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Preface

On the road to obtaining a master’s degree, writing a master thesis is an essential part. In this master thesis, | had the
opportunity to work out an optimization about the optimal placement of Urban Air Vehicle (UAV) base stations for emergency
services.

There are multiple reasons why | chose this subject. First of all, I'm fascinated by today's mobility limitations, such as traffic
congestion and air pollution. Electric urban air mobility offers a chance to better cope with these problems. It introduces an
additional dimension to today's mobility landscape and due to its electric character, air pollution can be reduced resulting
in a healthier city landscape to live in.

Additionally, | wanted to study a topic related to healthcare or emergency services. In this sense, this master thesis allowed
me to investigate an optimization problem with a focus on emergency services. This is something | deem to be very relevant
for the community.

The master thesis is the final stage in this five-year education at the University. This last stage is different from everything
that has been seen before. In the theory courses, you gain insight into the most essential theory and learn to study problems
from a theoretical point of view. In project work then, theoretical information is put into practice to solve clear, well-defined
problems.

A master thesis puts all of this together, from the very beginning to the end: You search for a subject yourself and explore
it on your own. The discovered theoretical knowledge is then used to clearly define a problem you want to tackle. After this,
experiments are conducted to make observations and eventually draw conclusions about the subject under study.

Of course, this wouldn't be an engineering thesis, if it didn't come with the necessary amount of iterations: Some perspectives
that seemed interesting in the beginning turn out not to be as promising as you thought they would be or some extra
unforeseen problems occur on the road. It is then the art of not letting it come to you and continue, each time trying to come
up with new, interesting solutions.

Luckily, during a master thesis, you do not stand alone. Therefore, I, first of all, want to thank prof. dr. Ivana Semanjski.
During the execution of this master thesis, | could always direct my questions toward you and you were there to clear out
ambiguities. When | needed some extra guidance in navigating myself through the research stages, you were always ready
to offer some extra insights and perspectives to me. For all of that, | am grateful.

| also want to thank prof. dr. ir. Sidharta Gautama for giving me the first taste of more advanced solution methods during
the course on 'Heuristics and Search Methods' and being ready to answer my questions. Additionally, | want to thank ir.
Casper Van Gheluwe for giving me some very good remarks about the perspectives | presented during the intermediate
thesis presentation.

Finally, | want to thank my parents for supporting me during the execution of this master thesis. During the most difficult
moments, they were always there to support me and offer the mental support | needed.

Niels Maes

Ghent, June 10, 2022
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Abstract In tackling major traffic and transportation issues in an urban environment, electric urban
air mobility (eUAM) offers a chance to efficiently address these issues. EUAM creates an extra dimen-
sion in the current mobility landscape and due to its electric character, it reduces the emission of fine
particles. Even though eUAM certainly has a lot of potentials, there are still quite some questions that
remain unanswered. One of these questions is how an optimal location of the urban air vehicle (UAV)
base stations can be obtained to minimize the associated response time for emergency services. This
study proposes a solution method for the location-allocation problem of UAV base stations in an urban
environment, which will be the city of Ghent in this study. In this research, clustering will be used to
solve the location-allocation problem. In doing this, a clustering method that combines bottom-up or
agglomerative hierarchical clustering with Fuzzy C-Means (FCM) clustering is designed. The proposed
method is then applied to the real-life case of Ghent. In the initial approach, the problem is simplified a
lot. Only 1 UAV type is considered, no initial infrastructure is present and no specific decision criterion
is used. Step by step, the relaxations are lifted which results in the problem being more complex and
better resembling the real-life case. The eventual problem that is solved is then the one that includes all
important aspects that have a substantial effect on the actual situation. In the final proposed solution to
the location-allocation problem, 3 UAV types are considered, each offering a different type of emergency
service application. It can be concluded that the final solution includes a clever combination of initial
and new infrastructure. This allows the UAVs to serve the demand in the whole of Ghent in a worst-case
response time of about 3 minutes, which is sufficiently low for emergency service applications.

Keywords Electric urban air mobility, emergency services, response time, clustering, location-allocation
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Abstract — Cities nowadays are increasingly exposed to traffic
issues and fine particle emissions. Electric urban air mobility
(eUAM) offers an additional dimension to the mobility landscape
and helps reduce particle emissions. One of the most promising
application areas of eUAM is emergency services. In those
applications, determining the optimal location of urban air
vehicle (UAV) base stations to minimize the associated response
time is very important. This study proposes a solution method
for the location-allocation problem of UAV base stations in an
urban environment, which will be the city of Ghent in this
study. This location-allocation problem will be solved using a
clustering method. This clustering method combines bottom-up
or agglomerative hierarchical clustering with Fuzzy C-means
(FCM) clustering. The proposed method is then applied to
the real-life case. In the initial approach, only 1 UAV type is
considered, no initial infrastructure is present and no specific
decision criterion is used. Step by step, the relaxations are lifted
which results in the problem being more complex and better
resembling the real-life case. The problem that is eventually
solved is the one that includes all important aspects that have a
substantial effect on the actual situation. In the final proposed
solution to the location-allocation problem, 3 UAV types are
considered, each offering a different type of emergency service
application. It can be concluded that this final solution includes a
clever combination of initial and new infrastructure. This allows
the UAVs to serve the demand in the whole city in a worst-case
response time of about 3 minutes, which is sufficiently low for
emergency service applications.

Keywords — Electric Urban Air Mobility, Emergency services,
Response time, Clustering, Location-Allocation

1. INTRODUCTION

Cities nowadays grow larger and larger, increasing problems
caused by transport and traffic. Traffic congestion alone costs
U.S. cities more than 2 billion dollars annually [1] while
exposing many people to harmful fine particles, causing a
serious health hazard. To cope with these problems, cities try
to produce smart mobility plans to increase the quality of life
in these urban environments and enhance economic growth.
To achieve this in urban environments, Electric Urban Air
Mobility (eUAM) comes into play [2]. EUAM offers many
possibilities to battle these issues in a more efficient way by of-
fering an additional dimension to the urban mobility landscape.
Even though eUAM seems to be very promising, there are still
many questions, such as environmental or technological issues,
that will need to be answered [3].

An application area in which the use of eUAM seems to be very
promising is the area of emergency services. In these types of
services, the response time will play a crucial role. Urban Air
Vehicles (UAVs) have a clear advantage compared to ground

vehicles. They can fly everywhere and are therefore not limited
by the existence of streets, they are not hindered by other traffic
and they can enhance the mobility of first-aid devices such as
automated external defibrillators (AEDs).

However, to guarantee a sufficiently low response time, a good
location of the UAV base stations and allocation of demand to
these base stations is necessary. This research aims to design a
good location-allocation strategy for UAV base stations trying
to minimize the associated response time.

Location-allocation problems [4] have already been studied

extensively in literature. Several types of solution methods are
designed to solve these problems. Some of the most often used
strategies are traditional approaches [5], meta-heuristics [6] [7]
and clustering methods [8].
It seems to be the case that traditional approaches and meta-
heuristics already have been studied more in their applications
to location-allocation problems than clustering approaches.
Additionally, clustering methods have some potentially very
interesting properties that could certainly be useful to better
solve location-allocation problems. Fuzzy clustering [9] allows
demand points to be allocated partially to different UAV base
stations and hierarchical clustering [10] introduces the ability
to implement some hierarchy in the data, making it possible to
work in different clustering levels.

II. METHODOLOGY

In the research, it is the objective to design a good location-
allocation approach based on clustering methods. During the
course of this research, the problem complexity is gradually
increased in order to make the modeled problem better resemble
the real-life situation that is tried to be solved.

A. Data

To assess the performance of the designed clustering meth-

ods, it is applied to the case of the city of Ghent. Ghent is a
Belgian city that can be divided into 202 sectors in which in
total 264 676 people live [11]. For each sector, it is assumed
that the population is centralized in its center of gravity. Then,
these 202 sectors represent the demand points that are used as
inputs for the model.
In serving these demand points, 3 UAV types are considered, as
is shown in table I. These 3 UAV types are used for different
applications and in this research, the main focus is directed
toward the multicopter-type UAV. This is the slowest UAV
type and therefore, well-positioned locations will certainly be
necessary to achieve a low response time.



Size Type Cruise speed (E™
Small Multicopter-type 40 0.5
Medium Rotorcraft-type 100 1.5
Large Optionally-Piloted VLR 150 3.5

Table I: Specifications UAV types [12]

In case initial infrastructure would be used as starting point
for UAV base stations, several options can be considered in
Ghent. For the multicopter-type UAV, already present electric
vehicle (EV) charging stations are considered as initial in-
frastructure. For the rotorcraft-type UAV, only large already
existing parking lots are considered. In these locations, enough
open space is present for the take-off and landing of these
UAVs. Finally, for the Optionally-Piloted VLRs, only helipads
are considered as initial infrastructure. This is because this type
of UAV will mostly be used for ambulance services and is
preferably positioned close to hospitals.

B. Used clustering methods

Clustering methods can be divided into two major categories:
hierarchical and partitional clustering methods.
The hierarchical clustering method that is considered is bottom-
up or agglomerative hierarchical clustering. This clustering
method starts from each data point separately and groups
them based on a certain linkage criterion. This way, several
hierarchical levels can be introduced in the clustering.
Alternatively, the partitional clustering method that is con-
sidered is Fuzzy C-Means (FCM) clustering. This clustering
method partitions data points in different clusters by minimiz-
ing the dissimilarity in the clusters. In this method, data points
can be partially allocated to different clusters, which explains
the fuzzy component of this algorithm.
These methods can be used on their own, as will be the case in
the first part of the research, but it is certainly also possible
to combine them in a more advanced clustering technique.
A very useful property of FCM clustering is that it works
with partial allocations. However, applying it to a large data
set can result in worst-case response times being too high.
Therefore, it can certainly be a promising idea to first apply
agglomerative hierarchical clustering to the full data set. This
method introduces a first hierarchical level in the data, after
which FCM is applied to the resulting sub-clusters.
In the more advanced research stages, this compound method
is used as a clustering framework. More generally, including
the worst-case response time as a decision criterion, this multi-
level clustering approach is schematically presented in figure
1. In this approach, it is allowed to reiterate the first step in
case the first partitioning that resulted from the agglomerative
hierarchical clustering was not sufficient to enable the FCM
algorithm in the second step to return sufficiently low response
times.

C. Problem structure

In tackling the location-allocation problem for Ghent, several
steps are followed. Initially, the problem is simplified a lot.
The first problem that is considered is quite basic. No initial
infrastructure is considered and population weights are not yet
included in the research. Additionally, the clustering perfor-
mance is assessed by traditional cluster performance measures
(Xie-Beni index [13] for FCM, dendrogram for agglomerative
hierarchical clustering). These measures are also used as a
decision criterion to determine the optimal number of clusters.

i) | Endurance ) | A¢ these performance measures do not yet look at the obtained

response times, they will not be able to assess the performance
well enough for this application.

Input data .

Perform agglomerative hierarchical
clustering

l

Set the number of sub-clusters for
each cluster equal to 2

1 .

Apply FCM to the different clusters
obtained using ive
hierarchical clustering

Is the number of sub-clusters for the
cluster under consideration below the
prescribed upper limit on the number of
sub-clusters?

Is the worst-case service
time below the threshold
value?

Increase number of sub-clusters by 1 for
the clusters where the response time is
not yet satisfied

Final clustering result obtained

Fig. 1: Compound clustering framework

Afterward, each step, one relaxation is reconsidered and the
problem that is tackled becomes more and more complete. The
different steps that are followed can be presented in a flowchart,
which is shown in figure 2.

Fig. 2: Visualisation steps increasing problem complexity

Some of the steps presented in figure 2 were studied in quite
some detail. The exact methods that are considered and worked
out during the research are the following:

o To add the effects of the actual population distribution
to the model, a new approach is suggested that takes
into account the actual population of all different sec-
tors in Ghent. In the general clustering framework, the
FCM step is adjusted so that it uses a weighted cluster
center calculation method instead of the initial cluster
center calculation method. The weighted cluster center
calculation method shifts the cluster centers closer to
sectors that are more densely populated, resulting in those
areas being served more efficiently. However, some other
complications can arise using this alternative cluster center
calculation method.

« In case only initial infrastructure is considered as a possi-
ble location for the UAV base stations, the FCM step of the
clustering method can be adjusted in several ways. First
of all, the cluster centers can be shifted to infrastructure
points on the go, meaning that this happens each iteration
in the FCM step. To overcome too many cluster centers
being assigned to the same initial infrastructure point, a
constraint can be added that would restrict more than one
cluster center from being shifted to the same initial infras-
tructure point. The third and final proposition would be to



perform all iterations of the FCM step and only assign the
cluster centers afterward to the initial infrastructure point.
o In case both new and initial infrastructure are present,
two hybrid approaches are proposed. These hybrid ap-
proaches have the objective of eventually selecting a
clever combination of new and initial infrastructure. A first
hybrid approach is a distance-based approach. When the
obtained cluster center is sufficiently close to an initial
infrastructure point, the cluster center is shifted to this
initial infrastructure point. When this is not the case, a new
infrastructure point is set up. One of the main challenges
in this method is to determine a good threshold value for
the maximum distance at which cluster centers are shifted
to the initial infrastructure.
The second approach is based on the region in which
respectively a lot or almost no initial infrastructure is
present. In the regions where a lot of initial infrastructure
is present, only initial infrastructure will be selected.
On the contrary, in the regions where almost no initial
infrastructure is present, only new infrastructure points are
set up. In this approach, the difficulty lies in identifying
those regions.

Afterward, the results for all 3 UAV types are combined and
put together in a general solution.

Finally, a cost-based approach is briefly touched upon to check
if the results obtained using the previous approaches lay in line
with the ones obtained from a cost perspective.

III. RESULTS AND DISCUSSION

The major results obtained during the different research steps
are reported and discussed in this section. For most steps, the
results are obtained using the multicopter-type UAV. Only in the
step where all 3 UAVs are considered, this is not the case. The
reason for this is that the multicopter-type UAV has the lowest
cruise speed and for this UAV, it is, therefore, most important
to select suitable UAV base stations.

A. FCM and agglomerative hierarchical clustering

In the first research step, the performance of FCM and
hierarchical clustering applied separately to the case of Ghent
is observed. In selecting the optimal number of clusters, the
Xie-Beni index is used for FCM and the dendrogram of the
agglomerative hierarchical clustering method is used to deter-
mine its optimal number of clusters. Combining these findings
with the corresponding worst-case response time results in table
1L

Clustering method Optimal # clusters | Worst-case response

time (in min)

FCM 6 5.89
Agglomerative hierarchical 2 14.56
clustering

Table II: Initial clustering results

The worst-case response times shown in table II are not
acceptable for emergency services. Therefore, some improve-
ments will have to be made.

B. Multi-level clustering approach

As the results obtained using FCM and agglomerative hierar-
chical clustering separately were not acceptable, the improved
approach shown in figure 1 is implemented here. As opposed

to that approach, the optimal number of clusters is obtained
here using the Xie-Beni index.

During the further course of this study, the obtained results
in the first step, using agglomerative hierarchical clustering,
will remain the same. The two clusters shown in figure 3 are
obtained using this first step. These two main clusters will then
serve as inputs for further clustering.

Clusters hierarchical clustering

:::::

10000

Fig. 3: Clustering result agglomerative hierarchical clustering

In the second step, the FCM algorithm is applied to these
main two clusters. The number of sub-clusters and the worst-
case response times obtained by applying FCM to these two
clusters are given in table III.

[ Cluster [ Optimal # sub-clusters [ Worst-case response time (in min) |

Cluster 1 11 4.78
Cluster 2 3 5.80

Table III: Initial results multi-level clustering approach

The worst-case response times obtained here are already
quite a bit lower than in case both methods were used sep-
arately. This is mainly due to the fact that more clusters are
present. However, the initial sub-partitioning certainly helps
explore the full search space better, which is certainly useful
for rather large data sets.

C. Weighted cluster center calculation

In this part, an attempt is made to include the actual
population distribution over the different sectors in Ghent in the
model. The influence of the population distribution is twofold.
First of all, allocating comparable amounts of people to each
cluster will result in an even distribution of the population over
the clusters. This will prevent clusters from having too much
demand while other clusters would have almost no demand.
Secondly, larger sectors could be served more efficiently by
placing the cluster centers closer to these sectors. As was
described in the methodology section, an alternative approach
to include this influence will be examined in this section.

Comparing the average population per cluster and the stan-
dard deviation from the mean cluster population obtained by
either FCM, weighted or unweighted multi-level clustering
results in the values shown in table IV.

The weighted clustering method results in worse population
distribution over the different clusters compared with pure FCM
or the unweighted clustering method. Therefore, the weighted
clustering method does not succeed in more evenly spreading
the population over the different clusters.

In case 50 clusters are present, the distribution of cluster
centers over the city of Ghent resulting from applying weighted
and unweighted FCM is shown in figure 4.



Standard deviation from
mean cluster population

Clustering method Average population

per (sub-)cluster

FCM clustering 18 905 2277
algorithm
Weighted multi-level 18 905 3152
clustering approach
Unweighted multi-level 18 905 1867

clustering approach

Table IV: Standard deviation from mean cluster population
for different clustering methods. In each scenario, 14 clusters
are present

Cluster centers weighted FCM

X(m

(a) Cluster center location result weighted FCM for 50
cluster centers
Cluster centers unweighted FCM

¥ (m)

xm

(b) Cluster center location result unweighted FCM for
50 cluster centers

Fig. 4: Comparison cluster center locations using weighted
and unweighted FCM for 50 clusters

From the observations made in this section, it follows
that the unweighted clustering method performs quite well in
evenly distributing the population over the different clusters.
The observed bad performance of the method using weighted
cluster center calculation can be explained by the fact that
more densely populated sectors are located at the center of
Ghent. The more densely populated sectors attract the cluster
centers rather hard, which makes it very hard for the FCM
algorithm to explore the full region of Ghent. As this method
does not succeed in exploring the full search space sufficiently,
no acceptable solution for the location-allocation problem is
obtained. An adjusted version in which weights are added
to the cluster center calculation in the final stage of the
FCM algorithm won’t return good results either because they
again discriminate less populated sectors, thereby increasing
the worst-case response time.

D. Clustering approach for initial infrastructure

In this section, only initial infrastructure is considered. Here,
it is not possible to construct new UAV base stations starting
from scratch. This way, the influence of initial infrastructure on
the problem can be studied in more detail and without external
influences. In the general case, only EV charging stations are
considered as initial infrastructure. By applying the 3 methods

presented in the methodology part, the number of sub-clusters
necessary to guarantee a worst-case response time below certain
threshold values is given in table V. Notice that these results
are obtained by applying these methods to main cluster 1.

Clustering # clusters for | # clusters for | # clusters for
Method response time | response time | response time
under 9 min under 8 min under 7 min
Shift cluster centers to 16 - -
Initial infrastructure
during iterations
Shift cluster centers to 3 4 5
Initial infrastructure
at the end
At most 1 cluster 6 6 54
center shifted to initial
infrastructure point

Table V: Worst-case response time per amount of clusters by

applying different clustering methods for main cluster 1. In

this case, only EV charging stations are considered as initial
infrastructure

From table V, it follows that selecting the best-suited method
is crucial to obtaining good results. However, even for the best
method (which is the method in which the cluster centers are
shifted at the end of the clustering method) from table V, it
seems to be the case that adding more clusters does not lead to
a further decrease in worst-case response time. When a certain
number of clusters are present, the response time stalls and
reaches a plateau. This is visually shown in figure 5.

Worst-case response time

[
=]

Response time (in min)
=T R Y R Y - - -]

1] 10 20 30 40 50
Number of clusters

Fig. 5: Worst-case response time for clustering cluster 1 in
case EV charging stations are already present and the cluster
centers are shifted toward initial infrastructure at the end of
the algorithm

A possible explanation for this behavior is the fact that the
initial infrastructure is not well-spread over the city of Ghent.
Even though more than 200 EV charging stations are present in
Ghent, it is the case that these are mostly located in the center
of Ghent. The more remote areas could be left behind, which
is why the initial infrastructure might be a limiting factor. To
investigate the influence of initial infrastructure on the eventu-
ally obtained results, a simulation in which initial infrastructure
points are randomly generated is performed. This simulation
is shown in figure 6. In case 40 random infrastructure points
are simulated, the obtained worst-case response time goes well
below 4 minutes in case cluster 1 is clustered in 15 or more
clusters. As there are more than 200 EV charging stations in
Ghent, it is fair to state they are not optimally distributed over
the full area of Ghent.

It can be concluded that considering only present initial
infrastructure is not sufficient to obtain acceptable worst-case



response times for the deployment of emergency services in
Ghent. Therefore, a hybrid strategy, that considers both initial
and new infrastructure points, is needed.

Worst-case response time comparison

o @

Response time (in min)

Number of clusters

= No initial infrastructure 20 initial infrastructure points 30 initial infrastructure points

40 initial infrastructure points ====50 initial infrastructure points

Fig. 6: Worst-case response time for clustering cluster 1 with
different randomly generated options for the initial
infrastructure

E. Hybrid clustering method

In this section, the result obtained using both hybrid clus-
tering methods are reported and discussed. Using new and
initial infrastructure, these hybrid methods are able to obtain
response times that are well below 3 minutes. However, the
two considered methods select a different amount of clusters to
obtain this worst-case response time below 3 minutes, together
with a different composition of old and new infrastructure.
These results are shown in table VI.

Number of clusters
(New infrastructure / initial infrastructure)
36 (11/25)
40 (21/19)

Clustering
Method
Distance-based
Initial infrastructure-based

Table VI: Number of clusters using a combination of new and
initial infrastructure necessary to obtain a worst-case response
time below 3 minutes. This is reported for both hybrid
clustering methods

Using a clever combination of initial and new infrastructure,
sufficiently low worst-case response times can be obtained. As
the distance-based method requires fewer clusters to obtain
a worst-case response time below 3 minutes, combined with
selecting a lot of initial infrastructure, this method is clearly
the best hybrid method to use.

F. All 3 UAV types considered

Combining the results from the previous sections, a network
of UAV base stations can be obtained, combining all 3 UAV
types. In this network, the two largest UAV types will only use
initial infrastructure, as their cruise speed is high enough to ob-
tain sufficiently low worst-case response times using only this
initial infrastructure. For the smallest UAV type, the distance-
based hybrid method is used to obtain the optimal set of UAV
base stations, consisting of both new and initial infrastructure.
Newly constructed UAV base stations will be called multicopter
base stations, while the other types of infrastructure are referred
to by their original name.

Combining the findings for all 3 UAV types, the network
of UAV base stations shown in figure 7 is obtained, with the
associated worst-case response times for each type of UAV base
station shown in table VIIL.

Results three UAV types combined

xxxxx

Fig. 7: Visualisation of infrastructure used in case all 3 UAV
types are considered

[ Type of UAV base station | Worst-case response time (in min) |

New multicopter base stations 2.32
Used EV charging stations 2.81
Used parking lots 2.70

Used helipads 3.15

Table VII: Worst-case response times achieved for each type
of UAV base station

Combining the 3 types of UAV base stations, a total of
39 base stations are present. These base stations are well-
distributed over the city of Ghent. With a reasonable amount
of UAV base stations, it seems to be the case that the city of
Ghent can be served efficiently by UAVs in different emer-
gency applications, ranging from AED deliveries to ambulance
services.

G. Cost optimization analysis

Taking into account all relevant costs, an alternative way to
assess the previously obtained results can be found in the cost
optimization analysis. In case the UAV system in which only
the multicopter-type UAV is considered and using the averaged
response time as a decision criterion, the quantified cost as a
function of the number of clusters is shown in figure 8. In this
figure, the results for both clusters 1 and 2 are shown.

In this figure, the adjusted averaged response time is used
instead of the classic averaged response time. In this adjusted
version, it is assumed that lowering the averaged response time
below 2 minutes does not result in higher chances of survival,
therefore not lowering the incurred cost anymore.

The clustering results obtained by minimizing the quantified
costs are shown in figure VIIIL.

[ Cluster [ Averaged response time (in min) | Infrastructure (new/initial) |

Cluster 1 1.97 29 (6/23)
Cluster 2 1.86 8 (2/6)

Table VIII: Optimal solution adjusted averaged response
time-based cost optimization analysis

In total, 37 infrastructure locations are used, of which 29
were initially present. When these results are compared with
the ones obtained using the distance-based hybrid clustering
approach, it follows that almost the same number of infrastruc-
ture locations are selected. In both cases, the majority of the
infrastructure locations are the ones that are initially present.

As the results obtained using both methods are clearly in line
with each other, it seems to be the case that both solutions are
certainly acceptable.
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Fig. 8: Adjusted averaged response time-based cost
optimization for cluster 1 and cluster 2

IV. CONCLUSION

Using a well-designed combination of clustering techniques,
each having its main strengths, the location-allocation problem
for UAV base stations can be solved efficiently. In doing this,
selecting the right decision criterion is essential. For emergency
services, the major decision criterion is the worst-case response
time. Using a reasonable amount of UAV base stations, the
whole city of Ghent can be covered by all 3 UAV types in about
3 minutes. Compared to ground-based emergency services,
UAVs seem to offer a clear advantage in terms of worst-case
response time.

In designing a good clustering strategy, it is noted that
sufficient attention should be paid to the execution of all
different complicating steps. Relaxing initial assumptions often
result in unexpected turns, which is why each step should
be handled with care. Therefore, a critical look is necessary
for assessing results. Future research could apply the designed
methods here to other urban environments that have other
characteristics (larger population, less initial infrastructure, etc.)
and evaluate if the clustering methods return equally satisfying
results for these other cases.

Finally, it can be concluded that clustering has promising fea-
tures regarding its usage in solving location-allocation problems
of UAV base stations in urban environments for emergency
services. Even though quite some questions remain unanswered
in the area of eUAM, it is not unthinkable that soon, eUAM
will be deployed in the first urban environments.
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Introduction

Cities nowadays grow larger and larger, increasing problems caused by transport and traffic. Traffic congestion alone costs
U.S. cities more than 2 billion dollars annually [3] while exposing many people to harmful fine particles, causing a serious
health hazard. To cope with these problems, cities try to produce smart mobility plans to increase the quality of life in these
urban environments and enhance economic growth.

To achieve this in urban environments, Electric Urban Air Mobility (eUAM) comes into play [4]. eUAM offers many possibili-
ties to battle these issues in a more efficient way by offering an additional dimension to the urban mobility landscape. Even
though eUAM seems to be very promising, there are still many questions, such as environmental or technological issues, that
will need to be answered [5]. Addressing these problems and designing an effective way of implementing such a eUAM sys-
tem is also the objective of the AURORA project. This is a project led by the ISyE team of UGent, in collaboration with industry
leaders, SMEs, NGOs, and other research institutions, in which research is performed towards fully automated aircraft and
integrated Urban Air Mobility (UAM) services.

eUAM offers a high potential over different application areas. The area of emergency services is certainly one of the most
promising ones, which is why the attention of this thesis is directed towards the application of eUAM to emergency services.
In these types of services, the response time will play a crucial role. In case of an emergency, such as a cardiac arrest, the
first minutes are crucial. To guarantee a low response time, UAVs have a clear advantage compared to ground vehicles. They
can fly everywhere and are therefore not limited by the existence of streets, they are not hindered by other traffic and they
can enhance the mobility of first-aid devices such as AEDs [6].

To guarantee a low response time, it will be crucial to locate the UAV base stations at appropriate locations. A good place-
ment of UAV base station can sometimes really make the difference between life and death. Designing a good approach to
optimally locate several UAV base stations and assign them to their region of service will therefore be the subject of this
master thesis.

Along with these main research questions, some other questions will be tried to be answered during this master thesis. In
locating the UAV base stations and allocating the demand to the different base stations, it will also be important to deter-
mine the associated response time and coverage. These are important performance measures in scoring the performance
of emergency services. Together with that, the optimal number of UAV base stations will have to be determined as well. In
urban environments, it is often possible that already existing infrastructure is present, which could be adapted to be part of
the integrated UAM system. It will therefore be important as well to assess the already present infrastructure and examine



1 Introduction

if it could be integrated into the system as well.

To help answer the aforementioned questions cleverly, a case study will be performed for the city of Ghent. The city of
Ghent is a great test case as it is an urban region from which sufficient data can be collected online. This data can then be
used as input for the used models while trying to formulate answers to the formulated research questions.

In the present literature, quite some research has been performed in trying to answer problems in which locations have to
be determined, together with the allocation of a certain demand to these locations. These problems are called location-
allocation problems. A lot of research into classical solution methods and heuristics to solve location-allocation problems
has already been performed. Clustering methods, usually used to seek patterns in data, seem not to have yet been stud-
ied extensively for location-allocation problems. This is certainly not the case for these types of problems in the context
of eUAM and minimization of the response time. Following this, the application possibilities of clustering methods to the
location-allocation problem of the type described above will extensively be studied in this master thesis research.

In this master thesis, first of all, a literature review of relevant topics will be performed. In this research, it will be reported
which areas are already studied and more insight into location-allocation type of problems is given. Then, the data that will
be used is presented clearly. Following this, the used methods are taken into the spotlight, in which the focus lays on the
structure of the actual research. By applying these methods, the obtained results are reported and commented on. To wrap
up the thesis, potentially interesting topics for future work are highlighted, followed by a brief conclusion of the obtained
results to complete this thesis.
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During the literature review, a broad background on location-allocation problems is given. At first, some more insight into
location-allocation problems is given and something will be said about their complexity. Afterward, the most well-known
solution methods for these types of problems are presented. In doing this, traditional approaches, such as median problems,
heuristic methods, and machine learning techniques, more specifically clustering methods, are included. In this literature
search, the focus is on clustering techniques as these are the techniques that will mainly be used during this master thesis. To
conclude the literature review, the phenomenon of data aggregation is observed as well. This will turn out to be interesting,
as input data will also influence the eventual results of the location-allocation problem.

By performing this literature review, more insight into the already present methods for these problems will be provided.
This will later serve as a basis for the application of the location-allocation problem to the case of eUAM.

2.1 Location-Allocation Problems

During the last century, Location-Allocation Problems have been researched quite extensively. One quite primitive discussion
about this type of problem is given by Cooper [7]. He presented the location-allocation problem in a quite general manner,
as this was one of the first times it was studied in the literature. In solving these types of problems, one tries to allocate
several facilities and decides which customers are going to be served by which facilities. In doing this, the total cost that
comes with setting up the system as a whole should be minimized, which is the main objective here.

Typically, some information is already known which will help solve these problems. In the original formulation, the input
data that is used for solving the location-allocation problem is the following:

+ The location of each destination (Demand locations)
» The requirements at each destination (Demand requirements)
 Aset of shipping costs for the region of interest (Unit shipping cost)

Using these input data, the other types of information are tried to be determined. The unknowns that should be determined
in the general location-allocation problem are the following ones:
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« The number of sources (How many facilities to locate)
- The location of each source (Where to locate the facilities)

- The capacity of each source (Facility capacity)

This general formulation can be applied to a large variety of problems covering a very broad range of applications. Here, it
will be important to make several assumptions, such as non-increasing unit shipment costs. These assumptions will help
reduce the complexity of the problem, whilst making sure that the simplification is still a very good representation of the
problem that is tried to be solved in reality.

An attempt to split up location-allocation problems into two smaller problems that should be solved simultaneously is made
by Scott [8]. He described location-allocation problems as problems in which it is the purpose to locate the central facilities
(e.g. suppliers) whilst assigning the different output flows from these facilities to the corresponding demand locations (e.g.
customers). These two actions need to happen at the same time, as optimizing one of them will not necessarily optimize
the other one, nor the combination of both parts. In doing this, the goal is again to minimize the total operation cost of
the system. The operation cost of the system can be viewed in a quite general manner: this cost typically includes tangible
components, such as the facility cost and the variable cost of item delivery, and less tangible components such as noise
disturbance for residents.

Apart from formulating location-allocation problems in a descriptive way, they can also be formulated more mathemati-
cally.

Suppose that a set of n facilities (suppliers) with infinite capacity is available (n or fewer facilities will be used in practice),
then this specific location-allocation problem can be translated to the following mathematical programming formulation:

Minimize z”: i sij fijdi; Xij + z”: FCY; (21
i=1 j=1 i=1

Subject to: .
> fijXij = D; Vj e {l..m} 22)

i=1
X;;€{0,1} Vie{l.n}nje{l.m} (23)
Y; €{0,1}  Vie{l..n} (24)
fij €RT (25)

In this notation, m is the number of demand locations (customers), each with demand Dj, that need to be served from the
facilities that are chosen from the set of candidate locations. Additionally, s;; is the unit shipping cost, d;; is the distance
between facility i and demand location j and F'C}; is the operating cost that comes with using facility i.

Given all these input data, it is the purpose to determine the decision variables, which are also included in the mathematical
formulation. Xij is used to allocate demand locations to the facilities. XZ']‘ equals 1if demand location j is (partly) served

4
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from facility i and O otherwise.

Y; is the decision variable associated with locating the facilities at some of the candidate locations. Y; equals 1if there is
a facility operated at location i and O if no facility is operated at location i. Finally, fij stands for the (material) flow from
facility i to demand location . f,»j takes on the value of the flow stream between these two locations.

In this mathematical formulation, the goal is to minimize the objective function, which is given in equation 2.1 In essence,
this comes down to minimizing the total operating cost. This total cost is split up into two different parts:

« Avariable cost, which represents the transportation cost. This is the cost that comes with moving fz-j items over a
distance d;; at a cost of s;; per item from i to j.

« Afixed cost, which represents the facility location cost. This is the cost of locating the facility at candidate location i
at a cost of F'C;.

Although the mathematical formulation that is given here relies on quite a few assumptions, it is certainly useful to get a
better understanding of location-allocation problems. There exist quite a few more complex location-allocation problems.
However, in most cases, the basic idea remains the same, such as the basis represented here. Often, assumptions are relaxed
or additional complications are added to the model to make it a better representation of the real-life situation under study.
For more advanced mathematical formulations of location-allocation problems, more tailored literature should be looked
into, but this is beyond the scope of this study. For example, Mestre Oliveira [9] presented a more advanced mathematical
formulation that takes into account different demand scenarios for the optimal planning of a hospital network.

Going back to the general study of location-allocation problems, it can be stated that a location-allocation problem is a
combination of a transportation problem (Assigning the flow) and a pure location problem (Locating the central facilities).
Often, these two problems are easily solvable alone, but they are much harder to solve when they are solved simultaneously.
Especially when problems become larger, specialized solution methods will be necessary to make sure a (sub-)optimal so-
lution can be obtained in a reasonable amount of time.

This observation is confirmed by Sherali [10]. In his work, it was proven that location-allocation problems are non-deterministic
polynomial-time hard (NP-hard). NP-hard problems are problems for which no efficient algorithm has been found yet. This
means that solving these types of problems is not possible in polynomial time. From this, it follows that an exact solution
to a pure location-allocation problem can't be found in a reasonable amount of time. As classical solution methods won't
be able to solve these problems efficiently, there is a need for more specialized solution methods to find a (sub-)optimal
solution in a reasonable amount of time.

One way to counter the complexity of these NP-hard problems would be to use solution methods such as heuristics. However,
the usage of heuristics can only be justified if the region around its achieved optimum is robust: this means that around
the optimum value, other solution values can be obtained that are quite close to the optimal solution value. Fortunately, in
location-allocation problems, this will often be the case. Cooper [11] concluded that a well-constructed heuristic will achieve
a sub-optimal solution that is rather close to the optimal solution with a reasonably high probability. In many cases, the
heuristic can be constructed in a way that a sub-optimal solution is only 2 to 3 % off from the optimal solution, which is an
acceptable bias. Often, it will cost more to achieve the perfect optimum than the benefit that would come with achieving
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this optimum. Therefore, it is important to always keep in mind the trade-off between accuracy and efficiency.

2.2 Traditional approaches for location-allocation problems

For location-allocation problems, some very common models have been proposed. These models typically can be classified
into two categories: median and coverage problems. Both types are designed to find the most suitable location for facilities,
but they differ in the way their objective function is constructed. In what follows, the present literature on these methods
is studied, followed by a brief conclusion about these methods.

2.2.1 Median problems

Median problems, more specifically the p-median problem, are very useful to model real-life location-allocation problems.
This problem also resembles the Uncapacitated Facility Location Problem (UFLP), but there are some clear differences be-
tween these two problems. First of all, in the p-median problem, there are no costs to open facilities. Secondly, in the
p-median problem, it is known how many facilities will need to be opened, which is not the case in the UFLP. From this, the
name p-median follows evidently, as exactly p facilities will need to be located.

P-median methods can be used as a location-allocation method for different types of services: Locating emergency services
(fire stations, ambulances ..) [12][13], locating schools [14], warehouse location [15], public service center locations [16] and
so on. From a more theoretical perspective, the p-median problem can be formulated in its mathematical formulation [1/],
which is formulated as follows :

n n
Minimize Z Z a;dij;j (2.6)
i=1 j=1
Subject to
n
Z$Z’j =1W [2~7]
j=1
n
Z Tij=p (2.8)
j=1
wij S l‘jj Vi,j (2-9]
Tij € {O, 1} Vi, j (210

In this mathematical formulation, n is the number of demand points, a; is the population of demand point i, dz‘j is the
(shortest) distance between i and j and p is the number of facilities that have to be located.

Next to the input variables, the decision variables have to be defined as well. x;; equals 1if the demand of j is fulfilled by j
and 0 otherwise.

This problem is an integer programming problem, which has n?2 decision variables, taking on values of 0 and 1. From this, it
can also be shown that the p-median problem is NP-hard [18], independent of the network structure used. The high num-
ber of decision variables makes this a large problem, but the number of candidate sites for facilities can often be reduced
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(restricted areas, only consider appropriate locations ..) which makes the problem size smaller. Resulting from the smaller
problem size, the time in which the problem can be solved will be reduced as well.

As p-median problems have shown their usefulness in solving location-allocation problems, they have been studied exten-
sively. Researchers have come up with a lot of different methods to solve them. Branch-and-bound algorithms [19][20]
and meta-heuristic approaches to the p-median problem [21] [22] are only some of the possible procedures that have been
proposed by researches to solve the p-median problem. From this, it can be concluded that the p-median problem is already
a well-studied topic in literature.

2.2.2 Coverage problems

An issue with p-median problems is that they do not take into account the 'worst-case’ situation, therefore resulting in
unacceptable solutions in terms of service [23]. The total obtained traveling distance in the p-median problem can be
minimized, however, it does not take into account the maximum travel distance for one user. For this, p-median problems
will not give the best solution for emergency service location problems, as all users should be reachable in a predetermined
amount of time. For this reason, it would be advantageous for the location of emergency services, to consider maximum
distance or maximum time constraints as well. For these reasons, the Location Set Covering Problem (LSCP) is proposed.
Here, the minimum number of facilities should be determined, making sure that each user is served in the prescribed time.
This results in the following mathematical formulation [24]:

n
Minimize ij (21
=1
Subject to
> ;=1 Vi (212)
JEN;
xzj € {0,1} Vj (213)

In this formulation, ZV; is the set of facilities that can provide cover to demand i, which can be reformulated as V; =
{Jjldi; < S}, where Sis the defined as the maximal service distance. The variable n is again defined as the number of
demand points and dij is the (shortest) distance between i and j.

Inthe LSCP, the sole decision variable is ;, which equals 1if a facility is located at jand 0 otherwise. It can be noticed that the
number of decision variables is quite limited, as only n zz;'s can take on values of 0 or 1. This makes this formulation rather
suitable for large problems. However, n inequality constraints are present so solving this type can still be computationally
difficult.

Alternatively, it could be the case that not all demand should or could be covered. This can be because several users are
too far away to serve them in a good manner or when not enough resources are disposable. In this case, not all users will
be served, but it will be the goal to serve as many users as possible. To these people, service of a sufficiently high service
level should be given. In this problem, a fixed number of facilities will be located, while trying to cover as much demand
as possible, for users who are located at feasible distances from a service perspective. This problem is called the Maximal
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Covering Location Problem (MCLP). For this problem, the mathematical formulation is as follows [25]:

n
Maximize Z a;Y; (214)
=1
Y zjzy 1<i<n (215)
JEN;
n
d ay=p (216)
j=1
z; € {0,1} Vj @17
yi € {0,1} Vi (218)

In this formulation, z; is defined in the same way as in the formulation of the LSCP, while a; and p are defined in the same
way as in the formulation of the p-median problem. The decision variable y; here is the allocation variable. If the demand
of user i is covered by any facility, then g; will be equal to 1. If the demand of user i is not covered by any facility, then y;
will be equal to 0. This problem has 2n binary decision variables, which makes this problem more suitable than for example
p-median problems, in which n?2 decision variables are present.

Variations for both these types of coverage problems have been come up with [26], so that it is possible to deal with all types
of variants of these types of problems. However, these variations won't be discussed as they would go into too much detail.
Both of these methods can also be used as location-allocation problems for different types of service, such as locating bus
stops [27], locating dialysis facilities [28], habitat reserve site selection [29], emergency services [30] and so on.

Following the literature review of the classical approaches, it can be seen that these methods have already been discussed
in the literature. Additionally, nowadays, approaches that seem more promising are present. This is why the discussion of
traditional approaches is limited to this (short) review and it won't be discussed further in this thesis. However, a good
understanding of these methods is important to get more insight into location-allocation problems.

2.3 Meta-heuristic solution methods

An alternative to the traditional solution techniques for location-allocation problems can be found in the use of meta-
heuristics. These meta-heuristics are a better fit to efficiently find a sub-optimal solution in case problems are very hard to
solve using traditional approaches. As location-allocation problems are NP-hard, the usage of meta-heuristics is certainly
justified for solving these types of problems.

In the literature, meta-heuristics have extensively been applied to location-allocation problems. Here, the main focus will
be directed towards Genetic Algorithm (GA), Simulated Annealing (SA), Tabu Search (TS) and population-based optimization
algorithms (Particle Swarm Optimization (PS0), Ant Colony Optimization (ACO) and Artificial Bee Colony (ABC)). These meta-
heuristics are very popular and therefore already well-studied. A summary of some literature regarding these techniques
applied to location-allocation problems is given in table[2]]
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Authors \ Problem type Used meta-heuristic |
Saeidian et al. [31] Location-Allocation PSO & ACO
Righini [32] Location-Allocation Double annealing

Murray and Church [33] Location Planning SA

Lin et al. [34] Facility Location-Allocation Improved ABC
Sahli and Gamal [35] Continuous Location-Allocation GA
Ohlemiiller [36] Location-Allocation TS

Brimberg and Mladenovic [37] Multisource Weber Problem TS&GA
Ghodratnama et al. [38] Location-Allocation GA, PSO & SA

Table 2.1: Summary of some literature regarding meta-heuristic solution procedures for Location-Allocation problems

Notice that between these meta-heuristics differences are present as well. From the literature presented in table [27) it
follows that GA is less effective compared to the other meta-heuristic approaches. However, GA is a quite simple and easy-
to-understand approach, which is an asset as well.

Even though the performance of GA seems to be a bit worse compared to the other meta-heuristics, the performance of all
meta-heuristics is better compared to the performance of traditional approaches. Because these meta-heuristics perform
really well, they have been studied and used extensively in solving location-allocation problems. This however makes it a
bit less interesting to consider meta-heuristics again in a new study as most of these properties have already been explored
quite thoroughly.

2.4 Machine learning techniques

Another approach that could be used to find a feasible solution to the location-allocation problem lies in the area of machine
learning. Machine learning techniques can be used to find patterns in input data that are used to represent a real-life case.
By doing this, it is attempted to find out which data points belong together and then assign these data points to the same
hub. The demand from the data points that are grouped will then be fulfilled from the same location. In doing this, the
location-allocation problem is solved. It seems to be the case that the usage of these types of problems is less well-studied
in the literature compared to the traditional approaches and heuristic solution methods. This is why a more detailed look is
directed towards the usage of machine learning techniques.

Generally speaking, problems in pattern and machine learning can be categorized in three main categories that are most
relevant to this research. These three broad categories are the following ones [39]:

« Supervised learning: This approach would require to have some example inputs that come with their optimal outputs
as well. This (input, output)-set would be needed as the objective is to learn how a certain set of inputs should be
translated into a set of outputs that would result in good performance of the method. In the case of location-
allocation problems, the algorithm should be fed with the demand point (inputs) and their optimal, well-positioned
hubs, to learn the algorithm how the inputs and outputs are linked together. However, this would not be optimal
in this application as the set of well-positioned hubs has to be determined in advance by another solution method.
This approach can only be used in case good results are already achieved, which is not always the case. Additionally,
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achieving good results using another method and then training this model would be quite cumbersome. Therefore,
supervised learning techniques are not optimal to use in the application under consideration here, despite their
excellent characteristics and their superior performance in case the algorithm is well-trained.

+ Unsupervised learning: In this approach, the algorithm is left on its own to find a structure in the input data that is fed
to it. As opposed to supervised learning and reinforcement learning, no initial (input, output)-set has to be fed to the
algorithm to make the algorithm perform well. This can be seen as an advantage, however, the data should be well-
labeled and therefore, some pre-processing of the data will certainly be necessary. Unsupervised learning is a broad
topicin the domain of machine learning, with quite some sub-disciplines such as dimension reduction, clustering, and
anomaly detection [40]. Of these sub-disciplines, clustering will be the most relevant for this research. Clustering
will be an important topic for this master thesis, so this topic will be studied in more detail later on in this report.

+ Reinforcement learning: In reinforcement learning, the agent faces a problem by learning behavior through trial-
and-error interactions with a dynamic environment [41]. Here, feedback is provided to the system as it navigates
the problem space. Feedback is given in terms of either reward or punishment here. Kaelbling and Littman found
out that reinforcement learning techniques work effectively on a lot of small problems. However, issues are incurred
when these techniques are tried to scale to larger problems. This is because arbitrary problems are very hard to solve
in the general case. Due to these drawbacks, this method won't be considered further.

Apart from these machine learning algorithms, there are still some other algorithms, such as transduction, that are already
used in machine learning applications. However, these are less relevant to the topic under consideration and are therefore
left behind in this literature review.

Between supervised and unsupervised learning there is also another hybrid method, called semi-supervised learning [42].
This is a mixture of the before mentioned methods, in which an incomplete (input, output)-set is fed to the algorithm as a
training signal. In this set, this number of missing target outputs can range from a few to many missing outputs.

Because of the aforementioned reasons, it is decided to further focus on unsupervised learning methods in the next section,
and more specifically to focus on clustering.

In clustering, similar objects are grouped into different groups. Another way of describing the clustering process is by saying
that the input data set is partitioned into subsets. The data in each subset should be similar, which means that they are
close enough together as defined by some distance measure.

Clustering seems to have a great potential in solving location-allocation problems. Efficiently clustering the demand loca-
tions in distinct clusters can make sure demand locations that are close to each other and therefore belong together, are
serviced by the same facilities. Eventually, these will form efficient sets of facility locations and demand locations, resulting
in a demand that is fulfilled in an efficient and effective way.

However, this is just an initial hypothesis and more insight into clustering, as well as more experimental results, should be
executed to draw meaningful conclusions.
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2.5 Clustering methods

As mentioned before, the goal of clustering will be to make sure that similar objects belong to the same group, while
dissimilar objects should belong to different clusters. Questions that could arise are how two objects can be considered to
be 'similar’ or how they can be considered 'dissimilar’.

To answer these questions, more specialized algorithms have been designed. However, distance-based clustering is a rather
basic concept on how to partition data. This can be done either internally or externally. The former states that distances
between members in a cluster should be small (members of the same cluster are close together), while the latter states
that distances between members of different clusters should be large (Members of different clusters are far away from each
other). However, this definition will not always be sufficient, as can be seen in figure [ﬂl In ﬂgure the clusters are
quite clear and the two distance-based clustering definitions will be applicable unambiguously. However, in figure 2Tb] the
partitions of the data are not clear at all and therefore, distance-based clustering will not be applicable in an unambiguous
way. For cases such as figure@l more advanced approaches will therefore be necessary to guarantee good data clustering.
Also, different measures can be considered to partition the data into clusters, which will not necessarily give the result.
Therefore, the performance measure should be tailored to the specific application, because different applications could
require different performance measures.
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(a) Data grouped in clear clusters (b) Data not partitioned in clear clusters

Figure 2.1: Comparison of scenarios in which data is respectively clustered in a clear way and not in a clear way

Differentapproaches on how to cluster data can be used. Jain [l proposed a clear overview of different clustering approaches
is given in figure[Z;ZI Notice that the figure proposed by Jain does not contain all clustering details. Approaches such as
hierarchical clustering also have other linkage criteria, but more will be stated about it later on.

At the top level in this taxonomy tree, a split is made between hierarchical and partitional approaches:
« In hierarchical clustering algorithms, the data set is divided or merged in a sequence of nested partitions [43]. Here,

the successive clusters are found using previously established clusters. Hierarchical clustering methods can be either
agglomerative (bottom-up) or divisive (top-down) [44]. Agglomerative algorithms depart from elements as separate

N
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clusters and then merge them into successively larger clusters, while divisive algorithms do it the other way around
(start from the whole set and divide them into successively smaller clusters).

« Inpartitional clustering [45], data points are iteratively relocated between an optimal partition is achieved, according
to a certain clustering criterion. This clustering criterion is an objective function that is optimized according to a
certain partitioning criterion such as maximizing the similarity between items in a cluster. [43]

Clustering
Hierarchical Partitional
Single Complete Square Graph Mixture Mode
Link Link Error | |Theoretic| | Resolving Seeking
k-means Expectation
Maximization

Figure 2.2: Taxonomy of clustering approaches [1]

Additional to the tree structure presented in figure@] other issues could affect all of the approaches in the tree, regardless
of their place in the tree structure. These other aspects won't be discussed in too much detail, because this is out of the
scope of this thesis. However, one aspect will be discussed in more depth: Hard clustering compared with soft clustering.
Observing these two, the distinction between the two is quite straightforward:

« In hard clustering, data is grouped and each item can only be assigned to one cluster. Therefore, the probability of
a data point belonging to a certain cluster always takes on binary values, either 1if the item belongs to the cluster
and 0 if the item does not belong to the cluster under consideration. In hard clustering, the cluster boundary is
determined unambiguously.

+ Onthe contrary, in soft clustering, data is grouped and items can belong to multiple clusters. Therefore, the probability
of a data point belonging to a certain cluster is not binary anymore, as the item under consideration can appear in
multiple clusters at once.

In figure [2.3] the difference between hard and soft clustering is visualized in a clear example. In figure[2.33] it is clear that
each data point only belongs to one cluster, as both clusters are separated with a full line. This is also indicated by the colors
in the figure.

However, in figure [2.3B] this is not the case. Points can belong to both clusters and both clusters are circled with dotted
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lines, indicating that points can belong to both clusters here. This is also indicated with the different coloring of the dots,
indicating the percentage of each data point that belongs to each of the clusters.
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Figure 2.3: Example of hard and soft clustering

In his research, Bora [46] made a comparison between soft and hard clustering methods as well. It is concluded that the
choice of the clustering algorithm depends heavily on the purpose of the clustering applications. Hard clustering will be more
appropriate for exclusive clustering tasks, while soft clustering will be more appropriate for overlapping clustering tasks. As
the logic behind soft clustering methods is more complicated than that behind hard clustering methods, it is obvious that
the computation time of soft clustering methods will be larger.

As both of these methods exhibit interesting characteristics, a possible implementation of both of them will be discussed in
what follows. The K-means method is a popular example of a hard clustering method, whereas the FCM method is a good
example of a soft (or fuzzy) clustering method. Both methods are cluster-centric algorithms [47]. This means that, based on
distance as the measure of similarity or dissimilarity, these algorithms calculate the centers of groups of data points.

In the more recent years, clustering methods have been used to solve location-allocation problems as well [48] [49] [50].
From those researches, it followed that clustering methods exhibit quite a bit of potential in solving location-allocation
problems. This is why in what follows, a deeper look is directed toward these clustering techniques. As in literature, most
attention seems to be paid to K-means and FCM clustering, which is why these clustering methods will be mainly considered.

2,51 K-means clustering algorithm

The K-means clustering algorithm is one of the most popular hard clustering algorithms. It is a quite simple algorithm and is
an often-used algorithm with a squared error function as an objective to minimize [51]. The goals of the K-Means algorithm is
quite straightforward: Partition a set of n object in k clusters and meanwhile calculate the centers of these clusters. In doing
this, it should be made sure the intra-cluster similarity is high, while the inter-cluster similarity should be low [46]. Initially,
random cluster centers are chosen and data points are initially allocated to clusters randomly. Afterward, the data points
are reassigned to clusters, trying to maximize the similarity between data points in a cluster and their cluster centers. This

13
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process is repeated until a stopping criterion is met. This stopping criterion could be a predetermined number of iterations
or the squared error that does not change anymore. One problem with the K-means algorithm is that it is sensitive to the
initial choice of randomly selected cluster centers. Selecting a different initial solution can therefore affect the eventual
outcome of the algorithm. Therefore, in the literature, methods for selecting better initial solutions have been proposed
[52]. Another way of coping with this is to run the algorithm several times on different initial solutions. This way, the effect
of these initial solutions will eventually die out. Another drawback of the K-means method is its time complexity. It can be
shown that, even for k equal to 2, the K-means method is NP-hard [53]. Additionally, there is no guarantee that the algorithm
will converge to a global optimum [54].

In practice, the K-means algorithm [55] can be expressed in its pseudo-code, which is expressed in algorithmf] [S6].

Algorithm 1 The K-means Algorithm

Input: a data set containing n points: {(x1, Y1), - (ZTn, Ynl}
Output: Cluster centers C'(*) with their assigned data point sets A®)

Fixk,2<k<n
Fix MaxIterations
Randomly select k initial centers C(©) = {cy, ..., ¢j, ..., cx }
while t < Maxlterations do
fori=1tondo

Find the closest center c§t_1) to data point (x5, ;)
Assign data point (z;, y;) to the cluster A§t) with current center cg-t_l)

end for
fori=1to|AS"| do

Set cgt) to be the center of mass of all points in Ag.t)
end for
end while

2.5.2 FCM clustering algorithm

The FCM clustering algorithm was first proposed in by Bezdek [57] and by Dunn [58], who presented the special case for which
the fuzzifier exponent (m) was assumed to be equal to. Inspiration for this algorithm came from the K-means algorithm.
However, the main reason for the design of this algorithm is to introduce the effect of soft or fuzzy clustering, as it can have
some nice applications.

Due to the introduction of the fuzzy character, FCM is more complicated than K-means. This also means that more parameters
are used for this algorithm and the parameters specific for this algorithm are represented in table@

Furthermore, some specific parameters are used for the representation of the data set, and those are given in table[2.3]

As was the case for K-means clustering, the goal in FCM clustering is to minimize the dissimilarity between points (partially)
belonging to a cluster and the cluster center. Several performance measures, such as the partition coefficient [59] and the
Xie-Beni index [60] can be used, but these will be explained in more detail in one of the next chapters.
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| Parameter | Explanation \
m Fuzzifier exponent
i Membership matrix
c/c number of clusters and 72" cluster

Table 2.2: FCM parameters

data set parameter Explanation
n Total number of objects in the data set
x '™ data point
D dimension of the object under consideration

Table 2.3: Parameters data set

In FCM however, the goal is to minimize the objective function given in equation[2.19]

T =) pilai — el (219)

i=1 j=1

Notice that in this formula, the Euclidean distance metric is used to calculate the distance between the data point «; and the
cluster center c;. Other distance measures such as the Manhattan distance metric could have been used. However, Euclidean
distance metrics are very effective for a small amount of quality data. This is also why they favor squared error methods
with greater efficiency [61]. In the chapter about data, the choice of distance metric will be covered in detail.

A fundamental concept in the FCM concept is the membership matrix, with values z;;. As the name suggests, this matrix
indicates the probability of data point i belonging to cluster j, indicated with value ;5. Opposite to hard clustering methods,
the values are not binary in soft clustering methods, however, the criterion in equation[2.20]should always be satisfied. This
criterion states that the probability of each data point belonging to any of the clusters is always equal to 1.

C
=1, 0<py <1 (220)
j=1

Then, the formula used to update the membership values on the go is given equation[2.21] The exact place of this step in the
algorithm will be indicated later on.

1

— (221
S (=) 2/ (m - 1))

Hijnew =

The last important equation of which the FCM algorithm makes use of is the one to calculate the cluster center. This is
indicated in equation[2.22]
N m
Zj:l Hi5 g
N
2 =1 Hij
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Putting all of this together, then FCM algorithm can be written in pseudo-code, as is illustrated in algorithm 2] [62].

Algorithm 2 The FCM Algorithm

Input: a data set containing n points: {(z1, y1), - (Tn, Yn)}
Output: Final membership matrix U®) and final cluster centers C'()

Fixc,2<c<n
Fixm,1<m<oo
Fix €, MaxIterations
Choose an appropriate distance metric
Randomly initialize membership matrix U0 0
while t < Maxlterations do

Update membership matrix: U () <

(0)
ij
*)
ij
Compute cluster centers C) = {co, ..., ¢, ..., ¢.1 } using equation2.22]
(alculate objective function J,(,f) using equation
if |J£§) — Jéﬁfl)l < epsilon then
Break
else
A A
Increase t by 1
end if
end while

Fuzzifier exponent

In table2.2] the fuzzifier exponent m was already introduced. This will be an important parameter for the FCM method. This
parameter corresponds to the degree of fuzziness of the obtained solution. If m is close to one, then the result obtained
by the FCM algorithm is similar to that obtained using K-means, if the other parameters are kept equal. If m is large, the
obtained clusters will be blurred and elements will tend to belong to all clusters. Because of this, values of m close to one
or very large won't be used. Generally speaking, m is typically between one and two [63? ].

The fuzzifier exponent m can also have other undesired side-effects, such as the tendency of all data points to influence all
clusters in fuzzy clustering [64]. As the selection of a good value for m will be important for the eventual outcome of the
algorithm, this parameter has been well-studied in the literature. For sake of convergence of the algorithm, it was proposed
that m > ﬁ with n the total number of data points [65]. Another experimental approach to determine the range of m,
is obtained by observing some cluster validity indices [66]. It is suggested that m should lie between 1.5 and 2.5. Because
of this, most researchers prefer to work with a value of two for the parameter m. However, more theoretical approaches
to determine the value of m are researched as well [67]. A satisfying result is that the obtained ranges are more or less
similar, independent of the used approach. Schwammle and Jensen [68] proposed a formula to find the optimal value of
the fuzzifier exponent. This formula is displayed in equation[2.23] Schwammle and Jensen also showed that the proposed
formula is a good fit for large data sets.

141 12.
f(C,N)y=1+ (T8 +22.05)C72 + (% +0.243)C~0-0406 In(N)—0.1134 (2.23)
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In the further course of this master thesis, m will be assumed to be equal to 2. This is the case because the main objective
of this thesis is to design a good approach for a clustering-based location-allocation method, not to analyze the influence
of the fuzzifier exponent on the eventual results.

Optimal number of clusters

One of the most interesting questions in clustering is how to determine the optimal number of clusters. In clustering meth-
ods, the number of clusters is mostly used as an input for the model. However, it is not obvious at all to determine in how
many clusters the data should be partitioned optimally. The most basic criteria to estimate the optimal number of clusters
cis based on a simple rule of thumb [69]: ¢ = \/@ where n represents the number of data points in the data set.

Alternatively, an often-used method to determine the number of clusters is called the elbow method [70][Z1]. In the elbow
method, the Sum of Squared Errors (SSE) value is calculated for each value of the number of clusters in a predetermined
range. Then, the values should be compared with each other and it is started from a number of clusters equal to 2, which
is then increased one by one. From the moment that no significant decrease of the SSE value occurs anymore, it can be
stated that the elbow point is reached. According to the elbow method, this will be the optimal number of clusters for the
considered problems. One problem with the elbow method is that the elbow point is not always easily detected, which would
result in a solution that is not certainly optimal. This problem is illustrated in figure[2.4]
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Figure 2.4: Comparison of two data sets for which the elbow methods respectively gives an unambiguous (figure | and
an unambiguous result (figure |

Other methods, relative to the elbow method, have been proposed as well in the years afterward [72]], but the elbow method
is the most important one and for the others, reference is made to more specialized literature. Notice that these methods
are mainly used for hard clustering methods, but could also give an indicative result for their soft counterparts.

In soft clustering, cluster validity indices can be used to determine the optimal number of clusters. A Good overview and
comment for the different cluster validity indices are given by Kim Lee [73]). These measures can then be used to determine
the theoretical optimal number of clusters. Notice that the optimal number of clusters can also depend on the structure of
the input data that is used.

Another interesting observation about the number of clusters is that it decreases when the fuzzifier exponent m increases
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[68]. Intuitively, this is what could be expected, as with increasing m, the fuzziness increases as well.

Finally, some more advanced algorithms have been designed to calculate the optimal number of clusters [/4][/5]. However
note that these algorithms are often tailored to a specific type of problem, which results in limited applicability to other
types of problems.

In the actual thesis research, the already studied literature will certainly be kept in mind. However, the methods discussed
here to find the optimal number of clusters are mainly theoretical, which will sometimes result in limited applicability in
reality. In reality, some other measures deem to be more important, which then requires a more specialized approach.

2.6 Data aggregation

To solve real-life location-allocation problems, sufficient data should be gathered to use as inputs for the solutions models.
As this thesis concerns finding the optimal location of UAV base stations from which a certain demand should be fulfilled, a
good representation of this demand will be a crucial element for this thesis. For certain applications of eUAM, the population
distribution across a given urban environment can be a good representation of the demand that should be served by those
UAVs.

Inan urban environment, many people live closely together. In Belgium, cities count thousands of inhabitants, and globally,
certain metropolises count even more than a million inhabitants. As this thesis focuses on urban environments, data con-
cerning the inhabitants of this kind of city will be crucial as input data.

Formulating a model with hundreds of thousands or even a million demand points will be very hard to solve. This level of
detail is too large and will not even be necessary to make sure the proposed model is a sufficiently good representation of
reality. In addition, the housing locations of every single inhabitant of such cities are not publicly available.

For the reasons stated above, it will be important to trade off accuracy with efficiency here. More aggregated data will
probably require less computation time, but it is possible that it would result in less accurate results. On the contrary, for
more disaggregated data, the results will be more accurate. This better performance comes at a cost, namely in the increase
in computation time.

An illustration of data aggregation is given in figure In this figure, a simple example of data aggregation is given. In the
first part, raw data is given which is not yet processed in a further way. This data will then be aggregated in different zones
and the density will be centered in the center of gravity of the zones. Finally, the data is aggregated even further in single
points which do not depend on the borders of the individual zones. The complexity of the data has reduced a lot, but its level
of details as well.

In the literature, the use of aggregated data has already been studied for certain types of location-allocation models. Fother-
ingham [76] conducted a study to observe the aggregation effects of the p-median procedure. In p-median problems, three
types of errors are defined as A-, B- and C-type errors [/7]. These errors respectively represent the error that comes from
clustering zonal demand in a single point instead of a series of points, the error that comes with inter-zonal demands that
are set to zero, and the error that comes with the fact that zones can only be served from a single facility, even if a part
of the zone is closer to another facility. The outcome of the study for p-median procedures is that the outcome is optimal
only for a particular definition of spatial units. Changing the definitions of these spatial units can cause large deviations in
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optimal facility location. Even though some solution sites are quite stable, it can be shown that other solution states can
easily be changed by manipulating how data is aggregated.

However, Goodchild [78] concluded that the effects of using aggregate data on location are much more dramatic than on the
values of the objective function. Also, how to evaluate or minimize the severity of the aggregation effects depends on the
way the input data is gathered. In case the data is aggregated to reduce the problem to a manageable size, then care should
be taken on how this data aggregation is performed. Some ways of aggregating data results in greater errors. Aggregating
data should therefore only be done while paying sufficient attention to the effects of this data aggregation.

In other cases, where the data is gathered in aggregate form, often no access to the initial, disaggregated data is possible.
In these cases, fewer measures can be taken to ensure the data is aggregated appropriately. Always observe the obtained
results critically or if there is another way to gather data, this would be more appropriate.
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Figure 2.5: Illustration of data aggregation

Apart from aggregation effects in the p-median type of problems, the effect of aggregation is also studied for maximum
covering models [79]. This is another traditional approach to solving location-allocation problems.

In the study for aggregation effects in maximum covering models, two types of objective function errors are identified. These
were respectively optimality errors and coverage errors. In the study conducted by Daskin [79], three different aggregation
schemes were tested to see in which case the biggest effect occurs.

The results obtained from that study are in line with the results for the p-median method. It is observed that demand and
candidate location can be aggregated significantly, without increasing the optimality or coverage error a lot, if the right
aggregation schemes are used. On the other hand, location errors will be large, regardless of the used aggregation scheme.

From literature, it can therefore be concluded that data aggregation is not something one can do without the risk of introduc-
ing errors. Therefore, if possible, it is beneficial to use data in a quite disaggregated level of detail if this is computationally
possible. Often, the level of aggregation will be limited by the available data, as publicly available data is always aggregated
in some way.

Therefore, to get the best results possible, data will not be aggregated in this thesis, unless it would be necessary for compu-
tational reasons. If the available data would be aggregated in a further way during this thesis, it will explicitly be mentioned.
However, attention should always be paid to the possibility of the introduction of errors.
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The purpose of the data chapter is to present all input data that will eventually be used in the study concerned with finding
the optimal location-allocation of UAV base stations.

The main data that is discussed here are the ones related to the different UAV types, the population of the city of Ghent, and
initial infrastructure. To work with this data appropriately, the used distance metric is presented and justified. Finally, some
major model assumptions are presented. This is done to clear up potential ambiguities.

3.1 UAV types

The UAVs that will be considered in this thesis research are the same ones as those that will be deployed in the AURORA
project. This project can best be described as "a cross-disciplinary project aiming at linking aeronautical, smart mobility,
intelligent systems, urban planning, and citizens' engagement with industry, authorities and citizens perspectives to foster
the adoption of urban air mobility” [80], with a focus on emergency services. In this project, three UAV types of different
sizes are considered. These are respectively small, medium and large UAVs. The technical specifications can be found in table
BT 120. In this table, the cruise speed is defined as the maximum speed that the UAV can achieve during flight. However,
for the remainder of this study, it will be assumed that the cruise speed is equal to the average speed of the UAV under
consideration.

| Size | Type | weight (kg) | Cruise speed (%) | Endurance (h) | Landing area requirement (m x m) |
Small Multicopter-type <25 40 0.5 216 x216
Medium Rotorcraft-type <80 100 15 72x72
Large | Optionally-Piloted VLR <600 150 35 2x2

Table 3.1: Specifications UAV types [2]

Abit more clarification about the different UAV types might be necessary. The first UAV type is the multicopter-type UAV. This
UAV is a type of helicopter that has at least three propellers. Additionally, the multicopter has the ability of Vertical Take-0ff
and Landing (VTOL) [81]. This means that the UAV can take off and land respectively straight up or down. This means that
the UAV does not require a lot of space around it, which is certainly handy in an urban environment. Generally, this type of
UAV is not able to carry a lot of weight and can therefore only be used to transport small goods. In emergency services, this
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means that the applicability of these types of UAVs will be directed towards the distribution of AEDs.

The second UAV type is the multicopter-type UAV. This type of UAV is typically larger than the multicopter-type UAV and will
therefore be able to handle a heavier payload. As this type of UAV is larger, it can also travel at a higher cruise speed and
will have a larger endurance.

Finally, the third and largest UAV type are the optionally-piloted VLRs. Their endurance and cruise speed are the largest of
all three UAV types and they can transport the heaviest payloads. This type of UAV is also the only one that can be used to
transport persons as passengers, with ambulance services as a potential application.

In the context of location-allocation problems, the most important property will be how far each UAV type can range without
running out of power and how fast this can be done. These abilities respectively correspond to the coverage and the response
time of the UAVs. As this won't be the same for each type, this is something that should be investigated in further research.
Therefore, the optimal placement of the UAV base stations may differ depending on the type of UAV that is considered.

3.2 Input data

3.2.1 DataGhent

In this master thesis, a case study will be performed to observe the performance of the proposed approach. The real-life
case that will be considered is that of the city of Ghent.

For this city, it is known that in total, it counted 264 676 inhabitants between its borders at the end of 2021 [82]. To apply the
location-allocation problem to the case of the city of Ghent, it is not sufficient to only know the total population. Additionally,
it will be necessary to know how the population is distributed across the entire city. This is because the population will be
used to represent the demand for emergency services here. This is quite intuitive, as regions that are more densely populated
will also require more emergency interventions.

Fortunately, the city of Ghent has a public data tool that enables people to consult all types of information, ranging from
population distribution to EV charging points and so on. From this tool, it can be seen that the city of Ghent can be subdivided
into 25 neighborhoods and even into 202 sectors. The subdivision in sectors will be the most disaggregated level of data. As
this level of detail is the most detailed level of data available, this will be used as input data in the remainder of this thesis.
For each sector in Ghent, its name, its sector code, its coordinates (initially latitude and longitude), and the total population
in the sector is available[83][84].

As the most disaggregated level of detail is used, this means that the data for 202 sectors will be present. Assuming that
each sector is represented by its center of gravity and that the weight given to each sector is the same, this results in the
visualization shown in figure[3]]
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Figure 3.1: Visualisation sectors Ghent indicated with their corresponding (unweighted) center of mass

3.2.2 Datatype

Typically, geographical data is given in a geographic coordinate system, which is also the case for the data available for
the city of Ghent. This means that for each data point, their longitude and latitude are given as a tuple. However, to make
the data easier to understand, it would be better to convert the data to a two-dimensional x-y-coordinate system, which is
expressed in terms of meters or kilometers. Distances in meters or kilometers are generally easier to comprehend. Also, it
is better to use data in meters or kilometers when other calculations will be performed such as calculating the time it takes
to reach a certain destination. In the emergency UAV location-allocation problem, the response time is a crucial factor and
is easier to calculate for data sets already expressed in meters.

Making the conversion from the tuple (longitude, latitude) to the tuple (x, y) can be done using projected coordinate systems.
In QGIS, it is possible to load the data in the right initial reference frame. As the data is initially expressed in (longitude, lati-
tude), it should be loaded using EPSG:4326 - WSG 84. Then, the projected coordinate system that is going to be used, should
be tailored to the case of Belgium. The most often used and most known projected coordinate system for Belgium is the
Lambert projection [85]. For example, Lambert 72 can be used, which only gives an error of 1 meter. This type of error is
certainly small enough for an application such as the one of location hubs for emergency UAV usage.

When this conversion is performed, it is also possible to shift the current coordinate system to a more obvious coordinate
system. For example, a great coordinate system would be one in which the data point below on the left is placed in the
origin. Then, this local coordinate system is most illustrative and user-friendly. This conversion is performed in Excel, after
which the data can easily be loaded into python, where it can be used as input for the eventual model.

In practice, the coordinate system is shifted 96 227.05 meters to the left and 187 020.5 meters shifted down. It is important
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that all types of data undergo the same shift. Otherwise, the coordinate systems would not be compatible with each other.
The shift that is performed here makes sure that the uppermost left demand point has an x-coordinate equal to 0, while the
lowest demand point has a y-coordinate equal to 0.

3.3 Initial infrastructure

3.3.1 Initial infrastructure present in Ghent

For locating the UAV base stations, it is not necessary to start from scratch to build a new UAV base station. Sometimes, it
is possible to start from some already existing infrastructure and then build further on it by making a few improvements or
adjustments to the initial infrastructure.

As a starting point, different possibilities are possible.

First of all, it is possible to start by looking at the locations in Ghent where AEDs are located. As AEDs are very important as
first aid for people with a cardiac arrest, these locations are certainly relevant, as this thesis also focuses on the application
for emergency services. In Ghent, about 60 AEDs are already present. The locations of the AEDs, plotted on the map of Ghent,
are displayed in figure[3.23][86].

Another possibility to consider as initial infrastructure for UAVs, would be to use already existing helipads. Usually, they are
near hospitals, and there, helicopters can land. Therefore, helipads will certainly be able to be used as base stations for all
three UAV types. However, they will probably be most relevant for the largest type of UAV. An overview of the helipads in
and close to Ghent is shown in figure[3.2b] Note that one of these four helipads (the most right one) is just outside Ghent,
but still quite close to Ghent so that it could be used as a base station as well.

Additionally, infrastructure that is not yet deployed for emergency services can be used as a starting point for UAV base
stations. As the UAVs that will be used are going to be electric ones, a great point of departure would be to use the charging
stations that are already present for EVs in Ghent. These can then be used as well to charge the electric UAVs that will be
deployed. In the city of Ghent, already a quite extensive network of EV charging stations is present. This network is shown
in figure[3.33]87].

For the multicopter-type UAV, the areas around EV charging stations will be sufficient to efficiently take off as an area of 2
meters by 2 meters is sufficient, which is more or less comparable with the size of a car. However, for the larger UAV types,
this area will not be large enough. Therefore in reality, for the largest type of UAV, which requires an area of 21.6 meters by
21.6 meters, only helipads will be large enough. For the medium type of UAV, there are still other possibilities. They require
an area of about 7.2 meters by 7.2 meters. As this is already a quite large area, for these UAV types, parking lots will be
considered as initial infrastructure. In figure[5.3b] both public car parks and public truck parks will be considered. In total,
there are 32 candidate locations, which is quite a bit less than the initial EV charging stations. However, as the medium size
UAV can travel at a higher cruise speed than the smallest UAV type, this is not necessarily a problem.
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Figure 3.3: Non-medical initial infrastructure

In further research, the focus will be directed toward the multicopter-type UAV. For these UAVs, the AED locations and EV
charging stations are considered as initial infrastructure. For the data sets of these initial infrastructure possibilities, some
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observations can be made. For both AED and EV charging station locations, it can be seen in figures[3.2a]and[3.3a]that these
locations are dense in the center of Ghent, while not a lot of initial infrastructure is present farther away from the center.
Therefore, it could be possible that just starting from initial infrastructure won't result in an acceptable service time in the
more remote areas of Ghent. However, this will be studied in the further course of this master thesis.

3.3.2 Conversion cost initial infrastructure

To convert the initial infrastructure to suitable Landing and charging stations for UAVS, making some adjustments is neces-
sary. Making these adjustments comes at a cost, which is here referred to as the conversion cost. Next to converting initial
infrastructure, it is also possible to construct new UAV base stations from scratch. As both situations will come with different
types of costs, it will be explicitly stated which costs are incurred in which scenario. The total costs incurred with setting up
new UAV base stations and converting initial infrastructure to suitable UAV base stations are shown in table[3.2] In this table,
all costs are also expressed on an annual basis, which will turn out to be useful for further cost optimization. It is assumed
that the lifetime of AEDs, UAVS, and charging stations span over 10 years. For both charging stations and AEDs, the total
cost shown in table[3.2] contains the purchasing, installation, and maintenance costs. The UAV and data link prices obtained
follow from an approximation/estimation based on the market analysis within the project [2].

Equipment \ Used where Total cost (in euros) | Annual cost (in euros) |
Surface area 2m x 2m [88] Only in new infrastructure 1368 136.8
Charging station [89] [90] Only in new infrastructure 5400 540
AED device [91] Both initial and new infrastructure 2500 250
UAV + data link [2] Both initial and new infrastructure 410 000 41000

Table 3.2: Cost overview used equipment and infrastructure multicopter-type UAV base station

3.4 Distance metric

In clustering, it is important to select the right distance metric. The distance metric has a big influence on measuring simi-
larity in patterns. Therefore, using an appropriate distance metric is crucial to obtain good clustering results.

Some distance metrics have already been proposed, but here the most appropriate ones will be discussed in more detail to
finally select the most suitable one. Notice that the problem is two-dimensional, which will also have some implications on
the possible distance metrics.

As the initial coordinates for the data points in the city of Ghent were given as a couple (latitude, longitude), an obvious
approach would be to use the Haversine formula to calculate distances between two points. This distance metric calculates
the distance between two points in spherical coordinates, ignoring the fact that the earth is not a real sphere. The two points
which we want to calculate are given as follows:

(lati, longi) = (¢i7 )\i), Vi € {1,2} (31
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Then, expressing the Haversine formula for which all angles are expressed in radians and the radius of the earth ris assumed
to be 6371 km, the following formula for the Haversine distance D is obtained. [92]:
¢2 — 1

D = 2rarcsin sin2(T) + cos(¢1)cos(¢a)sin?(

A2 — A1

5) (32)

Even though the Haversine distance succeeds in successfully calculating the spherical distance, it is not as intuitive as meth-
ods that use metric coordinates instead of spherical coordinates. As there are good projected coordinate systems available
(see section[3.2.2), the conversion from spherical coordinates to metric coordinates happens easily. This is why the focus is
redirected towards more intuitive methods now.

For the more intuitive methods, the two distance metrics that will be discussed are the Euclidean distance and the Manhattan
distance, as these seem most promising right now.

Consider here that both coordinates have already been projected in a metric coordinate system, then the coordinates are
expressed in meters, as follows:

(z — coordinate;, y — coordinate;) = (z;, y;), Vi € {1,2} (33)

Then, the Euclidean distance D, in two dimensions can be expressed as follows [93]:

De = /(x2 = 21)2 + (y2 — 11)? (3.4)
and the Manhattan distance D,,, in two dimensions can be expressed as [93]
Dy, = |2 — 21| + |y2 — 01 (35)

Visually, the difference between these two metric is shown in figure[3.4] Notice that the Manhattan distance in yellow and
grey is the same, which is why the Manhattan distance is not uniquely determined.
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Figure 3.4: Visual comparison of Euclidean and Manhattan distance metric
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From this figure, it can also be seen that the Manhattan distance is always greater or equal to the Euclidean distance.

For the application of eUAM, in which the UAVs can travel without restrictions of predetermined streets, it follows that the
Euclidean distance metric will be appropriate. For cities where vehicles travel on streets and where the street pattern is by
approximation equal to a checkerboard pattern, the Manhattan distance will be more appropriate.

In the remainder of this thesis, the Euclidean distance metric will be used as a reference metric.

3.5 Major model assumptions

Each model tries to represent reality as well as possible. However, it is important to make sure these models are not overly
complex as that could render the models infeasible or very hard to solve. This is why it will be necessary to make some
appropriate simplifications and assumptions before feeding the input data to the models under consideration. In this master
thesis, the major model assumptions are the following:

1. In between interventions, UAVs have plenty of time to charge their batteries to make sure they are fully charged
before pulling out for the next intervention.

2. The considered initial infrastructure is assumed to be convertible and suitable for eUAM. Note that these adjustments
can come at a cost, but the basis of the initial infrastructure is considered to be fit for eventual use as UAV base station.

3. Each UAV base station is considered to have sufficient capacity to serve the demand that is allocated to it in a smooth
and efficient way.

4. UAV are allowed to fly everywhere in the considered urban environment. New UAV base stations can be located at
their optimal locations, even though in reality this would not be the case. Therefore, in this model, no forbidden
regions are included.

5. In each sector, the population is assumed to be located in its center of gravity. Additionally, the population charac-
teristics (age, lifestyle, etc.) are the same for each sector in Ghent.
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In the chapter about methods, the used approach in this research will be highlighted. This is done from a high-level point
of view, as this mainly includes a general view of the used approach. The more detailed approach that is used and decisions
that are made during this master thesis are discussed in the chapter on applied methods.

More concrete, the general approach can be split up into two main parts: The used methods and the problem structure. These
two parts will constitute the remainder of this brief chapter.

4,01 Used clustering methods

From the literature review, it is quite clear that the focus here is directed toward clustering techniques. It seems to be the
case that these techniques currently aren't the most-used methods, even though they have really interesting properties,
which are mainly studied in research on image and pattern recognition.

In this research, A look will be given at both hierarchical and partitional algorithms. More precisely, the focus will be directed
toward agglomerative (bottom-up) hierarchical clustering and FCM clustering.

There are several reasons why these two methods are chosen. First of all, hierarchical methods have some really interesting
properties concerning the introduction of different levels, thus the hierarchy. This is an interesting point of departure and
this will be looked into in more detail in what follows.

Then, the reason why FCM clustering is selected is mainly due to its soft clustering properties. This means that demand points
can belong partially to different clusters and they can therefore be allocated to different UAV base stations. In practical sit-
uations, this makes the system more prone to disruptions such as outages or maintenance. Also, when several interventions
need to happen in a cluster at the same time, the soft clustering can help decide which intervention should be responded to
by which cluster, based on the fraction in which the demand locations belong to the different clusters.

In the research, the performance of these methods will be observed and reported. In case further steps can be taken to
increase the performance of the clustering methods, these are reported clearly and worked out in detail. However, these
methods will be discussed more concretely in the further course of this master thesis.
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4.0.2 Problem structure

In tackling the location-allocation problem, several steps should be taken to eventually be able to efficiently find a solution
to the problem. Often, large problems are first simplified to a rather simple problem, after which more complexity is added.
In approaching the location-allocation problem for emergency services for the case of Ghent, this will be no different. Ini-
tially, the problem is presented quite simply, assuming no initial infrastructure is present and no specific decision criteria
are present. afterward, more complexity is added to the problem to finally come to a problem that is a quite good represen-
tation of reality. In summary, the main steps that are taken to increase the complexity of the problem are presented in the
flowchart shown in figure[&]]

Basic problem Population Response Already present
without initial weights are time is added infrastructure is

infrastructure or added to the as decision added to the is present in the
weights assigned problem criterion problem problem

Figure 4.1: Visualisation steps increasing problem complexity

In the main part of the research, when UAVs are included, the focus lies on the multicopter-type UAV. This is the UAV with
the smallest endurance and speed and will therefore also have the highest response time. This will therefore result in the
most conservative response times of the system and also in the most interesting cases.

In the end, the final results for joint implementation of the three UAV types will be shown and discussed.

Finally, the research is concluded with a brief cost optimization analysis that can be used to determine the optimal number
of clusters from a cost-based perspective.
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In the chapter concerning applied methods, the used methods are highlighted in more detail. In this chapter, the exact steps
followed in this research are shown and explained thoroughly. These steps are the exact methods that will eventually be
used to obtain results that will eventually be reported and discussed in chapter[6] The current chapter and chapter[6]are
closely related, as the framework given here will be used in the next chapter to obtain the actual research results.

The steps will follow each other in order of increasing complexity. Therefore at first, basic algorithms (FCM and agglomerative
hierarchical clustering) are presented. These will form the foundation for all further research steps and extensions.

5.1 Basic FCM algorithm

Now that the input data for the city of Ghent is known and represented clearly, the first clustering method can be applied
to it. In this first stage, a general FCM algorithm will be applied to the input data to observe patterns in this data. As was
described in the literature review, the initial choice of the membership matrix in FCM can influence the eventual results.

In this first exploratory application of FCM to the data set of Ghent, the purpose is to already observe some patterns in the
data set.

Inapplying FCM to data sets, it was already discussed in the literature review that the initial choice of the membership matrix
can influence the eventual results. Therefore, to not bias the algorithm initially, the initial membership matrix is generated
randomly. In doing this, it will however be important to respect the boundary conditions. For each row of the membership
matrix, the elements should sum up to 1and each element is non-negative.

There are multiple ways to generate this membership matrix randomly, but here it is chosen to use the Dirichlet distribution.
In numpy, the function numpy.random.dirichlet allows us to build n samples, each of length k. For the city of Ghent, this
corresponds to n equal to 202, which is the number of data points, and k equal to the predetermined number of clusters.

511 Cluster performance measures

To be able to judge the performance of the FCM algorithm, there will be a need for some well-defined performance mea-
sures. These performance measures mainly have something to do with the optimal number of clusters that are present. The
explanation for this is that in case too many clusters are present, the data points are split up too far. In case not enough clus-
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ters are present, data points that are too dissimilar to each other can still belong to the same cluster. Additionally, visually
observing the optimal number of clusters can be very hard in case the clusters that are formed are not too clear. Therefore,
there is a need for some more advanced performance measures.

A first but very naive way of estimating the optimal number of clusters is by using a very simple rule of thumb, which is

shown in equation[5]]

" (51)
C~ — .
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However, this rule of thumb does not take into account the structure of the data itself and purely looks at the total number
of data points. This will therefore be too simple to result in good and reliable estimates.

Therefore, some more advanced performance measures can and should be used to determine the optimal number of clusters.
Inthe following, a few very important performance measures are given. More performance measures are presentin literature
as well, but these are left out for now as they would go too far.

Mainly in hard clustering, the elbow method is a commonly used technique. This method was already partially explained in
the literature review, which is mainly based on the SSE.

Adjusting this method to the case of the FCM algorithm, the weighted SSE can be calculated as illustrated in equation[5.2] In
this equation, the used parameters are the same as defined before. Notice that this SSE is the same for FCM as its objective
function J,,,.

SSEm(c) =Y > pipllas — cil (52)

i=1 j=1

Another performance validation measure that could be used is the Partition Coefficient (PC) [94]. The value of the PCranges
between 0 and 1, with the best values being those closest to 1. To optimize this performance measure, the number of clusters
resulting in the maximum value of PC should be selected. In observing the PC, the number of clusters ranges between 2 and
n, with n being the total number of data points. Mathematically, the PC s calculated as is shown in equation[5.3]

PO = 35 (53)

i=1 j=1
A validity measure related to the PCis the partition entropy. This validity measure mostly returns similar results as the PC,
which is why the partition entropy is left out from this research. For further information about this, the reader can consult
specialized literature.

The last validity measure that is used to determine the optimal number of clusters, is the Xie and Beni index [60].

The Xie and Beni index is an internal cluster validation index that is used to determine the optimal number of clusters in
fuzzy clustering approaches such as FCM. The nominator of the Xie-Beni index is calculated in the same way as the weighted
SSE, which computes the intra-cluster compactness. To calculate the Xie-Beni index, this term is then divided by an inter-
cluster separation index. This separation index is calculated as the minimum square distance between cluster centers, being
the distance between the two cluster centers that are closest together. The Xie-Beni index can then be formulated more
mathematically as shown in equation[5.4]
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Minimizing the Xie-Beni index with respect to the number of clusters eventually results in the optimal number of clusters.
The number of clusters for which the Xie-Beni index is minimal is then the optimal number of clusters.

5.2 Hierarchical clustering

From the initial results obtained using FCM, it is observed that the FCM algorithm will certainly have its added value. The
fuzzy part of this clustering method clearly shows some interesting properties, as some hubs won't be operated all the time
or some hubs can temporarily be out for maintenance or other unforeseen circumstances. Even though this fuzzy clustering
method is very useful on a small scale, problems can arise when fuzzy clustering is applied on a large scale. For example,
the actual worst-case service time can be really large if a point on the other side of the map is allocated partially to a UAV
base station on the other side. This would be a problem in terms of quality of service.

Additionally, on this large scale, it is often not easy to determine the optimal number of clusters using the cluster validity
measures. Therefore, it might be useful to implement some different layers or levels in the clustering hierarchy which can
serve as a first partitioning.

To respond to the shortcoming of the FCM method, hierarchical clustering is introduced. This is a type of clustering method
that introduces different stages or levels in the clustering hierarchy. Hierarchical clustering can be used on its own to
determine the optimal number of clusters or it can be used for a first hard sub-partitioning after which another clustering
method can be applied further. For now, hierarchical clustering will be considered on its own, but it is kept in mind that it
could eventually be combined with other clustering methods as well.

In hierarchical clustering, different approaches to clustering the data can be used. For example, there is a distinction be-
tween bottom-up and top-down hierarchical clustering. In the research considered here, bottom-up clustering, also called
agglomerative hierarchical clustering, will be used. This clustering method starts from all data points on their own and then
groups them step by step until eventually, only one group remains. This final group then contains all data points that were
present in the initial set.

In practice, the steps in hierarchical clustering can be summarized as follows:

1. Initially, there is no structure in the data points. In this first step, each data point is converted into a cluster on its
own. This results in a set of n singletons.

2. Then, the two clusters that are closest together are selected and they are merged to form one cluster. The selection
of these closest clusters is based on a certain linkage criterion.

3. Repeat step [2] until only one group remains in the end. Then, the clustering method can be terminated and the
agglomerative hierarchical clustering method has succeeded in grouping all data points together, following a certain
sequence.

In this procedure, it is stated that the two clusters that are closest together should be grouped. However, the notion of
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"closest’ can be interpreted in multiple ways. In clustering, determining the distance between clusters can happen based on
several criteria, called linkage criteria. The most often used linkage criteria are the following ones [95]:

« Single linkage: The distance between two clusters is equal to the distance between the points of each cluster that
are closest together, which is the shortest distance.

- Complete linkage: The distance between two clusters is equal to the distance between the points of each cluster that
are the farthest away from each other, which is the longest distance.

« Average linkage: The distance between two clusters is equal to the average distance between all the points of each
cluster. For two clusters containing n points, this will be the average of n? distances, which will be computationally
intensive.

+ Ward linkage: This linkage criterion calculates the total within-cluster variance, thus the variance between the data
points in each cluster itself.

To observe in which order clusters are formed, it would be very useful to visualize this process sequential process in a
clear way Dendrograms visually display in which sequence clusters are formed and they can be used to help determine the
optimum number of clusters. To determine the latter, a rather simple but powerful procedure can be followed, which is
shown in the following enumeration:

1. Atfirst, the dendrogram is constructed. Starting from the full dendrogram, the longest uninterrupted vertical distance
in the dendrogram is determined. This is the longest distance during which no new clusters are formed. For the
dendrogram, this means that during this distance, the dendrogram does not branch out any further. To highlight this
distance, two horizontal lines are drawn, one at each extreme of this longest vertical distance.

2. For one of these lines, count how many vertical lines of the dendrogram intersect with the horizontal line under
consideration. This number of intersections then equals the optimal number of clusters.

Implementing agglomerative hierarchical clustering can easily be done in python. In python, a package called sklearn makes
it possible to easily perform agglomerative clustering and visualize the dendrogram, using the preferred linkage criterion.
Inthe actual implementation of this clustering procedure, the Ward linkage is used as linkage criterion. This linkage criterion
is chosen over the other linking criteria as it is one of the more advanced linkage criteria and it mostly performs better on
clusters that are not well-separated initially [96]. However, in the results chapter, the influence of the linkage criterion on
the eventual result will be observed as well.

5.3 Design multi-level clustering approach

As both FCM and agglomerative hierarchical clustering do not return results on their own that would be feasible in real-
life applications, it could be a good idea to combine the strengths of both clustering approaches to form a more advanced
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clustering approach. In this new clustering approach, some level of depth could be introduced in the hierarchy of the solution.
In this new approach, it would be the idea to first perform the agglomerative hierarchical clustering, followed by FCM. The
reason thatitis performed in this order is that the FCM works with partial memberships, while the agglomerative hierarchical
clustering does not do this. If the highest level of initial clustering would already be structured in a way that certain demand
points can belong to different clusters, this would complicate the further clustering steps. Next to that, clusters could be
too large, with partial belongings ranging over the full demand space. In that case, the worst-case service time with a small
part belonging to one cluster would be way too large. It could be the case that a point on one side of the map belongs for
a small fraction to a cluster on the other side of the map, which would result in a very large response time. Therefore, some
initial filtering using a hard clustering technique would be a clever choice as the chance that such kinds of bad behavior
occur is then reduced to zero.

Schematically, the proposed procedure is displayed in figure[5]
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Y

Perform agglomerative hierarchical
clustering

Y

Apply FCM to separate clusters from
previous step

Determine the minimum

value for the Xie-Beni
index. Is there a clear
minimum?

Choose the minimum value corresponding
to the smallest number of clusters

Final clustering result obtained -

Figure 5.1: Flowchart of proposed alternative clustering approach

In this newly proposed clustering approach, it is chosen to work with the Xie-Beni clustering method because this is one of
the most often used performance measures in fuzzy clustering. As the evaluation here happens for results from the FCM
algorithm, it seems to be a good choice as an initial evaluation function.
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5.4 Population distribution in city of Ghent

Until now, it is assumed that each sector in Ghent is represented by a single point mass and that each sector in Ghent has the
same mass, or stated otherwise the same importance. In reality, however, the number of inhabitants in the different sectors
of Ghent is not the same for each sector. This is indicated in figure[S.2] In this figure, each blue dot represents the center of
gravity of each sector. The weight (or size of each sector center) of each center of gravity is proportional to the number of
inhabitants in the corresponding sector. The scale for the weights of each data point is indicated below on the left of figure
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Figure 5.2: Population distribution for the city of Ghent

The complication of adding weights to the different data points could also affect the eventual obtained result of solving the
location-allocation problem under consideration: Sectors where more people live will demand more service than the less
populated sectors. Therefore, this is something that should be considered as well, as it might not have a negligible effect on
the results. More concrete, the population distribution will affect the results in two ways:

« As more populated areas demand more service, it will be beneficial to locate the UAV hubs closer to the high-demand
points than to the low-demand points. However, problems can occur concerning the response time when the position
of UAV hubs is favored too much to the larger data points.

« If a lot of demand has to be served, the hubs will have to be able to efficiently serve this amount of demand. This

can be done by locating larger facilities in the high-demand areas or by introducing more facilities in these areas.

However, before concluding, the current population distribution over the different sub-sectors should be observed to propose
meaningful improvements to the used approach. These results are shown in section[6.4]
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5.5 Weighted center calculation

In section[6.4] it will be shown that using the approach from section[5.3] the population is already spread out quite well over
the different sub-clusters under consideration and this is already a quite satisfying result. Therefore, no further actions are
conducted to better distribute the population over the different possible sub-clusters.

A possible improvement regarding the population distribution would be to consider the fact that some sectors are assumed
to be more important than others, based on the number of inhabitants in the sector. Sectors containing more inhabitants
will also have a higher demand than others, which is something that should be looked into as well.

To serve the demand in a cost-efficient way, it will be beneficial to place the UAV base stations close to the largest demand
points. However, by introducing the weights to the different points, the optimal solution can change. A reasonable attempt
to take these weights into account as well is to adjust the formula to calculate the cluster centers in the FCM algorithm.
In this calculation, the weights of each demand point can be included as well and this will favor locations closer to large
demand points over locations farther away from large demand points. To include this in the calculations, a new variable
pop; is added to equation[@ an equation that was initialized in the literature review before. Each term pop; represents
the population in demand point j, for a total of n demand points. The new cluster center calculation equation is then shown
in equation[5.5

> iy uiipopjT;
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ci = (5.5)

5.6 Improved clustering approach using response time as decision criterion

The response time will be a crucial factor in the location-allocation of UAV hubs for emergency services. To quantify the
response time, two possible approaches are possible:

+ Quantify how costly a minute lost in responding to an emergency is and then include this in an objective function.
When a person suffers a cardiac arrest, time is crucial. Each minute that passes by without getting help will decrease
the chances of survival and will increase the chances of serious injuries.

+ Alldemand (or a high portion of the demand) should be served within a predetermined response time. This predeter-
mined response time can be used as a parameter in the clustering model and can be varied to observe its influence
on the eventual results.

At first, the second approach will be studied. The first approach depends on other cost factors and is therefore not considered
now. In a final research stage, this however will be included as well.

In emergency services, it is specifically the case that all (or almost all) demand has to be satisfied within a predetermined
response time. Therefore, a hard constraint on the response time could be the way to go.
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5.6.1 General approach

To achieve response times below a certain threshold value, the procedure in figure[5J|will be adjusted. Here, the minimization
of the Xie-Beni index won't be used as the selection method anymore, as the focus is directed toward the response time.
Instead, a threshold value will be defined for the response time and iterations are performed until this threshold value is
reached.

The adjusted clustering procedure, based on the response time, is now shown in figure[5.3]
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Is the worst-case service
time below the threshold
value?

Increase number of sub-clusters by 1 for
the clusters where the response time is
not yet satisfied

Final clustering result obtained

Figure 5.3: Clustering procedure with response time as decision criterion

With this procedure, it is possible to determine the number of clusters that will be needed to serve the demand within a
certain response time threshold value. In this procedure, it is not yet specified if the FCM algorithm with weighted or un-
weighted cluster center calculation will be used. Therefore, both weighted and unweighted methods will still be considered
here.

5.6.2 Approach on large data sets

The general approach that was presented can be subject to disturbances or unwanted behavior. For example, when the initial
agglomerative hierarchical clustering does not perform well, this can cause problems in further stages of the approach. In
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the chapter about results, more precisely in section[6.6] it is observed in table[61Tthat the initial partitioning helps to reduce
the number of clusters that are necessary to guarantee a worst-case response time below a predetermined threshold value.
From this, it can be deduced that the FCM algorithm works better on smaller data sets. Otherwise, even if the FCM algorithm
does not behave as expected, generally speaking, lower response times are obtained for smaller data sets, assuming their
structure is the same as the one of their larger counterparts.

However, if the initial partitioning does not result in a clear sub-partitioning, the chances at eventual bad results increase.
This can be the case in several circumstances, such as the ones that are mentioned here:

« The city of Ghent has about 250 000 inhabitants and when we look at a bigger scale, many cities are a lot larger
than Ghent. When this type of problem would be considered on a larger scale, it could be the case that one of the
sub-partitioned clusters is similar to the initial data set of Ghent. As is already shown in table [61)in results section
[6;61 some further sub-clustering gives much better results (less than one-half of the clusters for the whole data set
would be needed). Therefore, it will be important to sub-partition the data enough before fully relying on the FCM
step.

It can be the case that an input data set is of the same size as the one for Ghent, but that there are two, really uneven
clusters returned by the agglomerative hierarchical clustering step. For example, it could be the case that one of
the clusters contains 95 % of all data points. This can substantially complicate the second step and result in bad
results that are be obtained in the second step, due to bad initial sub-partitioning. In this case, too many clusters
could be required to obtain a feasible response time and it may be recommended to further sub-partition the largest
sub-cluster before relying on the second step of the procedure.

To take these remarks into account, a new approach will be designed that will be aimed at efficiently solving larger or more
complicated problems.

The newly designed approach will be based on the approach in figure [5.3] However, an improvement will be made in the
part in which the number of sub-clusters gets improved and then fed back to the FCM algorithm. Until now, it has not been
possible to go back more than one step in the procedure and further partition a particular sub-cluster that would still be
too large or would not yet be sub-partitioned in a sufficient way. Therefore, this newly adjusted procedure adds a new twist,
in which the number of sub-clusters per cluster can be increased until a certain threshold value is reached. If this value
is reached, the considered cluster is fed back to the first major step in the procedure and then, agglomerative hierarchical
clustering is applied to this cluster as well. Afterward, the same procedure is repeated until a feasible clustering solution is
obtained. This new, improved procedure is schematically shown in figure[S.4]

The performance of this procedure could be applied in future works on larger data sets. Probably, a good choice of a maximum
number of clusters that are considered before further partitioning happens is necessary as the whole algorithm would
otherwise run for a real long time.
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Figure 5.4: Clustering procedure to overcome initial partitioning issues

5.7 Introduce the presence of initial infrastructure

Previously, it has always been assumed that no initial infrastructure was present. This assumption will now be reconsidered.
As was already introduced in the chapter[3] three types of initial infrastructure will be considered: EV charging stations, AED
locations, and helipads.

Currently, the main steps followed are the same as for the approach shown in figure 5.3] This is the same approach as the
one that was proposed in section[5.6] Some small steps will be changed, but the main part remains the same. These small
adjustments will be presented in subsection[5.7]]

5.71 Implementation initial infrastructure in clustering procedure

To implement the presence of initial infrastructure, two methods will be considered first.

As was already discussed before, the agglomerative hierarchical clustering is performed in the first step of the procedure.
This step is left untouched.

The two major possibilities that are considered here are to implement the presence of initial infrastructure in the FCM step
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or at the end of the procedure. These two approaches are the following:

« Inthe second large step of the procedure, the FCM algorithm is performed. Instead of just calculating the cluster cen-
ters and then using these further on, the distances between each cluster center and the already initial infrastructure
points are calculated. Then, each cluster center is replaced by the infrastructure point that is closest to it and the
demand that was initially allocated to the cluster center will be allocated to the infrastructure point with which the
cluster center is replaced. In the iterations that follow the current one, these selected infrastructure points are used
as inputs (thus cluster centers) for further calculations.

« Perform the whole clustering procedure and then consider the final set of cluster centers. Calculate the distances
between the cluster centers and the initial infrastructure points. Replace each cluster center with the infrastructure
point that is closest to it and similarly as in the other considered option, all the demand that was initially allocated
to the cluster center will now be allocated to the infrastructure point with which the cluster center is replaced.

Initially, no constraints are introduced on the fact that multiple clusters could be allocated to a single initial infrastructure
point. However, this is subject to further analysis and could still be reconsidered in further research stages.

In the experiments, the focus for initial infrastructure will be on the EV charging stations. This type of infrastructure allows
drones to charge their batteries and therefore seems to be a logical initial choice. Also, this is the most elaborate network of
initial infrastructure, which is why it seems to be most promising at first sight. However, further, in the research, the other
types of initial infrastructure are going to be looked at as well.

In the experiments, the first-mentioned possibility to implement initial infrastructure will be considered first. Secondly, in
an attempt to improve the performance of the clustering method, the second method is considered as well. Comparing these
methods will certainly result in more insight into the limitations of these models.

The experiments that will be conducted are mainly focused on the multicopter-type UAV, using either only EV charging
stations as initial infrastructure or also helipads and AED locations.

For the larger UAV types, only the tailored initial infrastructure is considered briefly. These are larger and require more space,
therefore respectively being stationed at large parking lots or helipads.

5.8 Hybrid clustering approach

In reality, it is often the case that the already present infrastructure is not sufficient. It can be the case that not enough initial
infrastructure is present or that the initial infrastructure is not spread well over the full demand area, therefore resulting in
a worst-case response time being too high.

On the other hand, only focusing on new infrastructure is really costly. If in certain areas, a good network of initial infras-
tructure is present, it is certainly better to also make use of that network, as it makes implementing the newly designed
system a lot easier.

During the literature review, it was stated that location-allocation problems are quite robust to the placement of optimal
locations. In general, small deviations in these locations will not result in a big increase in costs or response time.

In cases that initial infrastructure is present in the near neighborhood of an the optimal solution that is obtained, it will
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therefore be a good idea to shift the obtained locations to the most nearby initial infrastructure point. It is expected that
in those cases, shifting the optimal location to an initial infrastructure point will not affect the response time dramatically,
but it will drastically lower the implementation barrier. However, if no initial infrastructure is close to the optimal solution,
shifting this optimal solution would result in the worst-case response time being too high.

In what follows, two hybrid clustering approaches are suggested. These two hybrid approaches both have another point of
departure, which is why both of them would be really interesting to observe. In both approaches, assigning of cluster centers
to initial infrastructure points happens when the algorithm has performed all its iterations.

5.8.1 Distance-based hybrid clustering approach

The first hybrid clustering approach is a distance-based approach. In this adjusted approach, the choice if a cluster center is
assigned to an initial infrastructure point or not is based on the maximum distance between the obtained cluster center and
its closest initial infrastructure point. If this maximum distance is above a defined threshold value, then the cluster center is
not shifted and a new infrastructure point is set up. If the maximum distance is below this threshold value, then the cluster
center is shifted toward its closest initial infrastructure point.

Evidently, the threshold value for the maximum distance will have a substantial effect on the solution that is eventually
obtained. In case the maximum allowed distance is very low, almost all infrastructure will be new. On the contrary, if the
maximum allowed distance is very high, almost all infrastructure will already have been present initially.

5.8.2 Initial infrastructure-based hybrid clustering approach

The second hybrid clustering approach is an approach based on the already present initial infrastructure. In this approach,
a clear distinction is made between two regions: the region in which a lot of initial infrastructure is already present and the
region where no or limited initial infrastructure is present. In the areas where already a lot of initial infrastructure is present,
no new infrastructure will be introduced and all used infrastructure is infrastructure that was already present. The cluster
centers are calculated here as before and in the end of the algorithm, they are shifted to the initial infrastructure points.

In the area where no or limited initial infrastructure is present, no initial infrastructure is used and all used infrastructure
will be new infrastructure. In this area, the clustering approach in case no initial infrastructure is present is used.

A clear disadvantage of this hybrid clustering method is that it requires quite some pre-processing: The data should be
filtered based on the presence of initial infrastructure close to the demand points and making the distinction between the
two types of area is not after easy. Doing this is a profound way will therefore take quite some time.

5.9 Clustering approach including all three UAV types

Combining the approaches presented in the previous sections, it is possible to come to a representation in which several
approaches are used and where three different types of UAV base systems are used. These types are UAV base station for
respectively multicopter-type UAVs, rotorcraft-type UAVs and Optionally-Piloted VLRS.
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In this combined scenario, the base stations for rotorcraft-type UAVs and Optionally-Piloted VLRs are obtained using the
optimal approach in case only initial infrastructure is present. For the base stations for multicopter-type UAV, the distance-
base hybrid approach is used. Here, both initial and new infrastructure is used.

Finally, the obtained solutions are put together and observed further. In some cases, two UAV base stations could be located
closely together. In those cases, it might be more cost-efficient to put the two solutions together such that only one instead
of two station is operated.

510 Integrated cost optimization analysis

Another way of determining the optimal number of clusters would be by making an integrated cost optimization. The purpose
is to select the number of clusters for which the incurred cost is minimal. In the previous cases, the objective was to minimize
the worst-case response times, with the worst-case response time as a decision criterion. The cost of adding more clusters
and infrastructure was not considered as it was not important back then. However, when such an integrated system is
implemented on a large scale such as is the case for the city of Ghent, it will also be necessary to estimate the costs that
come with the system. For this integrated cost optimization, it is assumed that only UAVs that distribute AEDs will be studied.
For this case, only the smallest UAV type is used and only people suffering a cardiac arrest will be responded to. In case other
emergencies are considered as well, more data needs to be studied and this would lees us too far.

Going back to the system under consideration, there will be two important cost categories, which are the following:

1. Material costs: The costs come with the used infrastructure and equipment. For UAV base stations, the most important
material costs are summarized in section[3.3.2]of chapter[3] As these are material costs, these are tangible costs.

2. Immaterial costs: These costs are less tangible. The immaterial cost is mainly focused on quantifying the cost of the
response time. This cost quantifies the length it takes before the emergency service arrives at it the location where
help is needed. This cost can be expressed in a cost per minute of a larger response time. Notice that the immaterial
cost can include both physical and emotional damage to the person in need.

The used reasoning to determine the immaterial cost is given in subsection[S10.] This is included here as it does not fit in
other chapters as well, but this immaterial cost is of major importance in the reasoning that is presented later on.

5.10.1 Immaterial costs

In emergency services, the response time has a big influence on the chances of survival of the person in need. In the case of
emergency services associated with cardiac arrests, this becomes even more important. According to a study performed in
the United Kingdom [97/], the chances of survival are correlated with the response time. In case 90 % of the emergency calls
are served within 14 minutes, only 6 % of the people survive their cardiac arrest. In case the response time is lowered to 8
minutes, 8 % manage to survive, and when the response time equals 5 minutes, even 10 to 11 % manage to survive. From
this, it follows that achieving a lower response time pays off.
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Another important aspect in quantifying the response time is the value of statistical life. This value represents the trade-
off between the chance of fatality and the value of money [98]. In 2017, the value of statistical life was equal to 10 million
dollars in the United States. Between countries, differences occur as well [99]. Assuming the ratio between the United States
and Belgium remained the same over the last 20 years, the value of statistical life in Belgium should be equal to about 8.2
million euros.

In the previous parts of this master thesis, it was assumed that the response time should be as low as possible. In this
application, the range of response times between 5 and 8 minutes will be used here. In case the response time is equal to
5 minutes, 10 % of the people suffering a cardiac arrest manage to survive. The value of life that is saved there then equals
(8.2 million euros) * 10 % = 820 000 euros. In case the response time is equal to 8 minutes, the value of life saved is (8.2
million euros)*8 % = 656 000 euros. In this range, the value of life saved per minute of lower response time, abbreviated by
Value of Life per Minute Response Time (VOL), is calculated as follows:

VOL — value of life (820000 — 656000) euros 54667 euros

‘ . . (56)
manute response time 3 minutes man

From this, it follows that in the first model that will be proposed, each minute of response time that is lost will be penalized
with a cost of 54 667 euros. This is a quite rough calculation but can be useful here for some first indicative purposes. To
construct a more detailed and more precise model, further research concerning the value of life will be necessary as well.
Probably, a more dynamic evolution of the value of life per minute response time is close to reality, but this is beyond the
scope of this master thesis.

To use the quantified response time, it will be essential to know how often emergencies occur. In case more emergencies
occur, the UAVs will have to travel more often, putting more weight on the response time in the cost optimization analysis.
In case the UAVs only have to go for an emergency a few times, the weight of the infrastructure cost will be heavier.

It will be essential to know how many people suffer a cardiac arrest every year in Ghent. For Belgium, it is estimated that
about 15 000 people suffer a cardiac arrest each year [100]. As was mentioned in a chapter[3] in Ghent, 264 676 people live,
compared to 11 521 238 people who lived in Belgium in 2020 [101]. Comparing these two results in the fact that 2.30 % of
the total Belgian population lives in Ghent.

Rescaling the number of cardiac arrests in Belgium to the case of Ghent, it follows that about 345 people suffer a cardiac
arrest in Ghent each year.

5.10.2 Integrated cost optimization model

Starting from the material and immaterial costs, the actual cost optimization can be constructed. In this part, two different
cost optimization approaches are proposed:

1. Inthe first approach, for each data point, the response time from the cluster to which it mainly belongs is considered.
Then, the closest cluster is selected for all these points. From all these response times, the largest is selected and it is
assumed this one is the global, worst-case response time. Then, the response time is scored based on this worst-case
value and the cost of the response time only gets lower when the worst-case response time is lowered. The reason
why this one is used is that in general, emergency services have to satisfy all or almost all demand within a specified
time. If some of the other response times would be low, these could mask the fact that the actual worst-case response
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time is high. This influence is worthwhile investigating.

2. In the second approach, the considered response time is the one that is completely weighted according to the pop-
ulation present in the different sectors in Ghent. This response time includes effects from the membership matrix
and the population distribution into account, which is not the case for the worst-case response time. Unlike the first
approach, all response times are included, even the ones that are really high or really low. This is done additionally
to the first approach, as it would not be correct as well to give all weights to the worst-case response time and not
consider the better performing response times.

In the following, the two cost optimization approaches are worked out in more detail and mathematical expressions are
given there as well.

Worst-case response time-based cost optimization

Observing the worst-case response time is quite straightforward.
Assuming that for each data point, the response time to its main allocated cluster is selected, the response time from data
point i to its main cluster center j can be expressed as follows:

RT; = RT; argmaz; (1)) Vie{l..n} (5.7)

In this equation, the membership matrix is defined as j, with elements w;;. To obtain the worst-case response time, the
largest response time is selected, resulting in the worst-case response time.

RT = maz;(RT;) (5.8)

Further on, the actual objective function is designed. In this objective function, quite some variables will be used, which is
why they are listed and abbreviated in table[5]] Notice that the concept of response time is not specified here, as it can be
used in several ways, such as the worst-case or averaged response time.

Number of new infrastructure locations NI UAV cost UAV

Number of initial infrastructure locations Il Charging station cost | CHS
AED cost AED Surface area cost SAC

Value of life per response time minute VoL Response time RT

Table 5.1: Abbreviations objective function variables

Putting all of this together in an objective function, including all relevant costs, the result is shown in equation[5.9]

Total cost UAV system = (NI +11)x (AED +UAV)+ NI (CHS+ SAC)+ RT «*VOL (59)

bt



5 Applied methods

Averaged response time-based cost optimization

To analyze the averaged response time-based cost optimization, it is important to determine the averaged response time in
a clear way.

Assume that the membership matrix is again defined as x, with elements 1.;;. The response time from cluster center j to
data point i is given by RTij. The weighted response time for each data point, with the corresponding weights that are
given to each response time indicated by the membership matrix, is shown in equation[5.10]

RT, =Y piRT; Vie{l.n} (510)
j

Further on, a combination of all these RT;s is made to obtain the global averaged response time. As in each sector of Ghent,
a different number of people live, it is important to take the population distribution into account. More populated sectors
will in general require more emergency interventions and therefore, these sectors will be assigned a higher weight than
less populated sectors. To do this fairly, the RT;s will be rescaled according to the population of each sector. As previously
defined, pop; represents the total population in sector i. Putting this together, the averaged response time is calculated in

what follows:
Zz‘ RT; pop;

Zi pop;
Substituting the obtained averaged response time in equation[5.9]eventually gives the objective function for the averaged

RT = (51

response time-based cost optimization.
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Results

In this chapter, the methods proposed in section[S]are put into practice and the obtained results are reported. These results
are thoroughly discussed and based on the observations here, the methods from chapter 5| are further tailored to improve
the performance of the used approaches. The sections that are reported here are in line with those used in chapter[5] This
is done to be consistent and for ease of understanding for the reader.

6.1 Basic FCM algorithm applied to data city of Ghent

Applying the FCM algorithm to the data set of Ghent, a first indicative solution can be observed. Suppose the number of
clusters is equal to 4, then the eventual clustering is visualized in figure [6]] In figure [6.]] the data points belonging to
different clusters are colored in blue, purple, green and yellow. For each cluster, the cluster center is indicated in red. For
illustrative purposes, it is assumed that a data point belongs to a cluster if the FCM algorithm allocated more than 50 % of
the data point to the corresponding cluster.
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Figure 6.1: FCM result for the city of Ghent in case there are 4 clusters
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From figure[6.1] it is observed that some clusters contain more data points and that some clusters are denser than others.
This is mainly due to the fact that the FCM algorithm looks at patterns between the data points and focuses on the correlation
between the different data points. If a constraint would have been added to the algorithm stating that the number of data
points per cluster should be equal, then the algorithm would have to sacrifice some of the clustering quality. In that case,
some of the clusters can't fully be formed as they are too big according to the limiting constraint. As the main objective of
this section is to observe initial results, this constraint will be left behind.

6.1.1 Cluster performance measures

Using the cluster performance measures, a good estimate of the optimal number of clusters can be made. In this section,
the results from applying those to the case of Ghent are reported and discussed.

The first and most intuitive result for the optimal number of clusters is obtained using the simple rule of thumb. As there
are a total of 202 data points present, the optimal number of clusters is calculated in equation[6.]

n [202
~ 0 = 22 —10.05~ 10 61
¢ \/; 2 (61

Thus, a first initial guess for the optimal number of clusters is equal to 10.

Further on, a look will be directed toward the more advanced cluster performance measures. Letting the number of clusters
range from 2 to 20 clusters, the resulting performance measures for the initial data set of Ghent obtained using the FCM
algorithm are shown in figure[6.2] Figure[6.2] consists of three sub-figures, each showing another performance measure. In
figure[6.2a] the weighted SSE curve is shown, which will later be used as input for the elbow method. The other sub-figures
are respectively figures[6.2b|and which represent the PC and Xie-Beni index as a function of the number of clusters.
All of these figures are obtained after running the FCM algorithm for a total of 100 iterations per number of clusters. This
number of iterations is chosen to make sure convergence is obtained in each case.

To get an acceptable solution from the elbow method, there should be a clear elbow point in the plot of the weighted SSEs.
However, in figure[6.23] no clear elbow point can be observed, which is why the elbow method can't be applied here in an
unambiguous way. Therefore, it is impossible to return the exact solution for the optimal number of clusters precisely.

In figure [6.2D] it is observed that the value of PC decreases with an increasing number of clusters. This is what could be
expected intuitively as a lower value for PC indicates a lower level of compactness of the clusters. In these cases, more
overlap between different clusters will occur. As it is the objective to maximize the PC, the optimal number of clusters
according to this method would be equal to 2. For the last performance measure, minimizing the Xie-Beni index, the optimal
number of clusters is equal to 6, which can be seen in figure[6.2¢ However, the values of the Xie-Beni index obtained for
the number of clusters equal to 6 and 10 are close to this optimum value. Choosing the number of clusters equal to 10 will
therefore also return quite good results.

For now, we assume the optimal number of clusters to be equal to 6. Executing the FCM algorithm for this optimal number
of clusters results in the clusters shown in figure[6.3]
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Figure 6.2: Cluster performance measures on the data set for Ghent
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Figure 6.3: Result from FCM for the number of clusters equal to seven
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The results obtained here mainly serve as a benchmark for the future stages of the research. The model proposed here is
rather basic and will therefore not be sufficient to represent real-life cases. It however could be interesting to see what
influence will be observed when more complexity is added to the model. However, it certainly is interesting to analyze the

solutions obtained here.
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Following the obtained results from the Xie-Beni index, some interesting results are shown in table[6J In table[6.] the
respective cluster centers (x-coordinate, y-coordinate), the distance between each cluster center and the point in its cluster
that is farthest away (in meters) and the worst-case response times are shown. The response time here is calculated for the
smallest UAV type, which has a cruise speed of 40’%’”. The choice for this UAV type can be justified because this UAV will
give the worst-case response time as the two other UAV types have a higher cruise speed and will be able to cover a larger
area in the same time.

For the results shown in table[6.]] it is again assumed that a point fully belongs to a cluster if the FCM algorithm allocates
more than 50 % of the point to the cluster under consideration.

Cluster |  Cluster center [ Distance (in meters) | Worst-case Response time (in min) |
Cluster1 | [10373.71,5782.78] 308151 462
Cluster 2 [7815.82, 8611.12] 3531.60 530
Cluster 3 | [12442.81,10344.10] 392492 5.89
Cluster 4 | [7795.37,3009.74] 337361 5.06
Cluster5 | [3126.13,6072.42] 3498.28 5.25
Cluster 6 | [14767.44,1745811] 3430.26 515

Table 6.1: Distance and response time obtained by FCM in case of three clusters

In table[6]] it is observed that there is indeed some variation in the worst-case service time per cluster. The worst-case
response time in cluster 3 is equal to 5.89 minutes, while the worst-case response time is 4.62 minutes in cluster 1. The
response time in cluster 3is, therefore, more than 25 % higher than the response time of cluster 1, which is a rather significant
difference.

In emergency cases such as cardiac arrests, the first few minutes are crucial and the worst-case response time should be
sufficiently small here. Each minute that is lost increases the chances of serious injury or mortality. Certainly, for the
deployment of AEDs, it is crucial to deliver the device in just a few minutes.

In the future course of this research, it will be attempted to lower this worst-case service time significantly.

6.2 Agglomerative hierarchical clustering

Executing the agglomerative hierarchical clustering procedure on the given data set results in the dendrogram shown in
figure[6.4] On this dendrogram, the procedure to obtain the optimal number of clusters is already applied. The maximum
distance, which is the vertical distance between the two red lines, is already shown in figure[6.4] According to agglomerative
hierarchical clustering using the Ward linkage criterion, the optimal number of clusters is equal to 2. Note that correct
labeling of the data is very important to show which points belong to the different obtained clusters.

To observe the influence of the used linkage criterion on the obtained results, the case in which an alternative linkage
criterion is used is considered as well. In figure[6.5 the dendrogram for the single linkage is displayed. Comparing figure[6.5]
with figure[6.4] it follows that the clustering, in case single linkage is used, results in less optimal and less structured results
than in case the Ward linkage is used. Therefore, the hypothesis that the used linkage criterion has a substantial effect on
the obtained results is definitely true.
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Figure 6.4: Dendrogram agglomerative hierarchical clustering (Ward linkage)

From this figure, it is clear that the clustering obtained by applying the single linkage criterion on the data set results in less
optimal clustering results compared to the results using the Ward linkage criterion. Other linkage criteria, such as complete
and average linkage, gave results comparable with the ones obtained using the Ward linkage, but in those cases, one of the
two clusters was a lot larger than the other one, which is not the best clustering result either.

The two clusters that are determined using the hierarchical clustering method will form the highest level in the hierarchy
and the respective clusters are shown in figure|6;6| The obtained clusters are visualized in orange and red (transparent)
and their cluster centers are indicated in red. These cluster centers are calculated as the points of gravity of the clusters,
assuming the weight of each data point is equal. In this section, it was already shown that according to the agglomerative
hierarchical clustering method, the optimal number of clusters is equal to two.

However, in real-life applications, the maximum distance between the cluster centers and the point farthest away from them
can't be too large. Otherwise, the obtained service level will not be sufficiently high, certainly not for emergency services.
Additionally, it would be appreciated if the worst-case service time is more or less equal in each cluster, as this would not
discriminate against people based on where they are located. For the case of two clusters, the cluster centers, the worst-case
distances between the cluster centers and the point that is the farthest away from it, and the worst-case response time are
displayed in table[6.2] Here again, the worst-case response time is calculated based on the multicopter-type UAV.

| Cluster | Cluster center | Distance (in meters) | Worst-case response time (in min) |
Cluster1 | [7554.63, 5534.74] 7624.85 .44
Cluster 2 | [11109.02, 11757.23] 9705.53 14.56

Table 6.2: Distance and response time obtained by agglomerative hierarchical clustering in two clusters
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Figure 6.5: Dendrogram agglomerative hierarchical clustering (Single linkage)
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Figure 6.6: Clustering result agglomerative hierarchical clustering

In table@ it is observed that the maximum distance is still quite large, with a worst-case response time of 14.56 minutes.
This is not acceptable for the application of emergency services such as the delivery of AEDs, as was already mentioned
before [T02]. In the united states, the average response time for emergency service is 7 minutes in an urban environment,
compared with 14 minutes in a rural environment. However, to implement the usage of UAVs in emergency services, they
should be able to improve the response time compared with ground-based emergency services. Therefore, the goal will be
to be at least as fast as the average response time of the classical emergency services discussed in the article.
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Comparing the results obtained using the FCM algorithm and the results obtained using agglomerative hierarchical clus-
tering, it is observed that the worst-case response time obtained by hierarchical clustering is higher than the worst-case
response time obtained by FCM. This is an intuitive result as more clusters are present in the FCM solution than in the hier-
archical clustering solution. However, in both cases, the worst-case response time is not yet satisfying, which is why further
research will need to be conducted.

6.3 Performance multi-level clustering approach

The newly designed approach, as shown in figure[5] is now applied to the data of Ghent.

As is reported, the first step is to perform the agglomerative hierarchical clustering algorithm. However, the clustering
results that will be obtained are the same as the ones obtained in section[6.2] Therefore, these initial results will be used
again.

The two clusters that are obtained will be further referred to as cluster 1and cluster 2. In figure[6.6] cluster 1is colored red
and contains 147 data points. In the same figure, cluster 2 is colored orange and contains 54 data points. In the following
steps, these two clusters will again be referred to as cluster 1and cluster 2.

In the further solution process, 100 iterations for each number of clusters will be performed in the FCM algorithm. This
arbitrarily high number is again chosen to make sure convergence occurs in the end.

In what follows, the results for both clusters will be obtained and further discussed.

Results cluster 1

As mentioned before, the first cluster under consideration is the largest one. In this part, the second large step of the newly
designed approach is applied to cluster 1, which is the application of the FCM algorithm.

Here, the number of clusters ranges from 2 to 50, and for each number of clusters, the Xie-Beni index is calculated. Visually,
the Xie-Beni values for the different observed numbers of clusters are shown in figure[6.7]
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Figure 6.7: Xie-Beni index using FCM applied on cluster 1
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In figure the minimum value for the Xie-Beni index is observed for the number of clusters equal to 11. From this, it follows
that the first cluster should be sub-partitioned into 11 sub-clusters.

The further sub-partitioning for cluster 1is displayed in figure@] with the points belonging to the different sub-clusters col-
ored in different colors. Here again, the corresponding cluster centers are indicated in red. For simplicity of the visualization,
it is again assumed that a data point belongs to a cluster if more than 50 % of this point is allocated to the corresponding
Cluster.
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Figure 6.8: Further partitioning results of cluster T using FCM

In these sub-clusters, the distances between the cluster centers and the points farthest away from them are still important
in terms of the response time for emergency service applications. For the sub-clustering of cluster 1, the most important
information is shown in table[6.3] In table[6.3] it is observed that the worst-case response time is a bit below five minutes.

Sub-cluster | Sub-cluster center | Distance (in meters) | Worst-case response time (in min) |

Sub-cluster 11 | [3077.25, 5787.28] 2583.45 3.88
Sub-cluster 1.2 | [9577.57,8219.90] 1510.08 2.27
Sub-cluster 1.3 | [4615.41,6707.04] 2858.88 4.29
Sub-cluster 1.4 | [10637.66, 6118.05] 1463.7 2.20
Sub-cluster 1.5 | [8167.77,1687.83] 1919.90 2.88
Sub-cluster 1.6 | [8376.02, 3626.72] 1893.89 2.84
Sub-cluster 1.7 | [5497.90, 3144.50] 1573.51 2.36
Sub-cluster 1.8 | [7646.01,7584.06] 1814.65 2.72
Sub-cluster 1.9 | [1088.41,5508.28] 3196.56 479
Sub-cluster 110 | [8685.31,5916.15] 1448.49 217
Sub-cluster 111 | [11537.92, 4421.14] 2206.64 3.31

Table 6.3: Distances and worst-case responses time for different sub-clusters obtained by sub-clustering of cluster 1

This result is already substantially better than the results obtained in the previous sections, but more clusters are present
here as well. However, the spread in response time between the different sub-clusters is still quite large and there is also
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still room for improvement concerning the response time. This is something that will certainly be addressed in one of the
following sections.

Results cluster 2

Similar calculations as the ones for cluster 1 can be performed for cluster 2. Plotting the values for the Xie-Beni index in
terms of the number of clusters is shown in figure[6.9]
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Figure 6.9: Xie-Beni index using FCM applied on cluster 2

From figure[6.9] it is observed that the value initially increases with the number of clusters and decreases afterward again.
However, the higher values for the Xie-Beni index won't be considered here as there are only 54 data points in cluster 2. It
would therefore not make any sense (due to economical reasons) to consider a solution consisting of more than 40 clusters.
Taking this observation into account, it follows that the optimum number of sub-clusters for cluster 2 is equal to 3. Compared
to the 11 sub-clusters that are present in cluster 1, the number of sub-clusters for cluster 2 is quite a bit lower. This is a quite
evident result, as cluster 1 contains 3 times more data points than cluster 2 as well.

Furthermore, the different sub-clusters for cluster 2 can also be visualized. This is shown in figure@] In this figure, the

same conventions are used as in the plot for cluster 1.

Calculating the maximum distances and worst-case response times for the sub-clusters of cluster 2 then results in the values
shown in table[64]

| Sub-cluster | Sub-cluster center | Distance (in meters) | Response time (in min) |

Sub-cluster 21 | [7230.47,10245.81] 3031.95 455
Sub-cluster 2.2 | [12726.83,10201.01] 3864.01 5.80
Sub-cluster 2.3 | [14745.95,17429.09] 345719 519

Table 6.4: Distances and worst-case responses time for different sub-clusters obtained by sub-clustering of cluster 2

From table[6.4] it is clear that the worst-case service time is well below 6 minutes. However, this worst-case response time
is higher than the worst-case response time for the first cluster. Even though the ratio of sub-clusters per number of data
points seems to be the same for both clusters, it can be observed that cluster 1is denser than cluster 2. In cluster 2, the
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distances between the different data points are a lot higher, which will make it harder to efficiently serve all these data
points while assuring a low worst-case response time.
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Figure 6.10: Further partitioning cluster 2 using FCM

Finally, in cluster 2, the difference between the lowest and the highest value for the response time is not too large. The
highest worst-case response time in cluster 2 is 27 percent higher than the lowest, while for cluster 1, the highest worst-case
response time is more than double of the lowest worst-case response time.

6.4 Population dispersion over sub-clusters

When observing the different clusters and sub-clusters, it is interesting to observe how the total population that has to
be served is distributed over the different sub-clusters. The corresponding allocation of the population of Ghent over the
different sub-clusters obtained in section[6.3] is then shown in table[6.5]

In this table, the distinction is made between two ways of calculating the assigned population per cluster. In the third
column, the population is allocated to the sub-clusters based on the majority principle. In this principle, it is assumed that
a data point fully belongs to the corresponding sub-cluster if 50 % or more of this data point is allocated to the sub-cluster.
In the fourth column, the population is allocated to the sub-clusters based on the membership values obtained from the FCM
step of the new approach. This is the actual allocation obtained using the new approach. The reason that both takeaways
are given is to be able to observe the influence of how the population is allocated to the clusters.

When table[6.5]is observed, two clear observations can be made:
« Overall, the spread in demand allocated to the different sub-clusters using the membership value allocations is not
too large. The largest population allocated to a single sub-cluster is 23073 people, while the smallest population

55



6 Results

allocated to a sub-cluster equals 16449 people. This difference is already reasonably small, but not that the largest
sub-cluster does contain about 40 percent more people than the smallest one.

« The difference in population spread is larger in case the majority principle is used than in case the membership
values of FCM are used to calculate the population allocated to the different sub-clusters. From this outcome, it can
be concluded that FCM helps to spread the total served population over the different clusters and sub-clusters in a
more even way. This s a nice feature here and will therefore also be one of the advantages of using the FCM algorithm.
This way, it is the case that fuzzy clustering methods better distribute demand than hard clustering methods, due to
their fuzzy character.

Additionally, the more dispersed population over the cluster will result in a lower peak demand per cluster, making
it easier to cope with these demands from an operational point of view.

Sub-cluster \ Sub-cluster center \ Population allocated (major stakes) \ Population allocated (membership) \

Sub-cluster 1.1 [3077.25,5787.28] 39383 1919
Sub-cluster 1.2 [9577.57,8219.90] 3368 18170
Sub-cluster 1.3 [4615.41, 6707.04] 7165 20151
Sub-cluster 1.4 | [10637.66, 6118.05] 3228 20322
Sub-cluster 1.5 [8167.77,1687.83] 15134 16039
Sub-cluster 1.6 | [8376.02,3626.72] 37275 18244
Sub-cluster 1.7 | [5497.90, 3144.50] 24141 20212
Sub-cluster 1.8 | [7646.01,7584.06] 6563 16449
Sub-cluster 1.9 | [1088.41,5508.28] 26561 16986
Sub-cluster 110 | [8685.31,5916.15] 32443 17082
Sub-cluster 11 [11537.92, 4421.14] s5m 18597
Sub-cluster 21 | [7230.47,10245.81] 31619 23073
Sub-cluster 2.2 | [12726.83,10201.01] 29078 20778
Sub-cluster 2.3 | [14745.95,17429.09] 2607 19453

Table 6.5: Population allocated to the different clusters and sub-clusters

Comparing the population distribution obtained using the new approach with the case of applying the pure FCM algorithm
to the raw data set of Ghent, an interesting observation can be made. In both cases, when the number of cluster/sub-clusters
is kept equal to 14, the average population per sub-cluster equals 18905.36 people. However, the standard deviation in the
case of applying the pure FCM algorithm to the full data set is equal to 2277, while for the adjusted procedure proposed in
this section, the standard deviation is 1867. From this, it can be stated that the population is more evenly spread over the
different sub-clusters in case this new approach is used compared to the pure FCM algorithm.

6.5 Weighted cluster center calculation results

Replacing the cluster center calculation formula with the weighted cluster center calculation formula presented in section
[5.5)in the FCM algorithm and then applying it to cluster 1that was obtained using the agglomerative hierarchical clustering
method, the sub-clustering of cluster 1is shown in figure[6.1T]
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Figure 6.11: Further partitioning cluster 1using FCM with weighted cluster center calculation

Comparing the results from figure [611 with the results displayed in figure [6.8] it can be seen that not only do the cluster
centers change by adding the population weights to the cluster center calculation but also the clusters themselves change
by making this adjustment. This can intuitively be explained as the distance between the points belonging to the clusters
and the cluster centers are being used to update the membership matrix. Other distances will result in different membership
matrices, which in turn influence the further iterations in the FCM algorithm, thereby influencing the whole outcome of the
algorithm.

Again, the maximum distances from the cluster center to the point that is farthest away from the cluster center and the
worst-case response times are given in table[6.6} this time using the weighted cluster center calculations.

Comparing table [6.6] with tables [6.3and [6.4] for the results without weights, it can be seen that the worst-case response
time increases when the weighted calculations are used instead of the unweighted. This can intuitively be explained as the
cluster center will be closer to the more densely populated demand points. As the more remote areas are in general less
populated than the sectors in the center of the city, it is a logical consequence that these zones now have to wait longer
than before to receive service. As a result, the worst-case response time increases.

Another important aspect that should be observed is how the total served population is now distributed over the different
sub-clusters. Using the weighted cluster center calculation, this results in table[6.7]

Comparing table[6.7] with table [6.5] it can be seen that spread in allocated population per sub-cluster is larger when the
weighted calculation is used. The standard deviation for the population distribution over the sub-clusters increases from
1867 in case of unweighted calculation to 3152 when weighted cluster calculation is used. Therefore, the distribution of the
population over the clusters is worse in the case of weighted center calculation here.
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Sub-cluster | Sub-cluster center | Distance (in meters) | Worst-case response time (in min) |

Sub-cluster 11 | [12081.80, 4294.72] 1840.48 276
Sub-cluster 1.2 | [11015.17,7008.83] 929.76 1.39

Sub-cluster 1.3 | [7488.40,7525.09] 1781.42 267
Sub-cluster 1.4 | [10958.89, 5259.28] 1005.29 1.51

Sub-cluster 1.5 | [9508.96, 7871.06] 158768 2.38
Sub-cluster 1.6 | [3395.26, 6542.95] 3961.31 594
Sub-cluster 1.7 | [8246.63,1240.49] 3898.04 5.85
Sub-cluster 1.8 | [8618.07, 3483.23] 3000.34 450
Sub-cluster 1.9 | [8226.70, 5358.92] 2614.05 392
Sub-cluster 110 | [9730.41,5698.47] 1021.61 1.53

Sub-cluster 111 | [8178.28, 8694.35] 706.58 1.06
Sub-cluster 21 | [12248.86,9086.17] 2597.39 390
Sub-cluster 2.2 | [7426.56,10061.35] 3056.88 459
Sub-cluster 2.3 | [12787.99,12309.18] 872175 13.08

Table 6.6: Distances and worst-case response times obtained by sub-clustering method for the different clusters using
weighted cluster center calculations

Sub-cluster | Sub-cluster center | Population allocated (major stakes) | Population allocated (membership) |

Sub-cluster 11 | [12081.80, 4294.72] 13787 18605
Sub-cluster 1.2 | [11015.17,7008.83] 25253 19652
Sub-cluster1.3 | [7488.40,7525.09] 21936 18833
Sub-cluster 1.4 | [10958.89, 5259.28] 25278 14030
Sub-cluster 1.5 | [9508.96, 7871.06] 21993 19469
Sub-cluster 1.6 | [3395.26, 6542.95] 14040 20183
Sub-cluster 1.7 | [8246.63,1240.49] 8063 17179
Sub-cluster 1.8 | [8618.07, 3483.23] 13845 23393
Sub-cluster 1.9 | [8226.70, 5358.92] 21219 15415
Sub-cluster 110 | [9730.41,5698.47] 20978 17898
Sub-cluster 111 | [8178.28, 8694.35] 14980 16714
Sub-cluster 21 | [12248.86,9086.17] 19471 26750
Sub-cluster 2.2 | [7426.56,10061.35] 31619 16105
Sub-cluster 2.3 | [12787.99,12309.18] 12214 20449

Table 6.7: Population allocated to the different clusters and its sub-clusters using weights in cluster center calculation

From the results in tables[6.6|and[6.7} it follows that the addition of weights in the cluster center calculation does not result

in better solutions at all.

First of all, the worst-case response times get a lot worse and the spread in response time between the sub-clusters increases,

which is also an unwanted result. A larger spread in service times means that the service level for different people differs a

lot and therefore discriminates against people living in the more remote areas.

Secondly, the population distribution over the different sub-clusters does not get more evenly distributed in case weighted

cluster center calculation is used. This is seen by comparing the standard deviations calculated based on the 14 sub-clusters.
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As both complications are unwanted results and result in the worse performance of the procedure, it seems to be the case
that the weighted calculations are inferior to the unweighted. However, in the calculation performed in the following section,
they are still to observe the behavior in case adaptations are made.

6.6 Results improved clustering approach using response time as decision criterion

In this section, the results that can be obtained using the new clustering approach based on the response time decision
criterion are reported.

Running the procedure for both unweighted and weighted cluster center calculation in the FCM algorithm, the number of
sub-clusters necessary for each of the two main clusters to obtain response times from a predefined set of response times
are shown in tables[6.8]and[6.9] In both tables, the set of response times that should be obtained are respectively 6, 5, 4,
and 3 minutes. For each case, the number of sub-clusters for which the worst-case response time gets below the threshold
value will be reported.

Cluster # sub-clusters # sub-clusters # sub-clusters #sub-clusters
Number | for response time | for response time | for response time | for response time
under 6 minutes under 5 minutes under 4 minutes under 3 minutes
Cluster1 22 26 43
Cluster 2 5 32 49 49

Table 6.8: Worst-case response time per amount of sub-clusters by weighted (original) FCM for the two main clusters ob-
tained by agglomerative hierarchical clustering

Cluster # sub-clusters # sub-clusters # sub-clusters #sub-clusters
Number | for response time | for response time | for response time | for response time
under 6 minutes under 5 minutes under 4 minutes under 3 minutes
Cluster1 4 7 1 20
Cluster 2 4 7 10 16

Table 6.9: Worst-case response time per amount of sub-clusters by unweighted FCM for the two main clusters obtained by
agglomerative hierarchical clustering

Similarly as was being shown in the previous section, it can be seen by comparing tablesandthat in terms of response
time, the weighted calculation exhibits inferior performance compared to the unweighted cluster center calculation. For both
cases, it is however possible to achieve service times below three minutes. In terms of obtainable response times, there is
no real difference between the weighted and unweighted cases.

The number of sub-clusters necessary to obtain worst-case response times below certain thresholds is different in both
cases. For example, for cluster 1, 43 sub-clusters would be needed to obtain a response time below 3 minutes in the case of
weighted cluster center calculation. For the case of unweighted cluster calculation, only 20 sub-clusters would be needed.
This is a big difference and for the second cluster, the difference between both methods is even larger.

In table [6.8] it can be seen that response times below 4 and 3 minutes for cluster 2 are only obtained for the number of
sub-clusters equal to 49. This is not a reasonable value as in cluster 2, only 54 data points are present and therefore, this
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clustering result could even be worse than just placing 49 data points randomly in the solution space.

It can be noted that cluster 1 initially exists of 147 data points, while cluster 2 only contains 54 data points. However, the
number of sub-clusters per data point is a lot larger for cluster 2 than for cluster 1. From this, it seems to be the case that
the clustering method performs worse on this type of data set. This can be the case because it is more difficult to identify
patterns in smaller data sets or because the data in cluster 2 is less dense and less structured than the data in cluster 1.

To examine the hypotheses that it could be the case that observing patterns for smaller data sets is more complicated, the
FCM algorithm will be applied to the initial data set for the city of Ghent. Here again, both weighted and unweighted cluster
center calculation methods will be considered. In table[6.T0] the necessary number of sub-clusters for the response time to
be below respectively 3, 4, 5, and 6 minutes is given. Afterward, these results will be compared with each other and with the
previously obtained results.

Cluster # clusters # clusters # clusters # clusters
Number for response time | for response time | for response time | for response time
under 6 minutes under 5 minutes under 4 minutes under 3 minutes
Weighted cluster 98 123 \ \
center calculation
Unweighted cluster 6 12 22 \
center calculation

Table 6.10: Number of clusters necessary for the response time to be below the specified threshold values, using either
weighted or unweighted FCM

From table[610] it can be seen that for both weighted and unweighted cluster center calculations for the full data set of
Ghent, no results can be obtained in case the response time threshold is set below 3 minutes. However, with the alternative
clustering procedure, it was possible to obtain values for the response time below 3 minutes. In table [6.10] the maximum
number of clusters was limited to 125 clusters. The reason for this is that in case even more clusters are present, more than
one UAV base station should be located per two sectors. This would render the proposed solution expensive, which is why
those solutions are considered infeasible.

As can be seen in table[6.10] for unweighted cluster center calculation, the last improvement happens for the number of
clusters equal to 22. For the 100 clusters that are added afterward, there is no drop in response time of more than one
minute anymore. For this reason, the course of the function for the number of clusters between 2 and 50 will be studied in
further detail. afterward, no real improvements seem to happen anymore for the unweighted method.

For the weighted method, it follows from table[6.T0]that the first time a response time below 6 minutes is achieved when 98
clusters are present. afterward, the worst-case response time drops below 5 minutes when 123 clusters are present. Again,
only the course of the function for the number of clusters between 2 and 50 will be considered, as for larger values, an actual
implementation would become too costly. For the considered values here, it seems to be the case that a plateau is reached,
which can be observed in figure[6.123]

For the FCM algorithm with unweighted cluster center calculation, a plateau is reached as well. For this case, the plateau
is formed at a response time that is lower than the plateau that was reached in case weighted cluster center calculations
were used. The plateau for the unweighted case can then be observed in figure[612b|

In figure[612] these two plots are shown next to each other to make the comparison even more clear. From this comparison,
it follows that there is a large difference in results between the weighted and unweighted methods, especially on a large
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scale. For the number of clusters ranging between 2 and 50, the difference in worst-case response time here is more than 5
minutes. In emergency services, a difference of 5 minutes is huge.

Combining these findings with previously made observations, it follows that the hypothesis that FCM clustering gets worse
on a small scale is not confirmed. On the contrary, results seem to get worse when larger data sets are used.
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Figure 6.12: Evolution of the worst-case response time as a function of the number of clusters for weighted and unweighted
clustering on the full data set

The cluster centers obtained by both methods can be visualized as well. For the number of clusters equal to 50, the resulting
cluster centers are shown in figures[613a]and [6.13B] These two figures together form figure[6.13] Note that the upper value
of 50 for the number of clusters is chosen because this value is arbitrarily high and is very illustrative to visually indicate
the differences between the two methods under study.

In figure itis observed that the unweighted method performs better in exploring the whole map and in identifying clus-
ters in the more remote areas. In the weighted case, this is much less the case. Because in this case the exploration is worse,
the worst-case response time gets stuck at a plateau and does not improve anymore afterward, unless for unreasonably
high values for the number of clusters. This is probably the case because the city of Ghent is most densely populated in the
center, while fewer people live near the borders. In the weighted method, the more densely populated sectors are preferred
over less densely populated sectors and thus, the dense sectors tend to attract most of the obtained cluster centers. For
the cluster centers, it is difficult to 'escape’ from the most densely populated sectors, resulting in only a few cluster centers
being successful in progressing to the more remote areas.

Even though the results obtained using the unweighted method on the whole data set are better than those obtained by
applying the weighted method, these results are not great as well.

First of all, the worst-case response time always remains above 3 minutes, even if the amount of clusters present is really
high. This is not the case when the data is sub-partitioned first using the agglomerative hierarchical clustering method,
before applying the FCM algorithm to the resulting clusters. In that case, the unweighted method easily manages to return
results making sure the worst-case response time is well below 3 minutes.

Another comparison that can be made between these two methods is about the total number of clusters that are eventually
present, without making the distinction between sub-clusters anymore. An overview of these results is given in table[6.11]

From table[6T7 it is clear that when response times are considered to be important, initial pre-clustering will be necessary.
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Figure 6.13: Comparison of cluster center location using either weighted or unweighted FCM for 50 clusters

with initial partitioning

Clustering Total # clusters Total # clusters Total # clusters Total # clusters
Method for response time | for response time | for response time | for response time
under 6 minutes under 5 minutes under 4 minutes under 3 minutes
Weighted clustering 98 123 \ \
without partitioning
Weighted clustering N 54 75 92
with initial partitioning
Unweighted clustering 6 12 22 \
without partitioning
Unweighted clustering 8 14 21 36

Table 6.11: Total number of clusters necessary for the response time to be below four possible threshold response times for

different clustering methods
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However, the unweighted methods always perform better than their weighted counterparts. For these types of applications,
it will certainly be beneficial to work with unweighted clustering methods as these methods tend to partition the datain a
more structured way.

6.7 Results in case initial infrastructure is present

In this section, the results and key takeaways will be reported in case initial infrastructure is present from the beginning.
In this section, the methods that were presented in section[5.7]are put in practice for the case of the city of Ghent. Several
options for initial infrastructure that is present are considered. At first, it is assumed only EV charging stations are present
as initial infrastructure, but later on, the other initial infrastructure options are considered as well.

6.7.1 EV charging stations as initial infrastructure

In this part, it is assumed that the only considered initial infrastructure are the EV charging stations as described in chapter
Applying the procedure from figureto the case of Ghent again results in two main clusters that will then be sub-
partitioned further. Until further notice, here, the method that shifts the cluster centers to initial infrastructure point in
each iteration is used.

Determining how many sub-clusters are needed to obtain a worst-case response time below certain specified threshold
values then gives the results shown in table@]

Cluster # sub-clusters # sub-clusters # sub-clusters #sub-clusters

Number | for response time | for response time | for response time | for response time
under 8 minutes under 7 minutes under 6 minutes under 5 minutes

Cluster1 16 \ \ \

Cluster 2 \ \ \ \

Table 6.12: Worst-case response time per amount of sub-clusters by applying the clustering procedure for the cases in which
EV charging stations are present as initial infrastructure

In table[6.12] it is observed that only for cluster 1, a response time below 8 minutes is achieved here. Response times below 7
minutes are not achieved here, so further investigation will be needed. Is this decreased performance fully accountable to the
fact that now, only initial infrastructure is present? Or does the currently proposed approach result in a bad performance?
Intuitively, it is clear that the response times increase in case a deviation from the optimal location is made. This would
indeed be the case in which initial infrastructure is present. However, in this case, the response time increases quite a bit
and therefore, further examination will be advised. This is because it would be too short-sighted to directly come to this
conclusion.

To examine the observed results further, two observations will be discussed in more detail. These two observations are the
seemingly limited exploration in dense areas (cluster 1) and limited infrastructure in remote areas.
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6.711 Limited exploration in dense areas

When the further clustering of cluster 1is observed using the procedure for cases where initial infrastructure is present, it
is observed in figurethat the response time initially improves a bit when clusters are added. However, this improve-
ment is not really significant and only in some peak moments, values for a worst-case response time below 8 minutes are
achieved. Previously, without initial infrastructure, response times even below 3 minutes could be achieved. The response
times obtained here are not acceptable at all. Therefore, what is happening in the clustering procedure should be looked at
in more detail.
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Figure 6.14: Worst-case response time for clustering cluster 1in case EV charging stations are already present

To visually observe what happens during the clustering, a simulation is performed. In this simulation, the number of clusters
isincreased from 0 to 19 and for each number of clusters, the data points are plotted in blue, together with the corresponding
cluster centers in red. This simulation is visualized in figure[6.15

In this figure, it seems to be the case that the number of clusters does not increase as would be expected. Seemingly, focus-
ing on the range of clusters between 0 and 19 clusters, the maximum number of clusters that is observed is equal to 6. This
is a counter-intuitive result, as the maximum number of clusters would be expected to be 19.

Another observation that can be made is that in some of the simulated cases, the cluster centers are close together. All or
most of these cluster centers are located near the center of the data points.

As the data points in this cluster are quite densely distributed, it could be the case that the algorithm doesn't succeed in
exploring the full search space sufficiently. AT some point, the algorithm gets stuck in certain locally optimal solutions with
the initial infrastructure under consideration. afterward, the algorithm does not seem to move further to other candidate
solutions to explore the full search space. As a consequence, some cluster centers lay closely together or they even come
togetherinthe same initial infrastructure point. This could be an explanation for the fact that there are only 6 cluster centers
that can be distinguished from each other in the case that 19 clusters should be present.
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Figure 6.15: visualization of evolution application procedure to data set Ghent for the number of clusters increasing from 0
to19

Another explanation for this observation could be that not enough EV charging stations are initially present. In figure [616]
the data points of cluster 1 are colored in blue, together with the EV charging stations that are colored in red. From this
figure, it seems to be the case that enough charging stations are present on the right side of cluster 1to fulfill the demand
there in a satisfactory way. On the left side of cluster 1 however, few EV charging stations are present, which could make sure
that even adjusting the procedure doesn't suffice to obtain acceptable results. However, on the right-hand side of cluster 1,
the more remote initial infrastructure seems not to be selected by the algorithm as well. For the left-hand side, it can also
be observed that the obvious EV charging stations located there are left untouched.

From this, it follows that, next to the limited presence of initial infrastructure, there will be another limiting factor that
stands in the way of selecting the globally optimal solution.

Taking into account the observation that was made above and the observation about figure [615 it can be concluded that
the adjusted procedure doesn't succeed in finding the best solutions possible, as it gets trapped in a local solution. When
the number of clusters increases, more and more clusters will be centered in the same points, making it useless to further
increase the number of clusters using this method. However, it could be worthwhile examining other solution methods and
comparing their performance with the initial proposal.

A possible solution to overcome this problem would be to only assign the cluster centers to the initial infrastructure at the
very end of the algorithm when all iterations have already been executed. This could overcome the problem that cluster
centers get stuck in initial infrastructure points and that it does not get to better solutions. This is a method that was also
suggested in chapter[5]
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Figure 6.16: visualization of data points cluster 1and the initial EV charging stations in the city of Ghent

Another possible solution that is suggested places a constraint on the number of cluster centers that can be located in a
certain initial infrastructure point. This would mean that in each initially present infrastructure point, only one cluster center
can be placed, instead of multiple ones. This is a phenomenon that was observed in the previous results and could easily be
overcome by this alternative constraint. This constraint then forces the algorithm to further examine the search space than
it would have done without the constraint.

The application of the two suggested improvements is analyzed in what follows. By analyzing their performance, a reason-
able conclusion could be drawn about the observed bad performance of the initial suggested approach.

6.7.11.1 Assign clusters centers to initial infrastructure points at the end of algorithm execution The first alternative
method to deal with the presence of initial infrastructure is analyzed in this section. In this method, the clustering method
is executed as was done in the case no initial infrastructure is present. In the end, the distance between each obtained
cluster center and initial infrastructure point is calculated. The cluster centers are then shifted toward their closest initial
infrastructure point, with the demands allocated to the cluster centers shifted toward the initial infrastructure as well.

For this new approach, an overview of the number of clusters needed to reach a response time below a certain threshold
value is shown in table[6.T3] In this table, only the results for cluster 1are included as in this cluster. This is the largest cluster
containing most initial infrastructure points and will therefore render the best results.

In table[613] it is immediately observed that the number of clusters needed to achieve a certain time threshold is a lot lower
than was the case in table[612] In table[6.13]it can be seen that no improvements happen anymore when the number of
clusters increases above 5. This is in line with the results from figure [6.17] where it is observed that a plateau is reached

66



6 Results

when the number of clusters is equal to about 10. The plateau here is reached for a worst-case response time of about 5 and
a half minutes.

Cluster # sub-clusters # sub-clusters # sub-clusters Hsub-clusters
Number | for response time | for response time | for response time | for response time
under 8 minutes under 7 minutes under 6 minutes under 5 minutes

Cluster 1 3 4 5 \ \ \

Table 6.13: Worst-case response time per number of sub-clusters by applying the clustering procedure in which the cluster
centers are shifted at the end for the cases in which EV charging stations are present as initial infrastructure
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Figure 6.17: Worst-case response time for clustering cluster 1in case EV charging stations are already present and the cluster
centers are shifted toward initial infrastructure at the end of the algorithm

To observe the cluster centers that are explored by the algorithm, the evolution of the cluster center placement is again
simulated for the number of clusters increasing from 0 to 19. This is shown in figure[6.18] In this figure, it is clear that the
search space gets explored well and that the cluster centers are not too closely located to each other.

In this method, however, it can be the case that a lot of the demand is allocated to a certain demand point, while others
would have to serve no or almost no demand. This can still happen as multiple cluster centers can still be allocated to the
same initial infrastructure point.

This is certainly something to keep in mind and this can be overcome using a constraint on the amount of demand to specific
UAV base stations. For example, in the following, a constraint is added to ensure only 1 cluster center can get shifted toward
each initial infrastructure point, therefore preventing allocating too much demand to a single initial infrastructure point.
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Figure 6.18: visualization of data points cluster 1 and the initial EV charging stations in the city of Ghent in case cluster
centers are shifted to initial infrastructure at the end

6.71.1.2 Allocate at most one cluster center to each initial infrastructure point In this solution method, the approach
is similar to the initial proposed approach to include initial infrastructure. The difference here again appears in the cluster
calculation step. Each time a cluster center is calculated, it is assigned to the initial infrastructure point that is closest to it.
Unlike the initial case, the set of possible infrastructure points is updated each time a cluster center is assigned to an initial
infrastructure point. The infrastructure point to which the cluster center is assigned is then removed from the candidate list
of this iteration. For the next cluster center, the same happens until all cluster centers are allocated to initial infrastructure
points. In the following iteration, the candidate list again contains all initial EV charging stations, and the same steps are
repeated until the eventual stopping criterion is reached. Then, the optimal solution is obtained.

Applying this adjusted solution method to the first cluster and then identifying how many clusters are needed to get a
response time below a certain threshold, the results are shown in table@ Comparing these results with the ones initially
obtained for cluster 1in table[612] it can be seen that the ones obtained using the adjusted method proposed here are better
solutions.

Notice that the reported response time threshold values here differ from the ones in the previous tables.

Cluster # sub-clusters # sub-clusters # sub-clusters Hsub-clusters

Number | for response time | for response time | for response time | for response time
under 9 minutes | under 8 minutes | under 7 minutes | under 6 minutes

Cluster1 6 6 54 54

Table 6.14: Worst-case response time per amount of sub-clusters by applying the clustering procedure for cluster 1in which
EV charging stations are present as initial infrastructure, with adjusted method

Visualising the evolution of the response time as a function of the number of clusters then results in figure[619] In this figure,

68

20000



6 Results

it is seen that the response time gets stuck on a plateau for the number of clusters ranging from about 10 to 50. afterward,
another plateau is reached, at a response time that is about 2 minutes lower than the first plateau. Compared with figure
[@ it can be seen that the first plateau obtained here is higher than the one obtained previously.
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Figure 6.19: Worst-case response time for clustering cluster 1in case EV charging stations are already present and each
cluster center can only be assigned to one initial infrastructure point

Finally, as was done for the initial method, a visualization of what happens in the clustering process in case the number of
clusters is gradually increased from 0 to 19 is shown in figure[6.20] Comparing this figure with figure [6.15] it is observed
that in the new procedure, the search space is explored more profoundly and that more candidate points are consulted than
in the initial method. Also, the number of clusters does not seem to get stuck in the new method. It can also visually be
observed that in each step, one new cluster is added.

The newly proposed method achieves better results than the initial, naive method for solving instances where initial infras-
tructure is present. It should also be noted that the number of clusters necessary to reach certain threshold values for the
worst-case response time is higher than the case where the cluster centers are shifted to the initial infrastructure in the
end. In this sense, this method performs worse than the second proposed solution method.

From the observation made in this section and the one before, it can be concluded that the newly proposed method is quite a
bit better than the initial method. However, the lowest achieved response time, which is a bit higher than 5 minutes, is still a
lot higher than the obtained worst-case response time in case no initial infrastructure is present. This is why in the following,
a look will be directed toward the limited presence of initial infrastructure. The influence of limited initial infrastructure will
be most clearly present in cluster 2. Therefore, the focus in that part is directed toward cluster 2.
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Figure 6.20: visualization of evolution application procedure to data set Ghent for the number of clusters increasing from
0to 19 in case of the newly proposed procedure

6.71.2 Limited initial infrastructure in remote areas

Another problem that could arise would be that not enough initial infrastructure is present to make sure a feasible or ac-
ceptable solution can be obtained. In cluster 2, it is initially observed that the obtained worst-case response times are very
bad in case initial infrastructure is present. This is something that should be looked into.
Using the initial proposed method in case initial algorithm is present for cluster 2, the evolution of the response time as a
function of the number of clusters is visually shown in figure[6.21] The best solution for the worst-case response time that
is obtained here is equal to 13.72 minutes. This response time is four times higher than the worst-case response time that
can be obtained for cluster 2 in case no initial infrastructure is present.
Additionally, when the number of sub-clusters is increased above three here, no improvements seem to happen anymore.
Visualising the data points of cluster 2 together with the initial EV charging stations in Ghent, figure|€_?2|is obtained. In
this figure, the same color convention is used as before.
Compared to figure@ it is observed that cluster 2 is covered less by initial infrastructure than cluster 1. From this, it seems
obvious that this will put some restrictions on the eventual results that can be obtained. Previously, two improvements
were proposed for the initial approach in case initial infrastructure is present. The proposal in which the cluster centers are
allocated to initial infrastructure points at the end of the iterations will be applied here as well.
Applying this method to the case of cluster 2 is mainly done to see how big the obtained solution is influenced by the lack
of sufficient initial infrastructure. Also, note that the last proposed method won't be used here. As there does not seem to
be a lot of initial infrastructure present, assigning each cluster center to a different initial infrastructure point could result
in very large distances between the cluster centers and their corresponding initial infrastructure. In that case, the results
could even become worst by applying this method.
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Figure 6.21: Worst-case response time for clustering cluster 2 in case EV charging stations are already present
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Figure 6.22: visualization of data points cluster 2 and the initial EV charging stations in the city of Ghent

Plotting the worst-case response time for the improved strategy for cluster 2 results in figure[6.23]

Here again, a plateau that is higher than in case no initial infrastructure is observed. However, the results in figure[6.23)are
much better compared to the results in figure[6.2T] Comparing the results when 20 clusters are present for both methods,
the visualization of clusters that are present is shown in figure@

It seems that the naive initial method does not succeed in selecting the cluster center on the upper right, which makes
sure the most remote areas can also be served in a reasonable (but high) response time. The newly proposed approach in
which the cluster centers are shifted after the algorithm has been performed does succeed in selecting the upper right initial
infrastructure point but also looking at figure[6.22] it can be concluded that better solutions are not obtainable with this set
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of initial infrastructure.
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Figure 6.23: Worst-case response time for clustering cluster 2 in case EV charging stations are already present when cluster
centers are shifted after the initial procedure is executed
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Figure 6.24. Comparison clustering methods for cluster 2 with initial infrastructure

Concluding this, knowing that about 200 initial EV charging stations are present, it can be stated that these stations are not
well-spread over the city of Ghent at all. Only working with these locations won't result in acceptable response times for
the smallest type of UAV.

Therefore, other initial infrastructure should be looked into as well or the possibility to introduce new infrastructure as well
should be combined with the already present infrastructure.

6.7.2 EVcharging stations, AED locations and helipads considered as initial infrastructure

In chapter[3] also initial AED locations and helipads were proposed as initial present infrastructure. As only EV charging
stations were not sufficient to set up a good UAV emergency system, the combination of these three types will be considered
here.

Again using the procedure for initial infrastructure in which cluster centers are shifted to initial infrastructure points at the
end of the algorithm, the resulting worst-case response times and the number of clusters needed to achieve this worst-case
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response time are shown in table[6.15

Cluster \ Present infrastructure lowest response time (in min) \ number of clusters

Cluster1 | Only EV charging stations 5.47 8
Cluster1 All three types 5.47 6
Cluster 2 | Only EV charging stations 5.46 5
Cluster 2 All three types 5.46 5

Table 6.15: Lowest observed worst-case response time for the two main clusters in case either only EV charging station or
all three types of initial infrastructure are considered

From this table, it can be seen that adding the initial AED locations and the helipads to the candidate list, does not change
the worst-case response time obtained by the adjusted algorithm for initial infrastructure. This can be explained by the
fact that in the more remote areas, not enough initial infrastructure is present. As the worst-case response time is mostly
observed in remote areas, this worst-case behavior is not improved significantly.

It could be the case that this bad response time is an inherent characteristic for cases in which only initial infrastructure
is present. To examine if this is the case or not, the next part will handle a randomly generated case and the performance
observed there will be compared with the one observed in case the three previously discussed infrastructure types are
present.

6.7.3 Randomly generated initial infrastructure points

In the previous sections, it was observed that there were quite some limitations in case the initial EV charging stations are
used as initial infrastructure. For the case in which all three types of initial infrastructure were present, the same was ob-
served. To extract a meaningful observation about the clustering performance in case of the presence of initial infrastructure,
some other things should be looked into as well. As the observed performance in the previous sections was not too great,
the hypothesis that this is due to the insufficient distribution of initial infrastructure should be looked into in more detail.
In this section, the influence of the seemingly bad distribution of initial infrastructure will be filtered out. It was observed
that most of the EV charging stations were located at the center of Ghent. Therefore, the more remote regions were left rel-
atively untouched. To minimize the influence of the bad placement of initial infrastructure, another experiment is proposed
in this section.

Observe the location of all data points for the city of Ghent. These can all be included in a rectangle, which has its boundaries
at respectively the minimum and maximum x- and y-components. Note that in this case, data points can be located quite far
away from the actual data points. This is because the data points for the city of Ghent are not distributed in a rectangle. An
additional constraint on these random locations is imposed. For each candidate random point, it is checked if the distance
from this random point to the closest data point for the city of Ghent does not exceed a certain threshold value. However, if
this is the case, the data point is replaced by another randomly generated data point that meets the additional requirements.
The threshold value can be adjusted and the effect of this value can be observed, together with the number of initial data
points.

In what follows, the clustering procedure is applied to different cases with initial infrastructure present. In this case, the
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number of initial random infrastructure points is varied from 20 to 50, in steps of 10. For each case, the maximum distance
between a random initial infrastructure point and its closest data point is either 1000 or 5 000 meters.

As was observed in a previous section, the best results in the presence of initial infrastructure were obtained when the origi-
nal clustering method is performed as was presented, after which the cluster centers were shifted to the initial infrastructure
point. For the results that will be obtained here, this method is used as well.

Executing this gives the results shown in table [616]

Number of random infrastructure points \ Maximum distance (m) \ lowest response time (in min) \ number of clusters

20 1000 6.56 7
20 5000 161 7
30 1000 434 12
30 5000 165 5
40 1000 361 18
40 5000 476 9
50 1000 2.73 31
50 5000 375 26

Table 6.16: Worst-case response time for cluster 1in case different numbers of random initial infrastructure points are
present. For each number of initial data points, the maximum distance between the randomly generated infrastructure
point and the closest data point is equal to either 1000 m or 5000 m

It follows that evidently, the obtained worst-case response time decreases when more random initial data points are present.
The worst-case response time is lower when the maximum distance is equal to 1 000 meters compared to the case where
itis 5 000 meters. This is the case because the deviation of 5 000 meters is quite large in case the total map is only about
20 000 by 20 000 meters. It is reasonable to state that the maximum distance is equal to 1 000 meters, as the maximum
distance between two points of the Ghent data set is never more than 1000 meters.

Another question that could be asked is how well the performance of the algorithm is in case initial infrastructure is present
compared to the case where no initial infrastructure is present. A comparison for several cases for a maximum distance of 1
000 meters is shown in figure[6.25]

In figure[6.25] it is clear that the more initial infrastructure possibilities are present, the lower the observed worst-case
response time is. Also, as the number of initial infrastructure points increases, the worst-case response time gets closer and
closer to the one achieved in case no initial infrastructure points were present initially. Therefore, no significant difference
is observed anymore between the case where 50 random infrastructure points are present and the case where no initial
infrastructure was present.

This observation allows us to conclude that the adjusted clustering method for cases where initial infrastructure is present
performs well. Additionally, the bad distribution of EV charging stations in the previous sections is the main cause for the
worst-case response time being too high.

Inreality, it will be the case that it is possible to choose between setting up a new location or adapting an initial infrastructure
location. Previously, the two distinct cases were observed separately, stating that either all infrastructure is new or all
infrastructure was already present. Therefore, it could be really interesting to design a hybrid approach that trades off
the pros and cons of having initial infrastructure with the pros and cons of having to construct new locations. This will be
addressed in one of the following sections.
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Figure 6.25: Worst-case response time for clustering cluster 1 with different options for the initial infrastructure present
with the number of clusters ranging from 2 to 50

6.7.4 Large parking lots as initial infrastructure for rotorcraft-type UAV

Inthe previous sections, it was assumed that the used UAV is the multicopter-type UAV. This changes here. In this section, the
Rotorcraft-type UAV is considered, which has a cruise speed of 100 kTm which is more than twice as fast as the cruise speed
of the multicopter-type UAV. Considering only the large parking lots shown in figure[3:3b] the number of clusters necessary
to obtain a response time below 3 minutes and the actual worst-case response time for cluster 1and cluster 2 is shown in
table[6.17] In this table, the results obtained in case no initial infrastructure is present for the same amount of clusters are
shown as well.

Cluster | Worst-case response time only | Worst-case response time no | Number of
parking lots present (in min) | initial infrastructure (in min) | sub-clusters
Cluster1 2.70 2.41 3
Cluster 2 2.66 2.32 3

Table 6.17: Worst-case response time for cluster 1and 2 for the rotorcraft-type UAV. In this case, both no initial infrastructure
and only parking lots as initial infrastructure are considered. For the obtained results, the number of sub-clusters per cluster
is reported as well

In total, using parking lots as initial infrastructure, 6 locations are set up to serve all demand using the rotorcraft-type UAV
within 3 minutes. As expected, the number of UAV of this type necessary to cover all demand in Ghent within 3 minutes is a
lot less than for the multicopter-type UAV. The results obtained here also show that using the parking lots only, enough initial
infrastructure is present to serve all demand without having to introduce new locations. Therefore, no further improvements
are needed here.
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6.7.5 Helipads as initial infrastructure for Optionally-Piloted VLR

To consider the application of ambulance services, the Optionally-Piloted VLR is the UAV type that should be used. This UAV
type has a cruise speed of 150 k—m, which is almost 4 times as high as the cruise speed of the multicopter-type UAV. Applying
the optimal clustering method on both clusters 1and 2 then returns the results in table[6.18] For both clusters 1and 2, the
number of clusters that can be present is equal to 2. However, they share 1 UAV base station, thus in total, 3 base stations
are used in reality.

Cluster Worst-case response time Worst-case response time
no initial infrastructure (in min) | only helipads present (in min)
Cluster1 2.30 315
Cluster 2 213 298

Table 6.18: Worst-case response time for cluster 1and 2 for the Optionally-Piloted VLR as UAV type. In this case, both no
initial infrastructure and only helipads as initial infrastructure are considered. For both cases, the number of clusters is equal
to two

It is observed that for both clusters, the worst-case response time of the Optionally-Piloted VLR is close to 3 minutes when
only helipads are considered as initial infrastructure. These response times are not as low as the cases where no initial
infrastructure is present, but it is often not possible to construct new locations in an urban environment for such large UAV
types. Also, introducing more UAV base stations here would not be feasible because for such large UAVs it would become
costly. From this, it leads us to be satisfied with the obtained results, which are quite good. Response times lower than the
ones shown in table[6.18]are not obtained, which is why no worst-case response time below 3 minutes is given for cluster 1.
However, for ambulance services, a worst-case response time of close to 3 minutes is certainly acceptable.

It follows that the faster the UAV can travel, the less important the performance of the clustering algorithm will be. Even if
a bad solution is obtained, the worst-case response time will still be quite low. Putting in extra effort becomes inefficient
and costly very fast. Naturally, it follows that in the remainder, the focus will be redirected toward the smallest UAV type
again, as the results for this UAV type are more sensitive to changes.

Using only the initial infrastructure considered for Rotorcraft-type UAVs and Optionally-Piloted VLRs, acceptable solutions
are obtained. Evidently, for these UAV types, only initial infrastructure is used to start from. However, for the Multicopter-
type UAVs, only initialinfrastructure does not result in acceptable results. Therefore, further research is performed to address
this issue.

6.8 Results hybrid clustering approach

As was discussed in section[5.8|of chapter[S] two possible ways of considering both initial and new infrastructure are consid-
ered. In the following parts, these two approaches are applied to the case of Ghent, and the obtained will be reported and
compared for the two methods.
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6.8.1 Results distance-based hybrid clustering approach

In this part, the approach proposed in section[5.8J|will be put into practice.

As was discussed previously, the considered threshold value for the maximum distance between the obtained cluster centers
and their closest initial infrastructure point will play a crucial role in obtaining good results.

Because of this, an experiment is conducted in which the threshold distance is from 100 to 10 000 meters, in general steps.
For each distance, the worst-case response time obtained for sub-partitioning cluster 1 and cluster 2 (as were obtained
using agglomerative hierarchical clustering) is compared for the case considered here with the case in which no initial
infrastructure is present. This is done to observe how much the worst-case response times deviate from the optimal scenario
for different values of this threshold distance. The results obtained are shown in table[6.19] Note that the only considered
initial infrastructure here are the EV charging stations. For both clusters, it is assumed that they can be sub-partitioned in
at most one-third of the total data points that are present in the corresponding cluster. Rounding results in at most 50
sub-clusters for cluster 1and 15 sub-clusters for cluster 2. Also notice that a worst-case response time for cluster 2 can be
obtained that is below 3 minutes, but then more than 15 sub-clusters need to be present, which is out of the reported range
in table[619

Threshold || Cluster 1worst-case | Cluster 1worst-case || Cluster 2 worst-case | Cluster 2 worst-case
distance response time response time response time response time
(in m) hybrid (in min) (in min) hybrid (in min) (in min)
100 2.09 2.09 3.48 348
250 195 195 352 352
500 197 2.05 2.25 2.41
750 2.09 2.07 3.48 3.48
1000 2.09 2.04 3.48 3.48
1250 2.28 197 332 332
1500 2.36 198 3.51 351
1750 283 195 3.48 348
2000 2.83 2.00 380 348
2500 335 193 380 3.41
5000 5.47 193 5.46 3.48
10 000 5.47 194 5.46 3.41

Table 6.19: Performance hybrid approach for cluster1and 2 compared with the case where no initial infrastructure is present.
Here, the observed ranges are from 2 to 50 sub-clusters for cluster 1and from 2 to 15 sub-clusters for cluster 2

When the threshold distance is low, the difference between the results obtained using the hybrid method and the case where
no initial infrastructure is present is negligible can be explained by the fact that in those cases, almost all infrastructure
points are new. On the contrary, when the difference between the obtained results using the two methods is quite large,
then almost all infrastructure points are initial infrastructure points. This is in line with what would be expected intuitively.
In between these two solutions, a lot of other solutions can be found, combining both initial and new infrastructure. These
solutions typically use a clever combination of already present infrastructure with new infrastructure. The trick is to find the
perfect balance between these two.

It is still the purpose to obtain solutions in which the worst-case response time is as low as possible. In table[619] it is seen

77



6 Results

for cluster 1, that the worst-case response time in case the threshold distance is 100 meter and in case the threshold distance
is1000 meters are the same. However, it could be the case that the number of new infrastructure points has decreased, and
therefore, the case for 1 000 meters would be a better option, as it would require less new infrastructure to be constructed.
For this reason, the ratio of new infrastructure to initial infrastructure will also be important to consider here. For the same
threshold distance values as those reported in table[619] the ratios of new to initial infrastructure will be reported for both
clusters. For cluster 1, there are in total 49 clusters, while for cluster 2, there are 15. These ratios are shown in table[6.20]

Threshold Ratio new infrastructure to initial | Ratio new infrastructure to initial
distance (in m) infrastructure cluster 1(-/-) infrastructure cluster 2 (-/-)
100 445 15/0
250 32117 14/1
500 16/33 9/6
750 13/36 7/8
1000 9/40 6/9
1250 6/43 312
1500 4[45 312
1750 4[45 3/12
2000 247 213
2500 1/48 312
5000 0/49 0/15
10 000 0/49 0/15

Table 6.20: Ratio of new infrastructure to initial infrastructure for sub-partitioning of cluster 1 and cluster 2. Here, the
observed ranges are from 2 to 50 sub-clusters for cluster 1and from 2 to 15 sub-clusters for cluster 2

As can be seen from table[6.20] the ratio of new infrastructure to initial infrastructure decreases as the threshold distance
increases. This is what could be expected as well. It is also observed that the most drastic change in the composition of the
infrastructure happens when the threshold distance is small.

Combining the findings from table[6.19]and table[6.20] it follows that for cluster 1, the best threshold distance to work with
would be 1000 meters and the best one for cluster 2 would be 1750 meters. These cases combine the characteristic that
their obtained worst-case response time is as low as in the case where no initial infrastructure was present with the usage
of quite some initial infrastructure in the obtained solution. This solution, therefore, combines an acceptable worst-case
response time with efficient usage of the already present infrastructure.

Notice that for different data sets, different threshold distances would have to be used, as, for cluster 1and cluster 2, different
optimal threshold distances are used as well. Executing this method will therefore require quite some time and patience.
Also, in performing this clustering method, enough attention should be paid such that eventually, good results are obtained.

For the optimal threshold distances, the characteristics of the solution obtained for cluster 1and cluster 2 are shown in table
[621 In this case, a total of 36 infrastructure locations are used, of which 25 were initially present. The majority of the
infrastructure locations that are used are initial infrastructure locations, so this solution makes quite good use of the initial
infrastructure that is present.
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Cluster | Threshold distance (in m) \ Worst-case response time (in min) \ Infrastructure (new/initial) \

Cluster1 1000 2.83 18 (5/13)
Cluster 2 1750 2.32 18 (6/12)

Table 6.21: Solution characteristics distance-based hybrid clustering method. This solution is used by using a worst-case
response time threshold value of 3 minutes

A final observation that is made here is that the optimal threshold distance for cluster 2 is larger than the one for cluster 1.
This can be explained by the fact that less initial infrastructure is present in cluster 2 and by the fact that the data points in
cluster 2 are spread out more.

To conclude this section, a final remark is given. To efficiently make the trade-off between the infrastructure cost and
response time, it would be a good idea to perform a cost optimization analysis. In this cost optimization analysis, the
response time will be quantified and the cost of introducing new infrastructure/adapting old infrastructure will be included
as well. Minimizing the total cost there results in the optimal solution from a cost-based perspective. In the final part of this
research, a brief cost optimization analysis will be performed to observe if the results obtained there are feasible or not.

6.8.2 Results initial infrastructure-based hybrid clustering approach

In this part, the approach proposed in section[5.8.2will be put into practice.

In section[5.8.2] it is mentioned that the data set should first be pre-processed in two regions: one that will completely be
served by already present infrastructure and one that will be served by new infrastructure only. For the city of Ghent, a
reasonable partitioning is given in figure[6.26] where the EV charging stations are colored in red. Data points colored in blue
will be served by initial infrastructure, while data points in yellow are served by new infrastructure points. As was already
observed in a previous part, the more remote areas won't be served by initial infrastructure as there, the infrastructure
network is not yet enhanced enough to be able to offer an acceptable service level.

In figure [6.26) it is clear that the area that is served by the new infrastructure consists of two parts. In the clustering
procedure, these two areas will be served separately. In the following, the two clusters will be referred to as the south
cluster and the north cluster. The cluster that is served by initial infrastructure is referred to as the center cluster.
Inapplying the clustering methods to these three separate clusters, the agglomerative hierarchical clustering step is skipped,
asitseems to be that there is already a good sub-partitioning performed. However, in case no satisfying results are obtained,
this can be reconsidered.

Then, applying the FCM algorithm to these three clusters, calculating the number of sub-clusters necessary to obtain a worst-
case service time below certain threshold values, gives the results shown in table[6.22]

From table[6.22] it is clear that good results can be obtained using this approach. Only for the north cluster, the result seems
not to be too great. For a total of 12 data points in that cluster, 9 sub-clusters are needed to obtain a worst-case response
time below 3 minutes. The clustering approach seems to have some difficulties with this dispersed cluster containing just a
few data points.
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Input data alternative hybrid clustering
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Figure 6.26: Sub-partitioning of data points in an area that is served by initial infrastructure (blue) and an areas that is
served by new infrastructure (yellow)

Cluster

# sub-clusters
for response time
under 6 minutes

# sub-clusters
for response time
under 5 minutes

# sub-clusters
for response time
under 4 minutes

fsub-clusters
for response time
under 3 minutes

South cluster 4 4 5 12
North cluster 2 4 9
| Center cluster 4 | 7 19 |

Table 6.22: Worst-case response time per amount of sub-clusters in case either new infrastructure is used (south and north
cluster) or initial infrastructure is used (center cluster)

In total, 19 initial infrastructure points and 21 new infrastructure points are used to obtain a worst-case response time below
3 minutes, therefore resulting in 40 locations in total, of which 19 were initially present.

Visualizing the obtained result where the worst-case response time is below 3 minutes is shown in figurelBT_Z7|
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Results alternative hybrid clustering
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Figure 6.27: Eventual placement of initial and new infrastructure points obtained using initial infrastructure-based hybrid
clustering approach

Comparing the results obtained here with the ones obtained using the distance-based hybrid clustering approach, it follows
that the distance-based hybrid clustering approach is slightly better than this one. In that case, 36 instead of 40 locations
were obtained in total, of which 25 were initially present compared to 19 here.

Therefore, for the case of the city of Ghent considered here, the distance-based hybrid clustering approach will be preferred
above the initial infrastructure-based approach.

6.9 Clustering result when three UAV types are combined

Combining the three UAV types, a multi-use solution is obtained. In this eventual solution, the system includes a network in
which three UAV types are used to serve multiple objectives, such as AED delivery and ambulance services.

To further improve this solution, it is chosen to group infrastructure locations in case they are located close to each other.
This will enhance efficiency, as adding more UAV base stations comes at a cost as well. Therefore, the locations that are close
to each other are relocated to the largest type of infrastructure. This means that for example, in case the initial solution
suggested a new multicopter base station next to a helipad, the new multicopter base station is relocated to the helipad, as
this was already present and has multiple uses.

Combining all of this, the number of each type of UAV base station used in the solution before and after this improvement,
are reported in table[6.23]
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Type of UAV base station Number of stations before improvement | Number of stations after improvement \
New multicopter base stations 1 10
Used EV charging stations 25 20
Used parking lots
Used helipads 3 3

Table 6.23: Summary of used infrastructure when all three UAV types are considered

From table [6.23] it follows that after improvement, 39 UAV base station of three different types are used. Visualising the
locations of these UAV base stations results in figure[6.28]

Results three UAV types combined
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Figure 6.28: visualization of infrastructure used in case all three UAV types are considered

Finally, the worst-case response times achieved by the UAVs departing from the different types of UAV base stations of[6.28]
are given in table[6.24]

] Type of UAV base station Worst-case response time (in min) \
New multicopter base stations 232
Used EV charging stations 2.81
Used parking lots 2.70
Used helipads 315

Table 6.24: Worst-case response times achieved for each type of UAV base station
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6 Results

6.10 Results cost optimization analysis

The two cost optimization approaches presented in section[510] of chapter[S|are applied to the data set of Ghent. Again, it
is assumed that the first partitioning by the agglomerative hierarchical clustering has already been performed. Then, the
quantified cost as a function of the number of clusters in case the worst-case response time is used is shown in figure[6.29]
For the case where the averaged response time is used, the results are shown in figure@ For both approaches, the results
are shown for cluster 1and cluster 2. In this clustering method, again both initial and new infrastructure is considered. The
distance-based hybrid clustering approach, which was designed in section[6.8]is used as in that case, it yielded good results.
Also, to eventually compare the results obtained in both sections, using this method is most illustrative.

Cost optimization cluster 1 (worst-case) Cost optimization cluster 2 (worst-case)
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£ £ 25000000
= 20000000 -
S § 20000000
- 60000000 -
& Z 15000000
E 40000000 £ 10000000
& 20000000 & 5000000
Y 0
0 10 20 30 40 50 0 10 20 30 40 50
Number of clusters Number of clusters

(a) worst-case response time-based cost optimization cluster 1 (b) worst-case response time-based cost optimization cluster 2

Figure 6.29: Worst-case response-based cost optimization for cluster Tand cluster 2

Cost optimization cluster 1 (averaged) Cost optimization cluster 2 (averaged)
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(a) Averaged response time-based cost optimization cluster 1 (b) Averaged response time-based cost optimization cluster 2

Figure 6.30: Averaged response time-based cost optimization for cluster 1and cluster 2

The course of the cost function in figure[6.30]is smoother than the course of this cost function in figure[6.29] This is because
the averaged response time is much more resilient to fluctuations in the eventually selected response time. In the previous
parts, the worst-case response time has frequently been used as a decision criterion. Therefore, in the further cost optimiza-
tion analysis, the averaged response time is used as a decision criterion. This choice is made because it can be clarified to
eventually compare the results obtained using the averaged response time here with the results that are obtained in the
previous sections using the worst-case response time as a decision criterion.

In figure@ it is assumed that if the averaged response time keeps decreasing, this results in the same cost decrease as
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was presented before. In reality, this won't be the case. When the response time gets sufficiently low, the gain that still can
be made by lowering the response time becomes marginally small.

In the adjusted case, the value of life saved per minute of lower response time is considered to be stable until a response
time of 2 minutes. For response times lower than 2 minutes, no cost decrease is achieved anymore, as the response time is
already really low and further improvement won't result in a significantly higher chance of survival. The quantified cost as
a function of the number of clusters in case the adjusted averaged response time is used is shown in figure[6.31]

Cost optimization cluster 1 (averaged) Cost optimization cluster 2 (averaged)
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(a) Adjusted averaged response time-based cost optimization clus-  (b) Adjusted averaged response time-based cost optimization clus-
ter1 ter2

Figure 6.31: Adjusted averaged response time-based cost optimization for cluster 1and cluster 2

For both clusters, a rather clear minimum quantified cost is achieved in figure From the course of the functions in figure
it is easier to observe a clear minimum value thanin figure However, in both cases, the main course of the functions
is the same. For the number of clusters at which the minimum cost values are obtained in figure[6.31] it is observed that in
figure[6.30] a plateau is reached for the values of the cost. However there, it is more difficult to select an optimal number
of clusters that results in a minimum cost.

In case the adjusted averaged response time-based cost optimization is used, the resulting averaged response time, together
with the number of infrastructure locations that are used in the solution is shown in table[6.25]

Cluster | Averaged response time (in min) \ Infrastructure (new/initial) \

Cluster 1 197 29 (6/23)
Cluster 2 1.86 8 (2/6)

Table 6.25: Optimal solution adjusted averaged response time-based cost optimization analysis

In total, there are 37 infrastructure locations used, of which 29 were initially present.

In section[6.87] using the distance-based hybrid clustering method with the worst-case response time as the decision crite-
rion, 36 locations are selected, of which 25 were already present initially.

Comparing both results, it follows that almost the same amount of infrastructure locations are used. Also, in both cases, the
majority of the infrastructure locations that are used are the ones that are initially present.

It can thus be concluded that both methods result in comparable solutions. The performed analysis, therefore, seems to be
consistent.
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Future Work

Some additional improvements or validations could be suggested to further fine-tune the designed approach. In this re-
search, the designed approach is extensively applied to the case of Ghent. It could from that sense be interesting to in-
vestigate other cases for both larger and smaller cities to be able to extract or correct the results that are obtained in this
research. For example, it could be interesting to investigate if there is a connection between the population distribution and
the number of UAV base stations needed to serve all demand sufficiently.

Further on, advanced heuristics could be designed to let the clustering approach perform more efficiently or correct itself in
case unacceptable solutions are obtained.

During the research, some assumptions were made to make the problem easier to solve. Some of these relaxations could in
reality make the problem infeasible and therefore, the effect of leaving behind some of the relaxations could be interesting.
Some of the considered relaxations that could be left behind are the following ones:

 The current model does not take into account further expansions in the urban environment under consideration.
Shifts in population distribution could influence the optimal location of UAV base stations. Therefore, the model
could be designed for the foreseen population distribution in the future, and weights could be assigned to both cases
to make the solutions future-resistant. The same holds for including other aspects such as the distribution of the
elderly around the city. Regions where more old people live, will probably require more emergency interventions.

« What if drones are not assumed to be sufficiently charged after a first intervention to respond to a new intervention?
In this case, a hands-on charging strategy (such as battery swaps) or stand-by stations should be thought of.

« Itis assumed that new UAV base stations can be located everywhere. In reality, this is not possible as some regions
(such as parks and large buildings) are not suitable for UAV base stations. Therefore, introducing forbidden regions
could complicate the solution.

In the clustering method, it is observed that in the case of small and dispersed clusters, the clustering method performs
not too great. This is something that could be looked into in the future. It might be possible to design a slightly different
model for these areas and then use this other model based on the number of data points per cluster or based on the rate of
dispersion.
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7 Future Work

Finally, it could be interesting to further examine the enrolment of eUAM for other applications. In this research, the focus
was directed on different emergency services, ranging from small to large UAVs. In future research, this research could be
expanded to other applications such as package delivery or passenger transportation (not as ambulance services). In those
cases, the focus will be directed more towards a cost perspective than towards achieving a low response time. Therefore, in
investigating the feasibility of using UAVs in those other application areas, economic factors should certainly be studied in
more detail. This is also why the cost optimization analysis was briefly touched on in this research. Expanding it for more
UAV types and applications and studying it in more detail will result in a better judgment about the profitability of UAV usage
in commercial applications.
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Conclusion

The subject of the research conducted in this master thesis was to formulate a solution to the location-allocation problem for
UAV base stations in an urban environment for emergency services. The goal was to analyze the demand in a whole urban
environment and then allocate all the demand to UAV base stations, from where this demand is covered. In this master
thesis, the focus was on designing a solution method that is applicable for the case of emergency services. Unlike other
applications, for emergency services, covering the whole urban environment in a sufficiently low time is necessary as the
first minutes are crucial for helping people who are in need.

More specifically, the urban environment that was considered is this of the city of Ghent. Lots of data are publicly available
about this city and there is also a lot of initial infrastructure present that can be used as a starting point for setting up a
network of UAV base stations

In solving this location-allocation problem, clustering is used to partition the demand data in clusters and allocate these
demands to the corresponding cluster centers. In doing this, clustering methods are combined and used in a way such that
a better-performing clustering method is achieved. This clustering method was fine-tuned for the basic case of Ghent, in
which no initial infrastructure was present.

Afterward, more complicating aspects are investigated and added to the model. In doing this, the clustering method is
adjusted to make sure it achieves to incorporate the additional effects adequately. In adjusting these clustering methods
for more complicated cases, several options were considered and compared with each other to make sure the best possible
clustering method is eventually selected. Finally, the results are combined for 3 UAV types, which differ in size and therefore
have different applications within general emergency services.

Using a clever combination of initial and new infrastructure, which is solved by the best-proposed clustering approach, it is
possible to achieve a network of UAV base stations from which all demand is served in a worst-case response time of about 3
minutes. Additionally, from a cost-based analysis, similar results are obtained offering an averaged response time of about
2 minutes. Notice that striving for a worst-case response time below 3 minutes is not optimal, as in that case, too many UAV
base stations have to be added to achieve a quite small worst-case response time reduction.

Compared with traditional emergency services, eUAM offers a big improvement concerning achieved response times.

The relevance of this work lies in the fact that the obtained results indicate that it is possible to cover an urban environment
using a reasonable amount of UAV base stations in a sufficiently low response time for emergency services. The proposed
clustering method is applied to a real-life case and can be further verified in other real-life cases. It can also be used as a
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8 Conclusion

starting point to compare other methods and then use the results obtained in this work as a benchmark for future studies.
Beyond the range of emergency services, the clustering method can also be used as a starting point to investigate the
economic feasibility for other applications such as package delivery. However, the purpose will differ there which will require
some adjustments in the clustering method.

As the location-allocation problem for UAV base stations in emergency service applications is certainly an important factor
for the eventual deployment of eUAM on a large scale in urban environments, this research offers a step in the right direction.
Even though there remain quite some questions to be answered in the area of eUAM, it is not unthinkable that soon, eUAM
will already be deployed in the first urban environments. Hopefully, this will be the case for the city of Ghent as well.
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