visualization and analysis. As a case study, the
Three-Country Point (TCP) where Germany, Belgium, and the
Netherlands share a border is evaluated.

keywords— Point Cloud Harmonization, Coordinate Reference
Systems, Digital Global Grid Systems

I. INTRODUCTION

Point cloud datasets, usually acquired using Light Detec-
tion and Ranging (LIDAR) techniques, are becoming increas-
ingly popular nowadays. Different countries have acquired
their own national point cloud datasets and many have made
them available as open data. Although a significant amount
of research has been done on point cloud data management
solutions, the research on the subject of harmonizing point
cloud datasets of different countries and making them inter-
operable is very limited.

This research seeks to address the problem of combining
different datasets that connect and overlap at a common
geographic area into a unified point cloud dataset. As a
use case, the Three-Country Point (TCP) where Germany,
Belgium, and the Netherlands share a border is evaluated.
Consequently, the integrated point cloud data will be incor-
porated in a web viewer which allows for visualization and/or
analysis. Using appropriate methods, the following research
question will be answered:

How can differences between point cloud datasets of
various origins that connect and overlap at a common
geographic area be harmonized to allow for data interop-
erability between these varying datasets?

The harmonization of point cloud data from different
countries implies:

a) The development of a method that allows for integra-
tion, easier and quicker access than the existing so-
lutions, processing and visualization of massive point
clouds from different sources.

b) The analysis of the point clouds in the overlapping
areas of the three countries that aims to explain the
possible differences - and if feasible - to harmonize
(minimize) them.

*This work was supported by TU Delft and Fugro

Little is written about point cloud harmonization, regard-
ing different coordinate reference systems. However, more
is written about the subjects separately. A good overview of
different reference systems and coordinate transformations is
made by Marel (2016). Ultimately, the system that is used
is a Discrete Global Grid System (DGGS), which will be
explained furthermore later on. On of the first researches
is made by Dutton (1996). Amiri et al. (2015) compared
multiple ways to design a DGGS. There are some point cloud
viewers on-line, among which the AHN2-viewer. However,
this dataset is in the RD-system, since this is the coordinate
reference system the data is acquired in.

II. METHODOLOGY
A. Pre-processing

The data have been collected from the three countries
(Netherlands, Germany and Belgium) that our project is
focused. While trying to collect point cloud data many dif-
ferences and problems were faced. For example, Netherlands
provides its data in LAZ format, while the German dataset is
provided in XYZ File format and the Belgian as a GeoTIFF
raster image. All the countries provide their point cloud data
as Digital Surface Model(DSM) and Digital Terrain Model
(DTM). For the scope of this project the DTM is chosen for
the reason that DSM does not include unnecessary objects
like vegetation and buildings so, DTM is more suitable for
the point cloud harmonization. In the case study area each
county uses different coordinate reference systems (CRS)
and also the accuracy of the data is different as the way
that have been collected is different. The accuracy and the
CRS systems from each country is shown in detail in Figure
1 below.

Fig. 1: Data Accuracy and Coordinate Reference Systems.

The presence of different coordinate systems and datums
means that many transformations must be done in order to
have our data in a common CRS. There are several geodetic



softwares that are able to do the transformations between all
the kind of datums (Vanicek et al., 2012).

In order to be able to work with the point cloud data of
the three countries a procedure of pre-processing filter is
required. Our study area and the boundaries that our project
is focused is shown at the Figure 2 were our data were
clipped according to this area. The main tools that have been
chosen in order to filter our data are the LAStools that could
give a wide range of tools that can handle LAS/LAZ files.
According the filtering on Netherlands datasets our study
area is covering from the two tiles from AHN?2 that they can
be acquired free from the Dutch PDOK geoportal (PDOK,
2012).

Fig. 2: The boundary of the study area of the research,
containing the TCP.

Our study area includes the North-Rhine Westphalia
(NRW) German province and only the city Aachen is on
the borders with Belgium and Netherlands. The Lidar Data
are available for free due to some recent legislation. The
German data require more pre-processing procedure and the
files have been provided as it is mentioned before in ASCII
XYZ format NRW (2017). There are many files for the same
region because of the classification, for example there are
different files for the different classes (Buildings, Bridge,
Water). These files must be merged into one common file
for each tile (Isenburg, 2017). For our study area only 150
were useful and inside the area of the Aachen city. Beyond
the different types of classification that is mentioned there
is also classification about the return types of the points and
some synthetic points. The synthetic points are created by
the land survey to provide an accurate surface description
in areas with low density of the point cloud. Because our
project is working with the DSM only the last return points
are taking into account (Isenburg, 2017).

In contrast to Netherlands and German data, the Belgium
region of Wallonia provide their data in GeoTiff. the data
were not available for free and have to be requested after a
time consuming procedure. A procedure is followed in order

to convert the data from GeoTiff to LAZ format. First the
cells with no elevation data have been assigned as No Data
and then with Geospatial Data Abstraction GDAL library
transform the raster files to vector format. Then using lastools
a conversion from the XYZ files to Las files is done.

B. Processing

The goal of this research is to find a global solution in
combining datasets from different origins and with different
CRSs. Using a standard map projection to achieve this, will
give high distortions, which are different at the equator and
the poles. On top of that, it will display the surface of the
Earth as flat, while it in fact is curved. There are mainly two
ways to describe a position that is related to Earth, apart from
these projections: the Cartesian Coordinate System or the
Geodetic Coordinate System, also referred to as Curvilinear
Coordinate System. The first one is mainly used by satellites
to measure locations on the Earth (Featherstone and Vanicek,
1998). It has some disadvantages in terms of storing a point
that is on the Earth’s surface, which takes at least 7 digits
for each coordinate if stored in meter-resolution. The second
system is more widely used, it represents the surface of the
earth through an ellipsoid using ¢ as the geocentric latitude,
A as the longitude, and h as the height above the ellipsoid
(Marel, 2016). It is difficult to represent ¢ and A coordinates
in a digital viewer, since these viewers are mostly based
on a Cartesian system. Therefore the ellipsoid has to be
approximated by planar surfaces.

A Discrete Global Grid System (DGGS) is a spatial
reference that uses a hierarchical tessellation of faces to dis-
cretized the earth (Amiri et al., 2015). Therefore, a Geodesic
DGGS is considered as a sequence of discrete grids that are
consisted of grids of finer resolution (Sahr et al., 2003). It
can be constructed by defining 4 parameters. Firstly, a 3D
shape with planar faces needs to be defined to approximate
the earth. This polyhedron (vertices, edges and faces) needs
to have a fixed orientation in relation to the earth’s surface
(PYXIS, 2006). This polyhedron needs to be subdivided into
smaller planar polygons, that make up a (multi-resolution)
discrete grid. Lastly, a method to transform the planar faces
to coordinates on the earth and a way to assign points to
each cell is needed.

In this case study, the icosahedron is chosen to be the best
polyhedron. It has less distortions than the other polyhedrons,
because the size of the faces of a icosahedron is lower. The
only exception is a dodecahedron, that is subdivided into
5 isosceles triangles, but there is no possible refinement to
get a greater resolution in this dodecahedron (Amiri et al.,
2015). The orientation that serves the use case best is the
projection Sahr et al. (2003) describes, which has all but
one vertex in sea. It is chosen above the orientation of Fuller,
which has all its vertices in sea, because it has a symmetry
axis on the equator. As a further subdivision, hexagons are
most suitable as cells. These quantize the plane with the
smallest error, provide the greatest angular resolution and
have uniform adjacency: a hexagon is on the same distance
with all its 6 neighbours and shares an edge with each.



The disadvantage is that a hexagon is not congruent in
subdivision, and therefore it is troulbesome to use multi-
resolution, although with further processing this is possible.
OGC described that the inverse projection of the hexagons
must have the property that it preserves area. The Snyder
Equal Area projection serves the DGGS best as inverse map
projection, on top of the Equidistant Dymaxion projection of
Fuller. The result can be seen in Figure 3.

This ideal DGGS is constructed using DGGrid, a software
that has the capabilities to create the icosahedral grid with
the planar hexagonal topology and inversely project those
(hexagons) on the WGS84 datum. Since the case study is
a relatively small point cloud and since it is not in the
scope of the project to have a multi-resolution grid, only
one resolution was created. It happens to be resolution 14,
because this contains around 10.000 to 50.000 points per
hexagon. The output is a file with all hexagon centroids and
their position in WGS84 latitude/longitude coordinates and
a file with the boundary of the hexagons.

C. CRS Transformation

The DGGS has as input WGS84 data. Since WGS84 is
a standard datum that is applicable for the entire Earth, this
is the preferred system in which the point clouds can be
harmonized. The ETRS89 system is more applicable at the
specific study area, but the aim of this project is to find a
global solution. The need for a centimeter positional accuracy
is low, since the data itself is only of maximum 50 centimeter
(positional) accuracy. Therefore, as it defines a standard CRS
that is applicable to the entire Earth, WGS84 is the preferred
system.

A number of softwares is considered to use for the con-
version of data to this common system. Out of PCTRANS,
FME and PROJ 4, the latter is chosen as the best software
for this operation, considering the global usage and the
accuracy. It can work directly with LAS/LAZ formats and is

Fig. 3: DGGS that shows one resolution with hexagonal grid
cells.

implemented as a Python library (pyproj). It supports most
of the needed datum transformations without downloading
separate grid files and most of the GIS software packages
implemented it in their software.

When all points are in WGS84 latitude/longitude coordi-
nates, the point clouds can be clipped with the hexagons.
The output is a LAS-file with the country and the hexagon
ID in the name. As described in section II-B, visualizing data
in WGS84 is rather difficult to do. Therefore the hexagons
are used to construct a local coordinate system for each
file. The ¢ and A of the centroid, together with the X,Y,Z
ECEF coordinates of the same point are used to construct
a transformation to get to this local CRS (see Eq. 4a, Eq.
4b). It will store the point in Cartesian coordinates, with the
hexagon centroid as origin and the plane of the hexagon as
ground plane. To visualize the point cloud data, the ground
plane can be multiplied by the hexagon rotation and the shift
of the centroid can be added again.

III. DATA ANALYSIS

After having converted the horizontal CRSs of the distinct
datasets into geographic coordinates (latitude and longitude))
and their vertical CRSs to ellipsoidal height on the WGS84
ellipsoid, some areas appeared in which two or all three
of the datasets overlap. These areas are analyzed for any
discrepancies in the X, Y, Z coordinate values.

In order to get a first impression regarding the discrepan-
cies of the data in the 3rd (Z) dimension, the point cloud
datasets are converted to raster Digital Elevation Models
(DEM’s) and then the WGS84 heights are classified in 8
classes, almost all of which are equal interval (see Figure
5). If there were no (or minor) differences in the heights of
the overlapping areas between the datasets and if the point
clouds from the different countries were perfectly aligned,
then there should not be such abrupt changes at the point
cloud boundaries. However, this is not true in this figure,
e.g. there is a sudden change in elevation value from the
range 161-200 meters to the range 201-240 meters at the
Dutch-German border.

Now, to compare and contrast the datasets with one an-
other, their overlapping areas need to be delineated. A simple
Minus operation can be performed to subtract one DEM
from another DEM on a cell-by-cell basis. This operation is
performed for each of the countries: Netherlands-Germany,
Netherlands-Belgium, Germany-Belgium.

Figure 7a shows the German DEM subtracted from the
Dutch DEM. Both DEM’s were generated using an interpo-
lation of the Z-values in the point cloud datasets. This area

(a) shift

(b) rotation



Fig. 5: Input map.

falls almost entirely within the extent of the Netherlands. The
difference that is displayed, is almost everywhere approxi-
mately 45-46 meters. This is because Proj.4 did not take the
conversion of the German vertical CRS into account. This
conversion in vertical CRS is related to a concept known as
a quasi-geoid. The quasi-geoid that is used in the German
dataset is the DHHNO92, one of the many realizations.

The German Federal Agency for Cartography and
Geodesy (FACG) provides a free service to compute quasi-
geoidal heights in DHHN2016, a system that differs only a
few centimeters in height from DHHNO92. Another online
service provides the differences between DHHN2016 and
DHHNO92, so this could be taken into account. Doing this for
a whole dataset, is not free of charge. Therefore, a sample
set of 40 points at random locations is used. The method
cannot be used directly, because the service only provides
conversion from geoid hieght to quasi-geoid height and not
the other way around, and therefore some iterations need to
be made. The result is a set of 40 points that are corrected
on the quasi-geoid of Germany. It can be used to interpolate
the German dataset and this result is shown in Figure 7b.
The majority of the points have an error that is less than one
meters, except for some outliers. This is quantified in Figure
12 in the Appendix.

Figure 7 shows the deviation between the Dutch and the
Belgium dataset. Unlike the previous study, the error is
not systematic and ranges from -10 to +68 meters. Almost
all values between -10 and 15 meters actually fall in the
range of -3 to +3 meters. The datasets deviate the most
from one another in the southern portions of the overlapping

(a)

(b)

Fig. 6: Differences Netherlands and Germany before and
after quasi-geoid correction.

area, where differences in the elevation values can reach the
highest.

To explain the data difference, firstly the datasets are
compared to their benchmarks. The Netherlands provides
Normaal Amsterdams Peil (NAP) benchmark points, that
have been surveyed with respect to their X, Y, and Z RD-
NAP coordinates. These all fall within the Dutch border. A
deviation can be found of 0 - 1.75 meters, which is not
enough to explain the differences of +68 meters.

The same is done with the Belgian NGI Geodetic Bench-
marks and the Belgian dataset. Equivalent to the Dutch data,
the benchmarks only exist within the Belgian border. The
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Fig. 7: Netherlands minus Belgium before and after error
removal.

deviation that is found, is no more than in between -1 and
+1 meters, which means neither of the datasets are wrong
within the border of their own country.

As the overlapping area of the two datasets is almost
entirely within the territorial extents of the Netherlands, this
provides a strong reason to state that the accuracy of the
Belgian dataset becomes poorer in this region. This can be
illustrated by using a NAP benchmark that is converted to
the Belgian datum (Ostend Height). Converting a benchmark
with ID 062Do117, which is at (195.550;308.640;275,203) in
RD/NAP coordinates, returns 276.62 meters with Proj.4 and
277.56 with PCTRANS. While they are close to each other,
they are not close at all to the value contained in the GeoTIFF
file of Belgium (255 meters). With some more research it can
be found that all values that are not resembling the Dutch
dataset at all, are of value 255.

(a)

(®)

Fig. 8: Differences Germany and Belgium before and after
quasi-geoid correction and error removal.

With a first glance at figure 8a, one can see that the datasets
of Belgium and Germany do not align at all. About half of
the German data is more than 42 meters below the Belgian.
The remainder is spread equally between -42 and 42 meters
below/above the Belgian data. Using our prior knowledge
from the previous comparisons, an assumption can be made
about the differences in datasets. The German data needs
to be corrected on its quasi-geoid and the Belgian data has
some incorrect values, that are detected quite easily because
they are of value 255.

Using the same method as described in the part related
to the differences between the German and Dutch dataset,
a file that has a correction of the German quasi-geoid is
constructed. The remaining deviation is between -4 and 90
meters. The areas where the Belgian dataset has values of
255 meters are almost identical to the areas of maximum
deviations between the two datasets. Thus it can be con-



cluded that there is a strong belief that this is the cause of
the remaining discrepancies between the two datasets.

IV. DATA VISUALIZATION

The end product for the GEOloc project is to establish an
open point cloud web viewer containing harmonized datasets
of our three countries. The are several options and tools
to use in order to visualize our data (Potree, Cesium and
Three.js). Because our point cloud data is very small about
10.000-50000 points per hexagon the most appropriate for
our case is Three.js. Three.js creates a simple 3D environ-
ment using Javascipt library can also handle many files at
once and the processing time is not much (Ltd, 2016). It
gives accessibility to many users and it can be supported by
many browsers. Three.js is an open source library that can
simplifies the WebGL tools and environment (Ltd, 2016).
To initialize making a 3D visualization first the scene, the
camera must be set. Also some external libraries must be
defined to be able to use some functions for making our
wed viewer. Our main input are the files with the hexagons
and the points inside and also the transformation parameters
for each hexagon. The files contain the points in local
coordinates and by applying the transformation parameters
for each hexagon we transform on the fly from local to
ECEF system to be able to visualize the hexagons and
display them in their initial place. About the interface it is
made user-friendly with some basic information displayed.
While clicking on a point on the canvas the coordinates
on WGS’84 are displayed to the user transforming again
on the fly. This is because The hexagons with the points
from the three countries could be seen. Each country is
represented in different color (Belgium:Red, Netherlands:
Green, Germany: Blue) in order to understand the boundaries
and the overlapping areas between the countries are also
represented them with the combined colors as it could be
seen in the Figure 9 below.

Fig. 9: Final interface of the Web Viewer

V. CONCLUSIONS

The general objective of this project is to research the
harmonization of different point cloud datasets that connect
and overlap at a common geographic area and to visualize
the integrated data in a web viewer. The research question

specified for the research was answered based on various
GIS techniques and an extensive literature study.

During the data collection, several differences in the ac-
quired point cloud data appeared, such as the data accuracy,
file formats, and different CRSs. Therefore, the datasets had
to be filtered to allow for the CRS transformation in a later
step.

The main challenge of the scientific research in this project
was the determination of an ideal CRS for different point
cloud datasets. The Geodetic Coordinate System was chosen
as a common CRS, as it represents the Earth’s surface using
the simplest rotational shapes that match the true the Earth.
However, this CRS is not very suitable for spatial analyses
and data visualization in web viewers. In order to store the
point cloud data efficiently and to be able to visualize the
datasets in a web viewer, a DGGS was used as a spatial
reference for dividing the Earth in a multitude of small
regions. The DGGS was generated by specifying the design
parameters (polyhedron, cell type, polyhedron orientation,
and inverse map projection) in the DGGRID software.

After having defined an ideal CRS for the point cloud
data, the CRS of the distinct datasets was converted into the
new CRS. The point clouds were clipped with the hexagons
and these were used to construct a local CRS for each file
in order to reduce data storage.

Key part of the research was the analysis of any height
discrepancies in the overlapping areas. There are mainly
two reasons for the height differences between the three
datasets. Germany uses the quasigeoid as vertical CRS that
was not taken into account by the software used for the CRS
transformation (Proj.4). This was solved by computing the
quasigeoid for a sample of 40 points using an online service
provided for that. As to Belgium, it can be concluded that
the Belgian dataset deteriorates significantly in accuracy in
the overlapping area, as this area is almost entirely within
the territorial extents of the Netherlands.

As a result of the point cloud harmonization, a web viewer
was created to allow for visualization of the integrated data.
Three.js was used due to the variety of options it offers for
visualizing 3D objects. In order to be able to display the
point cloud data, the latitude and longitude and the centroid
of the hexagons along with the X,Y,Z ECEF coordinates
of the same point were used to construct transformation
and rotation matrices to get to the local CRS. Then, the
translation and rotation matrix was applied to each hexagon
so that it can be shown at the correct place in the viewer.

VI. FURTHER RECOMMENDATIONS

As expected, several essential issues should be considered
for advancement in terms of the DGGS and web viewer. In
order to make the research applicable in a global scale, the
following recommendations for the DGGS generation are
provided:

e Hexagonal grids. Further research is necessary to find
out how the icosahedron grids are actually created in



terms of the equations used, computing limitations,
accuracy, etc.

o Inverse map projection. ISEA was used, but it has the
disadvantage that it produces changes in the directions
(Furuti, 2015), which are visible as breaks in the
lines connecting vertex to face centers. Therefore, other
possible equal area projections need to be found.

e Indexing. A hierarchical indexing method for the
hexagonal grids should be developed, as a single
resolution is not sufficient to constitute a DGGS
(Stroble, 2016).

Three.js uses a JavaScript library and offers a wide range
of functionalities to visualize 3D objects and process point
cloud data. However, there are several recommendations to
improve the performance of the web viewer in the future:

o Interactive. The web viewer could be made more user-
friendly by adding various options like turning on/off
layers according to the area or country that the user
wants to examine.

e Analysis tools. It would also be useful to add some
tools on the interface that allow the user to calculate
the distance and give some statistics about the input
data, such as the quality and the density of the point
cloud.

e Open data. In order to make the web viewer truly open,
download and upload functions could be added so that
the users are able to work with the data.

APPENDIX

Fig. 10: Histogram Netherlands minus Belgium
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INTRODUCTION

This report provides an overview of the GEOloc project as part of the Geo-
matics Synthesis Project (GSP) 2017. The general scope of the project is the
accessibility, interoperability, and quality of different point cloud datasets.
The project combines scientific research with practical work. In this way, the
students have the opportunity to combine the skills gained in the following
courses as part of the Master’s programme Geomatics for the Built Envi-
ronment:

e Geographical Information Systems (GIS) and Cartography
e Positioning and Location Awareness

o Sensing Technologies for the Built Environment

o Geo Datasets and Quality

e Geo Database Management Systems

e Python Programming for Geomatics

o Geoweb Technology

¢ Geo-information Organization and Legislation

The aforementioned courses covered several aspects of the project’s scope.
The GIS and Cartography course gave a solid basis to the students of how
to use GIS in order for solving real-world problems. Moreover, the course
encompassed basic concepts of cartography for visualizing spatial data on
maps efficiently and explained the different CRSs, projections, and trans-
formations. In addition, the Positioning and Location Awareness course
expanded the gained knowledge about the CRSs by giving more practi-
cal experience in performing re-projections and transformations. The Sens-
ing Technologies course provided essential theoretical knowledge of data
acquisition methods including Light Detection and Ranging (LIDAR) tech-
niques to obtain point cloud data, which is directly connected to the GEOloc
project.

The Geo Datasets and Quality course was useful for the project with re-
spect to the assessment of the quality of spatial datasets using several statis-
tical methods (e.g. systematic errors) and their harmonization. One of the
topics in the Geo Database Management Systems course was storing point
cloud data in an efficient way using spatial indexing and clustering, which
was necessary within the scope of the GEOloc project. Python programming
skills were applied for the conversion of the coordinates to another system,
and for the creation of rotation and translation matrices of the points in the
point cloud datasets that were used for the data storage and visualization.
The content of the Geoweb Technology course was invaluable, as it covered
the basics of front-end programming with HTML, CSS, and JavaScript. This
knowledge was used for creating the web viewer.

The Geo-Information Organization and Legislation class was relevant for
the project in terms of finding open data from the three countries bordering



the TCP. Furthermore, the web viewer of the integrated point cloud datasets
was developed as open data so that everyone can access it without any
restrictions.

1.1 PROBLEM DEFINITION

Point cloud datasets, usually acquired using LIDAR techniques, are becom-
ing increasingly popular nowadays. Different countries have acquired their
own national point cloud datasets and many have made them available as
open data. These datasets are usually immense with respect to size, and
need to be stored efficiently. Although a significant amount of research
has been done on point cloud data management solutions, the research on
the subject of harmonizing point cloud datasets of different countries and
making them interoperable is very limited. The datasets originate from dif-
ferent sources and have different properties, such as CRSs and data quality.
As more and more point cloud datasets become available, there is an ever
growing need to make them accessible to end users through the Internet.

This research seeks to address the problem of combining different datasets
that connect and overlap at a common geographic area into a unified point
cloud dataset. As a use case, the Three-Country Point (TCP) where Ger-
many, Belgium, and the Netherlands share a border will be evaluated. The
challenges in this task are researched and solutions are provided. The end
product would be an open point cloud data viewer in which the harmonized
datasets of the case study countries are visualized, i.e. the CRS differences
have been resolved and the datasets “line up” with each other.

The harmonization of the point cloud data of different origins implies the
two big parts on which the project is focused:

a) The development of a method that allows for integration, easier and
quicker access than the existing solutions, processing and visualization
of massive point clouds from different sources.

b) The analysis of the point clouds in the overlapping areas of the three
countries that aims to explain the possible differences - and if feasible
- to harmonize (minimize) them.

1.2 RESEARCH OBJECTIVES

The main goal of this project is to research the problems, challenges, and po-
tential solutions involved in the process of harmonizing point cloud datasets
of different origins. Consequently, the integrated point cloud data will be
incorporated in a web viewer which allows for visualization and/or anal-
ysis, something similar to an “Open Street Map for Point Clouds”. Using
appropriate methods, the following research question will be answered:

How can differences between point cloud datasets of various origins that
connect and overlap at a common geographic area be harmonized to allow
for data interoperability between these varying datasets?



Each country of the case study had its own point cloud data hosted on
its own server. Therefore, it was necessary to analyze how to store the data
efficiently and how to incorporate the point cloud datasets in a web viewer
to allow for analysis. Hence, the main research question for this project is
composed of four sub-questions:

o How can point cloud datasets from different sources be combined?
o What is the ideal CRS for point cloud datasets?

o How can these point cloud datasets be stored efficiently?

o How can the differences in the overlapping areas be harmonized?

The project covers a broad research scope, the majority of which is derived
from the requirements set forth by the main client - Fugro GeoServices B.V.
Fugro is a global leader in offshore survey, offshore geotechnical and seabed
(subsea) geophysical services. The end product, the open point cloud viewer,
should meet the requirements of the main client regarding its look and func-
tionality. Ultimately, the web viewer will be provided by Fugro to its clients.
A flowchart of the project’s workflow is shown in Appendix F.

1.3 RELATED WORK

There is very little written about point cloud harmonization, regarding dif-
ferent CRSs. Much more is written about both subjects separately. Budge
and Niederhausern (2011) did research about combining point clouds with
low-cost GPS/IMU Systems.

There has been much research on the subject of CRSs and coordinate
transformations. A good overview of different kind of reference systems
and transformations is made by Marel (2016).

Ultimately a Discrete Global Grid System (DGGS) will be used in the
project. This will be explained in detail in Section 2.2. The idea of a DGGS
is around there of quite some time. One of the first researches is made by
Dutton (1996), that wrote about a specific DGGS: O-QTM (an Octahedral
Quaternal Triangulated Mesh). A few years later, Amiri et al. (2015) gave a
more holistic approach. They compared multiple ways to design a DGGS
and explained the advantages and disadvantages of each way. OGC set up
some requirements that a DGGS has to take into account (Purrs, 2015, Strobl
et al., 2016).

There are already several point cloud web viewers. For instance, the
AHNZ2 viewer shows the whole AHN2 dataset of the Netherlands. However,
this dataset is still in the RD-system, since this is the coordinate reference
system the data is acquired in.

1.4 REQUIREMENTS ANALYSIS

After having defined the main objectives of the project, it is necessary to de-
termine the conditions and needs that must be met by an end product based
on the requirements of the involved stakeholders. The project is carried out



in a team of five students and involves stakeholders from both TU Delft and
Fugro.

1.4.1  Key Requirements

Although there are various types of requirements, some important ones are
the functional and non-functional requirements and boundary conditions
(Mochal, 2007). The functional requirements identify the necessary task,
action or activity that must be accomplished for the project to run success-
fully and the non-functional requirements specify the criteria for assessing
the outcome. The boundary statements help to separate the things that are
applicable to the project from those outside its scope. One of the simplest
methods for identifying boundary conditions is answering the five "W"s
along with “How” (Product & Process Innovation, 2017).

e Functional requirements:
o Accuracy assessment
o Data collection
o Data pre-processing
o CRS determination
o CRS transformation
o Selection of a web viewer for visualization

e Non-functional requirements:
o Datasets harmonization
o Quality of the integrated dataset
o Usability of the web viewer and visualization method
o Setting different colors for countries to distinguish the point clouds
o Scalable solution, applicable to other case studies

e Boundary conditions:
o what: web viewer of the harmonized point cloud datasets
o who: Fugro and its clients as primary customers/stakeholders
o when: 24/04/2017 - 30/06/2017 (10 weeks)
o where: mainly at TU Delft; several meetings at Fugro’s office
o why: accessibility to the leading spatial datasets
o how: scientific research, time, web rendering software knowledge

1.42 MoSCoW Rules

The MoSCoW method is a task planning and prioritization technique used
in project management to classify the tasks of a project into those that
"must”, “should”, “could”, and “won’t” be performed. This allows the
project performers to reach a common understanding with stakeholders on
the delivery of each requirement (Miranda, 2011). The relevant MoSCoW
tasks for the scope of the GEOloc project are listed in Table 1.1.

To meet the key requirements of the client, the GEOloc team keeps in
contact with the stakeholders and other experts and conducts interactive
discussions with the supervisors throughout the research.



Must Should

Harmonize the data of different point cloud datasets. Use efficient spatial clustering techniques to store massive point clouds

Determine an ideal common CRS for point cloud visualization on web Compare the suitability of the CRS transformation software programs.

Incorporate the point cloud dataset in a web viewer for analysis and Assess the quality of the input and output data.
better understanding of the CRS parameters.

Could Won't
Have extra attributes than the X,Y,Z coordinates. Research versioning and archiving of point cloud data in the database.

Compare and determine an ideal database management system (DBMS). | Research multi-user access and security issues in the database.
Find solutions for filling gaps between different point cloud datasets. Build a web viewer.
Create switch on/off point cloud datasets functionality based on country] Classify points that do not have classification.

Create download functionality in the web viewer.

Table 1.1: MoSCoW Rules.

1.5 RISK MANAGEMENT

Risk assessment is an essential part of each project, as it helps for the iden-
tification of risks and their impact on the project. Risk can be defined as
any uncertainty that, if it occurs, would have a direct effect on the project
objectives and functioning. In that sense, risk includes both threats to the
project success and opportunities for improvement (PMI, 2000).

Project risk management is usually associated with the development and
evaluation of alternative plans that support plans of the project activities
(Chapman and Ward, 2003). Risk management planning consists of risk
identification, analysis, and response (PMI, 2000).

First, the risks that occurred in the GEOloc project were identified and
divided into technical and organizational risks, which in turn could be in-
fluenced by internal and external factors. After having analyzed the uncer-
tainties in the project, specific actions were determined to reduce any threats
to the project objectives (see Table 1.2).

The internal risks refer to the tasks that need to be accomplished by the
GEOloc team to meet the client’s requirements and the organization be-
tween the team members. For instance, the team has to find a way to
deal with any problems that may occur in the data filtering and/or CRS
transformation process. Moreover, the team members need to have a good
communication to allow for the project to run smoothly.

The external risks are determined from many factors outside the team,
and thus, these are more difficult to control. In case of the GEOloc project,
the availability of the point cloud datasets and their quality are external
issues that can influence the success of the project directly. Furthermore,
the cooperation between academic and professional stakeholders depends
mainly on the availability of both bodies in the period when the project is
running.



Risks

Solutions

Technical

Internal

Data filtering

Using a DTM instead of a DSM to reduce
additional filtering

Using the existing classification of the
German point cloud dataset

CRS transformation

Comparing the datasets and researching
about ways to reduce the distortions

Data visualization

Selecting a web viewer that uses a
JavaScript library which is familiar to the

team members

External

Data availability

Contacting the institutions responsible for
the point cloud data in the given country/
province

Data quality

Conducting own research on the guality
of the acquired data
Contacting some experts responsible for

the point cloud datasets

Software usage

Selecting software programmes that the
team members are familiar with and can

Organizational

Internal

Communication

Giving weekly update to the team leader
and other team members

Working in smaller groups of 2-3 people

Team meetings

Organizing weekly meetings including
more discussion on the work flow

External

Involvement of Fugro in the project

Meeting the specified requirements to
their full extent

Cooperation between academic and
professional stakehalders

Arranging meetings with the mentors
from the TU Delft and from Fugro

Table 1.2: Risk management of the GEOloc project.




2 METHODOLOGY

2.1 DATA PRE-PROCESSING

2.1.1  Data Collection

Within the scope of the GEOloc project, point cloud data have been collected
from the three countries bordering the TCP: the Netherlands, Germany, and
Belgium. During the data collection process many differences between the
datasets with respect to the file format and CRS have been found. The
Netherlands provides its data as LAZ (compressed LAS) files, whereas the
German point cloud dataset is an XYZ-file and the Belgian one a GeoTIFF
raster.

A common feature of the countries is that they all provide their point
cloud data as either a Digital Surface Model (DSM) or a Digital Terrain
Model (DTM). A DTM represents the bare-ground, and does not include
any above-ground objects such as buildings or vegetation, whereas a DSM
includes the above-ground features. Using a DSM could be advantageous,
because it provides more detailed information about the real world. Build-
ings could be used to find certain spatial errors between different countries.
However, as the positional accuracy of the Belgian dataset is only 1 m, it is
questionable if those spatial errors can really be found. Furthermore, the
DSM is unfiltered in all cases, while the DTM is filtered for all three coun-
tries. Filtering a DSM to remove outliers (points with excessively high or
low elevation values) is a challenging task in itself and is outside the scope
of this project. Therefore, a DTM is more suitable for the point cloud har-
monization.

The case study countries use different CRSs, which is another challenge
in the GEOloc project. An overview of the accuracy and formats of the three
datasets as well as the distinct CRSs can be found in Table 2.1.

The CRSs of the point cloud datasets are provided along with their EPSG
codes. In the case of all three countries, the datasets used a separate hori-
zontal CRS and a separate vertical CRS. Furthermore, the datums that the
datasets are based upon are all different. A datum is a set of reference
points from which surveys and measurements can be made (NOAA, 2017).
Datums act as starting points for carrying out surveys and measurements.
The presence of multiple datums means that datum transformations will
need to be performed while reprojecting the datasets into a common CRS.
Usually, most GIS or geodetic software programs are able to perform trans-
formations between all kinds of datums and CRSs (Vanicek et al., 2012).



| Netherlands Germany Belgium
Data Accuracy
Position Accuracy (m) <0.5 0.5 1
Height Accuracy (m 0.1 0.2 0.12
Point Density {pt/m2) 6-10 1-4 1
Format LAZ XYZ GeoTIFF
Coordinate Reference Systems
Compound CRS EP5G:7415 EP5G:5555 EPSG: 6190
EP5G:28992 EP5G:25832 EPSG:31370
Horizontal CRS (Amersfoort/RD New) (ETRS83/UTM Zone 32) (Belgian Lambert 72)
Datum: Amersfoort Datum: ETRS89 Datum: Reseau National Belge 1972
EPSG:5709 EPSG:5783 EP5G:5710
vertical NAP Height DHHN92 Height Ostend Height
Datum: Normaal Datum: Deutsches Datum: Ostend
Amsterdams Peil (NAP) Haupthéhennetz 1992

Table 2.1: Data Accuracy and Coordinate Reference Systems

The Netherlands

The Dutch government organisation Rijkswaterstaat created together with
"de Waterschappen’ the AHN (Actueel Hoogtebestand Nederland) dataset. The
data was primarily used for water management. The first version (AHN)
was made between 1996-2003 and had a point cloud with a density of about
1 point per 16 m2. The second AHN point cloud is more dense and has
been available since 2012/2013. The density is between 6 and 10 pt/m?
(Zon, 2013). There is an even denser point cloud that is being captured,
called AHN3. It has classifications, but is not yet available for the TCP area
(see Figure 2.1). Therefore, the AHN2 point cloud is used in this study.

Figure 2.1: Data availability of AHN3

As can be seen in Table 2.1, the horizontal accuracy of the Dutch dataset
is 0.5 meters or better and the vertical accuracy is at least 0.1 meters. 5
centimeters are systematic and 5 centimeters are stochastic errors. The CRS
of the dataset is in EPSG:7415. This is a combined system, with its horizontal
coordinates in Amersfoort / RD New (EPSG:28992) and elevation in Normaal
Amsterdams Peil a.k.a. NAP (EPSG:5709) (PDOK, 2012).

Germany

Contrary to the Dutch AHN2 dataset, most of the German point cloud
data is not provided as open data. The federation of North Rhine West-



phalia (NRW) however, provides both its DTM and DSM as downloadable
ASCII XYZ-files. Those are provided in EPSG:5555, which combines the
2-dimensional UTM coordinate system on the ETRS89 datum with the Ger-
man height values above sea-level, based upon the NHN (Normalhohennull)
system.

According to NRW (2017), the data has an accuracy of 0.5 meters in the
horizontal direction and an accuracy of 0.2 meters in the vertical direction.
The specification does not provide a division into what are systematic or
stochastic errors. The resolution is 1-4 points per meter squared and the
DTM has not been post-processed (further explained in Section 2.1.2) .

Belgium

The data of Wallonia has to be requested in order to obtain access to it. It
uses EPSG 6190, a compound CRS consisting of the Belgian Lambert 72
horizontal CRS with the Ostend height (EPSG: 5710) as vertical system. The
position accuracy is 1 meter, while the height accuracy is 12 centimeters. The
point density is the same as that for the German dataset (1 pt/m?), but it has
already been processed and is delivered in GeoTIFF format. Therefore this
dataset is in the form of a raster grid file, in contrast to the data of Germany
and the Netherlands.

2.1.2 Data Filtering

To be able to work with the point cloud data of the three countries, several
pre-processing steps had to be applied to the datasets to prepare them for
the coordinate conversion. Firstly, as the particular use-case of this research
is the TCP, where the borders of the three countries meet, a small study area
containing the TCP and extending into the interiors of the three countries
was outlined. Point cloud datasets were acquired for the regions of the
countries overlapping the study area, and if their extent fell outside the
study area bounds, then the datasets were clipped to the study area. Figure
2.2 below provides an outline of the study area chosen for the research.

The sequence of steps followed to pre-process the point cloud data are
described in detail below, separately for each country. For most of the data
processing, the LAStools suite of tools for LIDAR data processing available
from www.rapidlasso.com was utilized. LAStools was chosen due to the
wide range of tools available for working with point cloud data, low mem-
ory requirements, and generally fast speeds.

The Netherlands

Point cloud data in the LAZ (laz) format was acquired from the Dutch
PDOK geoportal for the part of the study area that falls within the Nether-
lands. LAS (las) is a public file format allowing for the interchange of
3-dimensional point cloud data between users, and created by the Ameri-
can Society For Photogrammetry and Remote Sensing (ASPRS). A binary
file format, it provides a simple yet comprehensive support for the storage
of (usually) LIDAR point cloud data in a standardized and exchangeable
format. Its lossless compressed twin is the LAZ format. Two tiles from the
AHNZ2 dataset were acquired, numbered “g69gn2" and “g6bghn1” according


www.rapidlasso.com

Figure 2.2: The boundary of the study area of the research, containing the TCP

to the AHN2 tile numbering scheme. As the DSM dataset has not been fil-
tered, it contains many points with excessively high elevation values that
have not been removed yet. Using the DSM data as an input into the coordi-
nate conversion could later result in problems, as these outliers would also
get transformed. The outliers are essentially ‘noise” in the data, and need to
be removed. Therefore, the DTM dataset was chosen over the DSM dataset
precisely because it has already been filtered from outliers, and outlier re-
moval was judged to be outside the scope of the research.

The LAZ files downloaded from PDOK had missing spatial reference in-
formation. This could be seen with a simple call to lasinfo, a command that
reports the contents of the header of a LAZ file (that contains the spatial
reference information, if there is any). As no coordinate system or map pro-
jection information could be seen, the datasets were ‘stamped’ with their
proper spatial reference; the laszlas command can be used to assign the
proper horizontal coordinate system and vertical units of measure to the
dataset. The horizontal coordinate system assigned is the Rijksdriehoekss-
telsel - New (EPSG: 28992), with vertical units of measure of meters.

All of the LAStools functions can be run from the Command Prompt,
allowing for fast processing on LAS/LAZ format data. Then, as the datasets
covered large areas on the map, they were subdivided into smaller, more-
manageable tiles. A tile size of 1000 meter was used to subdivide the bigger
LAZ files (with projection information) into smaller tiles using the lastile
command. For the Netherlands, this resulted in a total of 29 tiles of 1000
m X 1000 m each. Finally, the lassort command can be used to re-order
the points inside each LAZ tile according to a space-filling curve such as a
Z-order curve. A Z-order curve maps an n-dimensional dataset into a one-
dimensional structure, so that points close together spatially are also stored
closer together in memory. This is a utilization of the technique of clustering-
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storing objects close together which are also often selected together, because
they are nearby in space. Before running lassort, the points were stored in
the LAZ files with no inherent order; lassort rearranges these points into a
1-dimensional data structure (defined by a Z-order space filling curve) that
could later be used for storage and searching. Sorting the points in the files
this way allows for rapid further processing.

Finally, it is unknown whether there are any duplicate points in the LAZ
files. This refers to points with the same X, Y, and Z coordinates. It is
wise, therefore, to check and rectify such situations using the lasduplicate
command with the “unique_xyz” option. This will remove any duplicate
points wherever found.

The above pre-processing steps have resulted in a set of tiles that are clean,
have the correct projection information, and sorted. They are now ready to
be utilized as input into the coordinate conversion.

Germany

The German province of North-Rhine Westphalia (NRW) has become the
first province to offer download links for hundreds of gigabytes of open
LIDAR data. Due to some recent “freedom of information” legislation, it’s
open data organization - OpenNRW - made its LIDAR data available with
an extremely permissible license. This is extremely valuable for this re-
search, as NRW is the only German province that borders the TCP.

In comparison with the available point cloud data of the Netherlands, the
German point cloud datasets required a lot more pre-processing. They have
been provided in ASCII XYZ (.xyz) format as 1 kilometer X 1 kilometer tiles.
However, there is more than one tile for each square kilometer as the LI-
DAR points have been split into different tiles based on point classification
and return type. For example, there is a different file for each of the classes
“Building”, “Bridge”, or “Water” for the same 1 km X 1 km tile. There-
fore, these different files need to be merged into one common file for each
tile. Due to some issues mentioned below, this is not as straightforward as
merging the files for a tile into a common file (Isenburg, 2017b).

The city of Aachen, Germany, shares borders with both Belgium and the
Netherlands and touches the TCP. Therefore, only the XYZ files of this city
were downloaded. There were a total of 1,218 files for the city, out of which
less than 150 were useful as they fell inside the area of the city considered
relevant for the research. As each XYZ file represents a different class and
there are multiple XYZ files for each tile, in total these files cover 34 separate
tiles. The types of classifications and/or return types found for the points
falling into these tiles, along with brief descriptions of these classifications
are provided below; the names of the classifications are German acronyms:

e “Lpb” - the last return points classified as “ground”

e “Lpnb” - the last return points classified as “non-ground”

e “Lpub” - the last return “underground” points with very low elevation
e “Brk” - the points that reflected off of bridges

e “Ab” - synthetic points created under bridges

e “Ag” - synthetic points created under or beside buildings

e “Aw” - synthetic points created on water body surfaces

(K



All the points with “ab”, “Ag”, or “Aw” classifications are therefore “syn-
thetic points” that fill up ground areas that could not be reached by the
laser pulse from the LIDAR scanning device; the “a” stands for “ausgefiillt”
(German for “filled up”). These points were created by the land survey de-
partment that generated the LAZ files to replace LIDAR under bridges or
next to buildings, areas where the laser pulse could not reach (Isenburg,
2017b). The goal of creating synthetic points is to provide an accurate sur-
face depiction in these low point density areas, and to provide an uninter-
rupted transition in point density from surrounding reachable areas to these
inaccessible areas. The distinct classifications of points in the dataset are il-
lustrated in Figure 2.3 below, obtained from OpenNRW.

Figure 2.3: Information on point classifications and return type in the German LI-
DAR dataset, provided by OpenNRW. Points 12-19 are synthetic (or man-
ually surveyed) points that are located in areas that could not be reached
by the laser pulse. F = first return, L = last return. As ours is a DTM
dataset, there are no first returns (class “Fp”). This means that all pulses
have only a single return (a last return), as the German data contains no
intermediate returns.

The German LIDAR datasets contain either only a single return or two
returns (a first and a last return). However, since we are dealing with a bare-
Earth DTM, there are no first returns. There are only last returns. It is only
if we are dealing with a DSM that first returns also need to be incorporated.

To prepare the XYZ files for subsequent data processing, they need to be
compressed into smaller sizes. Furthermore, as the datasets do not contain
spatial reference information in their header, they need to be assigned this
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information. The laszip command was used to reduce the files to one-tenth
of their original sizes without any loss of information and save them as
LAZ files (Isenburg, 2017a). From now onwards, further operations would
be applied directly to the LAZ files. Also, the proper horizontal and verti-
cal coordinate system information was assigned to the LAZ files using this
command.

To visualize the boundaries of these tiles in Google Earth, the lasbound-
ary command was used to convert the boundaries into Keyhole Markup
Language (KML) (kml) files. KML provides an internationally standard-
ized XML-based format for encoding geographic data that can be consumed
by Internet maps and 3D visualization environments such as Google Earth.
Converting the boundaries of the tiles into KML allows for a quick glimpse
into the extent and characteristics of the surface of each tile.

Although separate files have been provided for each classification and re-
turn type of points, the points within each file have not been ‘stamped” with
their proper classification code. This was done as an extra precautionary
step, in case it would prove useful in the future when the data is loaded
into a web viewer. These classification codes have been predefined by AS-
PRS and can be found on the web (ESRI, 2017) . Furthermore, the synthetic
points created by the survey agency were assigned a synthetic flag; a clas-
sification flag allows an additional classification attribute to be assigned to
a point. The type of flag (synthetic) indicates that this point was created by
a means other than LIDAR collection. The las2las command can be used to
assign the correct classification code and classification flag to the points.

The classification codes assigned to the points of a respective class are:

e “Brk” - code 17 for “Bridge Deck”

e “Lpb” - code 2 for “Ground”

e “Lpnb” - code 1 for “Unassigned”

e “Brk” - code 7 for “Low Point”

e “Ab” - code 2 for “Ground”, and synthetic flag 1
e “Ag” - code 2 for “Ground”, and synthetic flag 1
e “Aw” - code g for “Water”, and synthetic flag 1

Now, each point within a file has the proper classification code and/or
flag assigned. The next step is to combine the different files for each tile into
a single file. Using lasmerge, these files were merged into a common LAZ file.
As each original file had the row and column number of the tile embedded
into its name, it was not difficult to merge the matching files for a tile into
one. Then, as an additional QA /QC check, the lasduplicate command with
the parameter “-unique_xyz” was used to remove any duplicate points -
points with the exact same X, y, and z values (if any). Next, lassort was used
to store the points in a spatially coherent manner, using a Z-order space-
filling curve. The output files were saved as LAZ files.

The German point cloud dataset contains five classifications; that is, each
point has been assigned one out of five classification codes: Bridge Deck
(17), Ground (2), Unassigned/Unclassified (1), Low Point (7), and Water (9).
Upon closer inspection of Figure 2.3 above, however, it can be seen that
points that are part of the ‘Unclassified” class can also fall on top of build-
ings, trees, or other above-ground objects. For example, points 2 and 11
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in the figure are located on top of a tree and building, respectively. These
cannot be considered as depicting the bare-Earth surface and hence should
be excluded from further processing. The “Unclassified” class in the ASPRS
LAS format has classification code 1. The laszlas tool within LAStools with
the * —drop_class 1’ parameter was used to remove points in this class from
the LAS files. Now, all of the points contained within the point cloud repre-
sent a DTM.

The above sequence of steps have resulted in LAZ files that are clean,
merged, sorted, and indexed. These files are now ready for the coordinate
conversion.

Belgium

In contrast to the Netherlands and the German province of NRW, the Bel-
gian region of Wallonia (which borders the TCP) does not provide any pub-
licly available LIDAR data in the form of LAS/LAZ files. However, the
Geoportal of Wallonia does provide a dataset in GeoTIFF (.tiff) or ESRI file
geodatabase (.gdb) formats that is a terrain model of Wallonia resulting
from acquisitions from LIDAR sensing carried out between December 12,
2012 and March 9, 2014. The dataset had to be requested, and after a time-
consuming process to acquire the data, it was received as a set of separate
GeoTIFF files covering the requested extent of coverage (the north-eastern
portion of Wallonia bordering the Netherlands and Germany). The Geo-
TIFF files have a one-meter resolution and already have the proper spatial
reference information assigned to them.

Even though LAS/LAZ files were not available for Wallonia, the GeoTIFF
files can be converted to LAZ format with a few steps. ESRI ArcGIS Desktop
10.3 was used to perform most of the subsequent processing of the data. The
first step is to merge the delivered rasters (tiles) into a single big raster; the
Mosaic to New Raster tool was used to create this raster. Then, a study area
polygon representing the extent of the GeoTIFF raster needed for Belgium
was digitized, and the mosaicked raster clipped to the extent of this study
area using the Clip tool. A side-effect of this process was that the cells of the
raster without any elevation values at all got assigned a value of o by default.
These values had to be reassigned as ‘NoData’ cells using the Reclassify tool.
Therefore, after running this tool, all cells having actual elevation values (;
0) in the input GeoTIFF files had a value, and all other cells had values of
‘NoData’. Next, to create an ASCII gridded XYZ (.xyz) file from this data,
the GDAL _translate tool was used. GDAL, the Geospatial Data Abstraction
Library, provides a suite of tools for transformation of raster and vector data
formats. GDAL_translate specifically can convert raster data to many other
formats. Finally, once an XYZ file has been created, it can be converted into
a LAZ file using the laszip command provided within LASTools.

There is no need to tile this file, since the number of points contained
within the file is relatively small and therefore the file has a very small size.
The above sequence of steps have resulted in a LAZ format file of resolution
1 meter spatial resolution that is now ready for the coordinate conversion.
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2.2 DEFINING AN IDEAL COORDINATE REFERENCE
SYSTEM (CRS)

The desire is to have an ideal CRS for point cloud dataset interoperability.
The last word indicates that the aim is to define a solution that could work
for sources stemming from different sources and for global scales. This is
also related with the method with which the point cloud datasets are ulti-
mately visualized. To do so, there are 2 options; either by using a Digital
Earth (Virtual Globe) or by using a flattened view of the Earth (i.e. projec-
tion).

2.2.1  Projection or Virtual Globe

There are mainly two different ways to describe a position that is related
to the Earth: the Cartesian Coordinate System or the Geodetic Coordinate
System, also referred to as the Curvilinear Coordinate System (Featherstone
and Vanicek, 1998) (see Figure 2.4). The 3D Cartesian Coordinate System
is mainly used by satellites to measure locations on the Earth. It has some
disadvantages: it measures positions in X, Y, and Z coordinates with its
origin at the center of the Earth if it is an Earth Centered, Earth Fixed (ECEF)
system. This results in large numbers that take up a lot of storage space. To
store one point on the surface of the Earth, it takes at most 7 digits for each
axis, without any decimal numbers, when storing coordinates in units of
meters. (Marel, 2016). Moreover, it is difficult to represent the height above
the geoid in a Cartesian Coordinate System.

In comparison, the Curvilinear Coordinate System has the capability to
communicate information about the surface of the Earth (height values),
which is important for point cloud data (3d information). It represents the
surface of the Earth using an ellipsoid, using ¢ as the geocentric latitude, A
as the longitude, and / as the height above the ellipsoid. There are no other
simple rotational shapes that match the true Earth better than an ellipsoid
and therefore it is the most common representation to describe points on
the Earth (Marel, 2016).

Figure 2.4: Cartesian Coordinate System and Geodetic Coordinate System

Doing spatial analysis on a sphere is very complicated. It is even more
complicated when using an ellipsoid (Marel, 2016). Since these kinds of
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operations take less time on a Cartesian (2D-)grid, a projection is used to ac-
quire Cartesian coordinates. There are different kind of projections. Marel
(2016) gives the most common (miscellaneous projections disregarded):

e Cylindrical map projections: This projection is constructed by wrap-
ping a cylinder around the Earth. An example is the well-known Mer-
cator projection.

e Conic map projections: A cone wrapped around the Earth.

e Azimuthal map projections: The Earth is projected on a plane tangent
to the Earth. An example is the Dutch RD Amersfoort projection, the
projection of the point cloud of the Netherlands.

Projections are acceptable for local scales, but not so for global scales since
the curvature becomes more significant. Projecting a map globally will re-
sult in large distortions. There are three types of distortions, of which a
projection has at least one. The projection can distort in area or scale, in
distance or in shape. A conformal projection preserves local angles. The
Mercator projection is an example of a conformal projection. An equal-area
projection preserves the area, but therefore distorts shape. An equidistant
projection preserves the distance, but can only achieve this in some direc-
tions (Marel, 2016).

This research is attempting to achieve a point cloud map on a global
scale. A Geodetic or Cartesian Coordinate System both have their advan-
tages and disadvantages. While geodetic systems do not have (projection)
distortions, they are hard to do spatial analysis on. On the other hand, pro-
jected (Cartesian) coordinates always have distortions in either shape, area
and/or distance. A DGGS deals with both problems. It uses the geodetic
system to divide the Earth in a multitude of small regions, which results in
having only small distortions in every area. The DGGS is explained in the
next paragraph.

2.2.2 Digital Earth Frameworks: Traditional and Geodesic Discrete Global
Grid Systems (DGGS)

The Digital Earth Frameworks can be divided in two categories; the tradi-
tional DGGS (see Figure 2.5) and the Geodesic DGGS, as named by Sahr
et al. (2003).

The traditional DGGS are already used by many applications, algorithms
and software. They use simple and efficient algorithms and they can make
use of ordinary data structures and visualization devices. Many users are
more familiar with these kind of representations (Sahr et al., 2003) instead
of the Geodesic DGGS. The traditional DGGS are based on latitude - lon-
gitude coordinate systems (Amiri et al., 2015) as they represent the Earth’s
surface using the meridians and parallels (Ottoson, 2001). Therefore, the
constructed grid subdivides the Earth in equal degree steps along latitude
and longitude. Thus, the cells in the grid of a traditional DGGS are not of
equal-area, which leads to the disadvantage that data analysis (Amiri et al.,
2015) and statistical analysis (Sahr et al., 2003) is rather complicated. Apart
from the cell distortions regarding the area, the shape and the distance be-
tween the cell centroids are getting larger as one moves from the equator to
the poles. In general, the angular and areal distortions are considered high
when implementing this global grid type (Amiri et al., 2015). In addition,
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Figure 2.5: Traditional DGGS - The surface of the Earth is divided by meridians and
parallels.

as can be seen in Figure 2.5 used by Ottoson (2001), on the poles the cells of
these kind of global grids become triangles. This has obliged many relevant
applications to use special grids for these regions. Lastly, even the adjusted
traditional DGGS that manage to achieve more regular cell region areas
have the disadvantage that the cell shapes are more irregular and finding
the neighboring cells constitutes a more composite procedure (Sahr et al,,
2003).

In comparison, a Geodesic DGGS is a spatial reference system that uses
a hierarchical tessellation of cells to partition and address the globe (Strobl
et al., 2016). Therefore, a Geodesic DGGS is considered as a sequence of
discrete grids that are consisted of grids of finer resolution (Sahr et al., 2003)
(see Figure 2.6). A grid of a single resolution is not considered to be a DGGS
(Strobl et al., 2016). Therefore, this is one of the advantages of the geodesic
over the traditional DGGS.

In addition, the grids of a DGGS are used to address the Earth’s surface,
(partly) by using inverse map projections (see Section 2.2.3); firstly the pla-
nar cells of the grid are created and then they are converted to spherical
or ellipsoidal surfaces. According to OGC (Strobl et al., 2016), a Geodesic
DGGS must use an ‘equal-area’ projection (i.e. areas of features are pre-
served). The reasons are that ‘equal-area’ cells ensure uniform data cover-
age in an area of interest (AOI), statistical analysis becomes efficient and this
also allows for interoperability when multiple sources have to be integrated.
This is due to the way data are projected on the planar grids. Namely,
the same transformation parameters are needed whether an area of interest
(AQI) lies in Amsterdam or in New York. Here comes a difference between
the Geodesic DGGS and the Universal Transverse Mercator (UTM) coordi-
nate system. Apart from the fact that UTM constitutes a projected reference
system (so it cannot be used to shape a Digital Earth as desired), it also
requires the specification of different parameters when an AOI is placed in
Europe and when in USA.

Due to the reasons described a DGGS constitutes a solution that allows
big data (such as point cloud) to be easy to access, store, sort, process, trans-
mit, integrate, visualize, analyze and model. On top of that, OGC is on the
way to standardize a common analytical framework for fusion and analysis
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Figure 2.6: Grids consisting of grids of finer resolution.

Figure 2.7: Possible polyhedrons to approximate the Earth’s surface.

using DGGS.

The comparison provided and the advantages of the Geodesic DGGS over
the traditional one, lead to the decision to choose a Geodesic DGGS as the
grid reference system for point cloud data representation. Especially, the
fact that they can support multi-resolution partitioning of the Earth’s sur-
face is important since the density of point cloud datasets varies in multiple
areas and for multiple reasons.

2.2.3 Ideal DGGS for Point Cloud Datasets

This section includes some small modifications as a result of further research.
Particularly, an ‘equal-area’ projection is preferred instead of the Dymaxion
projection for the reasons explained in the DGGS design parameter: Transfor-
mation part of this section.

Here, the different options for the construction of a DGGS as a reference
grid for point cloud data representation are provided and compared in or-
der to define the optimal solution.

As Sahr et al. (2003) noted, there is no one Geodesic DGGS suitable for
every application. Thus, in this chapter the design parameters to construct
a Geodesic DGGS, are given and the possible options for each parameter
are compared to choose an optimal reference grid for point cloud represen-
tation.
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The Geodesic DGGS can be constructed by defining 5 design parameters.
Firstly, it approximates the Earth by spherical or ellipsoidal polyhedrons
(Amiri et al., 2015) and thus consists of several planar faces (see Figure 2.7).
Also, the polyhedron -with its faces, edges and vertices - needs to have a
fixed orientation which will resemble the real Earth’s surface (PYXIS, 2006).
In addition, it requires a method that will subdivide the polyhedron in a
way that will allow for a multiple resolution discrete grid (Amiri et al., 2015)
and a method to transform the planar faces to a corresponding spherical or
ellipsoidal surface. Lastly, a method to assign points to each grid face is
needed.

Choice of polyhedron

The approximation of the sphere (or of the ellipsoid) can be achieved with
the icosahedron, cube, tetrahedron, octahedron (Dutton, 1996) and dodeca-
hedron (Amiri et al., 2015)(see Figure 2.7) .

All the polyhedrons have their strong and weak points with respect to the
DGGS construction. The tetrahedron (consisting of triangles) represents one
of the simplest solutions (Amiri et al., 2015). The cube (consisting of quad-
rants) can be efficiently handled (Sahr et al., 2003) due to the fact that its
faces can be subdivided into square quadtrees (Amiri et al., 2015). The octa-
hedron can be oriented with vertices at the north and south poles, and with
vertices at the intersection of the Prime Meridian and the Equator (Dutton,
1996). Thus, a better approximation of the Earth can be defined this way. An
icosahedron can give less angular and areal distortions (that are relatively
small) in comparison with all the pre-mentioned polyhedrons. The smaller
the size of a polyhedron’s faces, the less the distortions introduced when
transforming between a planar face to the spherical surface. The pentagon
of each dodecahedron though, can be further subdivided into 5 isosceles
triangles, which have sizes even smaller than the triangles created in an
icosahedron. That means that the distortions in comparison with the icosa-
hedral triangles, are even less (Sahr et al., 2003).

However, the faces of the dodecahedron are pentagons and there is no
possible refinement to get to a greater resolution for those (Amiri et al.,
2015). Besides this, another negative point of the dodecahedron is that
when it is subdivided into isosceles triangles, the most important property
of a Geodesic DGGS is lost; the edges of the faces are no longer of equal
lengths, which leads to inconsistencies along the edges between faces (Sahr
et al.,, 2003). The disadvantage derives from the fact that regular tree-based
algorithms cannot directly be used.

Regarding the octahedron, since its faces are larger than the icosahedron,
this means that the distortions involved are even larger. The same holds for
the tetrahedron and the cube, but the distortions are even more noticeable
in these cases (Amiri et al., 2015).

In Appendix C.1 the comparison of the design options are given. From
there, it is easy to see that the optimal polyhedron to use for the construc-
tion of a DGGS would be the icosahedron. This is because it introduces
the least possible distortions and does not have drawbacks that other poly-
hedrons have. The fact that the areal distortions are minimal benefits point
cloud datasets at a country level, because if the areas are preserved, then the
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datasets can fit efficiently to the approximated (to the Earth’s surface) coun-
try boundaries. In addition, since point clouds are very accurate spatial data,
they can be used for many applications, including measuring procedures. If
the distortions introduced on the reference grid are high, then they cannot
be used for such applications.

Cell type

The partitioning of the polyhedron refers to the cell type chosen for the cre-
ation of multiple resolution grids and the refinement (or aperture) param-
eter. The partitioning can be achieved with 4 partitioning topologies (see
Figure 2.8): squares, triangles, hexagons and diamonds. The refinement
defines how many times the edge of a cell is split into finer cells.

(a) squares (b) hexagons (c) triangles (d) diamonds
(rhombuses)

Figure 2.8: Partition of cells (faces of a polyhedron can be achieved with multiple
shapes. A finer resolution is made by color. Modified figure from Amiri
et al. (2015).

The squares are used for a cube polyhedron subdivision. The triangles
and the hexagons are used for polyhedrons with triangular faces, such as
an octahedron, icosahedron and the modified dodecahedron (Amiri et al.,
2015).

One of the disadvantages of squares is that their geometry makes them
unsuitable for triangulated polyhedrons and the desired polyhedron - the
icosahedron - belongs to this family.

The coarsest diamonds though can do that and can also make use of the
quad-tree based algorithms. Their disadvantage though is that they do not
provide uniform adjacency (Sahr et al., 2003) and thus the centroids of the
neighboring cells cannot be found in the same distance from the centroid of
an original cell, since there are two kinds of neighbors; those that are sharing
an edge and those that are touching at a vertex (PYXIS, 2006). This accord-
ing to Amiri et al. (2015) results in more complicated data analysis than
when uniform adjacency applies. Nevertheless, this is not a good enough
reason to exclude diamonds as an option, since efficient indexing of the di-
amonds’ centroids can help with finding the neighboring cells and simplify
data analysis.

The triangles as the partitioning topology have the same main disadvan-
tage that squares have, that they do not provide uniform adjacency. Besides
that, they also do not support uniform orientation, and this might affect al-
gorithms that take into account the orientation of the triangles.
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Hexagons discretize/quantize the plane with the smallest average error,
provide the greatest angular resolution and have uniform adjacency. The lat-
ter not only means that the centroids of all the 6 neighbors of a hexagon are
located at the same distance from that hexagon’s center, but it also means
that its neighbors share an edge with it. According to Frisch et al. (1986)
this is efficient for simulations of spatial discrete (instantaneous) events.
This means that events are separated by intervals of time which is also the
case with point clouds. The main drawback of using hexagons is that it is
unattainable to fully partition the spherical/ellipsoidal Earth with hexagons
as soon as a polyhedron with triangulated faces is used. Even more criti-
cal and negative characteristic is that the multi-resolution capability of the
Geodesic DGGS cannot be achieved using congruent hexagons (Gutierrez,
2007) as they cannot be precisely divided into smaller hexagons (Sahr et al.,
2003). Thus, a hexagonal subdivision either needs to be single-resolution,
not hexagonal or not congruent, which means that a hexagon cannot ex-
actly be decomposed into smaller hexagons.

Figure 2.9: Comparison between congruent diamonds (left) and non-congruent
hexagons (right) for multi-resolution.

Multi-resolution is considered essential for the representation of point
clouds, since the sources have different origins and thus it is highly likely
that the density will differ. This could also apply in areas where differ-
ent scanning methods were used due to less detailed environments. But
multi-resolution can be achieved with non-congruent hexagons. The disad-
vantage though is that regular tree-based algorithms cannot directly be used
on these hexagon hierarchies. Sahr et al. (2003) states that it can be better
to use an incongruent hexagon system, instead of a congruent system with
another polygon subdivision.

Small apertures (not as a term of number) provide more resolution grids.
This represents an advantage especially for point cloud datasets in which
the information is rather dense. The aperture equals n to the power of 2,
where n equals the pieces and the edge is split to create congruent (equilat-
eral) polygons. An odd aperture is also possible and then aperture equal to
n to the power of 2, while n = 2m and m represents a positive integer. In this
case though the subdivided grid consists of non-congruent polygons (Sahr
et al., 2003).
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The research has shown that hexagons have most of the advantages over
the other polygons, but their disadvantage is that they cannot provide multi-
resolution level support with congruent hexagons. This is possible though
with not-congruent hexagons. However, in that case the beneficial quad-
tree algorithms will require further processing to allow for use. Diamonds
could be used as an alternative, but they have other disadvantages such as
the fact that they do not provide uniform adjacency and therefore the data
analysis required to be performed is more complex (see Figure 2.9). This
can be cumbersome especially when handling big data such as point clouds.
Besides this, hexagons are more popular and there is also good relevant
documentation, which is also an advantage in case of time limitations.

Orientation

The orientation of the polyhedron needs to be specified to ensure that a
proper approximation of the Earth will be achieved.

The orientation of a platonic solid, i.e. a polyhedron consisting of congru-
ent faces, can be defined with one vertex of the polyhedron and one azimuth
from that vertex to the close by vertex.

For an icosahedral polyhedron there are at least 3 possible solutions for
orientation (see Figure 2.10). One option is that the vertices of the triangles
meet at the poles and one edge is aligned with the Prime Meridian (Sahr
et al.,, 2003). The drawback of this orientation is that there is no symmetry
on the Equator, which is though the actual case. Second option is to use a
specific orientation called Dymaxion orientation, in which all the vertices of
the triangles fall in the oceans. The advantage of this is that the icosahedron
can be unfolded without any borders on the land. Lastly, the triangles can
be oriented in a way that there is symmetry on the Equator which already
constitutes an advantage. Another benefit of this orientation is that the num-
ber of the vertices of the icosahedron that fall into land can be minimized.

By comparing the three already existing orientations for icosahedra, the
3rd option is chosen as the optimal. That will be able to provide an actual
representation of the Earth around the Equator (symmetry), in combination
with the least possible amount of points that connect polyhedron cells on
land.

Figure 2.10: Three possible orientations for icosahedron.

Transformation

A transformation is needed to convert each planar partition of the poly-
hedron to its corresponding spherical or ellipsoidal part of the Earth (see
Figure 2.11). To do so, there are two methods. Firstly, the method direct
spherical subdivision: as the name implies, this directly creates spherical par-
titions from the planar ones. The other method, is to apply an inverse map
projection (Sahr et al., 2003).
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Figure 2.11: Visualization of the conversion result from planar grid cells to the cor-
responding spherical cells. (Image from (Amiri et al., 2015))

There are at least two ways to implement the method of direct spherical
subdivision, while acquiring simultaneously equal area for each grid cell.
The first one uses two great circle arcs adjusted to the mid-point of each
new edge, which is formed by using that break point (mid-point). The other
one uses small circle arcs (Song et al., 2002).

However, Song et al. (2002) stated that inverse map projections may have
higher efficiency than using the two pre-mentioned methods. Each inverse
map projection must fulfill this property to be used for this purpose: map
the straight-planar face edges to the great circle arc edges of the related
spherical face. There are a few of such projections.

Regarding an inverse map projection, Snyder’s ISEA was used. How-
ever,its disadvantage is that it produces changes in directions (Furuti, 2015),
which are visible as breaks in the lines connecting vertex to face centers 2.12).
Therefore, further research should be done to find other possible equal area
projections that do not introduce these errors.

The gnomonic one can implement that property for all the polyhedra, but
it has the disadvantage that it introduces high distortions on the areas and
shapes. The equal area projections that Snyder created produce changes
in the directions, which are visible as breaks in the lines connecting vertex
to face centers (see Figure 2.12). The projections of Snyder are applied to
all the platonic solids, out of which for the truncated icosahedron the ar-
eas are preserved almost exactly (Furuti, 2015). Fuller’s Dymaxion (Fuller,
1975) projection is implemented only for icosahedrons, it gives less area and
shape distortions than the gnomonic one and also less shape distortion than
Snyder’s related projection (Snyder, 1992).

However, the Dymaxion projection does not provide equal area for each
spherical cell. By comparing the transformations from planar cells to spher-
ical (or ellipsoidal) cells, the decision initially was to use Fuller’s Dymaxion
method, mainly due to the minimum distortions that it provides. As stated
in the bibliography though, its drawback is that the spherical cells will not
be of ‘equal area’. In addition, in a presentation of 2016 from OGC (Strobl
et al., 2016) regarding the standardization of DGGS with respect to big data
handling, it is mentioned that Global Grids that do not have ‘Equal Area’
cells (i.e. no distortions on areas and the grid cells are of equal area) are
not sufficient to be described as a DGGS. This is due to the benefits that can
be provided by using such a projection. Specifically, by using an equal-area
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Figure 2.12: Breaks in directions when Snyder’s equal-area projection is applied to
a tetrahedron.(Image from (Furuti, 2015)

projection it is then certain that the data coverage is uniform. For example,
analysis of data is not applied in a smaller/larger area in Belgium than the
truth. Since the areas are preserved, the statistical analysis becomes efficient
and lastly, this allows people to use DGGS in combination with other data
infrastructures. Furthermore, in the same material it is clearly stated from
OGC that the Dymaxion projection is considered invalid (for the reasons
given above and because it is not an equal-area projection) under the new
OGC DGGS Core Standard. Thus, the Snyder equal-area projection for an
icosahedron is ultimately chosen as the optimal solution.

To summarize, an ideal DGGS for the purpose of the current project
should be constructed using an icosahedron with hexagonal cells. The tri-
angles of the polyhedron should be oriented in such a way that there is
symmetry at the Equator and the least number of points on land. Lastly,
Snyder’s equal-area map projection should be used to convert the planar
faces to the ellipsoidal ones.

2.2.4 Existing Solutions for DGGS Implementation

There are some small modifications in comparison with the mid-term report
as a result of further research. It was first stated that only the rHEALPix
DGG follows the draft standards of OGC, but in fact ISEAH3 follows these
as well. Next to that, the ideal transformation is again ISEA and not a Dy-
maxion projection. On top of that, the DGGRID software (Sahr et al., 2015)
was not known when writing this section. This software makes easier im-
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plementing a DGGS (that uses icosahedron to represent the erath’s surface).

In the previous section we specified the ideal DGGS in our use case. How-
ever, developing a DGGS implementation is rather hard to accomplish. It
is time consuming to assemble personalized equations and to implement
this in code. With a limited time-frame of only 10 weeks, there is a need to
find already existing solutions that use DGGS. There are multiple existing
infrastructures that have already implemented DGGS and we will elaborate
on two: the rtHEALPix DGGS and the PYXIS WorldView Studio.

rHEALPix DGGS is an extension from HEALPix DGGS. It uses a planar
projection, which has a low average angular and linear distortion. Thereby,
the area of the grid cells is equal at every iteration level, which makes sta-
tistical analysis easier. On top of that, the planar projection of rHEALPix
consists of horizontal-vertical aligned nested square grids. It is not an icosa-
hedral, but a cubic DGGS (Gibb, 2016).

The code is open source and written in Python and the DGGS map pro-
jection is implemented in Proj.4. This projection is equal-area. And lastly,
its implementation meets the OGC DGGS standards. There are a number
of requirements to meet these standards. Here are the most important OGC
specifications (Purrs, 2015). A DGGS should:

a) exhaustively cover the globe without overlapping cells
b) define multiple grids forming a system of hierarchical tessellations
c) preserve the area

d) have equal area cells in each level of precision.

While rHEALPix is only an implementation, PYXIS WorldView Studio is
a commercial client application. Therefore it is easier to use, but cannot al-
ternate to have our own functionalities and is thus limited to what PYXIS
provides. Like rHEALPix, the PYXIS projection is equal-area, but it uses
ISEA Hexagon Aperture 3 (ISEAH3) DGG, a grid that was originally devel-
oped by the Oregon State University (Gibb, 2016). This means it is part of
the family that is described as the ideal DGGS in the previous section. It
is a multi-resolution solution, and therefore uses incongruent hexagons (see
Figure 2.13).

Figure 2.13: Incongruent Hexagons
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PYXIS WorldView Studio can handle a bunch of file formats, like WFS,
WMS, GML or SHP files. It supports raster data with an elevation per
cell. Unfortunately, this client application doesn’t support LAS-files or other
point cloud formats and since it isn’t open-source software, there is no way
to change that (WorldView Studio, 2016). However, there are some R imple-
mentations that use the same grid (ISEAH3).

2.25 DGGS Determination

So far, there are three options from which we can choose. Since PYXIS
doesn’t support LASfiles, this option is not suitable. The ISEAH3 imple-
mentation however is. The second option is the rHEALPix implementation.
The last option is using the parameters that were chosen best in Section 2.3.3.
Table 2.2 shows the different options.

Table 2.2: DGGS implementation comparion

DGGS Parameter | rHEALPix ISEAH3 Ideal DGGS

Polyhedron Cubic Icosahedron Icosahedron

Cell type Square Hexagonal Hexagonal

Orientation Meridian & Equa- | Equator Symmet- | Equator Symmet-
tor Symmetric ric ric

Projection Equidistant Cylin- | Area  preserving | Area preserving
drical Projection planar projection

Transformation Unspecified ISEA ISEA

OGC Conform Conform -

The table shows that the implementation of rHEALPix is deviating
the most from the ideal DGGS in this project. Because it is a cube, it can be
Meridian and Equator symmetric. Previously though, the main advantage
to use rHEALPix is that it is made according to OGC draft standards,
but now we know that ISEAH3 is also following these. However, there is
another software that can implement many kind of grid systems. Since it
can construct the ideal DGGS of this use case and it is open source software,
this is the method that is going to be used in the project.

2.2.6 Base CRS

In order to harmonize the point cloud datasets of the Netherlands, Ger-
many, and Belgium, they need to transformed into a common CRS based
on a common datum. They are all in different CRS’s and datums at this
point, and therefore the coordinates of every point in the LAS files need
to be converted into a common CRS and datum. For example, the dataset
of the Netherlands is in the Amersfoort/RD New horizontal CRS that is
based on the Amersfoort datum and the Normaal Amsterdams Peil (NAP)
vertical CRS that is based on the NAP datum; the point cloud dataset of
Germany is in the Universal Transverse Mercator (UTM) Zone 32 North
horizontal CRS based on the European Terrestrial Reference System (ETRS)
1989 datum and the Deutsches Haupthoehennetz 1992 (DHHNg2) vertical
CRS based on the DHHNOo2 vertical datum; and the point cloud dataset of
Belgium is in the Belgian Lambert 1972 horizontal CRS based on the Reseau
National Belge 1972 datum and the ‘Ostend height” vertical CRS based on
the Ostend datum. Therefore, it is critical to convert these datasets into a
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common horizontal and vertical CRS based on a common datum.

With the arrival of INSPIRE, there is a discussion going on in European
countries to head towards a common reference system. INSPIRE shares a
goal of this project, to make data interoperable. While their objective is to
combine seamless spatial information from different sources across Euro-
pean borders (INSPIRE, nd), the difference is that our aim is worldwide.
It is a difficult and time-consuming task to bring all data to a common
system, since all databases of government structures are based on their
own systems (Geonovum, 2015). To follow the INSPIRE implementing
rules, ETRS89, with vertical component EVRS (European Vertical Reference
System) should be chosen (INSPIRE, 2008). Another option is to choose for
WGS84.

The World Geodetic System of 1984 (WGS84) is a standard for use in
cartography, geodesy, and navigation, including Global Positioning System
(Wikipedia). A host of key parameters are defined as part of the WGS84
standard, including the choice of an ellipsoid, geoid, and a standard
coordinate system. An oblate ellipsoid (an ellipsoid representing the size
and shape of the Earth that bulges out at the Equator and is slightly
flattened at the poles) is chosen as the datum surface for WGS84. The Earth
Gravitational Model (EGM) 96 geoid is chosen as the reference geoid to
define the surface of the sea level. The origin of the coordinate system is
defined to be the Earth’s center of mass. Due to the universal nature of this
system, it has gained immense popularity especially with respect to being
the reference CRS used by GPS.

The recommended coordinate system for inter-European projects, as
stated by INSPIRE, is the European Terrestrial Reference System (ETRS89)
(INSPIRE, 2008). The German system is already in ETRS89 and the Dutch
system is on its transfer to it. ETRS89 is more internationally oriented than
the RD system and is valid in the sea (Geonovum, nd). It is, like WGS84, a
geodetic coordinate system and is fixed to the Eurasian tectonic plate. This
plate moves 2 centimeter a year and is therefore more accurate than the
other system in this area (Geonovum, 2015).

The system that is chosen is WGS84. The main reason for this is the global
coverage of the system, while ETRS89 moves together with the Eurasian
plate. ETRS89 is more applicable at the specific study area, but the aim of
this project is to find a global solution. The need for a centimeter positional
accuracy is low, since the data itself is only of maximum 50 centimeter (po-
sitional) accuracy. Therefore, as it defines a standard CRS that is applicable
to the entire Earth, WGS84 was chosen as an intermediate CRS and datum
into which the point cloud datasets would be converted. The WGS84 datum
with latitude/longitude coordinates has EPSG code 4326.

2.2.7 Discrete Global Grid Generation

The icosahedral discrete global grid needs to be generated according to
the design parameters determined in the Section 2.2.3. For the optimal
visualization of large datasets of points (extent of countries) and for the
reasons explained in that section while comparing a DGGS with the
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alternatives, the icosahedral grid is created as explained below.

For that purpose, the software DGGRID (Sahr et al., 2015) was used,
which is an implementation mainly by Sahr (2015), but also with other
contributors. The software has the capabilities to create the icosahedral
grid with the planar hexagonal topology and inversely project the grid
(hexagons) onto the WGS84 datum.

Since the DGGRID software can be run only through Unix command line
(Sahr, 2015), a VirtualBox was installed to support the aforementioned
operating system. The main requirement of the DGGRID software is that a
metafile needs to be created, which contains the operation to be applied and
all the parameters to determine the output of the corresponding operation.

The operation generategrid can be used to provide both the hexagonal grids,
their centroids and their codes (indexes), while the code for each centroid is
the same as its corresponding hexagon. In Figure 2.14, the related metafile
with all the desired parameters is given and explained.

1 4# specify the operation
2 dggrid operation GENERATE GRID

$# specify the DGG
dggs_topology HEXRGON
dggs_res_spec 14

dggs_proj ISERA
dggs_aperture_type PURE

g dggs_aperture 4

10 dggs_orient_specify type SPECIFIED
11 dggs_vwvertO_lat 58.28252559
12 dggs_vert0_lon 11.25
dggs_vert0_azimuth 0.0
dggs_num placements 1

1 o

1o

# control the generation
8 clip subset_type SHRPEFILE
clip region files ./InputThreeCountries/LASthreeCountries.shp

1 geodetic densify 0.0

$# specify the output

cell output_type SHAPEFILE

point_output type SHAPEFILE

cell cutput_file name /home/gecloc/CutputThreeCountries/Resl4/GridCellsThreeCountriesResl4ISER
point_output_file name /home/gecloc/CutputThreeCountries/Resl4/GridCentroidsThreeCountriesResl4ISER

BRI R ORI R
1 o

Figure 2.14: Metafile created to specify the desired DGG generation parameters,
i.e.an icosahedron with triangle orientation of Sahr (2015), a hexagonal
grid, an inverse map projection of equal-area and aperture 4.

Prior to the chosen parameter explanation, it can be stated that the DG-
GRID software can generate only polyhedrons with 20 triangular faces, i.e.
icosahedrons, and thus this is not a parameter to be specified. After the
operation definition (generategrid), the desired DGG is defined. Firstly, the
hierarchical spatial partitioning method for the subdivision of every face
of the icosahedron is set, by defining the hexagons as the cell type. Part of
that parameter is also the aperture, which is set to 4 and of type pure since it
is not mixed-aperture (i.e. a combination of different aperture values is not
used). This variable is related to the way the hexagons are constructed at
each resolution. In particular, that means that the ratio of areas of the planar
hexagons at a resolution k and k+1 is equal to 4 (Sahr et al., 2003). Next,
the orientation (of the faces) of the icosahedron relative to the Earth (Sahr,
2015) is specified so as to provide symmetry at the Equator and to allow
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only one vertex of the triangular faces of the icosahedron to fall on land (see
Section 2.2.3). The definition of the orientation requires that the latitude
and the longitude of a vertex of the polyhedron faces is defined and also
the azimuth to an adjacent vertex. The desired orientation is determined
with longitude 11.25, latitude 58.28252559 and azimuth 0.0 according to
Sahr et. al (2003). In addition, the inverse map projection - allowing to
transform the initially created planar hexagonal cells to spherical - is set
with the parameter dggsproj to ISEA, which refers to the equal-area cell
projection of Snyder (see Section 2.2.3). Furthermore, the resolution for
which the cells are created is specified with the parameter dggsrecspec.
Lastly, the dggsnumplacements parameter defines that the desired operation
is performed on a single DGGS (the one defined).

The second step is to specify the area for which the grids will be created.
For that reason, a convex hull was created around the point cloud datasets
of the three countries (see Figure 2.15) and extracted in shapefile format.
This was used as an input to the grid generation operation to indicate the
clipped area. Apart from the grid generation, there is also the possibility to
generate the centroids of the hexagonal cells. Both cells and centroids come
with indexes that are the same for corresponding entities (i.e. the centroid
of a hexagon has the same ID as the hexagon itself). Lastly, the output
format of the generated grid can be specified. Then, using the command
./dggrid nameOfTheMetaFile.meta in Unix, the grids can be generated. The
same command needs to be specified for all the desired subdivisions as
soon as the metafile is modified.

Figure 2.15: The convex hull of the point cloud datasets of the three countries that
defines the area for which the hexagonal grid will be created.

For the current project only one resolution is used for further processing.
This is because of two reasons; firstly the purpose is to create an appropriate
methodology and not to apply it on as many data as possible. Secondly,
multi-resolutions have only a meaning if a hierarchical indexing system

29



is implemented. Some related methods in the DGGRID software were
tested, but those did not seem to give the desired results (see Section 2.2.8).
Despite that, it can be recalled that many of the advantages of a DGGS (as
specified in Section 2.2.1) are due to its multi-resolution support.

To determine which resolution to be used for the purpose of the project,
grids were created for resolutions 8 to 18 and grid statistics (on the plane)
were calculated using the DGGRID software. These refer to the number of
the generated cells, their area, the distance between their centroids, but also
the time needed for the DGGRID software to create the grids. As can be
seen in Table 2.3, the process was in general executed quite fast.

Table 2.3: Statistics for the hexagonal grids created for a DGG that uses an icosahe-
dron, aperture 4 and ISEA inverse map projection. The statistics refer to
a plane and not a sphere and were created using the DGGrid software of
Sahr et al. (2015).

However, since these results refer only to a small area and not to an entire
country, it is useful to mention that they were generated in a machine with
an I3 processor. If a better machine was used the results could be produced
even faster. In addition it can be that the first resolution creates very few
cells. The grids of resolutions 8, 9 and 10 have been created to visualize
this (see Figure 2.16). As it can be observed, this has no meaning since
the area of interest is a lot smaller than the created grid. If the number
of cells and the cell area among the resolutions are compared, than it can
be seen that as soon as a resolution k becomes bigger (i.e. k+1) then the
relation between the first and the next resolutions is about 1:4 respectively.
This is logical, because this is how hexagonal grids are subdivided. The
constructed grids of resolutions 13 and 14 can be seen in Figure 2.17 to
make this easier to visualize. The hexagon with index code 135945289 in
resolution 13 is split into hexagon 54376672 and 3 other hexagons that are
parts of 6 hexagons in total in resolution 14. So, since the aim is not to cause
an overhead, resolution 14 (see Figure 2.18) is considered as good enough to
be used since only 952 total hexagons are created, which would have been
4 times more if resolution 15 was chosen and exponentially larger at higher
resolutions. At resolution 14, according to the sizes of the hexagonal cells
and the density of the thinned point clouds, it can be estimated that each
hexagon will contain approximately 10000 to 50000 points.
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Figure 2.16: The (large) hexagonal grids of resolution 8, 9 and 10 with parameters
of an icosahedron DGG created using ISEA as inverse map projection
and aperture 4.

Figure 2.17: A hexagon in resolution k is split into 4 smaller hexagons in resolution
k+1.

31



2.2.8 Indexing of the DGG

The indexing provided for the hexagons (and their centroids) using the
DGGrid software (from the generation of the grids) is not hierarchical as
it can also be seen in Figure 2.17. For example, the hexagon with index
135945289 in resolution 13, is subdivided into hexagons with indexes
543750288, 543766673, 543783057 and so on. Therefore, the parent and child
hexagon ID’s do not have any relation to each other. Ideally, according to a
proper hierarchical indexing scheme, the ID’s of the child hexagons should
be an extension of the ID’s of their parent hexagons.

The relation that exists in the indexing is only between hexagons at the same
resolution. As one can see in Figure 2.18 the numbering is sequential and in-
creases diagonally from left to right. The numbers of the hexagons are quite
big since they are part of a global indexing scheme, which occurs because
the output_cell_label_type is by default set to global_sequence (Sahr, 2015).

Figure 2.18: The hexagonal grids of resolution 14 (icosahedron, ISEA, and aperture
4 generated by the DGGRID software) and their indexes, which are
sequentially numbered according to a global indexing scheme.

Other capabilities of the software related to indexing methods can be tested
to figure out if there is a fast way to create the hierarchical indexing since
this is ideally desired, but it is a 'should have” and not a ‘must have” require-
ment. To do so, the operation transform_points can be assessed, of which the
main aim is to assign points to the cells of the grids. There are though 7
alternative methods for its implementation. Their difference lies in the way
the location ID of the point is stated. The Table 2.4 shows the 7 methods, a
short description of them and the delivered output once these methods are
executed using the existing latitude, longitude and height values in WGS84.
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Three of these methods (plane, projtri, vertex2DD) do not provide hexagon
indexes; they use other ways to distinguish where a point is placed (e.g. tri-
angle number and (x,y) coordinates on the triangle). The Segnum method
identifies the hexagons with sequential numbering, the methods Q2DI and
Q2DD generate indexes based on quads and not on the subdivision cells. It
was also not possible to apply the method interleave (although it uses quads).

Table 2.4: Comparison of methods for the identification of a point’s location in the
DGGS by using the DGGRID software.

The next and last option could be to use another dggs_type called Super-
fund_soom. According to Sahr et al. (2003) this method generates icosahedral
hexagonal DGG with approximately 500 meter distance between neighbor-
ing hexagonal cell centers and uses hierarchical indexing. It uses the Fuller
(Dymaxion) projection and it is a mixed aperture sequence (aperture 3 and
4). Although this projection does not provide equal area cells (like ISEA
does), the Superfund method was tested to find out if it provides appropri-
ate results with prospects of modifying the source code if needed, since the
DGGRID software is not proprietary. In Figure 2.19 the generated hexagons
and indexes in resolutions 2, 4, 5 and 6 using the DGG type Superfund_soom
are given. When moving from resolution 2 to 4 it seems that the method
works properly as there is a hierarchical relation between the indexes. In res-
olution 2 the hexagon has index 2028 and in resolution 4 the hexagons have
indexes 202886 and 202871. Therefore, the first four digits of these 3 num-
bers are the same and every time a resolution is created, a digit is appended
to the right side of the number. However, there is no relation between the
hexagon with index 202871 in resolution 4 and its children in resolution 4
(2028855,2028856, 2028854). The same holds true for the children of the par-
ent hexagon 2028856. A tree explaining the parent-child relationship and
the seemingly non-hierarchical indexing is provided in Figure 2.20.
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Figure 2.19: Relation between the indexes of the hexagons in resolutions 2, 4, 5 and
while using the DGG type Superfund_soom.

Resolution 2 2028
Resolution 4 202871 202886
Resolution 5 2028855 2028856 2028854 2028854 2028862

A N

Resolution 6 20288547 20288563 .~ 20288561 \ 20288544 20288547 20288544 20288544 20288622
20288546 20288544 20288547 20288543

Figure 2.20: Parent - child relationship showing the non-hierarchical indexing ob-
tained using the method Superfund_soom.
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2.3 DATA PROCESSING

231 Software

Different type of software were used to transform the data from their initial
coordinate reference system and datum to the ETRS89 datum in order
to compare and choose the most appropriate one for the research. Brief
descriptions of each of the software used are provided below.

PROJ. 4: Proj.4 is a coordinate conversion library which converts geo-
graphic (longitude and latitude) coordinates into Cartesian coordinates
(and vice versa). It uses a wide range of selectable projection functions. The
user is also able to download separate grid files that contain the datum
transformation information, in case they are needed. The pyproj Python
library can be used to work with most of the Proj.4 functions.

FME: Feature Manipulation Engine (FME) is a premier data interoperability
tool that can harmonize data from hundreds of data formats. Moreover,
it can handle data from different coordinate systems or combine datasets
with those in other coordinate systems. Usually, spatial datasets will have a
coordinate system defined, but if that is not the case, then FME can be used
to assign the proper coordinate system to the dataset. The re-projection
itself is not an easy task as it a complex mathematical operation and can
also produce slightly different results for the same re-projection. For this
reason, FME has two major re-projection transformers.

The ‘CsmapReprojector” transformer uses the CS-MAP re-projection engine
to do horizontal and vertical transformations. CS-MAP is a general
re-projection engine that is included with FME and includes definitions
for thousands of coordinate systems, with a large variety of projections,
datums, ellipsoids and units.

The ‘Reprojector’ transformer is a simpler version of the CsmapRepro-
jector transformer. The main difference is that it is meant for horizontal
reprojection only. Therefore, as it does not allow the conversion of vertical
coordinate systems, the ‘CsmapReprojector” transformer was used for the
purposes of this research.

PCTRANS: PCTrans is provided for free by the Hydrographic Service
of the Royal Netherlands Navy. PCTrans is a program for geodetic and
hydrographic calculations. The program can be used for the computation
of datum transformations, various map projections, geodetic lines, rhumb
lines, and surface areas while taking into account the curvature of the Earth.
It also contains the correction grid for the Netherlands, and this make it
more accurate than many GIS software such as QGIS that do not take into
account the correction grid when transforming data from the Amersfoort
datum (used in the Netherlands) to another datum.

Many different map projections are in use all over the world for different
applications. However, having many different types of map projections and
grid coordinates, may sometimes also result in confusion about what coor-
dinates are actually used or given. Some software packages may support
many of these map projections, but it is impossible to support them all.
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Other software are specifically written for one specialized map projection,
and give incorrect results when using coordinates from a different type of
projection. By comparing some of the available software we can conclude
which performs the best for our particular use case- the Three-Country
Point. This does not mean that is the best option in general, only that for
our particular use case it is the best one to use. The results of this testing
are provided in the next section.

2.3.2  Software comparison

To determine the appropriate software to perform the coordinate conver-
sion, a number of tests on a small dataset were carried out. The goal is to
compare the original coordinates of a point to its coordinates after being
converted into two systems: 1) EPSG 5555 (a compound datum consisting
of a horizontal coordinate system (UTM Zone 32 North) on the ETRS89
datum, along with a vertical coordinate system on the German DHHNg2
datum) and 2) EPSG 4258 (geographic coordinates a.k.a. latitude/longitude
on the ETRS89 datum along with the ellipsoidal height). Comparing
the transformed coordinates with the original input coordinate reference
system using various software will allow us to determine which is the
better software to perform the coordinate conversion.

From each country’s point cloud data, a sample test point with X, Y, and
Z coordinates in the respective country’s original coordinate reference
system was chosen. Then, three different programs and/or programming
tools were used to perform the conversion: 1) Proj.4 along with the pyproj
Python library for working with Proj.4 2) PC Trans 3) and FME. In the case
of Belgium, an additional software package named CConvert was used to
perform as well the conversion.

In general, it can be observed in the table in the Appendix that there are only
minute differences in the X and Y output coordinate values among the the
different software. However, we can conclude that Proj.4 is the better soft-
ware solution because 1) it can work directly with LAS/LAZ files through
the use of laspy (a Python library to work with LAS files) and pyproj 2)
therefore, it can be automated with scripts 3) it supports most of the needed
datum transformations without the need to download separate grid files
4) it is open-source and 5) and most of the existing GIS software packages
(such as QGIS) utilize it for performing their conversions. Although there
are many other software/tools that can be used to perform the conversion,
only the above four were tested for the purpose of this research.

2.3.3 Coordinate Conversion

In order to use the point cloud datasets of the Netherlands, Germany, and
Belgium in a DGGS, they need to transformed into a common CRS based
on a common datum. The chosen CRS is WGS84, which is explained in
Section 2.2.6. The whole transformation is visualized from beginning to
end in Appendix F.

Several tools were used to perform the coordinate transformation. Firstly,
a toolset to read and write LAS(las) files is needed; laspy was used to
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perform these tasks. Pyproj can be used to work with Proj.4 functions
through Python. Numpy can be used to store the converted X, Y, and Z
coordinates in the form of arrays. The combination of the three allows to
read in the points from a LAS file, perform the coordinate transformation,
and write the results to a new output LAS file.

FME and ArcGIS Desktop 10.3 were used to perform the pre and post pro-
cessing. Due to the immense size of the original LAS files, thinning the
files made sense to save time, computer processing, and computer mem-
ory. Each of the original tiles of 1000 meter X 1000 meter was thinned to
contain 100000 points using FME. However, even with 100000 points per
tile, the coordinate transformation took hours to run. A small test of the
time taken to run for successively large number of points was carried out.
More specifically, the amount of time taken to convert 100, 1000, 10000, and
100000 points at a time was recorded. The results, for the German dataset,
are shown in Table 2.5.

Number of points Time taken to convert
100 Less that a second
1000 Less that a second
10000 4 minutes
1000000 7 hours, 58 minutes

Table 2.5: Summary of the time taken to convert successively larger numbers of
points shows that the relationship is not linear

The results indicate that the relationship between the number of input
points and the amount of time taken to convert these points to another CRS
using the Python script is not linear at all. In fact, for relatively small to
medium numbers of points, the conversion is instantaneous, whereas for
large number of points the conversion can take many hours. Hence, the
tiles of 100000 points were broken down into separate tiles of 10000 points
each, saved as a LAS file, and then the coordinate transformation was
performed on those tiles. This allowed for quick response, fast conversion,
and less utilization of computer power and memory. Then, the resulting
tiles of 10000 points each in LAS format were merged into the original
common tiles of 100000 points each.

A sample Python script that performs the coordinate transformation for Bel-
gium is provided in the Appendix. An important thing to note in the script
is the ‘outfile.header.scale” parameter that controls the precision of the out-
put coordinates. The precision is specified in the form of an array containing
the X, Y, and Z coordinate precision. This is simply the number of digits to
the right of the decimal point that will be present in the output converted
file. X and Y have been set to a precision of 6 digits to the right of the deci-
mal, whereas Z has been set to 4. If X and Y were set to 4 as well, then the
output points would appear as a regular grid as the digit at the 4th place
to the right of the decimal represents the seconds that are contained within
a degree. Therefore, the precision of the original coordinates would be lost
as the points would essentially ‘snap’ to a regular grid. To preserve the ir-
regular nature of the input points, the precision of the X and Y coordinates
was set to a higher number, 6. As for the height, the precision does not
matter, as the height is expressed in units of meters and not degrees and 4
is a relatively good precision for the height. The figures below illustrate this
issue with the precision of the coordinates.

37



Figure 2.21: Using a scale (precision) value of 4 snaps the points to a regular grid
(left), whereas using a precision value greater than 4 (in this case 6)
keeps the irregular nature of the points in the point cloud (right)

The Python script writes the converted coordinate values to a new LAS file,
but does not assign the output file a CRS. The correct CRS to use is EPSG:
4326, referring to WGS84. Therefore, the output files need to be ‘stamped’
with their proper CRS and this was done with the las2las command found
within LASTools.

The tables below provide some statistics about the three datasets after con-
version to WGS84. Please note that a comma is used as a separator character
instead of a dot.

Dataset Point Count File Size
Metherlands 220287 52k
Germany 4342544 96kb
Belgium 4327453 95kb

Table 2.6: Summary of the LAS files of the WGS84-transformed datasets

Table 2.7: Spatial statistics about the WGS84-transformed point cloud datasets

2.4 LOCAL COORDINATE CONSTRUCTION

WGS84 is an ideal CRS to store global point clouds, since it has worldwide
coverage. The hexagon grid, that is defined with the DGGS software, has its
boundaries displayed in this system. Only clipping the point cloud on the
hexagons would be of no use; that would simply be a method of tiling. The
main disadvantage, as described in Section 2.2.1, is that there would still
be no easy way to visualize the data. All the points need to be converted
to ECEF coordinates in order to be visualized. For big point cloud data,
doing this on-the-fly would take too much time, since every point has to
be converted separately. Another option is storing the whole point cloud
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in ECEF coordinates, but this gives issues with either the digital precision,
since it has to store up to 7 digits per coordinate for meter level resolution
or with the storage of data which would cause considerable overhead and
memory. A proper way to reduce storage, and to keep a way to visualize
the data, is to define a three-dimensional coordinate transformation for
each hexagon, that constructs a local coordinate system defined on each
hexagon. A transformation is conformal when the angles between point A,
origin and point B are preserved and distance ratios are preserved as well.
In this way the shapes are not changed due to the transformation (Marel,

2016, p. 9).

The transformation is based upon 7 different parameters: 3 translation pa-
rameters, 3 rotation parameters and a scale parameter (Marel, 2016), since
the hexagons are very small. In our case the transformation projects points
from ECEF coordinates to a plane related to the centroid of the hexagon. It
uses this centroid as the origin of the coordinate system. The local x and y
are respectively to the east and north direction and in meter units. The local
z-value is the height in meters orthogonal above the plane of the coordinate
system. In this way, the height above the ellipsoid equals the height of the
hexagon above the ellipsoid plus the height above the hexagon. In this way,
the data that is stored can differ a few centimeters from the “true” height,
but this implies that there is no distortion in the data that is visualized (see
Figure 2.22).

There are a number of steps that need to be done, in order to construct
the transformation parameters and get the local coordinates. The ECEF
X,Y,Z coordinates of the centroid are together comprise the shift to the local
coordinate system. The rotation parameters are derived from the latitude
(¢) and longitude (A) of the centroid (see 2.2) (Marel, 2016). To convert
all points that are clipped within a hexagon to local coordinates, the shift
needs to be subtracted and the result needs to be multiplied by the inverse
of the rotation. See 2.1 and 2.2. The conversion takes on average 15 seconds
for each hexagon, with outliers to 5 minutes (of a degree) for the largest
hexagons and less than 1 second for the smallest.

X’ Xpoint Xeentroid

Y| = Ypoint — | Yeentroid (2'1)
_Z/ Zpoint Zcentroid
[x X' —sinA  —singcosA cos¢cosA|

y| =|Y'| x| cosA —singsinA cos¢psinA (2.2)
| z z/ 0 cos ¢ sing

The output is a point cloud per hexagon with coordinates ranging from
-250 - 250 X/y (which is about the diameter of the hexagon) and with the
height that is about the same as the original height. If the hexagons are
smaller, the range of the local coordinates will also be smaller, but the
overhead (transformation parameters per hexagon) will be larger. Therefore
the computation for viewing the point cloud will be slower. To visualize
the point cloud correctly, the plane of each hexagon needs to be multiplied
by the rotation and the shift needs to be added again. The use of local
coordinates, therefore, allows for more efficient storage and this provides
one of the strongest advantages of using a DGGS to store global point cloud
data.
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(a) Height ¢, A,k

(b) Clipping on hexagons

(c) Coordinates referring to hexagons

(d) No distortion when displaying in ECEF

Figure 2.22: constructing local coordinates
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3 DATA ANALYSIS

3.1 INITIAL FINDINGS

Now, all three datasets’ horizontal CRS have been converted into geographic
coordinates (latitude/longitude in decimal degree format) and their verti-
cal CRS converted into ellipsoidal height on the WGS84 ellipsoid (datum).
There are areas in which two or all three of the datasets overlap one an-
other. These areas can now be studied for any discrepancies in X, Y, and Z
coordinate values stemming from the three datasets. ArcGIS Desktop, FME
and LAStools were used to perform most of the analysis and visualization
of the overlapping areas as they provide a diverse set of geospatial tools to
work with both LIDAR LAS files and rasters. Three cases need to be ana-
lyzed, one per country pair: 1) Netherlands and Germany, 2) Netherlands
and Belgium, and 3) Germany and Belgium.

In order to get a first impression regarding the discrepancies of the data
in the 3rd (Z) dimension, the point cloud datasets are converted to raster
Digital Elevation Models (DEM’s) and then the WGS84 heights are classified
in 8 classes, almost all of which are equal interval. As it can be seen in Figure
3.1 the change in the heights is not at all gradual where the point clouds
meet (i.e. the boundaries of the LAS files). If there were no (or minor)
differences in the heights of the overlapping areas between the datasets and
if the point clouds from the different countries were perfectly aligned, then
there should not be such abrupt changes at the point cloud boundaries. For
example, there is a sudden change in elevation value from the range 161-
200 meters to the range 201-240 meters at the Dutch-German border. There
is also an almost instantaneous change in elevation values at the German-
Belgian dataset border, from the range 201-240 meters to the range 281-300
meters, respectively.

Working with the LAS files directly would consume a significant amount of
processing time, resources, and computer memory. To compute differences
in height values between the various datasets, a natural approach would be
to convert the LAS file height values into raster Digital Elevation Models
(DEM’s). A DEM is a digital model or 3D representation of a terrain’s
surface created from terrain elevation data (Wikipedia, 2017). A DEM
representation lends itself naturally as a model to store height values. Each
cell contains one value, and the value is the average of the height values of
all points that fall within the cell. Depending on the chosen cell size, the
quality of the DEM can be controlled. For example, choosing a cell size of 5
meter by 5 meter (as was done in this research, see below) would result in a
coarser representation of point cloud heights than a cell size of 1 meter by 1
meter. However, given the objectives of this research, it is deemed sufficient
to compute in general terms the Z differences; therefore, the choice of a
5 meter by 5 meter cell size is sufficient. Then, by a simple subtraction
of heights of cells, the differences in height values can be obtained. FME
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Figure 3.1: An overview of the DEM’s created using the point cloud datasets of Ger-
many, Netherlands and Belgium and classified according to their heights
in 8 classes. It can be easily seen that the heights between the datasets
do not change gradually, which prompts the investigation of these height
differences.
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can be utilized to perform these tasks. First, since the LAS files are in a
geographic coordinate system (i.e. latitude/longitude), in order to generate
a raster DEM they need to be projected into a projected coordinate system
using the CsmapReprojector transformer. This is because FME cannot directly
create a DEM from the unprojected LAS files. The projected coordinate
system chosen was Universal Transverse Mercator (UTM) Zone 32 North on
the WGS84 datum. Then, the RasterDEMGenerator transformer can be used
to perform a planar barycentric interpolation of the input points and the
result resampled to a 5 meter by 5 meter cell size raster grid. Resampling
refers to changing the spatial resolution of a raster dataset and usually
involves transforming the dataset from a finer to a coarser resolution.
Finally, the result is written to an output GeoTIFF file in the WGS84 UTM
Zone 32N coordinate system/datum. This will result in three separate
raster DEM’s of cell size 5 meter by 5 meter, one for each country’s LAS
dataset.

Now, to compare and contrast the datasets with one another, their over-
lapping areas need to be delineated. The Raster to Polygon tool within the
Conversion Tools in ArcGIS Desktop can generate a vector polygon layer from
a DEM. Then, the Intersect tool can be used to find the spatial intersection of
any two polygon shapefiles, and the result saved to a new output shapefile.
This will result in three separate shapefiles, one for each country pair’s area
of overlap. Then, the original raster DEM’s can be clipped on the vector
overlapping areas using the Clip tool by clipping the raster to the vector
geometry. To find the exact amount of overlap between the datasets, the
Calculate Geometry operation can then be performed within each shapefile.
The areas of overlap among the three countries” datasets are shown in Table

3.1.

Country Area Of Overlap (Square Meters, UTM)
Netherlands and Germany 10,059,900
Netherlands and Belgium 5,021,127
Germany and Belgium 9,804,271
All countries 656,169

Table 3.1: Area of overlap between the point cloud datasets of the three countries

Now, discrepancies between the overlapping raster DEM’s of the three coun-
tries can be analyzed. A simple Minus operation can be performed to sub-
tract one DEM from another DEM on a cell-by-cell basis. However, the
input DEM’s are not cell-aligned. That is, each 5 meter by 5 meter cell in
one DEM does not align precisely with a 5 meter by 5 meter cell in the other
DEM (the cell borders do not align). In ArcGIS Desktop, this can be fixed
easily by setting a Snap Raster environment; in this case, the Netherlands
DEM was used as a ‘Snap Raster’ to snap the other dataset’s cell corners to
those of the Netherlands dataset. Once this is done, one of the two DEM’s
can be subtracted from the other on a cell-by-cell basis. The output of the
Minus operation is then saved as a new raster layer. Three such Minus op-
erations were performed, one for each country pair: 1) Netherlands minus
Germany (shown in Figure 3.2) 2) Netherlands minus Belgium (shown in
Figure 3.3) and 3) Germany minus Belgium (shown in Figure 3.4).

Histograms of each of these Z-difference maps are provided below. These
give a glimpse into the distribution of the Z-difference values between the
datasets, and allow us to know where most of the values lie. The X-axis rep-
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Figure 3.2: The Germany DEM subtracted from the Netherlands DEM. Both DEM'’s
were generated using an interpolation of the Z-values in the point cloud
datasets. This area falls almost entirely within the extent of the Nether-
lands.
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Figure 3.3: The Belgium DEM subtracted from the Netherlands DEM. Both DEM’s
were generated using an interpolation of the Z-values in the point cloud
datasets. This area falls almost entirely within the extent of the Nether-
lands.

Figure 3.4: The Belgium DEM subtracted from the Germany DEM. Both DEM'’s
were generated using an interpolation of the Z-values in the point cloud
datasets.
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resents the Z-difference value and the Y-axis represents the number of raster
cells having this difference value. For example, most of the Z-differences
between the Netherlands and Germany fall in the 45-46 meter range; for
Germany and Belgium, in the (-50) - (-42) meter range; and for the Nether-
lands and Belgium in the (-10) - 2 meter range. The histograms indicate that
for the Netherlands and Germany, there spread of the Z-difference values
is minimal, as more than 9o percent of the values are contained within the
45-48 meter range. For the other two cases, however, there is considerably
more spread in the difference values: deviations of up to 42 meters can be
found between the Germany and Belgium datasets (see Figure 3.7), and up
to 69 meters between the Netherlands and Belgium datasets (see Figure 3.6).
Potential causes of these large deviations are explained in the next section.

Figure 3.5

Figure 3.6
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Figure 3.7

An effort will be made to explain the potential causes of inconsistencies be-
tween the point cloud datasets originating from the different countries and
overlapping at a common geographic area. The maps are meant to provide
a visual overview of the discrepancies between the point cloud datasets. An
explanation follows, for each country pair at a time.

3.1.1 Netherlands and Germany

Z-Deviation

It can clearly be seen that the German dataset is consistently off from the
Netherlands dataset by about 45-46 meters almost throughout the entire
overlapping area (see Figure 3.2). Why this is the case is a matter of inves-
tigation. After much research, it can be concluded that this is due to the
fact that Proj.4 did not take into account the conversion from the German
vertical CRS (DHHN92) to the WGS84 ellipsoid. This conversion in vertical
CRS is related to a concept known as a quasigeoid. Unlike a geoid, which is
an equipotential surface (a surface of constant gravitational potential), the
quasigeoid is not an equipotential surface of the Earth’s gravity field and
thus has no physical meaning ((Heiskanen and Moritz, 1967)). Computing
the quasigeoid is easier than computing the same with the geoid because the
former requires no prior knowledge of the density of the mass distribution
of the Earth ((Sadiq and Ahmad, nd)) , unlike the latter.

The German combined quasigeoid is the height reference surface of the
Working Committee of the Surveying Authorities of the provinces of Ger-
many. It can be used to transform ellipsoidal heights determined by
GNSS measurements on the ETRS89 datum (GRS8o ellipsoid) into physical
(geoidal) heights determined by leveling and vice versa (Federal Agency for
Cartography and Geodesy). The geoidal heights are based on the Deutsche
Haupthohennetz (DHHN) vertical CRS used in Germany. As the German
point cloud dataset’s vertical CRS is based on a realization of the DHHN da-
tum (namely DHHN92, it too can be transformed into the correct ellipsoidal
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heights in ETRS89. The formula to convert height measurements between
the two systems is:

where { g%RgN is the ETRS89 ellipsoid - DHHN2016 quasigeoid separation.

In other words, this value represents the vertical distance between the quasi-
geoid (on which the DHHN2016 system is based) and the reference ellipsoid
(ETRS89) and is known as the quasigeoidal height or height anomaly ((Vanicek
et al., 2012)).

For the quasigeoid to have some use in practice, it has to have a meaningful
system of heights associated with it. These heights are known as normal
heights and refer to heights of a topographical surface above the reference
quasigeoid, measured along the normal plumbline ((Vanicek et al., 2012)).

The DHHN is a precise network of measured heights in Germany. It has had
many “realizations”, such as DHHNS85, DHHNg2, and DHHN2016. The
German point cloud data is based on DHHNg2; however, DHHNg2 and
DHHNZ2016 are off only by up to a few centimeters (Wikipedia, DHHN).
Moreover, ETRS89 and WGS84 are nearly identical, being off by only less
than a meter (KilletSoft) in position. For the current research objectives,
this is a negligible difference. Therefore, the above formula can also be
used to convert between WGS84 ellipsoidal height and DHHNog2 normal
height. The German Federal Agency for Cartography and Geodesy (FACG)
has published a map indicating the values the variable {ETR?, takes across
the country. This map is shown in Figure 3.8.

As can be seen, the ellipsoid-geoid separation is approximately 45-46 me-
ters at the TCP. This explains why the German point cloud data is consis-
tently off by this amount and lower than the Netherlands point cloud data,
because Proj.4 did not take into account the quasigeoidal height in its con-
version. The reason the German dataset is lower than the Dutch dataset
is because the Dutch dataset’s vertical CRS was correctly transformed to
WGS8;4 ellipsoidal height, whereas the German dataset’s vertical CRS was
not. Subtracting the German elevation values from the Dutch values yields
positive numbers, indicating that the Dutch dataset is higher than the Ger-
man dataset. Once the values for {ETRS are added to each point in the
German point cloud dataset, the dataset will align with the Netherlands
dataset.

The German quasigeoid has been determined through many methods: 1)
gravity disturbances derived from 860,000 point gravity values from var-
ious governmental and private organizations 2) a network of benchmark
points surveyed using GNSS for their ETRS89 ellipsoidal heights as well as
normal heights in DHHN2016 3) DTM’s and 4) global gravity field models
(FACG, 2016). Files containing the values that the quasigeoidal height takes
at locations across the country can be obtained from the FACG in ASCII
text, binary, or some other proprietary formats. However, this data is not
provided free of charge, and will cost at least 250-300 euros to acquire. As
this is outside the budget for this project, data acquisition will not be per-
formed. However, a free online service to compute quasigeoidal heights is
provided on the FACG website at (Anonymous, 2017) and this can be used
to corroborate the results at selected points across the overlapping area.
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Figure 3.8: Contour line map of the quasigeoidal heights, i.e. separation between
DHHN2016 and ETRS89 (Bundesamt fiir Kartographie und Geodaésie,
2016).

Since the online service can calculate quasigeoidal heights only at single
points and does not allow us to compute these heights for in batch mode,
these values will not be acquired for the entire overlapping area. Instead,
about 40 random points will be tested in the overlapping area. These points
are also constrained to be spread out across the area. The values of the
"difference DEM’ of Figure 3.2, which was created by subtracting the DEM
of Germany from the DEM of the Netherlands in the overlapping area, will
be recorded at these 40 random point locations. These two DEMs resulted
from the transformation of the original LIDAR data to WGS84, and its con-
version into a DEM. It can be recalled that at that moment the height values
(in DHHNQ92) from the original LAS file for Germany, did not get converted
to WGS84 ellipsoidal height properly due to Proj.4’s ignorance of the quasi-
geoidal height. The free conversion tool requires geographic coordinates
(latitude/longitude) and ellipsoidal height as input. Although it requires ge-
ographic coordinates on the ETRSS89 ellipsoid as input, WGS84 geographic
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coordinates could also be used, since the two are considered almost iden-
tical (Killet, 2012). With these three input parameters, the tool outputs the
normal height in DHHN2016 and the quasigeoidal height.

The 40 random points can be queried for their latitude/longitude coordi-
nates, however the WGS84 ellipsoidal height at these locations is unknown.
To use the tool, there is thus incomplete information (ellipsoidal height is
missing). As an alternative the output that the software provides is used
to compensate for this lack of data. As the tool provides the quasigeoidal
heights in DHHN2016 and not DHHNQg2, the deviation between these two
systems also needs to be taken into account. This deviation can be obtained
from another online service that outputs the difference between DHHNog2
and DHHNZ2016, after the provision of latitude and longitude values in
ETRS89 (AdV, 2017). Then, the DHHNg2 values from the original DEM
of Germany are joined to the sampling points and the e-tool is used to
acquire the difference. In order to find out if this has to be subtracted
or added to the DHHNg2 heights that exist to obtain the corresponding
DHHNZ2016 heights, data for the height benchmarks of the city of Aachen
(bordering the TCP) can be used (Fachbereich, 2017). In this dataset, heights
have been measured in both DHHN2016 and DHHNg2 and from this it
can be observed that DHHN16 height values are always larger than those
of DHHNo92. Therefore, the DHHN2016-DHHNQg2 difference can be added
to the DHHNo92 coordinates, to obtain the corresponding height values in
DHHN2016. DHHN2016 is the newest realization of the German height ref-
erence system, and is meant to be introduced by June 30, 2017 (Wikipedia,
2017).

Then, the e-tool can be used by using the existing latitude and longitude
values of the random points on the WGS84 datum and approximating the
ellipsoidal height (i.e. testing various ellipsoidal height values) until the out-
put DHHNZ2016 height is equal to the obtained DHHN2016 height from the
previous step. Finally, the quasigeoidal heights can be obtained. However,
these values represent the height separation between the WGS84 ellipsoid
and the DHHN2016 quasigeoid. Since the input data are in DHHNO92, the
height differences between the DHHNg2 and DHHN2016 systems need to
be subtracted from the calculated quasigeoidal heights.

Next, the values of the 'Difference DEM’ at the 40 random sample point
locations in the overlapping area can be subtracted from their obtained
quasigeoidal heights. This way, the quasigeoidal height from the DHHNg2
system is taken into consideration in the observed differences in the over-
lapping area of the two countries. To "depict’ this:

Difference of quasigeoidal heights on sampling points = (WGS84 heights
Netherlands - DHHN92 heights Germany) - (Quasigeoidal heights from on-
line service)

The histogram in Figure 3.9 shows the frequency distribution of the differ-
ences in quasigeoidal height values at these sample point locations. It can be
clearly seen that most of the sampling values give differences close to o m;
the minimum value is equal to -0.13 m and the maximum difference value
equal to 3.17 m. The point that gives the highest value is located inside the
extent of Germany, but very close to the border with the Netherlands (see
Figure 3.2). However, the AHN2 source data do not extend as much outside
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the Netherlands” boundaries. It is possible that this big difference arises
due to the fact that when creating the DEM from the AHN2, the heights
of many areas along the boundary of the dataset were interpolated from
the nearest points. Therefore, it is safe to assume that these values are not
valid and that they should be excluded from the analysis (overlapping) area.
No other points were tested since the accuracy of the online service is not
known and the method followed to extract the quasigeoidal heights might
include many steps that could introduce small errors in the calculations.

Therefore, it is futile to make any bold conclusions here; that could be pos-
sible only if the quasigeoidal correction grid was obtained, though as stated
earlier this would cost a significant (for this project) amount of money. Re-
gardless, it is noted that the differences in the overlapping areas between
Netherlands and Germany at the sampling points decrease significantly
once the quasigeoidal height is subtracted from them, i.e. once the quasi-
geoidal height is taken into consideration (see Figure 3.14). Most of the
values that are close to om, but not precisely om, could have arisen because
of the decimeter-level deviations present between the ETRS89 datum (what
is required as input for the e-tool) and the WGS84 datum (what was actually
provided as input to the e-tool), or due to possible interpolation that could
have been performed by the e-tool or that has been performed as a part of
the DEM creation from the LIDAR.

The average of the quasigeoidal values for all of the sampling points was
46.202 meters. These values are provided in Table 3.2 below.

Table 3.2: The quasigeoidal heights at the 40 random sample point locations

Therefore, the average of these values could be added to the original heights
of Germany (in the DHHNg2 system) to get the WGS84 ellipsoidal heights.
Then both datasets would have a height based on a common datum. Lastly,
the differences between the datasets of the two countries should be re-
calculated.
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Figure 3.9: Frequencies of values that describe the differences between a) the quasi-
geoidal height calculated by subtracting DHHNg2 heights from WGS84
heights and b) the quasigeoidal height calculated using the e-tools On-
lineberechnung von Quasigeoidhohen mit dem GCG2016 (Anonymous, 2017)
and HOETRA2016 (AdV, 2017)). These values refer only to the sample
points in the overlapping area of Germany and the Netherlands.

3.1.2  Netherlands and Belgium

Z-Deviation

It is evident after looking at the deviation between the two point cloud
datasets after being converted into raster DEM’s in Figure 3.3 , that the
Dutch and Belgian datasets align sufficiently well with one-another across
most of their area of overlap. Almost all of the values of the Z-deviation
in the range (-10) to 15 actually fall within plus or minus 3 meters from
o (see Figure 3.5). This is an exceptionally good level of Z-alignment be-
tween the datasets. The datasets deviate the most from one another in the
southern portions of the overlapping area, where differences in the eleva-
tion values can reach as high as 68 meters. However, it can be concluded
that the Belgian dataset is not accurate enough in these areas, for reasons
explained below. The Belgian dataset significantly deteriorates in height ac-
curacy in these areas, and especially within the area 1 kilometer from the
Belgian border inside the Netherlands. As the overlapping area of the two
datasets is almost entirely within the territorial extents of the Netherlands,
this provides a strong reason to state that the accuracy of the Belgian dataset
becomes poorer in this region; the overlapping area shown in Figure 3.3 is
almost completely within the extents of the Netherlands.

One of the major goals of the Institut Géographique National (NGI), the
national geodetic, photogrammetry, remote sensing and surveying organi-
zation of Belgium, is to establish and maintain high precision planimetric
and leveling networks across the country (NGI). Both the horizontal and
vertical networks have been updated between 1980 and 2000, and an
exhaustive reevaluation of the precise leveling network with 19,000 geodetic
benchmarks has been completed (NGI). X, Y, and Z coordinates for each
of these benchmark points in different reference systems (including the
Second General Levelling (SGL) that is used by the Belgium point cloud
data) are freely available on the NGI website (http://www.ngi.be/gdoc/
index.html?lang=fr&x=506826.00&y=6539342.00&zoom=7&baselLayer=

ngi.cartoweb.topo_bw.be&layers=alti_coord,plani_coord). Therefore,
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these ground control points (GCP’s) can be used to verify the validity of
the Belgian point cloud dataset. As the altimetry reference of the dataset is
also the Second General Levelling based on the Ostend datum (EPSG 5710),
these GCP’s can be used to ascertain that the elevations contained in the
dataset are correct. The standard deviation of the altitudes of these GCP’s
is less than 5 millimeters (NGI), so they have exceptionally high height ac-
curacy. The coordinates of these GCP’s are given in Lambert 1972, Lambert
2008, and ETRS89 latitude/longitude coordinates. Table 3.3 compares the
height values of some GCP’s located within Belgium to the height values of
the point cloud data at the same location. None of these points fall inside
the overlapping area, they are all contained within the territory of Belgium;
however, they give us a general impression of the validity (accuracy) of
the Belgium point cloud data inside Belgium. Accuracy can be defined as
the degree or closeness to which the information on a map matches the
values in the real world (Lounge, 2011). Therefore, in the current research,
this refers to the degree of closeness of the observed X, Y, and Z values
of the points to their true (real-world) X, Y, and Z values. It should be
noted, however, that there exist no NGI benchmarks in the overlapping area
with the Netherlands as well as in the overlapping area with Germany. Moreover,
there also exist no benchmarks in some large areas inside of Belgium.
The validity of the data in these places also cannot be determined, unless
external information is acquired.

Table 3.3: The geodetic benchmarks in Belgium used to check the validity of the
acquired GeoTIFF file created from a LIDAR survey

As is evident, the point cloud data in the form of a GeoTIFF file matches
very well with the geodetic benchmarks in terms of height values. Although
there are some deviations of about a meter, these can be ignored as the
altimetric accuracy of the GeoTIFF file itself is on the order of 0.12 meters
absolute over the whole territory of Wallonia and it has been resampled to
a 1 meter by 1 meter resolution. Also, some very small parts of the territory
could not be acquired using LIDAR, so the elevation values in those areas
were interpolated from the surrounding values. Furthermore, many of the
geodetic benchmark points are actually 20-8o centimeters higher than the
ground (they are placed on the walls on the sides of buildings). Moreover,
GeoTIFF file contains elevation values rounded to the nearest meter and as
integers and not floating-point values. These could all be reasons that there
are these minor deviations of up to a meter or more between the benchmarks
and the GeoTIFF file. Finally, it should be noted that the height accuracy
of the original points in the GeoTIFF file is 0.12 meters. Therefore, this
should also be taken into consideration when comparing the points to these
benchmarks. This could also partly explain the causes of the deviations in
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between the NGI benchmarks and the point cloud heights in Table 3.3. For
all practical purposes, these deviations can be ignored.

Similarly, there also exist Normaal Amsterdams Peil (NAP) benchmark
points in the Netherlands that have been surveyed with respect to their
X, Y, and Z RD-NAP coordinates. These can be found on the Rijkswa-
terstaat website (https://www.rijkswaterstaat.nl/zakelijk/open-data/
normaal-amsterdams-peil). In total, there are 35,000 such benchmarks
above-ground and 400 underground. An NAP-height of o is equal to the
mean sea level of the North Sea (Rijkswaterstaat). General users have free
access to NAPinfo, an online Rijkswaterstaat application with information
about these NAP benchmarks. These benchmarks are usually 30-50 cen-
timeters above the local ground level. Data about some of these benchmarks
can be compared to the raster DEM derived from the AHN2 point cloud to
ascertain the validity of the height values. A couple of these geodetic bench-
mark points were compared alongside the height values of the AHN2 point
cloud dataset to test the validity of the AHN2 data. All of these points fall
within the study area of this research that is a part of the Netherlands. The
benchmarks were not compared to the point cloud dataset directly, but to a
raster DEM representation of the point cloud that was obtained from PDOK
(PDOK, 2017). This raster layer has a 0.5 meter by 0.5 meter spatial resolu-
tion, and represents a DTM of its area of coverage. It can be downloaded
for specific tiles of the AHN2 directly in the form of a GeoTIFF file. For the
purposes of this study, therefore, it was downloaded for the two tiles of the
AHNZ2 that were used.

Table 3.4: The geodetic benchmarks in the Netherlands used to check the validity of
the acquired AHN2 LIDAR point cloud

Some of these benchmarks fall inside and some outside of the overlapping
area with Belgium. As can be seen, the AHN2 dataset does not deviate sig-
nificantly from the geodetic benchmarks set up by Rijkswaterstaat. There-
fore, the AHN2 can be considered as sufficiently valid with respect to its
height values.

It should be noted, however, that the height accuracy of the original points
in the AHN2 is 0.1 meters. Therefore, this should also be taken into consid-
eration when comparing the points to these benchmarks. This could also
partly explain the causes of the deviations in between the NAP benchmarks
and the AHN2 heights in Table 3.4.

Furthermore, according to technical specialists from AHN, there are no indi-
cations that the AHN2 in this region is incorrect. The height of the AHN is
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based on the NAP and there are no indications that the soil level decreases
or something similar occurs in this region. The height of the ”Driclanden-
punt” (TCP) itself is 322 meters above NAP.Therefore, it can be concluded
that there are no problems with the height validity of the AHN2. So, the
question still remains as to why the Belgian dataset does not align with the
Dutch dataset in the overlapping area.

It can be concluded that the Belgian dataset simply is not accurate outside
the territory of Belgium, where the overlapping area falls. A simple coordi-
nate transformation can illustrate this reasoning. The Rijkswaterstaat NAP
benchmark with ID 062Do117 falls within the overlapping area and has sur-
veyed coordinates in RDNAP. The X-RD is 195550 m, Y-RD is 308640 m, and
NAP is 275.203 m. These coordinates can be converted into the Belgian CRS
(EPSG 6190) and the height-value of the same point in the Belgian point
cloud data can be compared to the converted value. Proj.4 and the program
PCTRANS (Defensie, 2017) were used to perform this conversion. PROJ.4
returned an Ostend height value of 276.62 meters, whereas PCTRANS re-
turned 277.56 meters. Although these values are close to one another, they
are not close at all to the value contained in the original GeoTIFF file for
Belgium at the exact same location: 255 meters. This exercise indicates that
the height value at that location should be a number such as 276-277 meters,
but in the GeoTIFF file it has been found to be only 255 meters (see Figure
??). Moreover, according to Pierre Voet, a geodetic specialist from NGI, the
NAP and Ostend Height (SGL) should differ from one another by a maxi-
mum of only 2 meters and 30 centimeters. This is simply not the case with the
acquired data, so this allows for the viability of the stated conclusion.

Figure 3.10: Extensive amount of ambiguous elevation values of 255 meters in the
overlapping area between Belgium and the Netherlands. Units are me-
ters.

The conclusion that can be drawn is that the Belgian point cloud dataset
that was created from the GeoTIFF file contains valid height values only at
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Figure 3.11: Extensive amount of ambiguous elevation values of 255 meters in the
overlapping area between Belgium and the Netherlands. Units are me-
ters.

certain places inside the extent of Belgium. Outside of Belgium and in the
overlapping area within the Netherlands, the dataset significantly deterio-
rates in height validity. In contrast, the AHN2 with its extremely high point
density contains exceptionally valid height values. The AHN2 does not ex-
tend much into the interiors of Belgium and Germany, unlike the other two
datasets that extend considerably more into their neighboring countries.

3.1.3 Germany and Belgium

Z-Deviation

As can be seen in Figures 3.4 and 3.7, there are excessive differences in
height values from (-50)-(-30) meters to (31-50) meters. More than half of the
overlapping area contains deviations of (-50) to (-30) meters. The greatest
positive height differences are mainly distributed along a small part of the
German and the Belgian boundary. As can be seen from Figure 3.7 there are
not as many positive deviations as negative deviations.

As explained in Section 3.1.1, the height values of Germany have not been
correctly converted by taking into consideration the quasigeoidal height, i.e.
the vertical distance between the ellipsoid and the quasigeoid. Thus, a value
of approximately 46 meters is used as an approximation of the quasigeoidal
height values (in the overlapping area) to be added to the source heights
of the point cloud of Germany (in the DHHN92 system). This is needed
to recalculate the height differences between Germany and Belgium, since
both of them will have by then heights in WGS84 (for Germany it is an
approximation). As mentioned in Section 3.1.1, the value 46 is used firstly
because the correction grid for the quasigeoid is not freely provided. The
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e-tool used to calculate the quasigeoidal height in Germany with the online
service (Anonymous, 2017) gives values of around 46 meters for this region.
Lastly, because as it can be seen in Figure 3.8 the values of the correction
grid for the quasigeoid in the three countries point area, range between 46m
and 48m.

Apart from an investigation of quasigeoidal heights, an attempt was made
to assess the quality of the source LIDAR point cloud of Germany to check
if there is any relation with the observed height differences. The aim is to
use height GCP’s for the city of Aachen (Fachbereich, 2017). The drawback
of this approach is that there is not any information about the distances
of those points above the ground see (Atkis, 2017). Therefore, these GCP’s
are of no use since the examined point clouds represent information for the
ground-surface (the terrain).

Thus, is proved that from the side of Germany, the initial founding regard-
ing the differences between Germany and Belgium in the point clouds over-
lapping area are caused only by the ignorance of the quasigeoidal heights
(separation of ellipsoid and quasigeoid). It is not stated though that this is
the only reason (from the side of Germany), but this is was is proved.

With respect to the data of Belgium, some height reference stations (of the
Second General Levelling - Ostend datum, EPSG 5710) were examined in Sec-
tion 3.1.2 , for whom also their height above the ground surface is provided
and their accuracy related to the point cloud dataset is considered sufficient.
However, the fact that there are again an excessive amount of height values
equal to 255 meters (in EPSG 5710) (see Figure 3.12) prompts for further
investigation. By observing Figure 3.10, it can be seen that there is a big
area within the boundary of Belgium and just on the south of the TCP, in
which the height value according to the Belgian dataset is consistently 255
meters. Using the NGI online free service it can be seen that the examined
area corresponds to a mountain 3.13. If that Figure is compared with Fig-
ure 3.10, it can be seen that the area within the territory of Belgium for
which most of the 255 meter values are distributed, depicts the mountain
3.13. Nevertheless, there are no height benchmarks on the mountain to val-
idate the ambiguous height values of 255 meters. However, it is possible to
observe the contour lines in Figure 3.13, and see that there are many other
height values on the mountain higher than 255 meters (e.g. 340, 300, and
338 meters).

Therefore, it can be concluded as to why there are such massive amounts
of differences in height between Germany and Belgium, from the side of
Belgium. The areas where the Belgian dataset has values of 255 meters
are almost identical to the areas of maximum deviations between the two
datasets (as well as with the Netherlands dataset).

Besides, according to (Wikipedia, 2017) the most amount of difference be-
tween the DHHNog2 and Ostend Datum can be 2 meters and 30 centimeters
at the most. Therefore, this makes it impossible to have an Ostend height of
255 meter because it results in much higher height differences (in WGS84)
than discussed above.
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Figure 3.12: An extensive amount of ambiguous height values of 255 meter and one
height value of zero meter in the overlapping area between Belgium
and Germany:.
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Figure 3.13: Preusswald, also known by the name Vaalserberg, has an Ostend Height
elevation value of more than 340 meters, whereas the Belgium LI-
DAR dataset at this location has a height of 255 meters. This goes
to show that the dataset is not entirely accurate even inside the extent
of Belgium. Figure obtained from the GDOC viewer from NGI Bel-
gium(http://www.ngi.be/FR/FRO.shtm).
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3.2 FINAL RESULTS

Maps and histograms for the final results of the point cloud harmoniza-
tion are provided below. The Germany point cloud has been corrected,
ambiguous LIDAR elevation values of 255 meter have been removed from
the Belgium dataset, and the maps have been regenerated from the previous
section. As can be seen, most of the deviations are very small; for instance,
most of the height difference values in between the Netherlands and Ger-
many fall within the -1 to o meter range; for Germany and Belgium, fall
within the -0.5 to 0.5 meter range; and for the Netherlands and Belgium, fall
within the -1.5 to 1.5 meter range. This can be deemed as an acceptable level
of deviation.

Figure 3.14: The Germany DEM subtracted from the Netherlands DEM. Both DEM’s
were generated using an interpolation of the Z-values in the point cloud
datasets. This area falls almost entirely within the extent of the Nether-
lands.
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Figure 3.15: The Belgium DEM subtracted from the Netherlands DEM. Both DEM’s
were generated using an interpolation of the Z-values in the point cloud
datasets. This area falls almost entirely within the extent of the Nether-
lands. The ambiguous Belgium elevation values of 255 meter were re-
moved prior to the creation of this raster.

Figure 3.16: The Belgium DEM subtracted from the corrected Germany DEM. Both
DEM'’s were generated using an interpolation of the Z-values in the
point cloud datasets. The ambiguous Belgium elevation values of 255
meter were removed prior to the creation of this raster.
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Figure 3.17

Figure 3.18



Figure 3.19
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DATA VISUALIZATION

The general objective of the Geomatics Synthesis Project 2017 is to research
whether it possible to establish an open-source platform for the accessibility
of point clouds i.e. something similar to the “Open Street Map of point
clouds”. One of the key deliverables of this research is an (open) point
cloud web viewer containing harmonized datasets of the three countries
bordering the TCP.

There are several options for visualizing our model in 3D, such as Potree,
Cesium and Three js. Potree is based on Three.js, and is used to visualize big
point clouds, by clustering and indexing the data. Since our point cloud is
relatively small (about 10.000/50.0000 points per hexagon), this is of no use.
Cesium is a web viewer in which we cannot transform our data as easily as
we can in Three.js. We conclude that the most appropriate tool for our case
is Three.js, because it creates a simple 3D environment using a JavaScript
library, which can be personalized. It is built around the Web Graphics Li-
brary (WebGL) APIs and can also handle many files at once, which means
that the processing time is fast. WebGL is a web technology that brings
hardware-accelerated 3D graphics to the browser without the need of in-
stalling plug-ins and downloading additional software (Agar, 2016). As a
result it gives accessibility to many people as also it can be supported from
different browsers such as Chrome, Firefox, IE, Opera, and Safari. It works
on both mobile and desktop browsers. Three.js is an open source library that
simplifies WebGL tools and environment. Using Three.js has several advan-
tages as it includes a wide range of lower level programming in developing
GPU-accelerated 3D animations (Agar, 2016).

To make a 3D visualization using Threegjs, firstly, a scene has to be
constructed. It contains all the objects, in our case the points of the point
clouds, that are going to be rendered. The next step is to define the camera.
In our case a perspective camera is being set. In order to be able to capture
the mouse events on the canvas and to get our position back around the
scene an external module is used named Orbit controls. Moreover, another
external library is used named dat.GUI in order to create our interface
where some basic information is given like the meaning of the colors that
are assigned to the points and the coordinates in the WGS84 system of the
position of the mouse after the user clicks on the screen.

After defining the above things we are ready to start our main script. As
an input we have all the hexagons including the points covering the TCP
region, in local coordinates and also the transformations matrices for each
hexagon. So, first we have to define the geometry of our objects, in our case
the 3D points inside the hexagons. Then we have to define the material of
our objects. The parameters defining the material of the 3D points are the
size and the color of the points. About the transformations, actually we
are working with hexagons and each of them have different ID and trans-
formation matrices that belong to one, two or to all of the three countries
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Figure 4.1: Transforming each hexagon from local coordinates to ECEF and visual-
izing the hexagons on the right place in the viewer

(Netherlands, Belgium, and Germany). Applying these matrices we are able
to present the hexagons at their actual positions and display and visualize
them in ECEF Coordinates, as these are Cartesian coordinates.

Figure 4.2: Colouring the overlapping areas

The next step is to present the countries we want to visualize with different
colors so the user is able to understand where the boundaries for each coun-
try lie and the overlapping areas between the countries. For each country
one of the primary colors is used (Belgium: Red, Netherlands: Green, Germany:
Blue). For the overlapping areas between two countries the combination of
their primary colors is used (Belgium-Netherlands: Yellow, Belgium-Germany:
Magenta, Germany-Netherlands: Cyan). For the overlapping area between all
three countries, the area is represented in white.

The local coordinates that are stored in the hexagon files have no meaning
in a geographical sense. The meaning is added when the points are trans-
formed back to ECEF and then to WGS84. To make the viewer user-friendly,
an option to click on a point and display its on-the-fly converted coordi-
nates in WGS84 has been added. The original idea was to use projgjs, a
library for JavaScript. Unfortunately, conversion from ECEF coordinates to
WGS84 is not implemented in this library, so the transformation was calcu-
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Figure 4.3: Final interface of the web viewer

lated manually. The pseudo code of the JavaScript code that has been used
to implement the web viewer is provided in the Appendix.

As can be seen in Figure 4.2, there are some gaps between the hexagons.
This suggests that the transformation to or from local coordinates was not
completely accurate. It could not be figured out what the precise problem is,
but our guess is that this has to do with the digital precision that is stored
within the transformation parameters.
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5 CONCLUSION

The general objective of this project is to research the harmonization of
different point cloud datasets that connect and overlap at a common
geographic area and to visualize the integrated data in a web viewer
which allows for analysis. The TCP where Germany, Belgium, and the
Netherlands share a border is chosen as a case study. Based on multiple GIS
techniques and a literature review, the report seeks to answer the research
question:

How can differences between point cloud datasets of various origins that
connect and overlap at a common geographic area be harmonized to allow
for data interoperability between these varying datasets?

As the scope of the research question is quite extensive, the paper focused
on the challenges associated with the data collection, defining an ideal CRS
for the datasets, analysis and harmonization of the differences in the data,
and data storage.

Point cloud data of the three countries was provided as both a DSM and a
DTM, out of which the DTM is more suitable for point cloud harmonization,
as this model does not include above-ground objects like vegetation and
buildings. During the data collection process, several differences in the
acquired point cloud data had to be dealt with, such as the data accuracy,
file formats, and different CRSs. Due to these differences, the datasets had
to be processed to enable the CRS transformation in a later step. First, all
the datasets were clipped to the study area of the regions close to the TCP. In
case of the German and Belgian point cloud data, the format of the datasets
was changed to (compressed) LAZ files; the Dutch point cloud data were
already in LAZ format.

The main challenge of the scientific research in this project was the determi-
nation of an ideal common CRS for the point cloud data of different origins.
Using a standard map projection for achieving the goal gives high distor-
tions that differentiate at the equator and the poles. Furthermore, it displays
the surface of the Earth as flat, while it actually is curved. There are mainly
two kinds of CRS: the Cartesian Coordinate System and the Geodetic Co-
ordinate System. The Cartesian Coordinate System measures positions in
X,Y,Z ECEF coordinates resulting in large numbers that take up a lot of stor-
age space. The Geodetic Coordinate System represents the Earth’s surface
using an ellipsoid, using geocentric latitude, longitude, and height above
the ellipsoid. These are the simplest rotational shapes that match the true
Earth. Although this is the most common representation for points on the
surface, it is not very suitable for spatial analyses as well as for visualiza-
tion of the latitude and longitude values in web viewers that are based on a
Cartesian CRS.
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In order to store the point cloud data efficiently and to be able to visual-
ize the datasets in a web viewer, a DGGS was used as a spatial reference
for dividing the Earth in a multitude of small regions, which makes spatial
analyses easier to perform. The DGGS can be constructed by defining the
following design parameters: polyhedron, cell type, polyhedron orientation,
and inverse map projection. The icosahedron was chosen as the most suit-
able polyhedron due to the lower size of faces, and thus, less distortions.
Hexagons are selected as cell refinement, as these quantize the plane with
the smallest error and provide the greatest angular resolution. The best
polyhedron orientation that serves the use case is the Sahr projection that
has all but one vertex in sea. The Snyder Equal Area projection is used as
an inverse map projection due to its property to preserve equal area cells.
The aforementioned design parameters are specified in a metafile which is
used in the DGGRID software to construct the ideal DGGS. This software
was chosen, as it has the capabilities to create the icosahedral grid with
the planar hexagonal topology and project the hexagons inversely on the
WGS84 datum. While constructing the DGGS, no hierarchical indexing was
implemented, which is why no multi resolution grids could be created.

After having defined an ideal CRS for the point cloud data, the CRS of
the distinct datasets was converted first into the WGS84 system and then
hexagons in the chosen DGGS were generated. The point clouds were
clipped with the hexagons made using the DGGS and these were used to
construct a local CRS for each hexagon in order to reduce data storage.

In order to analyze the height discrepancies of the point cloud data, the
datasets were converted to raster DEMs using interpolation of the points in
the datasets. The WGS84 heights were classified into classes using both an
equal interval and natural breaks (Jenks) classification and the overlapping
areas were analyzed for height discrepancies by subtracting one DEM from
another DEM. The difference between the Dutch and German datasets is
approximately 45-46 meters almost everywhere, since the software used for
the CRS transformation (Proj.4) did not take the conversion of the German
vertical CRS (quasigeoid) into account. An online service is provided for
computing the quasigeoid height for one point at a time. However, the
complete correction grid file is not provided free of charge, and therefore,
a sample of 40 points was used for the harmonization. The difference
between the Dutch and Belgian datasets ranges from -10 to +68 meters and
the datasets deviate mainly in the southern parts of the overlapping area.
To find the reasons for the visible difference, the datasets were compared
to their benchmarks that were provided only within the countries’” borders.
It can be concluded that the Belgian dataset deteriorates significantly in
accuracy in the overlapping area, as this area is almost entirely within
the territorial extents of the Netherlands. As to the German and Belgian
datasets, these do not align at all, i.e. about half of the German data
are more than 42 meters below the Belgian. The height differences were
corrected in the same way as described in the part related to the differences
between the Dutch and German datasets.

As a result of the point cloud harmonization, a web viewer was created
according to the requirements of the client to allow for visualization and/or
analysis of the integrated data. For that purpose, Three.js was used due to
the variety of options it offers for visualizing in 3D. In order to be able to
show the point cloud data, the latitude and longitude and the centroid of
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the hexagons along with the X,Y,Z ECEF coordinates of the same point were
used to construct transformation and rotation matrices to get to the local
CRS. This allowed the storage of the points in Cartesian coordinates with
the hexagon centroid as origin and the hexagon plane as ground plane. In
that case, the translation and rotation matrix was applied to each hexagon so
that it can be shown at the correct place. In addition, the WGS84 coordinates
were also displayed after a user click event and the points were colored
according to country.

Despite some limitations of the research, the solutions found proved to be a
good approach to integrate point cloud data of different origins, due to the
meaningful results obtained. Therefore, the method has great potential to
work as a common model for harmonizing point cloud data.
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FURTHER RECOMMENDATIONS

As expected, several essential issues should be considered for advancement
in terms of the DGGS and web viewer. The ideal DGGS for the purpose
of this project was created in the DGGRID by using several tools that the
software offers. In order to make the research applicable in a global scale,
the following recommendations for the DGGS generation are provided:

e Hexagonal grids. Further research is necessary to find out how the
icosahedron grids are actually created in terms of the equations used,
computing limitations, accuracy, etc. According to Sahr (2015), “while
we believe it performs as described in this documentation, we do not
guarantee or warranty DGGRID for any specific use or purpose.” The
recommendation for the extra research is based on this statement and
the inconsistent results generated while testing the method Superfund.

e Inverse map projection. ISEA was used, but it has the disadvantage
that it produces changes in the directions (Furuti, 2015), which are vis-
ible as breaks in the lines connecting vertex to face centers. Therefore,
further research should be done to find other possible equal area pro-
jections that do not give these errors.

e Indexing. As the study area was very small, single resolution grids
were created, which is not sufficient to constitute a DGGS (Strobl et al.,
2016). Thus, a hierarchical indexing method for the hexagonal grids
should be developed, otherwise a hierarchy of grids with successively
finer resolution cannot be efficiently used.

The web viewer was developed with Threejs that uses a JavaScript library
and offers a wide range of functionalities to visualize 3D objects and
process point cloud data. However, there are several recommendations to
improve the performance of the web viewer in the future:
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o Interactive. The web viewer could be made more user-friendly by
adding various options like turning on/off layers according to the area
or country that the user wants to examine.

e Analysis tools. It would also be useful to add some tools on the inter-
face that allow the user to calculate the distance and give some statistics
about the input data, such as the quality and the density of the point
cloud.

e Open data. In order to make the web viewer truly open, download
and upload functions could be added so that the users are able to
work with the data.
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SOFTWARE COMPARISON:
CHARACTERISTICS

Characteristics Advantages Disadvantages
Proj4
A standard UNIX filter function Support las/laz files Complicated installation
procedure
Data storage in a database Supports many transformations
with the correction grids Grid shift (datum transformation)
Converts geographic (long,lat) files not available for all countries
coordinates (and vice versa) Global use
C API for software developers Used by most of the existing QGIS package
to include coordinate transformation
in their own software Open source
Is maintaned on Github
PCTrans
PCTrans network version. This version Accurate transformations for NL data Does not support laz files
is intended for network computers at (correction grid)
companies and government institutions. Time for preprocessing data
(Defensie.nl, Hydrography, 2017) Open source
No global use
FME
Interoperability tool that can harmonize This specification can handle 2D and 3D |For computing height, correction
data from hundreds of data formats coordinates, as well as 4D,5D etc. grids are needed for the applicable
countries
Can handle data from different Works with las/laz files directrly.
coordinate systems or combine datasets
with those in other coordinate systems
C-Convert]
Transforms coordinates between the Contains the correction grid for Belgium |1t is only for Belgium
following systems used in Belgium and the
associated projections Open source Does not support las/laz files directly.
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Table A.1: Comparing software for coordinate conversion




NL
Proj. 4

PC
Trans

FME

Lidar
Convert

Original X
Value
200078.68
200078.68

200078.68

200078.68

SOFTWARE COMPARISON:
RESULTS

ETRS89/UTMZone32N ETRS89/Latitude Longitude

Original Y Original New X New Y New New

value Z Value Value Value Longitude Latitude New Height
30914847 200.83 290319.8741 56285210329 6.02618832 507705010 246289
309148.47 200.83 290319.8739 5628521.0304 6.02618708 50.7704999 247.112

Need geoid

309148.47 200.83 290319.8737 5628521.0305 6.02618832 50.7705008 height grid
309148 47 200.83 REMAINS TO BE TESTED

Table B.1: Comparison of software test for the Netherlands
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Table B.2: Comparison of software test for Germany

Table B.3: Comparison of software test for Belgium



C DGGS COMPARISON
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Table C.1: Possible parameters and their advantages



D ‘ PSEUDOCODES
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Algorithm 1 Construct local coordinates

Require:
Centroid (lat/lon) hexagons =
Array of points per hexagon = P

latlon
Cheac

—sin A  —sin¢cos A  cos@cos A
rotationMatrix = | cosA  —sin¢gsin A cos¢psin A
0 cos ¢ sin ¢

Ensure:
function PrOJ(pt)
EPSG:4326 < Pr;,
EPSG:4978 < Pr .
pt2 = Project(pt,Prin to Proyt)
return pt2

for i in Cletlon) do
Hexagon <« i.id
Hexagon.rMatrix + rotationMatrix( i)
igcrr < PROJ(1)
Hexagon.tMatrix < igcpr

for hexArray in P do
Hexagon < hexArray.id
rotation < Hexagon.rMatrix
translation < Hexagon.tMatrix
localHexArray < ()

for Pt in hexArray do
ECEFPt + ProJ(pt)
LocalPt «+ (ECEFPt-translation)*rotation ™!
localHexArray U LocalPt

END




Algorithm 2 Projection from Belgium Reference system to WGS’84

Require:

List of Belgium points (x,y,z) < points

C«+ ] > empty list to get the new transformation points from Belgium
Ensure:

function ProJ(pt)
EPSG:6190 < Pr;,
EPSG:4326 < Proy:
pt2 = Project(pt,Prin t0 Proyt)
return pt2

for pt in points do
C + PROJ(pt)

END




Algorithm 3 Create a point cloud web viewer

Require:
List of hexagons with points inside = H
Dictionary with the translation matrix of each hexagon = Tmatrix
Dictionary with the rotation matrix of each hexagon = Rmatrix

Ensure:
function INIT
origin <— 3D central point
camera <— perspective camera with x, y, z position
gui « displaying the coordinates in the interface

for hexagon in H do
for point in hexagon do
geometry < defining the geometry
material - defining size and color
particles <— adding geometry and material to the points

if hexagon.country = Germany then
hexagon.id < specifying the id of the hexagons
matrix < applying Tmatrix and Rmatrix for the given hexagons
color < adding purple color to the given hexagons

if hexagon.country = Belgium then
hexagon.id < specifying the id of the hexagons
matrix < applying Tmatrix and Rmatrix for the given hexagons
color < adding blue color to the given hexagons

if hexagon.country = Netherlands then
hexagon.id < specifying the id of the hexagons
matrix < applying Tmatrix and Rmatrix for the given hexagons
color < adding green color to the given hexagons

function ONDOCUMENTMOUSEDOWN (event)
mouse <— 2D vector > specifying the position on the screen
raycaster <— mouse picking
intersect <— getting the position of the closest point
ptlanlon +~ TRANSFORMXYZ(pt)
sphere < creating a new object around the selected point
gui.latitude «+ displaying ¢ from the coordinates transformation
gui.longitude < displaying A from the coordinates transformation

END




MEDIA OUTREACH STRATEGY

The purpose of this appendix is to inform society on the outcome of the
Geomatics Synthesis Project "Towards Point Cloud Harmonization'.

o Audiences identification

The project refers to people that are interested in point cloud datasets, big
data handling, storing, integration, access and visualization in 3d. But not
only! To achieve the goals, many data transformations are applied, in-
cluding common ones, such as converting from local CRS to global CRS
(WGS84), but also custom ones. The transformations are strongly related
to the method used for accessing and visualizing the point clouds. That
specific method, the Discrete Global Grid System, aims for a virtual rep-
resentation of the planet, with emphasis on point cloud data management.
These could easily attract earth scientists, cartographers and people who
cope with spatial data visualization. Besides this, since the project deals
with LIDAR datasets from and for neighbouring countries that form an
overlapping area, it comprises critical steps regarding the data integration.
This is an issue that every person who works with geospatial data has to
face almost in a daily basis. What is interesting about that is that the data
interoperability involves subjects such as global and local coordinate refer-
ence systems, geoids, quasigeoids, height benchmarks and special represen-
tations to indicate ‘no data’. Furthermore, prior to the data comparison in
the overlapping areas, the LAS files are processed and analysed with tools
such as FME, ArcGIS and LAStools.

Overall, the project approaches a variety of spatial procedures and knowl-
edge. Thus, the project could catch the attention of conferences such us
‘The International Conference on Advanced Geographic Information Sys-
tems, Applications, and Services’, the ‘Big Data Week Conference’, the ‘IS-
PRS International Joint Conference which for 2017 has a subject: Acquisition,
storage, modelling and analysis of spatial data and information” and the ‘3D
Geoinfo Conference’. In terms of societies, the project could attract the ‘Inter-
national Society for Digital Earth” and the ‘Point Cloud Library’. Regarding
companies, at least in the Netherlands, the project interests Fugro (partner
company) and could be interesting for Kadaster, Rijkswaterstaat, Cyclome-
dia, ESRI etc. Ultimately, the project also refers to people that are working
specifically with spatial data from Belgium, Germany and Netherlands.

o What society should know

There is now a method developed that allows for harmonization and vi-
sualization of point cloud datasets. This method is not only suitable for
small scale applications, but also for datasets that cover extents of countries.
By saying harmonization of point cloud datasets from different countries, 2
things are implied:
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a) A method is proposed that allows for integration, easiest and quickest
(than the existing solutions, see section 1) access, processing and visualiza-
tion of massive point clouds that have different sources.

b) Analysis of the point clouds is applied on the overlapping areas of three
countries with the aim to explain the possible differences and if feasible, to
harmonize (minimize) them.

e Relationships with Community Partners

The main partner of the project was the company Fugro. To establish re-
lationships, weekly meetings were settled with the mentors from the com-
pany. During those, the team’s purpose was to inform the partners about the
progress made, but also to acquire feedback. Apart from that, two presen-
tations were scheduled, one for the mid-term achievements and one for the
final research and outcomes. In addition, contacts and meetings were made
with some other employees of the company for more technical support, i.e.
regarding the visualization using the Javascript 3D library (Three.js).

e Use of existing resources to inform society

To create news material for this project existing geospatial magazines could
be approached, but also attempts can be made to contact organizers of con-
ferences with related focus. The executive summary (i.e. a scientific article)
could be used to explain what were the objectives and the achievements.
This could be accompanied with the poster made, and if someone is eager
to know more, then the report which clarifies everything, could be provided.

e Propose a scenario for outreach

To actually bring this project to a next level, the outputs of the project can be
sent to people that were contacted during the project or people that could be
interested. Precisely, these could be the contributors to the DGGrid Software
such as Kevin Sahr, the geodetic specialist from the National Geographic In-
stitute of Belgium Pierre Voet, employees at the Dutch Cadastre e.g. Jochem
Lesparre and Lennard Huisman who gave lectures about geoids for the
Geomatics MSc at TU Delft the last years, the Professor Thomas H. Kolbe
from TU Miinchen (guest at TU Delft the academic year 2016 — 2017) and
employees at the Cadastre of Germany (Bundesamt fiir Kartographie und
Geodésie). In addition, the conferences mentioned above, the magazines
GIM International and Geo-Informatie Nederland (GIN), and the organi-
zation FIG Young Surveyors Network through GIN (which is an associate
member) could be approached for a possible publication.

84



F ‘ POSTER

85



POINT CLOUD
HARMONIZATION

Geomatics Synthesis Project

GOAL

Harmonizing and visualizing point cloud datasets from
different countries using a common Coordinate Reference System.

Storage
| .
- Harmonization
Input datasets Analysis
Different CRS Harmonization

of dataset e @
.;:" Visualization

.~ HEXAGON
CLIPPING

DGGS Creation
i Points clipped on
Conversion to
+ ECEF coordinates hexagons
+
* Storage
Reduction

OUTPUT

RESULTS Y7

Local Center
Earth Fixed

(‘ Neeraj Sirdeshmukh
Andria Christodoulou

TU Delft Lydia Koltoula
Manuela Manolova

Laurens Oostwegel




	1 Introduction
	1.1 Problem Definition
	1.2 Research Objectives
	1.3 Related Work
	1.4 Requirements Analysis
	1.4.1 Key Requirements
	1.4.2 MoSCoW Rules

	1.5 Risk management

	2 Methodology
	2.1 Data Pre-Processing
	2.1.1 Data Collection
	2.1.2 Data Filtering

	2.2 Defining an Ideal Coordinate Reference System (CRS)
	2.2.1 Projection or Virtual Globe
	2.2.2 Digital Earth Frameworks: Traditional and Geodesic Discrete Global Grid Systems (DGGS)
	2.2.3 Ideal DGGS for Point Cloud Datasets
	2.2.4 Existing Solutions for DGGS Implementation
	2.2.5 DGGS Determination
	2.2.6 Base CRS
	2.2.7 Discrete Global Grid Generation
	2.2.8 Indexing of the DGG

	2.3 Data Processing
	2.3.1 Software
	2.3.2 Software comparison
	2.3.3 Coordinate Conversion

	2.4 Local Coordinate Construction

	3 Data Analysis
	3.1 Initial Findings
	3.1.1 Netherlands and Germany
	3.1.2 Netherlands and Belgium
	3.1.3 Germany and Belgium

	3.2 Final Results

	4 Data Visualization
	5 Conclusion
	6 Further Recommendations
	A Software Comparison: Characteristics
	B Software Comparison: Results
	C DGGS Comparison
	D Pseudocodes
	E Media Outreach Strategy
	F Poster

