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Abstract

This thesis investigates the performance enhancement of the AHN4 point cloud in
comparison to the AHN3 point cloud for representing 3D buildings. The study focuties on
key performanceaspectsPoint Densityand completenesghich both impacthe perceptive
guality of an objecfor boththe HumanVision System anébr Computer Algoribms.

The analysis of an object by computer algorithms pertains to the ability of a computer or
software system to interpret and comprehend the characteristics, shape, and properties of a
3D object. Point Density offers insights into the quantity of points representing an object.
However, it does not provide information about the spatial distribution of these points or the
presence of regions without any points.order to compare point clouds itngcessaryo
calculate the completeness of the point clouds irbglinding gaps in the point clouds

gap is a piece of surface in a point cloud whtereare no pointsA good indication for

gaps in a 3D point cloud Boint SpacingPoint Spacingan be seen as tf®int Densityin

3D. Point Spacings the average distance from a point in a point cloud to all adjacent points.
In this research a Delauney triangulation is ugedhe 3D points to generate a methe
triangles in this mesh aemindication ofPoint SpacingEvery triangle in the generatatesh

is the result of three distances to adjacent points. A tridagie 3D area of such a triangle
could therefore indicate a gap.

The research reveals that AHN4 exhibits a significantly higtant Densitythan AHN3,
with the majority of buildings demonstrating improviedint Densityin AHN4. This higher
Point Densitysuggests a generahprovement in theerceptive quality othe point cloud for
the Human Vision $stem While AHN4 tends to have fewer gaps on aver@gplanes of a
building consideredboth datasets show a deficiency in representing wall elerhentsver.
Also it is researched that AHN4 there islessuniformin point density compared to AHN3
and that there are bigger regional differences.

Despite fewer data capture flights for AHN4, the results indicate that this reduction does not
necessarily lead to decreadeaint Densityor increased gaps. Weak correlations suggest that
increased distance to flight lines may slightly impr&ant Densitywhile introducing slight
increases in gaps. A case study confirms that AHN4 generally offers Higi@r Density

and improved completenessmpared to AHN3even in areaghere AHN3 hadextra flights
conducted and therefore more overlapping scHosvever, certain localized regioskghtly

favor AHN3 in terms ofcompleteness due tbeseoverlapping scans.

In concluson, the main research questi@hT o wh a't degree is the AF
improvement in performance compared to the AHN3 point cloud for the representation of 3D
buildings?"will be answeredThe AHN4 point cloudis a improvementor boththe Human

Vision Systemand for Computer Algorihms primarily due to itshigher Point Density

Notably, there areareas where AHN3 excels terms of completeness. Theme however

limited but underscore the need for future scanning requirements to consider ocatusion
acquiring point cloudsThe study introduces an alternative approach to evaluating gaps and
occlusion by proposinghe use ofPoint Spacing The methods used in thigsearchcan

contribute in calculating the performance of future point clouds.
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1. Introduction

In this research two point cloudsvil be compared on their performance as a 3D
representation of buildings. The two point clouds that are being compared are AHN3 and
AHN4. The main objective is to determine whether AHN4 is an improvement compared to
AHNS3 in representing 3D buildingg his introduction part of this research will present the
problem that this research is tryingdddressn the problem statementhis part will also
include contextual information highlighting the necessity for conducting this stingy the
research objectives of this research will be given. The scope of this research will be
mentioned at the end of this chapter.

1.1 Problem statement and context

Digital Twins, originally developed for the manufacturing industry, are becoming
increasingly popular in the field of Geographic Information Systems (GI®)ghal Twin is

a digital replica or representation of a physical asset, allowing simulations of changes to be
made without affecting the realorld object. While it is relatively straightforward to create
Digital Twins for manufactured products with a fixed design, the applicati@igital Twins

in GIS presents a new set of challenges and opportunities.

Creating aDigital Twin in the GIS context is a complex task. Despite there being many
different definitions of aDigital Twin in GIS, it is generally accepted that it includes a 3D
model of a physical area (Schrotter & Hurzeler, 2020). The physical world is constantly
changing and highly complex, making it difficult to create an exact replica. It is nearly
impossible to spatially model the world 1:1 in content, scale, detail, and time, but it is
important to strive for an accurate representation of reality as much as podéthlehe

latest versions of the AHN datasets, one could argue that it is achieving success, as it often
provides a remarkably accurate depiction of reality.

Due to limitations in computing power, loading times, and storage capacity, it may not be
possible to use a high level of detailDigital Twin models for all applications. Therefore,

any geospatial representation of reality is a model at a specific level of detail at a specific
time (Stoter et al, 2021). Nonetheless, computers are improviegthe years resulting in
cheaper storage and shorter translation tikerefore in most cases a higher level of detail

in Digital Twins can be choserHowever, the added value of this higher level of detall
depends on the specific application.

Digital Twins can be used for various types of analyses, such as shadow and sun analysis.
These analyses requiraelatively high level of detail to be accurate, for example, to check

for potential shading issues for neighbors during a permit application process or to estimate
the amount of solar panelghich could be placed on a roof and to estimate pbever
generated fromhese paneldt is essential the shape is correctly registered, since such an
estimation would be useless otherwise.

The creation of thi®igital Twin starts with a point cloud in most cases. In many aspects, it
can be said that point clouds ar®igital Twin in themselveslt is a goodDigital Twin due

to the fact that it is a very close copy of the reality, with every point representing a location
where there is a surface. Point cloudsidonost cases however miss information about the
object it represents, in moistancegust a classificationPoint clouds refer to unstructured
datasets consisting of enormous eclions of individual points with their associated X, Y,

and Z coordinates (Wang et al.,, 2020). Point clouds are used to represent objects,
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environments, or spatial phenomena from the real world in a discrete and approximate way
(Richter, 2018). While one point only provides a small sample of a surface, thousands,
millions, or even billions of these together can form something greater than the sum of their
parts: athreel i me n sDigahTaviné 6( Batty, 2018) .

Point cloud data can be acquired through various means. A very important method is using a
LiDAR scanner. A LIDAR scanner is an active remote sensing instrument; that is, it transmits
electromagnetic radiation and measures the radiation that is scattered back to a receiver after
interacting with the Earthis atmosphere or objects on the surface (Longley et al, 2015).

Point clouds can be used to generate 3D objects, but the process often results in a loss of
detail due to simplification. Humans have a superior ability to recognize and interpret object
shapes and fill in gapsgComputershowever oftenstruggle with this task, resulting in
inaccuracies or strange artifacts when generating 3D objects from point clouds, especially
when dealing with complex shapes, vegetation, or limited data pétmtsis due to the fact

that computers need algorithms in order to interpret object shapese are nolgorithms

that are able to do this better than humans. But potentially a combination of Artificial
intelligence and machine learning could be helping developers to generate algorithms that can
match the human brain.

Figure 1 The Nieuwe Kerk (Delft) in the 3D BAG (left), and the corresponding AHN4 point
cloud (right).

In the research by Baauw (2021), it is mentioned that for some buildings, this loss of detalil
can be explained by the way the modeling algorithm works. The algorithm models the object
from top to bottom, assuming thi&se contour of the roof corresponds with the contour of the
building's 2D footprint. After this, the facades are modeled downwards.

Generating a 3D model from a point cloud results in a loss of detail, but it still has its
benefits.Points in a point cloud represent the precise location of a surface. When a 3D object
model is generated there most of the time generalisation in place which means that the
precise location of a surface is lost, but aieer details like intensity and color of a point is

lost. One advantagef a 3D object modek the ease of data management, as 3D oljetys
require storage of attribute data of the object once, instead of for each point in a point cloud.

Additionally, some 3D analyses can be more straightforward when using a solid surface
model. For instance, calculating an obfesblume is often easier in this format. As a result,
converting point cloud data into solid surfaces through-puastessing can be useful for
these types of analyses.



The most essential type of object fobaital Twin of a city or townarebuildings. Buildings
form the foundation of a 3D city model (Ketzler et al., 2020). This research will therefore
focus on the 3D representation of buildings.

There are three common measurement methods for capturing LIDAR data. The first is
Terrestrial Laser Scanning (TLS). TLS uses a fixed location from which the surrounding area
is captured by a laser scanner. This method is mostly used for small areas. The second
method is Mobile Laser Scanning (MLS), which captures data from a moving object like a
car or a bike. The last measurement method is Airborne Laser Scanning (ALS), where the
laser scanner is attached to an aircraft. This allows it to capture LIDAR data for large areas.

ALS is used in the Netherlands to generate LIDAR data for the entire country. This
nationwide point cloud is included in the Actueel Hoogtebestand Nederland (AHN, 2022).
The program started in 1997 with AHN1, followed by AHNZ2, created between 2007 and
2012, and its successor, AHN3, spanning 2014 to 2019 (Leusink, 2019). For AHN4, the next
iteration, data has already been captured in 2020 and 2021. Since January 1, 2023, the entire
AHN4 dataset is available, and scanning for AHN5 will commence in 2023 (AHN, 2023).

The Dutch registry of buildings (containing all buildings in the Netherlands), known as the
Basisregistratie Adressen en Gebouwen (BAG), is made into 3D with extensive use of the
AHN dataset (Peters et al., 2021). Figure 1 illustrates how this dataset appears. Thigsdataset
updated with the new AHN4 dataset

The documentation alanuarythe 3D BAG of TU Delft (2023) states that the current 3D
BAG dataset utilizes AHN3 data, which was collected between 2014 and 2019. Further along
in the same documentation, the following statement is made

AAt t he moment AWN4willxsoon becomg availdbke fomae w

part of the country. The new AHN will have a different, improved quality,

compared to the AHN3, and we expect that this will have a visible impact
on the 3D BAG as well o

- Documentation 3D BAGIUDelft3D,Januari2023

This statement suggests that the new AHN4 dataset will improve the generation of 3D
buildings compared to the previous version (AHN3). However, there are concerns that it
could represent a step backwards in certain aspects. Generally, it is expected that AHN4 will
offer a higher resolution, with more points per square meter on average. Nonetheless, there
are repod from colleges in the GIS industiydicating that fewer flights were conducted to
capture data for the entire Netherlantise impact ofewer flightsis unknownsinceit is not

known how high the airplanes flew and whether it impacts the quality of the point clouds.
However fewer flights on the same heigtuld lead tdess overlapsresulting in more blind

spots in the point cloud and consequently, gaps in the dhta.aspect will be further
explored in this thesis



At the moment of witing the BDBAG did update thir dataseusingthe AHN4 point cloud.
However theyfound thatAHN4 for many buidingslacked completeness due to gaps. This is
why they analysed whether teeae notalte gaps and for these kdings theylooked
whether the bliing has changed soe the acquisitiof AHN3. For thae buildings they
kept using AHN3 instead of the new AHIg4dint cloud(TUDelft3D, 2023)

1.2Research Objectives

The primary objective of this research is to enable a comparison between two point clouds in
terms of their ability torepresenta 3D building. This will be achieved by determining
whether AHN4is an improvemenbver AHN3 for the representation of 3D buildings. A
performance evaluation will be carried out between these two datasets, leading to the
formulation of the following main research question:

ATo what degree is the AHN4 point c¢cloud an
AHN3 point cloud for the representation of 3D buildings?"

A literature review will be conducted first to determine the important aspects of point clouds
for representing 3D buildings. Furthermore, related works will be examined to compare the
significance of these aspects bmth the Human Vision System aror Computeralgorithms

in their perceived qualitpf 3D buildings.Computer Algoribms are ugd to interpret and
understand the characteristics, shape, and propertieSDfadject. The corresponding sub
guestion is'What are the key performance aspects of a point cloud that #ffeqgterceived
quality for the Human Vision y&tem and how des thisaffect compare tothe perceived
quality for ComputerAlgorithms o .

In Tomljenovic & Rousell (2014) is stated that for the automated building extraction from
ALS data the completeness and density is important. The density of a point cloud refers to
how many points there are in a point cloud in each area. This is a quantitative aspect that will
be researched in the sub questidithat is the averag®oint Densityof buildings in AHN3

and AHN4, and how do these densities compare between the two datasets?"

Completeness of a point cloud refers to the fact whether a point cloud has an even
distribution of points around an object (in this case a building) without any gaps. This
gualitative aspect is harder to research than the density of a point cloud due to the fact that
more is not always betteTherefore thePoint Spacings calculatedPoint Spacings the
average distance from a point @&npoint cloud to its adjacent points. By calculating this
distance in 3D it is possible to uBeint Spacingo find gaps in a point cloud. How tiR®int
Spacingis calculated is stated in the methodology chagtkee corresponding sub question

is: "What is thePoint Spacingon building elements in AHN3 and AHN4, and how do the
patternsin Point Spacingompare in terms of completeness and gaps in the point clouds?"

The problem statement indicates that there may be fewer flight lines used in AHN4 compared
to its predecessor, which could negatively impact its performance. This research aims to
investigate whether this is indeed the case and whether the reduction in flight lines has a
significant impact on the performance of AHN4 compared to AHN3. This effect will be
researched in the sub questibidow do the quantitative and qualitative differences between
AHN4 and AHNS relate to the distance from a building to the nearest flight line?".

Also a case study will be conducted in which will be lookedn area where the scanning
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areas per flight can beetrieved. In this area will be looked mosebjectively with the
Human Vision Systemwvhat the impact is on the amount of overlaps between the scanning
areas and whether less flight lines also reslitt less overlaps.

By answering the sufuestions, it will be possible to determine if AHN4 performs better in
representing 3D buildings than AHN3. Additionally, the main question can be further
answered by distinguishing between the direct use of point clouds or when 3D objects need to
be generated from the point clouds. When point clouds are used diteetlgerceived

quality for the HumanVision System isthe primary concern, while when a computer
generates a 3D object, therceived quality for Computer Algorithms more important. The
literature review of the first suguestion will provide insight into the important aspects for
both typeof usage.

1.3Scope of the research

This research primarily aims to evaluate the performance of AHN3 and AHN4 in
representing 3D buildings, and as such, will not extensively cover or have a limited scope in
regard to:

The accuracy of the points in the poahbud will not be researched in this research.
This research will focus mainly on the completeness and the density of point clouds.
Building Information Modelling (BIM)can be a vergetailed 3D model of a building
because every material and piece of a building can be included. All the way to which
bolts are used in the constructi@ue to the fact that they are not available for all the
buildings in the entire Netherlands it will not be included in this research.

The modelling of the interior of buildings cannot be deducted from a ALS point cloud
like AHN so will not be dealt with in this research.

Photogrammetry is a method of using overlap in images to generate a 3D point cloud.
In this research however will be focussed on LIDAR point clouds.

The textureand colourof buildings will not be addressed in this research. While it
may enhance the visual representation of buildings, it has little impact on the usability
of most 3D GIS analyses. The most crucial aspect for these analyses is the accuracy of
the building's shape. Furthermore, incorporating texture on an inaccuraidsiled

3D building can result in a jarring visual appearanten points of a point cloud

have a color attribute it does however makes a big difference on the human perception
of a surface. However this attribute is not included in the AHN point clouds and
therefore will not be included in the research.
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2. Literature Review

In this Literature Review, all publications and sources related to the research toge will
examined. First, the background ofDAR and its role in generating and applying
Nationwide Point Clouds will be provided. Next, the perception of objects in point clouds
will be explored. This section will focus on the Key Performance Aspects of point clouds and
how these aspects influence tperceived qualityof point clouds. The research question,
"What are the key performance aspects of a point cloud that affect the perceived quality for
the Human Vision System, and how does this affect compare to the perceived quality for
Comput er A il oeranstverech baBei on the insights derived from this literature
review. Finally, the limitations of usinBoint Densitywill be discussed, and the argument

will be made for considering’oint Spacingas a potentially better indicator as a Key
Performance Aspect for establishing requirements for a point cloud.

2.1 Background LiDAR

2.1.1 What is iDAR?

LiDAR, which stands for Light Detection and Ranging, is an advanced surveying technique
that utilizes laser beams to precisely measure the surrounding environmangliasingthe

time it takes for the laser beams to return and the strength of their reflections, LIDAR
calculates thelistances to the surfaces they encounter. This process, combined with the scan
angle, enables the determination of precise positions for each reflection point, resulting in
accurate x, y, and z coordinates. The culmination of these calculations produces a
comprehensive 3D point cloud, where each point represents the location of a reflecting
surface (Bochove, 2019).

A LIiDAR scanner can be placed on three different kinds of ways. The most used way is
Airborn Laser Scanning (ALS), Terrestrial Laser Scanning (TLS) and Mobile Laser Scanning
(MLS). In figure 2 are all the (dis)advantages of each way of laser scanning (Pradhan &
Sameen, 2020).

ALS

Direct view of pavement and
building tops

Oblique view of vertical
faces

Fast coverage

Large footprint

Far-range travel

Not limited to the area visible
from the roadway

Low point density
(1-60 point/m’)

Limited options for sctup
locations

Difficult to operate and
requires adequate training
Provides a low level of
details

Low accuracy and resolution
of road features

Highest cost-effectiveness

MLS

Good view of pavement, unable to
capture building tops

Direct view of vertical faces

Slow coverage
Small footprint

Short-range travel

Limited to objects close to and visible
from the roadway

High point density (100 points/m”)
Good options for setup locations

Difficult to operate but easier than
ALS as a pilot is not needed

Provides a high level of details

High accuracy and resolution of road
features

High cost-effectiveness

TLS

Good view of pavement with
details

Direct view of vertical faces
with more flexibility

Slower coverage

Small footprint

Short-to-moderate range
travel

Limited to objects close 1o
the roadway

Very high point density
(500 pninls/m’i

Better options for setup
locations

Easy to operate with less
training

Provides the highest level of
details

Higher accuracy and
resolution of road features

Low cost-effectiveness

Figure2 Comparison ALS, MLS and TLS sourderadhan & Sameen (2020).
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This research focuses on Airborne Laser Scanning (ALS), a LIDAR method used for
acquiring AHN datasets. ALS offers high accuracy, providing precise measurements for
detailed mapping of terrain, objects, amelgetation. Its accuracy makes it valuable for
applications like urban planning, forestry management, and fioadelling Additionally,

ALS is noninvasive, enabling data collection from inaccessible or hazardous locations such
as dense forests, mountainous regions, or disaftmted area@kyay et al., 2019)

Another advantage of ALS is its rapid data acquisition capability. LIDAR systems mounted
on aircrafs can cover large areas quickly, acquiring vast amounts of data within a short
period. This capability is utilized in many countries to generate a nationwide point cloud,
which also serves asedevationmodel (Ahokas et al., 2008)AHN, as mentioned earlier, is

an example of such a nationwide point cloud with a correspoetiwgtionmodel.

One drawback is the lowétoint Densitycompared to other surveying methods. ALS may

not capture as many data points per unit area, resulting in a less detailed representation of the
terrain or objects being scanned. This reduBetht Densitycan affect the accuracyne
precision of the generated 3D mod@tsadhan & Sameen, 2020).

Another challenge is dealing with the large amounts of data generated by ALS. The scanning
process collects vast volumes of point cloud data, which can be overwhelming to manage and
process. It requires specializedftware and hardware capabilities to efficiently handle, store,
and analyze this data, adding complexity and potentially increasing(¥@stOosterom et

al., 2015)

In the context of the Netherlands, the high air traffic density poses a specific challenge for
ALS operations. The country has a densely populated airspace, especially near urban areas
and major airports. Coordinating flight paths and ensuring the safety of aircraft becomes
crucial when conducting ALS surveys. This can lead to increased regulatory requirements,
coordination efforts, and potential limitations on when and where ALS can be conducted
(Bochove, 2019)

Weather conditions also play a significant role in ALS operations. Adverse weather, such as
heavy rain, fog, or low cloud cover, can impede the effectiveness of ALS systems. These
conditions can cause reduced data quality or even make data collection impossible. It
becomes essential to consider weather patterns and select suitable timeframes for ALS
surveys to ensure optimal data acquisition and acc(Bashove, 2019)

There are multiple different type of scan patterns for ALIge spatial pattern of points is
largely dependent on the type of scanner. Rotating mirror scanners and oscillating mirror
scanners produce parallel scan lines (assuming constant flight direction) or a zigzag line
(Glennie et al, 2013While parallel scan lines result in eqradint Density(Situation A and

B in figure 3), a zigzag line always results in variaBleint Density(Situation C in figure3).

Scanners with conical scan patter8styation D in figure3), measure with a constant scan
angle in all directions (Fernand@&iaz et al, 2014). Consequently, each location is scanned
twice from different angles, and the conical pattern causes verydbiggity on the edges of
each swathunless the scanner is changing the speed of scanning (Petras et al, 2023).
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(a) (b) (c) (d)

Figure3 Different scanning patterns for AL{fetras et al, 2023)

2.1.2 Applications of Nationwide Point Clouds

Nationwide Point Clouds have multiple applicatioims2012, the most common applications

of the AHN dataset were water management, archaeological research, and scientific research
(Donker and van Loenen, 2013). For example, the water board uses the AHN to check if the
dikes are not sinking. Rijkswaterstaat, on the other hand, extensively uses the elevation data
to generate sound maps and determine the placement of sound barriers along highways.

The main funders of the AHN are the Provinces, Water Boards, and Rijkswaterstaat. Since
AHNZ2, these funders have covered the entire costs and offered the AHN data as open data.
Since the data became open, many other users have also emerged. The results of the survey
conducted by Bregt et al. (2016) suggest a shift in focus towards Construction &
Infrastructure, Environment Soil & Nature, and Spatial Planning. Additionally, the research
indicates that the majority of AHN users are now commercial users, accounting for around
80%.

An example of a commercial application of the AHN is the Zonatlas. Using the AHN point
cloud, Zonatlas creates a 3D model and performs a 3D analysis to determine the number of
solar panels that can be installed on a house's roof and calculate their potential yield and
payback perioés shown in figurd (Zonatlas, 2023).

Uw dakpotentieel Uw potentiele opbrengst

18 6082 kWh per jaar
Opbrengst van de installatie
€9893.3 im
Eenmalig op basis van gem.

=]

Figure4 The potential yield of a house analyzed by Zonatlas (Zonatlas, 2023)
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One of the primary applications of point cloud data lieBigital Twin cities. Digital Twin

cities serve as virtual extensions or replicas ofweald cities (Schrotter & Hurzeler, 2020).
TheseDigital Twin cities ideally are connected to lots of realtime sensor data from the actual
cities (Papyshev & Yarime, 2021).

Digital Twin cities can take various forms, with no esiegefits-all approach in their
applications. However, the most common form is a 3D city model (Peters et al., 2022). These
models accurately capture the physical aspects of cities, making them valuable tools in urban
planning and informed decisianaking for governments (De Kruijf & Steenbakkers, 2021).
Typically, a 3D city model is created by integrating point clouds with other administrative
data. In the Netherlands, the TU Delft has undertaken the ambitious challenge of generating a
3D building model of every building in the country, called the 3D BAG. This 3D building
dataset can be seen as the foundation igdaal Twin city. (Peters et al., 2022). See Figure

5 for an example of 3D BAG. The current iteration of the 3D BAG is based on AHN3, and
ongoing research is evaluating the quality of AHN4 to determine whether it should be
incorporated into the dataset.

Figure5 De Dom (Utrecht) in 3D BAG

2.2Key Performance Aspects of Point Clouds

This chapter aims to answer the research quesiféhat are the key performance aspects of

a point cloud that affect the perceived quality for the Human Vision System, and how does
this affect compare to the per.dheichagadwilgual it
begin by examining the general key performance aspects. It will then explore the components

of perceived qualityand assess the significance of these key performance aspects fitreboth

Human Vision Systerand CompterAlgorithms

Key performance aspects are indicators on how well a point cloud is suited for an application.
The importance of these indicators will vary on the type of application. First will be looked at
what kind of key performance aspects there are. After that the importance fandddtiman

Vision System as fa€omputerAlgorithms will be discussed.
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2.2.1Point Density

Point Densityis the most common used indicator for assessing the quality of airborne LIDAR
data. In the United States Geological Survey (USGS) standard (Heidemann 20R&jinthe
Densityis commonly referred to as the Nominal Pulse Density (NPD). It is a metric used to
guantify the density of laser pulses emitted per defined Sieeeevery laser pulse that is
emitted results in a point, the NPD is typically expressed as the average number of points per
unit area, denoted as points per square meter (pts/m2) (Rupnik et al. 2015)

There are two common methods of calculatfagnt Density local density and mean density.

The most commonly used is the mean density as it gives a representation of the density across
the entire project area. The mdaoint Densityis determined by dividing the total number of

point by the overall project area. However B@nt Densitycan vary within the project area

which can be a problem for applications like generating 3D objects. For these kind of
applications will often locaPoint Densitybe used. The local data density is calculated by
point number dividing area in a small area (mostly a square méker)nost common way

of calculating this is by making a grid (with a cell size of for example 1 square meter) and
executinga point on area overlay analysis (Wu et al, 2011).

Point Densityas a requirement

With every iteration of AHN new requiremerdse being developedhese requirements are
used in the Tender which is used to find the best company to acquire the point cloud data.
This company needs to deliver the point cloud in a given time and this point cloud must meet
the minimum requirements that is stated in the Tender.

The requirements for AHN3 and AHN4 were primarily focused on vertical accuracy, with a
maximum allowable offset of 5cm. AHN3 did not have a specific mininRoimt Density
requirement, but it typically ranged between 6 and 10 points per square meter. In contrast,
AHN4 had a defined minimurRoint Densityspecified in its tender, mandating at least 10
points per square meter overall and a minimum of 5 points per square meter under vegetation
(Leusink, 2019). Generally, AHN4 datasets exhibitd®oamt Densityranging from 10 to 14

points per square meter ¢Aieel Hoogtebestand Nederla@®23).

However, it is important to note that the requirements did not include any provisions for
Point SpacingConsequently, the company responsible for acquiring the AHN4 dataset could
potentially have gaps in the data, as in the example of fiGuEhe motivation for the
company to mitigate these occlusion gaps is therefore significantly reduced. While larger
overlaps during data acquisition could prevent these gaps, such an approach would incur
higher costs. As a result, the incentive for ensuring the completeness of the dataset rests
solely on accuracy arféoint Density disregarding the potential presence of data gaps.

The 3IBAG is a dataset of 3D buildings created by researchers from the TU Delft. During a
presentation at the AHN BM congress in Amefoort on May 9th, the researchers discussed
their findings regarding AHN4 and their plans to incorporate it into the next iteration of the
3DBAG datasetlin this presentation, it was stated that in most cases, the AHN4 dataset has a
higherPoint Densitycompared to AHN3, typically twice as high. This higher density yields
more detailed information on the derived 3D buildings. However, it was observed that AHN4
exhibits more occlusion, leading to errors in building generation. Figilitestrates thegaps

(white areas) present in the AHN4 dataset but absent in the AHN3 dataset. Consequently, the
conclusion drawn was that for buildings with such occlusion, AHN3 would be preferred
(assuming the building has not changed in the meantime).
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Figure5 ComparisorgapsAHNS3 (left) and AHN4 (right) (Petrs et al., 2023)

2.2.2 Completeness

A important key performance aspect is the completeness of a point cloud. Completeness
refers to the degree to which all the objects and surfaces in a scene are represented in the
point cloud data. It measures how well the point cloud captures the entirety of the
environment being scanned or observed. If a point cloud is incomplete, important details may
be missing, leading to inaccurate measurements, incomplete reconstructions, or flawed
interpretations of the scene. For applications such as 3D modelling or object recognition, a
complete point cloud is essential to ensure a faithful representation of theor&hl
environment.

A common phenomenon withiDAR that affects the completeness of point clouds is
occlusion. Occlusion is the phenomenon where objects or surfaces in a scene obdinect the

of sight to other objects or surfaces, causing them to be partially or completely hidden from
view. In the context of point clouds, occlusion means that certain areas or features of the
scene may not be adequately captured by tBAR scanner because they are obscured by
other objects. It can result in missing or sparse data in regions that are occluded. For example,
if a tree is blocking the view of a building during a LIDAR scan, the point cloud may lack
accurate information about the obscured parts of the building.

In figure 6 is a schematic drawing ofiDAR scanning and the area that is occluded. The area
that is captured by more than a single plain is overlap. These overlaps result in more
acquisition costs because more flight hours are needed to capture the same region. Excessive
overlaps ar@conomicallyunjustified because scanning eme fragment several times does

not increase the amountioformation about the acquired obje¢té r cho g, 2019)
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FigUreG schematic example ofiDAR scanning and the occlusion (Mandlburger et al, 2017)

However in most cases there are to an extend ovebapause it decreases the amount of
occlusion and therefore improves the completeness of the point cloud (Mandlburger et al,
2017). When looking at the example of fig@;at becomes cleathat if the airplanes would

fly more distant from each other and the overlap would decline the amount of occlusion
would increase. As stated in the introduction it is said that for the new AHN4 point cloud
there are flight hours made than its predecessor AHN3. This could indicate a higher level of
occlusion and a less complete point cloud. Later on in this thesis this will be researched.

How many points there are and whether the point cloud is complete are not the only key
performance aspexctWhether the points are accurate is also important. Accuracy of a point
cloud refers to how closely the coordinates and attributes of individual points in the point
cloud align with the true or reference values of the corresponding objects or surfaces in the
realworld sceneA good accuracy is an essential requirement for a good 3D model.

2.2.3Influence flight heighton occlusion

The degree of occlusion is thus related to the angle of incidence in combination with the
degree of overlap of acquisition. But does the flying altitude also influence the degree of
occlusion?This paragraph will theoretically illuminate this aspect.

As mentioned earlier, there are indications that AHN4 may exhibit more gaps due to
occlusion compared to AHN3. What is known is that the flight altitude during the acquisition
of AHN4 is higher than that of AHN3. However, can this difference be attributed to the
increase in flight altitude?

Airborne Laser Scanning is performed using a laser scanner with a specific angle for sending
and receiving laser pulses. If an airplane flies at a higher altitude, it will scan a larger area on

the ground. Nevertheless, the angle at which the pulses hit the ground remains constant.
Figure 7 illustrates a scanner with a maximum scanning angle of 30 degrees, resulting in a

maximum angle at the ground of 75 degrees. Whether the plane flies higher or lower, these
angles do not change. Thus, this factor alone could not lead to increased occlusion.

17



a: 30/2=15 degrees
b: 90 degrees
c: 18015-90=75 degrees

Figure7 Example ofscanning angle iALS

That does not mean thHight height could indirect result imore occlusionThis has to do
with the amount of oveab. When a airplae will fly higherwith the same angle it will scan a
larger surface Oftenthere is a certain amount of overlapensure thaall area is scanned.
Howeveroverlap also will decise the amaou of occlusion because théhese aras are
scanned from two sides.

If the overlapstays the ame but the flight heightand therefore the scanned area, iaseat
will result in a smallempercentageof the surface which is scanned from two angkes.
exanple is shown irfigure 8. Therecan be seen that in the left scenati® overlap is Q0
meters wide and theidth of thescanningarea in total is 1000 meters. This means th&680
of the surfacdras no overlapnd 2@% of the area has a overldfhe scenao on the rghthas
the same angles buth#herflight height which results in a scanning dth of 2000meters. If
the same overlapfd00 meterof overlapit will result in only 10% of the area which has a
overlap.This means that in the left situatitiee 20% surfacevith athe smallesaingle and
therefoe scanned the most from eiside,are also senned from another angle. But in the
right scenario just @6 of the surface iscannedrom another angle whicleaves the other
10 percentwith a large amount of occlusioo the flight height des not have to impact
occlusion buthen the overlap will have todreasewith the ircrease irflight height.

3

A e B
e i
o 4?-5 e

7%

100m  800m  100m 800m  100m 100m 1800m 100m 3800m oom

Figure8 Exampleof increasing altitude with remaiyg width of overlap
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2.24 Point Spacing

The method of calculatingoint Densityis either way (mean or local) a 2D analysis for
calculatingPoint Densityand does not take into account theaues of the point in a point
cloud. Another way of calculating the density of a point cloud is by calcul&wigt
Spacing Point Spacings defined as the distance between adjacent points. So instead of
calculating the amount of points in a certain aneavill calculate the distance between
adjacent point§Rohrbach, 2015)

Point Spacingan be used in different waylsike Point Densityyou can calculate the Mean
Point Spacingand the LocalPoint Spacing Mean Point Spacingassumes a regularly
distributed point cloud. ThBoint Spacings the square root of the average area per pe@et
figure 9. This method of MeaiRoint Spacinggtill does not take into account thevZlues of
the points. The real benefit &oint Spacingover Point Densitywhen looking at the Local
Point Spacing

1
point density

point spacing = J

Figure9 formula for Mean Local Spacin@ohrbach2015)

Like stated earliePoint Spacingcalculates the average distance to adjacent points. Local
Point Spacingalculates this average distance for every point and therefore does not assume
that all points are distributed regularjfowever, no sources were found that explain Local
Point Spacingn detail.

Local Point Spacingalculates the average distance to a given amount (K) of adjacent points.
This amount of poirstcan be a fixed amount, for instance 5. In this case the distance to the 5
adjacent points will be calculated and summed and then divided by 5. The amount (K) of
adjacent points do not necessarily have to be fixed. A method that can be used is by
generating anesh for instance by applying Delaunay triangulation. In thessheach point is
connected to a variable amount of points. These points can be used as adjacent points, and
therefore this will decide what amount of adjacent points (K) there are.

Take into account that Loc&loint Spacingan be used in both 2D and in 3D, this is due to
the fact that you can use both the 2D distance, but also the 3D distances. A method to
calculate the 3D distance between two 3D points is by using the formula of Pythagoras (a2 +

b2z = ¢?), see figuréO. First you wil!/| need to calcul ate

on the xaxis between the points (abs(X12 ) ) and Abo i saxig(dbs(Yiof f set
Y2), Acd is then the 2D distance between t
calcul ate the 3D di st an-axes (abs{Zize2r) )i ad di i btoh @ s«
di stance. This results in Aco; the 3D distan
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Figure10 Formula of Pythagoras

The benefits of using the LocBbint Spacingnstead ofPoint Densityis that it calculates the
population of points on a 3D surface whether than a 2D surRamat Densitydoes not
accountfor the height differences in the surface, and therefore the gaps in 3D. In Figare

an extreme example of the difference betw@&aint Densityand Point Spacing In this

figure, which is a cross section of a fictional surface,Rbmt Densityis equaleverywhere
(therefore there seem to be no gapk)wever,.the sides of this flat has no points at Bibint
Spacingooks at the distance between the adjacent points and will therefore detect the gap on
the sides of the flat correctly.

I W W N L&
Figurell EqualPointDensity(3) but gaps on the sides (orange)

2.3 Perceptioral qualityand object recognition

When looking specifically at perception of objects it is important to look at what a point
cloud is.

A point cloud is a set of points with x,y and z values. Some of these points togather
represent an object, but this cannot be found in the data itself. In order to know which points
form an object, and what kind of object these points representriiégal to recognise this
object in the point cloud.

20



2.3.1Human Visual System

When you look out of the windgwour brain is recognising an enormous number of objects
like cars, bikes, streetlights or a slide in the playgroluike other natural tasks that our
brains perform effortlesgl This recogntion is done by the Human Misl Systen(Liu et al,
2023)

In the literature there is a strong focus on applications of 3D models. However, there is little
research about thgerceived qualityf these modeland how to test iThis is also mentioned

by Zhang et al (2014)n their review they acknowledge that it is difficult to review the
perceptual quality of a point clou@he article states that there are two methods, objective
and subjective, to evaluate the quality of 3D models depending on the evaluation subject.
More specifically if the subject is a human being, the method is called subjective evaluation.
If the evaluation result is computed by machine, the method is called objective evaluation.
The findings of a subjective evaluation cahowever be usedfor makng a objecive
evaluationthat can indica¢ certain aspets that could harm theperceived qualityfor the
Human Visial System.

An example ofsuch fndings come froman subjectivetestthatis performedoy Zhang et al
(2014) n whichthey down sampled a point cloud and letting people rate what the perceived
quality is of the object the point cloud is representing. See fit@ifer an example of the
down sampling.They found that the resolution change on a 3D model is almost linearly
correlated with the visual perceptiontbe HumanVisual System.This means that a higher
Point Densitywill most oftenlead to a higher perception of the objeshother research
states thain terns of objectrecognitionanhigherpoint densitydoes not affect the perceived
qguality much as long as the presentation is plausible for human vie@ersSlva Cruz,
2019.

Figure 12 Monkey point cloud models in different resolution by desample (Zhang et al,
2014)

The outcomes of these subjectivesearchemdicate that higher point densitwill provide
ahigher perceived quality of a point clotat the Himan Visual System.

2.3.2 Computerslgorithms

Recognitionat a level of the HumaYision Systemhas turned out to be difficult to reproduce

in artificial systems like computer€omputers do not work the same as the human brain.
They use algorithms and mathematical moadetsle by human® process data like point
clouds, with these models the computer is limited by the quality and quantity of point cloud
data available. They may also struggle with objects or scenes that have complex structures.
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The segmentation of point clouds is a fundamental step in processing 3D point clouds. Given
the set of point clouds, the objective of the segmentation process is to cluster points with
similar characteristics into homogeneous regions. For example when you want to calculate
how many solar panels can be fitted on a roof of the building, it is needed to know where the
building is and what the surface is of the roof (Nguyen, 2013).

In order to do 3D analysis on buildings it is common to reconstruct 3D objects out of point
clouds.By deriving objects from the point cloud, such as buildings, the data can be organized
and structured in a way that facilitates efficient 3D analysis. Most of the reconstruction
methods work well if both the data is complete and the objects in the scene fit to assumptions
made in the algorithm. However, the quality of 3D building models is actually determined by
those situations where either data is lacking or the objects do not fit to general assumptions
(Elberink & Vosselman, 2011Relatively simple buildings doot need a highPoint Density

in order to let the algorithms reconstraateasonabl8D building. ThePoint Densityhas the

most effect on the level of detail of the building such as chimneys on the roofs. Inf&yure

the effect isshownof reducing thd?oint Densityon relatively simple buildings.

Figure 13 Effects of reducing th@oint Densityfrom 56 points per m2 (top) to 1.251.5
points per m2 (bottom) on the amount of reconstructed details (Vosselman & Dijkman,
2001).

The relation between the desired Level of Detail (LoD) should not only be related to the
averagePoint Densityof the dataset. For feature extraction purposes the variatiBoim
Densityis often more important than the meRmint Density(Elberink & Vosselman, 2009).
Especially with more complex shaped buildings the details are very important. A example of
such type of buildings are mills. To show how hard this kind of complex buildings are for
computers to work with, and how easy it is for us humans to recognise the type of building
are below two mills with a photo representation (to show how the buildings look in real life)
compared to reconstructed 3D building and its corresponding point cloud are belowldigure
and 15. The data used are from 3DBAG made by the TU Delft (TUDelft3D, 2023) and the
point cloud of AHN3 which is used to create the 3DBAG.
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Figure14 Mill in Schiedam represented as picture, 3DBAG object and corresponding AHN3
point cloud

Figure 15 Mill in Bergambacht represented as picture, 3DBAG object and corresponding
AHN3 point cloud

In thesefigures (4 and15) can be seen that the AHN3 point clouds are very recognizable as
mills to the Human Vision SystemThe blades of the mills arelearly recognisable.
However, vien a computer tries to apply algorithms that, such as Elberink & Vosselman
(2011) mentioned earlier, apply predefined assumptibngill give a very unrealistic 3D
representation which is not even close to the real eftitg. blades of the mill are missing

and thebalcony around the mill cannot be seen in the 3D obfecan be assumed that if the
point cloud would have been incomplete, for example due to occlusion, that it would have
assumably have a big impact on complex structures due to the error when filling in the gaps
by algorithms.
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2.4 Importance Key Performance Aspsdor Human Visual System and Computer
Algorithms

The first research question wa&/hat are the key performance aspects of a point cloud that
affect the perceived quality for the Human Vision System, and how does this affect compare
to the perceived quality for Computer Al gori

There is not that much literature previously written atkeyt performance aspectdowever,

it can be stated th&toint Densityis a key performance aspédot the perceivedquality of a
point cloud forboth Human Vision Systm and Computer algothms. Where the perceived
quality of point clouds is linearly correlatddr the Human Vision Systermaccording to
Zhang et al(2014) it is not the casefor Computersalgorithms. For computeralgorithms
Point Densityis especially important to increase the level of detail, but more so the
consistency of th@oint Density

For objectrecognitionin a Computer Algoriim is the completeness of the point cloud more
important tharPoint Densityin order to fit the algorithms used to derive objects out of the
unstructured point cloud. When the completenesBaint Densityis not high enough to fit

the algorithm, or the algorithm itself has to generalized assumptions computers will have lots
of difficulties to derive 3D buildings, as shown in figureand15.

In this research theompleteness ad pointcloud will be researchea two ways. Fist will
be looked atgaps in thepoint cloud. Secaly will be looked at thepoint coveage on
different elements of a building

2.4.1 Importancepoint coverageon walls and facadedor 3D representation

With the increasing point density of laser scanners and the rising resolution of digital
imagery, datalriven reconstruction techniques now yield more accurate and robust models.
Smaller roof details can be detected, and geometric constraints can be applied with greater
confidence. However, certain challenges persist, and new laser scanners have not completely
addressed the issue of areas lacking data due to occlusion (Oude Elberink, 2008).

In Figure 6, it can be observed how this problem predominantly affects the vertical areas
specifically the walls and facade§buildings. The accurate derivation of walls is crucial for
applications such as 3D building modeling, and a notable drawback of (airborne) laser
scanning is the incomplete representation of walls (Rutzinger et al., 2009).

Walls are typically relatively homogeneous, forming vertical flat surfaces. In most cases, a
high point coverage on walls is not essential. However, there are applications where walls,
especially facades, play a vital role. Details on the facades of a building, such as bay
windows and door frames, are crucial for achieving a higher level of detail in representing the
building. While these elements may not be essential for recognizing a 3D representation of a
building, they are important for the Human Visual System to identify the specific building
being represented. For computer algorithms, the edges of surfaces are vital for understanding
sharp angles. For instance, if a facade has only a few points on a bay window, it might lead
the algorithm to interpret the entire wall as being inclined rather than recognizing the small
bay window protruding at a 9fegree angle.
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2.4.2 Quantification of the Key Performance Aspects

Point Density and Completeness are crucial Key Performance Aspects that significantly
influence the qualitative perception of a point cloud, albeit in different ways for the Human
Vision System and Computer Algorithnis.this paragrapiwill be given a shorsummary o

the importance of the Key Rermance Aspects fdyoththe Human Vision $stem ad
Computer Algorithms.

In figure 16 you can see an overview of all the key performance aspectsanportant
they are for eithethe Human Vision Systewwr ComputeAlgorithms.In this figuregoes
from fi+0 which meansninor influenceup tofi++0 which means that it hasnaajorinfluence
on the perceiveduality of the point cloud.

Key PerformancéAspects Human Vision System Computer Algorithims
Point Density ++ +

Gaps + ++
CompletenesgWalldFacaley | ++ +
Completenes$Roof) + ++

Figurel6 Impact Key Performance Aspects on the perceived qualdypoint cloud

2.5 Key Performance Aspects specificationsAHN3 and AHN4

In this research, AHN3 and AHN4 will be compared based on the key performance aspects
outlined in Figure 16. The aim is to assess what can be anticipated from these datasets in
accordance with their specifications. Additionally, the research seeks to determine the extent
to which it surpasses the specifications of AHN3 and AHN4.

According to the official website of Actueel Hoogtebestand Nederland, AHN3 lacks a
specific point density specification. Nevertheless, it is mentioned that the point density
typically falls within the range of 6 to 10 points per square meter. In contrast, AHN4 provides

a point density specification ranging from 10 to 14 points per square meter. However, it is
noteworthy that for the Schiphol area, the point density can reach as higl2éap@ihts per

square meter (AHN, 2023). It's important to note that these point densities represent averages
over broad areas, and beyond this global point density, there are no specifications regarding
the completeness of the point cloud.

Earlier in this literature review was alrgadiscussed what the limitations are of ussadely
point density agjuality indication of a point cloudt should be notetlowever that AHN was
never intended to be usddr the 3D representation of buildingk. is createdfor the
waterboard, provinces and Rijkswaterstaat and primarily used for watdrbarriel
management by these organizatidos applications like flodmapsand monitoring dykes.
Because théletherlands is a relatively flat countip maost cases thiandscape Wl not have
lots of big heightdifferences which couldrigger high amounts obcclusion So it is not
strange thatompleteness terms of gaps in 3» less of egoal and therefore there are no
specificationsn terms of completeness.

Buildings, however, often cause occlusion, particularly taller structures in urban

environments. Therefore, it is pertinent to investigate the completeness of AHN3 and AHN4
in terms of 3D representation, with a specific focus on buildings.
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This research aims to extend beyond the specifications of AHN3 and AHN4. While point
density is only defined globally, it fails to account for significant local variations due to its
average nature. This study will examine the local point density of buildings, allowing for a
detailed assessment of whether AHN3 or AHN4 exhibits a higher point density and the
consistency of this density across structures. Additionally, the research will evaluate the
completeness of point clouds by analyzing the presence of gaps and the distribution of points
on a building, determined through the calculation of point spacing.

Furthermore, the investigation will explore point density disparities betweenHfliand

and specific areas in Friesland. This comparative analysis aims to identify major differences
in point density within the Netherlands
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3 Methodology

In the Methodology section, we will describe the approach used in this research. We will
begin bygiving an overview of the methodologifter thatwill be looked at the study area

of this researchThen the datasets and software used for this researtibe discussed
Finally will be looked more extensively at the methods used in this research by providing a
detailed, stefby-step explanation of how the research will be conducted.

3.1 Setup of the research

The main objective of this research is to determine whether AHN4 is an improvement over
AHN3, The first step is to identify the key performance aspects of a point cloud and assess
whether they vary based on the application tyganfanVision SystemversusComputer
Algorithms). This will be achieved by addressing the research quesiidmat are the key
performance aspects of a point cloud that affect the perceived quality for the Human Vision
System, and how does this affect compare to the perceived quality for Computer
Al g o r i.f{THe fiter&ude review conducted in the previous chapter provides the answers
to this research question.

According to the literature review, the key performance aspects of a point cloBdiate
Densityand completenes®oint Densityis a quantitative performance aspect, which will be
investigated through a GIS analysis using a point on area overlay. The completeness,
including the distribution of points and the presence of gaps, will also be exalyned
calculating théPoint Spacingising a GIS analysis.

This lastanalysis involves first converting the point clouds of the buildings im@sh The
number of triangles and their area provide an indication of the completeness of the point
cloud. If the area of a triangle exceedseatain threshold, it can be identified as a gap. The
slope of the triangles can indicate whether they represent a wall, sloped roof, or flat roof.

As previously discussed, there are concerns regarding the alleged decrease in flight hours for
acquiring AHN4 compared to AHN3. To address this, the distance between a building and
the nearest flight line will be calculated. The impact of this distance on the key performance
aspects, such aBoint Densityand completeness, will be examined by searching for a
correlation. Therefore, this analysis combines both GIS and statistical analyses.

Once these questions are answered, it will be possible to evaluate the performance of AHN3
compared to AHN4 in representing 3D buildings. The impact of this performance will be
assessed for bothe Human Vision System and Computer Algorithiibe methods behind

every amalysis will first bediscussed with thegpameters that are uséd condicting the
analsis. After thatwill be shown how thesmethods & applied in the FME workspaces

this resarch.

3.1.1 Study Area

For this research the study area will be limited by the amount of data that needs to be
processed for this research. It is not feasible to study the entire Netherlands in the given time
with the equipment at hand. Therefore a single province of the Netheiamti®sen to
researchSincethis research is supervised by the TU Delft the province of choice is Zuid
Holland. Due to time constraints only a selecti@in30 municipalities (out of 50% analyzed

in the completeness analysithese 30 municipalitieare shown figure5las green where the
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rest of the municipalities in ZuiHolland are shown in orange. The province of Zuid
Holland, that is displayed in figure7l has an area of around 3300 square kilometers
(including +f 600 square kilometers water) and consists around 3,8 million inhabitants
(Centraal Bureau voor de Statistiek, 2023).

The study area, the Province of Zuid-Holland

0= 10 20 km | _ [T Completeness analysis conducted
| ;
] Completeness analysis not conducted

Figurel7 Map of the Provinc&uid-Hollandwith the analyzed municipalities being green

3.1.2 The datasets

The primary dataset in this research is the Algemeen Hoogtebestand Nederland (AHN),
which has been introduced in the problem statement. The research will focus on the point
clouds of AHN, specifically by comparing the AHN3 point cloud with the AHN4 point
cloud. The AHN3 dataset can be downloaded from PDOK as tiles, while the AHN4 dataset
was not available on PDOKet in Decemberbut muld be accessed through the Esri data
portal using the same tile names as AHN3. As of January 1st, the entire Netherlands is
covered by the AHN4 datasand currently AHN4 can also be downloaded from PDOK

As mentionedin the problem statement there are concerns about the (alleged) decline of
flightlines in AHN4 in comparison of AHN3. In order to analyse this, it is needed to have the
flightlines of both AHN3 and AHN4. These lines are not publicly availabtavever, hese
datasets are acquired after a mail exchange with Rijkswaterstaat (via the contact page of
www.ahn.n). The acquisition of AHN3 started in 2014 and ended on 2019. The acquisition
of AHN4 was much shortetaken from2020until April 2022 (AHN, 2023).
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Figure18 AHN4 pointcloud

The primary focus of this research is the 3D representation of buildings as either a point
cloud or as a 3D vector objed@thereforemost of the analysis will therefore be conducted at a
building level. To find out where buildings are located, a dataset of buildings is required,
which can be found in the Basisregistratie Adressen en Gebouwen (BAG). The BAG contains
all registered buildings in the Netherlands. The BAG dataset is publicly available via multiple
open GIS services, and in this research, will be downloaded from the network share of the
University of Utrecht.

Pand ID 0503100000032914

» o y ) ¢ AR e T PR
o E / > LAY x o —
o

@
%
j S )V
% o
% \
% A
%
o

&
&

- 0\45\‘
¥ >
) oL

Muyskenlaan

Samenvatting

Oorspronkelijk bouwjaar Status Gemeente
1945 Pand in gebruik Delft

Figure19 Building in theBasisregistratie Adressen &ebouwen (BAG)
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In order to make a good comparison between the AHN3 and AHN4 point clouds it is
important that the BAG buildingshich will be researched have not changed in between the
acquisition dates of the AHN point clouds. Therefore the BAG data of both January the first
2014 and of November 2028 used in this research in order to look which buildings are
unchanged between the making of the two datasets.

The AHN datasets are large, making analysis on a consumer PC challenging. Although the
research PC (i7 4790K CPU with 8 threads at 4.4 GHz and 32 GB of RAM) is adequate, it is
advisable to divide the datasets into smaller parts. This has several advantages, including
improved performance through parallel processing, which allows the 8 threads to handle
smaller processes simultaneoysigstead of one large process using a single thread.
Additionally, if a computer crash or other disruption occurs during the analysis, the saved
results can still be used, and the analysis can be resumed instead of starting from scratch. The
AHN datasets will be divided into individual point clouds for each building outline (with a
0.5m buffer), then analysed and stored on a municiglahtgl.. The dataset that will be used

for the borders of the municipalities is tfigestuurlijke Gebiedemdataset from PDOK. This

is obtainable through a Web Feature Service (WFS).

3.1.3 The software

The software that is used for most of the geographic analyses is FME. FME is an ETL
(Extract Transform Load) software package made by the Canadian company Safe Software.
It is specialised in handling large geographic datasets. In the case that FME is not able to do a
certain analysis it can be that Python will be used. Python scripts can be added to the FME
workflow.

For the statistical part of the research will JASP be used. This is arsopere statistical
software program based on R supported by multiple universities including Universiteit
Utrecht and Universiteit van Amsterdam.

3.1.4 Data preparation

Before conducting the analyses, it is necessary to prepare the data beforehand. This section
will discuss how this is done
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3.1.4.1Filtering the unchangedAGbuildings

In order to make a comparison between AHN3 and AHN4 itersessaryfo know which
buildings have not changed in the time between the acquisition of AHN3 and AHN4.

So first will be looked at what buildings have not changedhe BAG data of both January
the first 2014 and of November 2028 this dataset will be looked at what buildirage still
there with a statusin gebruik (in us&) and hae nd changed in gometry

These buildings will then be given a buffer of @himeters This is done by two reasons.
The first reason is simpljpecaiseyou want to be suréhat you inclde the walls of the
building. And there often is overhang on a building (for examglegutter)which would
otherwise maybe would not loecludedin clipping.

The secondreason of using a 20 cemteters buffer is becae it allows to dissolve buildings
which areconnected to eachther. Dissolvingmakesa single polygon out of all polygons
that overlap. These new dissolved polygons will be handled as a single bufidihgs
research. The reasdar this method is that false positive gaps the touching area of the
buildingsare eliminatedFor example, byou take aerraced housthen it will have gaps on
the sides where the next terraced house is. Dissolving eliminates this probtemskmering
the linked terraced housesasingle building.

FME workspace

In the FME workspace in figur@0 the municipalities are first loaded and related to the
buildings of both dateBy usingthe geometry of the amicipality as a spatiafjuery. Then is

looked whether the buildings have changed by using a ChangeDetector. This is a transformer
which can look whether a attribute or geometry is changed for a given attribute (in this case
BAG identification).

After that the geometry is checked and a buffer is made of 0.2 meters (to make sure that the
wall of the building are included when using for the clipping of the point cloihes) are

being dissolvedAll the unchanged buildings are then written to a OGC Geopackage for
every municipality.

Figure20 FME Workspace for filtering the unchanged BAG buildings
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3.1.4.2AHN download

Downloading the AHN pages is time consuming because of its size. For the study area
(province of ZuidHolland) it is 257GB for AHN3 and 882GB for AHN4. Because internet
connection can sometimes fail it is wise to download the AHN pages one by one. If you
would download them all at the same time and the connection fails halfway you have to start
all over again but if you download them one by one you can go fusthere you left off.
Another benefit of downloading the AHN pages one by one is that if the first page is
downloaded it is possible @nalyzethat page immediately instead of having to wait till all
pages are downloaded.

FME workspace

Because it is time consuming to trigger the download by hand, a FME workspace was made
to download the AHN pages automatically. This FME workspace can be seen inZfigure

The workspace first loads the province you want to download, in this caséigllsed, and

then loads all the AHN pages that are located in that municipality. Then it automatically
downloads the pages by filling the page name into the download link. For example for the
page 31FN2, the download URL will be
https://download.pdok.nl/rws/ahn3/vl_0/lazB3AFN2LAZ for AHN3.

https://d: load.pdoknl/rws/ahn3/v1_0/laz/C_@Value(bladnr).LAZ

¥ Province Zuid-Holland 4% | ¥ AHN bladindex 454 ¥ AHN3 download 85

(C#)creator 2 ) =) FeatureReader 317 Tester )| {AttributeManager_ <6}) 2
C[M,em 7 Y e D) (= ;f & —
}
:

uuuuuu
(> Failed

https://ns_hwhfundaments.nl/hwh-ahn/ahn4/01 LAZ/C @Value(bladnr).lAZ

Figure21 FME Workspace which downloads automatically all AHN3/4 pages in a province

3.1.4.3AHN classifications

After downloading all the AHN pages needed to conduct the resethiete point clouds

need to getfiltered AHN has a classification in which is stated what a certain point
represents. The classification classgs shownin figure 22. This research focuses on

buildings so only thse poing are needed. Some of the points do not have a classification,
because it is not safe to say what the points represgmse this could also represent

buildings this classification is also used for this resedhat means that for this research the
points with a classification code A10 and 06
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https://download.pdok.nl/rws/ahn3/v1_0/laz/C_31FN2.LAZ%20for%20AHN3

Code | Meaning

never classified
unclassified
ground

low vegetation
medium vegetation
high vegetation
building

low points(noise)
reserved

water

—
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Figure22 Classifications AHN (Ledoux et al., 2020)

FME workspace

In figure 23 is the part of the FME workspace shown which loads, filters and writes the AHN
point clouds. This part is within a Custom Transformer (hence the green input and output
blocks) so that parallel processing can be conducted, so that multiple AHN pages can be
filtered at the same time.

@) FeatureReader 4 &7 {pointcloucFier 2 1) (Featurewriter J;%(@
- nctier O (o O
> (P <unfitered> 1> 1
ico >

<Un # Connect nput ;
(> <Rejected> > P Summary I P Output {E§

Figure23 Part of FME Workspace which filters on classification

3.2Point Density Analysis

The quantitative performance aspect of a point cloud iPthat Density which refers to the
number of points per unit area. This research focuses on the representation of 3D buildings,
thus thePoint Densitywill be calculated at a buildingvel. The sub question that needs to be
answered is*What is the averagfoint Densityof buildings in AHN3 and AHN4, and how

do these densities compare between the two datasétg@int-on-area overlay method will

be applied to determine the number of points that represent each building. This method wiill
be applied to both AHN3 and AHN4 point clouds.
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FME workspace

In figure 24 the FME workspace part that overlays the LAZ files with the buildings. For the
overlay the Clipper is used. This not only overlayst clips the point cloud into smaller
point clouds that represent the building in question. These are stotedused later. The
amount of points that represent a building is determined by using a VertexCounter which
counts all the points in the point clouds.

¥ AHN inlezen @

AHN3 Filtered
G 5 et 5) oz pnden 5(O9)
—a—

@
LAS BAG
e

“{vertexCounter2 5]

M P> LAZ4_panden {5}

Figure 24 Part of the FME Workspace which splits the Point clouds on building level and
determines th@oint Densityon that level

3.3Completenessand Distribution Patterns

Point Densityis quite easy to calculate and reseaf2he toits quantitative nature it is the

case of more is better. The completeness of a point cloud however is much more difficult to
determine. The completeness will be researched by looking at the distribution pattern of the
point clouds. Not only the consistency of the distribution will be researched, but also the
number of gaps in the point clouds will be calculated. The sub question that will have to be
answered isfiWhat is thePoint Spacingon building elements in AHN3 and AHN4, and how

do the patterns ifPoint Spacingcompare in terms of completeness and gaps in the point
clouds?.

3.3.1 Finding gaps in point clouds

There are multiple methods for detecting gaps in a point clon@ of which is raster
analysis, which involves counting the number of points in each grid cell. However, this
method has limitations as it only considers the 2D distribution of points and may not
accurately identify gaps, particularly those that are vertical in nature. For instance, a square
flat rooftop may have a high density of points, but if the sides of the building have no points,
it would still be considered a gap in the 3D point claddwever, the raster analysis would

not consider the vertical sides of the building and would not identify it as a gap. Therefore,
this method is not suitable for detecting all types of gaps in a point.cloud

Like mentioned in the literature review, better wayof looking at the(lack of) point
coverages by looking at the point spacinBoint s@cingis meaues the average distance
from a point to aladjacenpoints.

Themostuniformly way of connecting adjacent pointshy creating a meshn this research
the method of raking a mesh isusing Delaunay triangulatiorDelaunay triangulation
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guarantees that each point in the mesh is directly connected to its natural neighbors, i.e., the
points that are closest to it. This property is beneficial when calculating point spacing because
it ensures that the distances considered are between points that are geometrically close,
providing a more accurate representation of the local point distribufmiaunay
triangulation ensures an even distributiorsofallertriangles in areas with dense points and
larger triangles in areas with fewer pointhis method generates meshthat covers the

entire building, as seen figure 25. By calculating the surface area of each triangle in 2.5D,
considering the slope of the surface, it is possible to determiriotheSpacingn different

parts of the building.

Figure25 AHN3 point cloud of a building (left) versus correspondidgjaunayMesh(right)

There is, however, a downside to using Delaunay Triangulation: it couples points in a 2D
space, meaning that points close to each other in a 2D projection might actually be far apart
in the third dimension. This poses challenges in capturing vertical surfaces uniformly because
the algorithm constructs triangles based on the 2D positions of points, potentially neglecting
their vertical separation. As a result, the triangulated mesh predominantly represents a 2.5D
structure where horizontal relationships are wmadlintained, but accurately preserving
vertical surfaces becomes problematic due to the disparity in the third dimension.

Despite this limitation, it's worth noting that this issue isn't a significant problem. This is
because even though the triangulation may not perfectly capture the vertical surfaces due to
the 2.5D representation, the inclusion of slope in the calculations for the area of the triangle
accounts for some of the 3D characteristics.Figure 5 an extreme example is being
displayed it can be observed how the sloped roof is nicely displayed with relatively uniform
triangles. Howevewon the sides of the buildingnany "stretched" triangles can be seen,
illustrating the challenges associated with vertical surface representation. Despite the
stretched triangles, it's important to note that they still represent a 3D surface and provide a
good indication of point spacing within the model.

In order to convert the point cloud of a building imashthat goes all the way down to the

ground, so that it covers the entire surface of the buildingmighis draped down to the
polygon edge from the BAG. These do not have amgldes.
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FME workspace

In figure 26 can be seen hothe lowest Zvalue of the point cloud is given to the polygon in
order to make a solid foundation for threesh The TINGenerator then transforms the point
cloud and the polygon intoraeshby using the Delaunay method.

Generates MESH

TINGenerator 2 {C¢
'..'{Doc'nt(:l oudPropertyExtractor_2 i
Loreatanes )

(> output
0} T D Give polygen Z-value 1> TINEdges
BAG building Featureloiner_2 7 Offsetter 2 {@}
Left P Offset >

er £ Right P <Rejected> >

P Joined .
[* UnjoinedLeft
I UnjoinedRight |-
[* <Rejected>

Determine lowest point in point cloud

[ TINSurface pe——

I VertexPoints

Figure26 Part of FME workspace that generates the Delavesh

The meshgenerated in Figurg6 is then used to analyse the completeness of the point cloud.
In figure 27 is the FME Workspace which analyses mesles. But just a part of it is used for

finding any gaps.

Figure27 FME Workspace to analyseestes on the completeness of the point clouds

The meshneeds to be split into separate triangles in order to analyse the completeness of the
point cloud.Then the surface area of these triangles is calculated, this area is calculated with
slope in mind so that it takes the 3D characteristics of the triangles into account. The part of
the FME workspace that is responsible for this is shown in figRire

7 Splitting MESH into Triangles and calculate area {§}
@)b Input {6\}; ‘{GeometryPartE)ctractor 2{:2/—{ AreaCalculator {@}J ’
[D Extracted D Output
(D’ Remaining
[D' Untouched E-‘f‘

Figure28 Splitting meshinto separate triangles and calculating the surface area.

Each triangle that has a bigger area than the threshold will be filtered and counted as shown
in figure 29. It is hard to find how big a area for a gap should be, since it is arbifaryhe
threshold a minimum loc&oint Densityof 5 points per square meters (in 3B)xhosenin

multiple sources including Rohrbach (2015) it is stated that for a basic 3D méuehta
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Density of 5 points per square meters is needddis method does mean that there are
different thresholds for AHN3 and AHNA triangle in themeshhas a area and consists of
three points, this results in a threshold of 0.6 square meter per triangle.

¥ Find and count gaps {é}
' _“..‘{Tester_E Lf—LEAggregator 6 {i}‘]
(D Pa-ssed [D Aggregate ;.
> Failed
—-—-—_‘;{Tester_ﬁ {:}—f—rgAggregator 7 {E}J—/
[I) Passed [D- Aggregate ;
(P Failed
TAggregator_8 {:}]
\\——‘:;{TEStEF_T [D Aggregate i g
(D Passed '
(P Failed P>

Figure29 Filtering the triangles that are gaps

3.3.2 Distribution patterns of points on building elements

The areas of the triangles in the previously mentioned method can also be used to analyse the
consistency of th&oint Densityin the point cloud. This can be used to evaluate the spread
and standard deviation of the triangle ardasvould also be interesting timvestigate the
relationship betweeRoint Densityand building aspects (such as walls, sloped roofs, or flat
roofs) in the point clouds. This could potentially reveal differences in point distribution.

By analysing the vertical orientatiofslope) of triangleson a building, itis possible to
determine which parts of the building they represent. For example, horizontal orientations
would likely indicate walls, oblique orientations sloped roofs, and vertical orientations flat
roofs. However, this method is relatively simplistic and may not always produce very
accurate results, it could give a good indication when enough buildings would be analysed
due to the law of large numbers. This is a statistical principle that states that the larger the
sample of objects on which you perform a measurement, the greater the chance that the
average outcome of the measurement will be more accurate. This is because any errors made
when measuring a limited number of objects will spread out over a larger sample, causing the
errors to 'cancel out' and the results to be more acc@aieethis research makes use of a
larger sample of objects this seems to be the best way to determine the distribution of point
on a building.

Thereare alternative methods for determining the distribution of points on a building. One
other method is using a raster grid and looking how many points there are in a cell with many
different Z values, this could indicate a wall (many points more or less above each other).
However this isvery unreliable and uses the amount of points as a indication whether it is a
wall or a roof. This makes it a unsuitable method to determine how the amount of points for a
certain face of a building has changédbso, it does not take into account tRe@int Spacing

or the area that the point need to be representing. Therefore this method is not used.
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When a triangle has a slope between 85 and 90 degrees it is representing a wall. If a triangle
has a slope of less than 5 degrees it is assumed to be a flat roof. If a triangle has a slope
between 5 and 85 degrees then it is assumed to be a sloped roof.

FME workspace
In figure 30is the part of the FME Workspace that calculated the slope for each triangle of a
mesh

Figure30 Partof FME Workspace thatatculates theslope of all triangles irmesh

3.4Flight lines analysis

3.4.1 Analysison thedistance to flight lines

The last sub question that needs to be answeréHasv do the quantitative and qualitative
differences between AHN4 a”dHN3 relate to the distance from a building to the nearest
f I i ghtTohnsweetfisosub question there will be looked at how far the flight lines of
AHN3 and AHN4 are from a building and whatk effectis on the completeness and density
of the point clouds.

The flight lines for AHN4 have highly consistent metadata, including the altitude flown, the
laser scanner model used, and the maximum scanning angle. This allows for accurate
determination of any overlap in the scanned arBlas.metadata for the flight lines of AHN3

is however inconsistent, with multiple scanner models used but often lacking information
about which model was used in a specific area. Additionally, flight altitude is not recorded.
Some areas do have information about the scanned area, but this is limited.

Ideally you would want to look at the scanning area and for any building in the scanning area
you would calculate the distance (and preferably angle) from the building to the flight line. In
areas with overlap this would result in two distances and angles. However, this analysis
cannot be conducted for the entmevince of ZuidHolland because some AHNS3 flight line
metadata is unavailabl&herefore, the suljuestion will be answered by calculating the
distance from each building in the BAG dataset to the nearest flight line, using a shortest path
analysis.
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The Shortest Patinalysis is a method thastutilized to find the most efficient route between

two nodes in a graph, minimizing the total cost or distanaeelled In the context of
geographic information systems (GIS), this method is widely applied to calculate distances
between spatial features, such as lines and polygons. When the cost between features is fixed
at zero,a ShortestPath analysiscoincides with the direct geometric distance between the
objects, whether they are points, lines, or polygons.

The distance attribute will be evaluated statistically to investigate whether it has a significant
correlation with previous results, specificaPpint Density Completeness, and the presence
of gaps in the point cloud.

Additionally, a case study will be conducted in a smaller study area where sufficient AHN3
metadata is available to determine the scanned area. In this area, all flight lines that can scan
a building will be examined, and by calculating their distance, it will provide further insight
into whether the alleged decrease in flight lines in AHN4 has an impact on the completeness
andPoint Density in particularly in the overlap area.

FME workspace

In figure 31 is the FME workspace that calculates the distance to the nearest flight line for
both AHN3 and AHN4 Also thePoint Densityfrom figure 24 is stored in the results of this
FME WorkspaceThe ShortestPath Analysis

- — T,

Figure 31 Calculating the distance to the nearest flight line for both AHN3 and AHNA4.

Correlation of distance to flight lines with performance aspects

Since there are so many triangles (for just the municipality of Delft therealanest 125

million triangles)the data cannot easily be handled on a triangle lleyahost statistical
programs, including JASP which is based owlitch means that it will load all the data into

the memory before doing the analyses. Téagls tovery quick results when the sample size

is not that big but in this case the 32GB ram in the PC of the researcher was not sufficient.
Therefore the resulting data will be aggregated on building level.

FME Workspace
The workspace in figur82 combines all the data about the triangles, and calculates averages.
The resulting statistics include:

- Average areawall, sloped roof, flat roof, gaps and the total average area).

- Standard Deviation of the ardavall, sloped roof, flat roof, gaps and total)

- Number of trianglegwall, sloped roof, flat roof, gaps and the total number of
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triangles).
- Percentage of area (wall, sloped roof, flat roof and gaps)
- Percentage of the triangles (wall, sloped roof, flat roof and gaps)
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Figure32 Deriving statistics from analyzing the slope, area and amounaogles.

3.4.2 Exploring Scan Area Overlaps Between Flights: A Gasdy Analysis

This case study will look more thoroughly at the flight methods and the impact it has on the
resulting point cloud representation of buildings. The flight lines dataset that was provided
was very limited however. AHN4 was consistent with the flight height, type of scanner data
as polylines. The AHN3 data however had only the required data in some areas. Most of the
Netherlands, including Zuidiolland, only had the flight lines (polygon lines) without
additional data such as flight height or type of scanner. This case study will look at some
areas that do have enough data to analyse the amount of overlap and the affects it has on the
corresponding point clouds.

The goal of this case study is to find out find out whether there are different types of flight
methods used in AHN3 and AHN4, or even within the same dataset. Also what impact the
amount of overlap has on the quality of the 3D representation of buildiigee researched

Also will be looked how the quality of the point clouds are in Adalland, in the Randstad,
compared to more rural regions of the Netherlands.

Analysis of overlaps

The areas which arsuitable for this casstudy is limited to the regions where there is
sufficient flight data accessible for AHN3. The regions where there was sufficient data can be
seen in figure33.
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Regions where AHN3 scanning area data is available

HN3

uuuuu

Figu"r'e33 Regidhlswwit‘h information sCan'ning area

Thesearea are the provinces of Limburg, Friesland, Flevoland and a large part of Noord
Holland. In some of these areas it can be seen that there were extra flights conducted for
AHN3, probably because thHeoint Densitywas insufficient in these sectors. These areas
have lots 6 overlaps which could decrease the amount of occlusion in these sectors.
Therefore is chosen to research an area where there are no additional flights and an area
where there were additional flights.

For thecase studyareas is chosen to use tiweo AHN pages with different flight patterns.
The AHN pageghat will be researched a@éczland10hnl 06czlcovers mostly the city of
Leeuwarden and for a large part there nsadditional flight flown, as can be seen in de
coverage area map of figud4. 10hnlcovers mostly the city of Sneek, here no additional
flights are conductedna can be seen in figuigs.
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Casestudy area Leeuwarden Cazflﬁusggaerig :;;:.ek
~ AHN page 06CZ1

LY
A

Figure34 Study area‘ region Leeuwarden Figure 35 Study area regidn Sn‘eek

In contrast to AHN3 does AHN4 not have any data for the scanning area, just polylines. Yet
the scanning area can be calculated because of the fact that the flight height is known (1402

meters) and the scanning angle is known (58 degrdeg)u apply geometry calculations
then this results in an scanning area of 777,14 meters to each side, which is the buffer that

needs to be used for the scanning area.
T

29°

1402 meters

L

Figure36 Scanning area from flight height and scanning angle

=777,14 meters

Analysing the overlaps in these two regions is done by first clipping the boundary of the
AHN box and clipping the scanning areas with After that a Polygons and Polygons
Intersectionis being used to get a dataset with deerylocationhow many sans there are

used for that specific area.
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FME workspace

The FME workspace that calculated the overlaps of the scanning areas can be seen in figure
37. For the Polygon and Polygomntersedbn the AreaOnAreaOverlaydransformeris being

used This performsthe intersection omll feauresthat go intothe transformerin this case

all sanning ares.

(©==3
dG—

Figure37 The FME Workspace that calculates the amount of overlaps safigestudy

Analysis of the impact of overlaps on qualitgpresentation building

In these two regions in Frieslatigte amount obverlaps of scanning areas there are for a
building will be investigated The buildings which are partly in separate scanning areas in
AHN3 or AHN4 will be filtered out. Out of the resulting buildingzur will be choserin
each area at random, so four buildings in the Leeuwarden area and four buildings in the
Sneek area. These buildings will then be analysed more deeply with the hunoan eye

- How high is thePoint Densit

- How are the points distributed?

- Are there any differences in the 3D representation of the buildings?

- Is there a relation visible between the amounts of overlaps and the quality of the 3D
representation?

Comparing case study area with Zdktblland

In order to compare the case study area in Friesland with the study area-khoHard the
same analyses are used as in Adadland. This means that the point clouds are clipped on a
building level and then these point clouds are being transformed mtsh After that the
triangles in thanesharea analyzed in order to know the completeness of these point clouds
(amount of gaps and the distribution of points on building elements).
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4 Results

4.1 Point Density

In total there are 57263 unchanged buildings in the province of Ztidlland. The average
Point Densityper building is 4.83 point per building for AHN3 and@&05 point per building

for AHN4. This means that in AHN3 there are around 2.4 billion points representing these
buildings. AHN4 however has more than twice as much at around 5.5 billion ponnds.
higherPoint Densitycan be seen in figure3

Figure 3 Building in AHNS3 (left) and building in AHN4 (right) with highétoint Density

Out of all 572963 buildings there are 5338 building where AHN4 has a highdpoint
Density compared to AHN3. 92.6% of buildings have a higReint Densityin AHN4 in
comparison to AHN3We can concludéhat the AHN4 dataset indeed has much hidtant
Density.

4.1.1 PointDensityZuid-Holland compared to Friesland

Whencomparingthe averagepoint densityof Zuid-Holland with the point density dhe case
study area irFrieslandit can be seethat the point density in both AHN3 and AHN4 are
higher in ZuidHolland than it is in Frieslands can be seen in Figu4®. There is nothing
stated about this in de specifications of AHN3 and AHbi4for AHN3 the point density is
49.8% higher inZuid-Holland. For AHN4 it is even69,2% higher in ZuidHolland.

Zuid -Holland Friesland

AHN3 AHN4 AHN3 AHN4
Mean 13.92¢ 31.34¢ Mean 9.317 18.52(
Std. Deviatiol 7.63¢€ 15.82¢ Std. Deviatior 3.57E 6.624

Figure40 average point density Zuidolland compared to Friesland
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When looking at thalistribution of point dengis on buildingsn figure 41 it can be seen
that in ZuidHolland the point density is waynore inconsistent and diverse in AHN4
compared to AHIS with a lesdistinctpeakaround a certain point density

In Frieslandit is also clear that the point density inesed btiway less than in Zuitiolland.
Also the distribution is way moreomparableand consistent in AHN# Frieslandcompaed

to Zuid-Holland.

The reason why #@se differences areccurringis unclear buwwhat can be cartuded that
there are largeagional differences point density Also can be concluded that AHN4 has
higher point desity than AHN3 in both ZuiHolland as in Friesland but that AHN4 has

morevariation in point densitgnd is lesgqual distributed as AHN3.
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Figure41 Point Density distributiodHN3 and AHN4 in Friesland and Zuidolland

4.2 Completeness

The completeness of the point clouds is analyzed for 30 municipalities irHoll&hd. First,
some general results about the analysis of the triangles will be presented.

Across these 30 municipalities, there are a total of approximately 833 million triangles for
AHNS3 and nearly 45 billion triangles for AHN4. The triangles in the AHN3 dataset have an
average area of 0.44 square meters, withddrianglesin AHN4 have an average area of 0.25
square meters. This difference appears to be consistent with the variooat iDensity
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Another intriguing aspect to consider is the sum of the areas of all triangles. Since both
AHN3 and AHN4 represent the same object surfaces, the total surface area should be fairly
consistent. If there asa significant discrepancy, one could argue that the method employed
using the triangles of meshto assess point cloud completenesght not be precise enough.

This is not the case. The total area covered by AHN3 is 368,545,373 square meters, and for
AHN4, it is 365,145,694 square meters. This difference of 0.92% is relatively small,
especially given the methodology employed.

4.2.1 Amount of gaps in point cloud

The number of gaps in AHN3 jast over 109 millioncompared tqust over 90 millionin
AHNA4. This does mean that AF\has more gapsndif you look at the total amount of
triangles then the gaps about 136 of the triangles in AHR compared t@®.2% in AHN4.
When looking at how much surface area is a gap ithermore of the samevith 68.9% for
AHN3 and58.9% for AHN4. What can be concluded from this is that AHN4 does not have
more gaps than AHN3 on averagehassignificantlyless.

4.2.2 Distribution of points

When looking at the distribution of point on a building it is interesting to start with the
surface areaSincein both AHN3 and AHN4 the same objects (buildings) are analyzed, it
should be the case that the distribution of surface area on the different elements of the
building (wall, flat roof and sloped roof) are comparable. In figtRean be seen that that is

the case with only marginal differences between the two datasets.

Percentage of surface Percentage of surface area
area AHN3 AHNA4
6,4% 5,4%

® Wall m Sloped roof m Flat roof m Wall m Sloped roof m Flat roof

Figure42 The distribution of surface area on buildings for AHN3 (left) and AHN4 (right)

If we then look at the percentage of triangles (and therefore points) that represent these areas
the difference becomes cless can be seen in figu48.
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Percentage of triangles Percentage of triangles
AHN3 AHN4

6,2%

mWall m Sloped roof m Flat roof mWall = Sloped roof = Flat roof

Figure43 The distribution of triangles on buildings tor AHN3 (left) and AHN4 (right).

When comparing figurd2 and figure43in both AHN3and to aneven bigger extendAHN4

the wall elements areinderrepresented\bout 79% of the buildings consist of walls but in
AHN3 only 39,2% and in AHN437,®%6 of the triangles represents these walls. Eis®
implies that both types of roof (sloped and flat) are over represented in both AHN3 and
AHNA4.

4.3Influence of flight methods

This research also looked at the flight methods of both AHN3 and AkiN#Ais chapter will

be researched what the influence of the flight methods is on how well a point cloud performs.

In Zuid-Holland, the analysis initially focused on the distance to the nearest flight line. This
approach was chosen due to the absence of additional flight information for AHN3 in this
region. Subsequently, the results of a case study are presented, where an area in Friesland was
investigated. This specific area was chosen becalisiee detailed information about the
scanning area, including the amount of overlap, was available. The research also evaluates
the performance of both AHN3 and AHN4 in this Friesland case study area and compares it
to their performance in Zuitlolland.

4.3.1Distance to flight lines

Thereare572963buildings in the province of ZuieHolland there are 47475 buildings that

lie closerto the closest AHN3 flight line than to the closest AHN4 flight line. This is about
83.7% of the buildings. The average distance to a AHN3 flight line is 74.7 meters with a
maximum distance of 230.7 meters. For AHN4 the average flight line is 254.28 meters away,
which is more than the maximum distance to a AHN3 flight line. The maximum distance to a
AHNA4 flight line is 626.9 meteraVe can conclude with certaintizat there are less flights
flown for the acquisition of AHN4 compared to AHNS3.
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Correlation distance flight lines to th&@oint Densityand completeness

Firstly the correlation between thBoint Densityand the distance to the nearest flight line
was investigated

Correlation distance to flight lines with point density AHN3 Correlation distance to flight lines with point density AHN4

. \ .
Pearson's Correlations Pearson's Correlations

Pearson's r P Pearson's r p
Afstand_AHN3 - PointDensity_AHN3 0196 < .001 Afstand_AHN4 - PointDensity_AHN4 0.201 =.001
Afstand_AHN3 vs. PointDensity_ AHN3 Afstand_AHN4 vs. PointDensity_ AHN4
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Figure44 The correlation between distance to flight lines Botht Density

As shownin figure 44 there is asignificantvery weak positive correlation between distance
to flight line andPoint Densityfor both AHN3 and AHN4 This means that if the distance
increases th@oint Densityslightly increasesThis could be the case because of the fact that
ata longerdistance there are overlaps between different scans which results in aHuogtter
Density.
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Correlation distance to flight line with percentage area with gaps AHN3 ~ Correlation distance to flight line with percentage area with gaps AHN4

Pearson's Correlations Pearson's Correlations

Pearson's 1 P Pearson's r P

AHN3_Afstand_AHN3 - AHN3_PERCENTAGE_AREA_GAP 0249 < 001 AHN4_Afstand_AHN4 - AHN4_PERCENTAGE_AREA _GAP 0.310 <.001

AHN3_Afstand_AHN3 vs. AHN3_PERCENTAGE_AREA_GAP AHN4_Afstand_AHN4 vs. AHN4_PERCENTAGE_AREA_GAP
% 10 - % 10 - o
) o 009 OC(; - Q0 ‘%go i
] = 0.8 GoOgs © % o
S o8- 3o .
o o
<I <l
= i =
W06 o 0.6
= =
P =z
W 0.4 - W04 -
(&) (&
o o
(W1 ] L
o o
o 02 < 02-
< s
T o
< go - | < g0 00 o BB
[ [ I ! [ | | I [ I | [ I |
0 50 100 150 200 250 0 100 200 300 400 500 600 700
AHN3_Afstand_AHN3 AHN4_Afstand_AHN4

Figure45 The correlation between distance to flight lines and area which is a gap.

The relationship between the distancdghe nearest flight line and the percentage of the area
with gaps in the point cloud is depictedfigure45. It is evident that there is a noticeable yet

very weak positive correlation between flight lines and the percentage of gaps in the AHN3
dataset. In the case of AHNA4, this correlation is even more pronounced, indicating a
significant but still weak positive correlation. These results imply that both AHN3 and AHN4
exhibit more gaps in their point clouds as the distance to the nearest flight line increases. One
plausible explanation for this trend is that a larger scanning angle, which occurs when the
distance to a flight line is greater, likely leads to increased occlusion.

4.3.2 Case study: impact amount of overlaps on quality

The case study looks deeper in the effect of flight metHodshe performance of point
clouds in representing 3D buildings. Hysthe amount of overlaps for bothHN3 and

AHN4 for the case study arewasll be looked at Thenwill be looked more closely to some
buildings in these areas and whether the amount of overlaps hiepact on the quality of

the 3D representation. Then also will be looked whether the case study area is comparable
with the study area in Zuidlolland.
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Amount of overlaps

The amount of overlapgegion around Leeuwardas shownin figure 46. AHN4 is flown
very consistently with a high coverage of area with one.s&bIN3 has smaller coverage
andtwo extra flights where flown resulting in many overlaps in the middle ddttiaty area.

Number of overlaps in Leeuwarden area AHN3

\ 7 - T T

- Number of overlaps

[ No Overlap

[ single Overlap
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’Number of overlaps in Leeuwarden‘ area AHN4

-~ Number of overlaps
I No Overlap
[ Single Overlap

0 1 2 km

Figure46‘Leeuwarden ovérlabs AHN3 versus AHN
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The amount of overlaps in the Sneek region can be seen in4figud¢iN3 has no additional
flights and that AHN4 is very similar to the Leeuwarden anghe scanning area pattern.

Number of overlaps in Sneek area AHN3

" Number of overlaps
B o Overlap
[ Single Overlap
] Two Overlaps
[ Three or more Overlaps

] \ i } 1 S 2kme

Number of overlaps in Sneek area AHN4

b Number of overlaps
I No Overlap
[ Single Overlap

Figure47 Sneek overlaps AHN3 versus AHN4
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When examining the extent of overlaps across the entire study areas,48gaweat that

the Sneek region exhibits minimal areas with two or more overlaps. Additionally, it becomes
evident that AHN4 holds an advantage, as approximately 76% of the area in AHN3 is
scanned only once (with no overlap), whereas this proportion decreases to 66% in the case of
AHNA4. This indicats that thewidth of the overlaplid not increasavith the incrase in flight

height which could potentially result in maveclusion in10% of the sirface.

Overlap AHN3 Sneek Overlap AHN4 Sneek

m No Overlapm Single Overlaps Two or more Overlaps m No Overlap m Single Overlap

Figure48 Amount of overlap in the Sneek region

Turning our attention to the Leeuwarden area in Figdrat becomes apparent that AHN4
showcases a vergimilar scanning distribution to AHN4. However, a notable contrast
emerges when examining AHNS3. In this case, a significant disparity compared to the Sneek
region is evident. Here, a smaller area lacks overlap, accounting for only 60%. Additionally,
the impact of the supplementary flights is observable within the distribution, contributing to a
9% coverage of the area with two or more overlaba is similar between Sneek and
Leeuwarden however is the fact that about Bssareahas a overlap indicating that the
width of overlap did notincrease wittthe increase inifjht height fa AHN4.

Overlap AHN3 Overlap AHN4
Leeuwarden Leeuwarden
® No Overlapm Single Overlam Two or more Overlaps ® No Overlap m Single Overlap

Figure49 Amount of overlap in the Leeuwarden region
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Impact amount of overlaps on quality 3D representation buildings

What the impact is of this differea between the Sneek region and the Leeuwarden region
will be looked at know.As explained earliem the methodhere are four buildings near
Leeuwarden and four buildings near Sneek randomly pid¢ked. many overlaps there were

on that particular building for both AHN3 and AHNMIl be investigated firstThe results

can be éund in figure50 below, along with the amount of points on that specific building for
both AHN3 and AHN4.

Overlaps AHN3 Overlaps AHN4 Points AHN3 | Points AHN4

Building Leeuwardel 2 0 2457 2612
éuilding Leeuwarder 3 1 10046 17577
Euilding Leeuwardel 1 1 1182 3755
zuilding Leeuwarder 3 1 6830 12521
;uilding Sneek 1 0 12921 11723
éuilding Sneek 0 0 4515 8573
éuilding Sneek 1 1 907 1684
zuilding Sneek 1 1 7895 15150

4

Figure50 Overlaps buildings and the amount of points

Upon examining Building 1 in the Leeuwarden area, a slight increase in points is observed
within the AHN4 representation in comparison to the AHN3 counterpart. It is noteworthy that
AHN3 exhibits two instances of overlapping scanning areas, which are absent in AHN4.
Despite the lowePoint Densityin AHN3, its representation is deemed superior due to the
greater number of points along the sides of the building, contributing to a more
comprehensive depiction. Notable examples include the side of the garage and the left side of
the building.

Figure51 Building 1 Leeuwarden Pointclouds AHN3 and AHN4
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Building two in the Leeuwarden regiomas in both AHN3 and AHN4 at least one overlap.
AHN4 has a single overlap and AHN3 has three overlaps. The amount of points is a lot
higher in AHN4 but with b human eye there is not that many differenoesveen the two
representations. They both dot have large gaps and both have a good 3D representation of
the building.

Figure52 Building 2 Leeuwarden Pointclouds AHN3 and AHN4

For building 3 in the Leeuwarden area there is an interegtiegomenon. Both AHN3 and
AHN4 have a single overlap. But the 3D representation of AHN4 is much better choeeto
points but also a way better distribution. AHN3 has very little points on the sides and face of
the building whereas AHN4 does have points on these places.

Figure53 Building 3 Leeuwarden Pointclouds AHN3 and AHN4

Building 4 in the Leeuwarden region has three overlaps for AHN3 and a single overlap for
AHNA4. What is interesting with this building is that AHN4 has around twice the amount of
pointsfor representing the building. However AMNhas gaps on the left side of the building
where AHN3 does have points. So in term&oint DensityAHN4 is better buthe points of
AHN3 are better distributed and therefore the point cloud is more complete.
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Figure54 Building 4 Leeuwarden Pointclouds AHN3 and AHN4

When moving to the Sneek region we find tBatilding 1 has asingle overlapn AHN3
where AHN4 has nond&he impact of that absence of overlap can be seen in figurehe
AHN3 representation has a very consistent distribution of points over the entire building.
AHN4 however suffers from huge gaps on one side of the building. The building results in
occlusionon one side aothe building and due to the fact that that single scan was the only one
it results in huge gaps. Also this is the only buildoighe eight where AHN3 has