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Abstract

The poaching of rhinoceroses in South Africa has increased to such an extent that it
may become extinct in the wild. The horn of the rhinoceros is used in traditional
medicine to cure various ailments. The price for rhinoceros horns has increased and,
as a result, poachers use more advanced technology to obtain the horns. Consequently,

the conservation of the rhinoceros becomes more challenging and expensive.

In attempts to reduce rhinoceros poaching, conservationists implemented various track-
ing systems. The problem with some of these systems is that the communication range
is limited and consequently, once out of range, the rhinoceros behaviour is no longer

monitored. In which case, a live alarm cannot be sent in the case of an emergency.

The current rhinoceros tracker comprises a collar around the foot of the animal. Signal
repeaters are mounted to poles to extend the communication range. These repeaters
disrupt the natural environment and are expensive. The proposed solution is to replace
the signal repeaters on poles with solar charged Unmanned Aerial Vehicles (UAVs).
Dedicated landing positions are predefined, and the UAV can move between these
positions while tracking a pair of rhinoceroses. For landing sites outside the communi-
cation range of the base station, UAV repeaters are placed at landing sites to propagate
the signal to the base station. The developed algorithm has two objectives: Firstly,
it should ensure a redundant path between the rhinoceros and the base station exists.
This will ensure reliable communication of the status of the rhinoceroses, even if a node
in a path should fail. Secondly, the number of UAVs needed to create a path between a

rhinoceros and the base station should be minimised.

Two shortest path algorithms were identified, implemented and the results compared
to determine which landing sites to use between two communication nodes. The Dijk-
stra and Bellman-Ford algorithms were modified to use less landing sites when multi-
ple source nodes are used. This is achieved when the source nodes share paths to the
base station. The modified algorithms were simulated to compare them in terms of

the Individual Path Node Count (IPNC), the Cumulative Paths Node Count (CPNC),
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spread dependency and the running time. Twenty different scenarios were simulated

for each number of source nodes (2-10).

The IPNC for a single scenario was determined by simulating the shortest path from
each individual source node to the base station and then adding up the number of
landing sites used with each individual simulation. The IPNC value for a network of
a given size, is calculated using the average IPNC value of twenty different scenarios.
From the results, was found that the modified Bellman-Ford’s algorithm uses fewer

landing sites for individual source nodes than the modified Dijkstra’s algorithm.

The CPNC was determined by simulating all the source nodes simultaneously for each
of the scenarios. The CPNC value for each number of source nodes is the average value
of the different scenarios. The average number of landing sites used for each number
of source nodes was compared, and the results indicated that the CPNC was less for

the modified Bellman-Ford algorithm.

The spread dependency of the algorithms was determined by evenly spreading six
source nodes confined to different sector sizes. The IPNC values were kept constant to
remove the effects that distance has on the number of landing sites used. The number
of landing sites used for each sector size was compared, and the results indicated that

both algorithms are dependent on the spread of the source nodes.

The run time for each algorithm was compared for each number of source nodes. The
modified Bellman-Ford algorithm took significantly longer to complete than the mod-
ified Dijkstra’s algorithm. The run time increased as the number of source nodes in-

creased.

In conclusion, two shortest path algorithms were selected and modified to create a
redundant communication path between the UAV following a rhinoceros and the base
station. Fewer landing sites were used with the modified algorithms to connect all the

source nodes to the base station.

Keywords: Algorithm, Rhinoceros tracking, UAV




Opsomming

Renosterstropery in Suid Afrika het tot so 'n mate toegeneem, dat hul die gevaar in
die gesig staar om uitgewis te word in die wild. Die horing van die renoster word in
tradisionele medisyne gebruik vir die behandeling van verskeie siektes. Die prys van
renoster horings het toegeneem en gevolglik gebruik die stropers meer gevorderde
tegnologie om die horings in die hande te kry. Daarom het die bewaring van renosters

moeiliker en duurder geword.

Verskillende opspoorstelsels is al geimplimenteer in 'n poging om renosterstroping te
verminder. 'n Probleem met van hierdie opspoorstelsels is dat dit 'n beperke kommu-
nikasie reikwydte het en daarom word die gedrag van die renoster slegs gemonitor
terwyl dit binne die reikwydte is. Dit verhoed lewendige alarm deteksie in die geval

van nood.

Die huidige manier om renosters te volg is 'n band om die voet van die renoster. Pale
met sein herhalers word geplant om die kommunikasie reikwydte te vergroot. Die
pale steur die natuurlike omgewing en is boonop duur. Die voorgestelde oplossing is
om die sein herhalers op pale te vervang met songelaaide Onbemande Lugtuie (OLT).
Spesifieke landingsposisies word vooraf geidentifiseer en die OLT’e kan tussen die
posisies beweeg terwyl dit die renoster volg. Vir landingsposisies buite die kommu-
nikasie reikwydte na die basisstasie word OLT herhalers geplaas op beskikbare land-
ingsposisies om die sein oor te dra na die basisstasie. Om volgehoue kommunikasie te
verseker tydens die faling van 'n node, word oortollige paaie geskep. Die plasing van
die OLT e moet bepaal word ten einde oortollige paaie te verseker, vanaf elke OLT wat
'n renoster volg tot by die basisstasie, deur die minste hoeveelheid landingsposisies te

gebruik.

Twee algoritmes vir kortste paaie is geidentifiseer om die landinsposisies tussen twee
punte te bepaal. Die gewigte van Dijkstra en Bellman-Ford se algoritmes is aangepas
om minder landingsposisies te gebruik wanneer veelvoudige oorsprong nodes gebruik

word. Hierdie doel word bereik wanneer oorsprong nodes paaie na die basisstasie
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deel. Die aangepaste algoritmes is gesimuleer om dit te vergelyk in terme van die
Individuele Pad Node Telling (IPNT), die Kummulatiewe Pad Node Telling (KPNT),
verspreiding athanklikheid en die simulasietyd. Twintig verskillende scenarios is ges-

imuleer vir elke hoeveelheid oorsprong nodes (2-10).

Die IPNT vir 'n enkele scenario is bepaal deur die kortste pad vanaf elke oorsprong
node na die basisstasie te bepaal en die hoeveelheid landingsposisies wat gebruik is
met elke individuele simulasie bymekaar te tel. Die IPNT waarde vir elke hoeveelheid
oorsprong nodes is die gemiddeld van die IPNT waarde van die twintig verskillende
scenarios. Uit die resultate kan gesien word dat die aangepaste Bellman-Ford algo-
ritme minder landingsposisies gebruik vir individuele oorsprong nodes in vergelyking

met die aangepaste Dijkstra algoritme.

Die KPNT is bepaal deur al die oorsprong nodes gelyktydig te simuleer vir elke sce-
nario. Die KPNT waarde vir elke hoeveelheid oorsprong nodes is die gemiddeld van
die verskillende scenarios. Die gemiddelde hoeveelheid landingsposisies gebruik vir
elke hoeveelheid oorsprong nodes is vergelyk en die resultate het aangedui dat die

KPNT minder was vir Bellman-Ford se algoritme.

Die verspreiding afhanklikheid van die algoritmes is bepaal deur ses oorsprong nodes
eweredig te versprei in verskillende sektor groottes. Die IPNT waardes is konstant
gehou om die invloed van afstand op die hoeveelheid landingsposisies gebruik te
elimineer. Die hoeveelheid landingsposisies wat vir elke sektor gebruik is, is verge-
lyk en die resultate toon dat beide algoritmes athanklik is van die verspreiding van die

oorsprong nodes.

Die simulasietyd van elke algoritme is vergelyk vir elke hoeveelheid van oorsprong
nodes. Die aangepaste Bellman-Ford algoritme se simulasietyd was drasties langer as
die van die aangepaste Dijkstra algoritme. Die simulasietyd het toegeneem soos wat

die hoeveelheid oorsprong nodes verhoog het.

Ten slotte, twee kortste pad algoritmes is gekies en aangepas om 'n oortollige kom-

munikasie pad tussen die OLT wat 'n renoster volg en die basisstasie te skep. Minder
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landingsposisies is gebruik met die aangepaste algoritmes om al die oorsprong nodes

met die basisstasie te konnekteer.

Sleutelwoorde: Algoritme, OLT, Renostersporing
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Chapter 1

Chapter 1

Introduction

This chapter serves as an introduction to the research. It starts with some background to why
this problem exists, which is then followed by the problem that will be addressed in this disserta-

tion. The goals of the research are then described followed by a brief overview of the dissertation.

1.1 Background

The International Union for Conservation of Nature (IUCN) declared the western black
rhinoceros (Diceros bicornis longipes) as extinct in 2011. The IUCN stated that the
other populations of rhinoceros (often abbreviated as rhino) in Africa are also in dan-
ger. More than 90% of the total white rhino population is found in South Africa as well
as 40% of the remaining black rhino population. Over the past five years, poaching
has more than doubled in South Africa per year, which may cause the remaining rhino
population to become extinct in the wild [1]. Since there is a ban on the trading of rhino
horns, as established by the Convention on the Trade of Endangered Species (CITES),
the demand for rhino horns is met by illegal markets that rely on poachers for sup-

plies [2]. The rhino horn ingredient in traditional medicine is assumed to cure a wide
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spectrum of ailments. Rhino horns were first used for traditional medicine in China,
before spreading to Japan, Korea and Vietnam [3]. The increase in the rhino horn retail
prices results in escalating poaching levels. The financial rewards for rhino horns have
led poachers to use advanced technology, increasing the difficulty and expenses to pro-
tect the rhinos [1]. According to the authors in [4] legalising the trade of rhino horns
will benefit the owners and the rhino population. The illegal trade can be replaced

with legal horns and the income can be used to protect the rhino [1].

Animal tracking using Global Positioning Service (GPS) has been implemented on
multiple occasions for various reasons, for instance, migration pattern observation by
ecologists and natural resource managers [5]. Tracking rhino behaviour and gather-
ing additional data is one of many ways to reduce rhino poaching. Disturbances in
the behaviour can be monitored and alarms can be incorporated to inform the owner
of unusual activity. By collecting the tracking and sensor data, rhino behaviour can
be studied and analysed. The analysis can be used to identify the reaction of rhinos

toward people, loud noise, cars and a gun shot.

1.2 Problem statement

The problem with existing tracking systems for rhinos is the limited communication
range. Rhino tracking collars can’t be placed around the neck, because its neck is just
as thick as its head. The collar is placed around the rhino’s foot resulting in communi-
cation range limitations. The behaviour data can only be monitored while the rhino is
within the wireless communication range. When a rhino moves outside the communi-
cation range, the communication link is lost, the data will be buffered and can only be
sent once a new connection is established. Should an alarm be triggered in this buffer-
ing period, the alert will not be sent immediately. To extend the communication range
of the network, signal repeaters mounted on poles are used. More signal repeaters
on poles are planted to improve the communication coverage. This, however, is an

expensive exercise and furthermore disrupts the natural environment.
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A proposed solution to eliminate the need for increasing numbers of signal repeaters
on poles, while maintaining communication with the rhinos, is to replace the signal re-
peaters on poles with solar charged Unmanned Aerial Vehicles (UAVs). The UAVs will
have specific landing positions and will be able to move between the various landing
positions to keep track of the rhinos. For the purposes of this dissertation, a UAV mon-
itoring a rhino will be referred to as the source UAV /node. The communication range
between the UAV and the base station is exceeded for landing sites that are located
turther than a specified distance from the base station. When the UAV follows a rhino
to these positions, repeater UAVs are used as signal repeaters to maintain communica-
tion. UAV repeaters are placed on available landing sites to establish communication
between UAVs monitoring the rhinos and the base station. A redundant path is created
to ensure that communication is not lost if one node should fail. This redundant path

is a second alternative path between the same source node and base station.

The challenge lies in determining on which landing sites UAV repeaters should be
placed to create two communication paths between each UAV monitoring a thino and
the base station using the least number of nodes. This algorithm will execute daily,
rearranging the placement of the UAVs to adapt the network topology, based on the

location of the rhinos.

1.3 UAV’s

The UAVs mentioned in the proposed solution will be used to replace the repeaters.
They will not constantly hover above the rhino but make use of a Lift and Land (L
and L) functionality. When the UAV makes use of its L and L function to transmit a
message, it will lift high enough to extend its communication range but low enough to
conserve energy. The UAV will not follow the rhino as it moves out of communication
range with the UAV. The UAVs will be rearranged daily to form the required commu-
nication paths. Even though the term UAV is used throughout this dissertation, it is

aimed at a quadcopter application. According to the authors of [6], approval from the
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director of Civil Aviation is required for a UAV to fly higher than 150 feet (45.7 meters).

Recent regulations on UAVs have imposed severe restrictions on their use. These reg-
ulations are under review. This study assumes that the final results of this review will

permit reasonable use.

1.4 Research goal

To arrange UAVs in such a way that redundant paths can coexist, shortest path algo-
rithms will be used. The research goal is to select, modify and test appropriate shortest
path algorithms to satisfy the network planning and design constraints of the proposed
solution. The algorithms are modified to adhere to the predefined requirements and
used to determine the placement of UAV repeaters to connect source nodes with the
base station. The source nodes have to be connected to the base station via two paths,
to increase the survivability of the network. The modified shortest path algorithms are
compared in terms of the number of UAVs used, simulation time and its ability to save

landing sites with different distributions of the UAVs monitoring the rhinos.

1.5 Dissertation overview

The remainder of this dissertation is structured as follows: In Chapter 2, a literature
review is presented, covering the candidate shortest path algorithms considered in this
study. In Chapter 3, the experimental setup and assumptions are described. Chapter
4 is a description of how the implemented algorithms were modified and verified to

stay within the requirements described in Chapter 3.

The results of the simulations are presented in Chapter 5, including the validation of
the research using a Monte Carlo analysis based on random sampling. Finally, Chapter

6 contains the conclusion and recommendations for future work.
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Chapter 2

Literature study

This chapter provides the background information relevant to the research. The technical defi-
nitions relevant to this study are provided to avoid any confusion. A number of shortest path
algorithms, which can be used to determine the placement of the UAVs are investigate. Since
redundant paths are to be formed, we investigated algorithms designed to find more than one
shortest path. The k-path shortest path algorithms also make use of single shortest path al-
gorithms. Single shortest path algorithms are also investigated to investigate the option of

manipulating these algorithms for this specific application.

2.1 Technical definitions

Full-duplex communication

When two devices have the ability to send and receive data to and from each other
simultaneously, it is referred to as full-duplex communication. This can be achieved by
using two separate transmission mediums, one to send and another to receive the data.
Full-duplex communication is also possible in a single medium, where the capacity of

the single channel is divided between the signals flowing in both directions [7] [8].
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Repeater

Signals travelling long distances experience attenuation that endangers the integrity of
the data. An electronic circuit that receives a partially degraded signal regenerates it
and sends it on, is known as a repeater. To transmit data over long distances, several

repeaters may be needed to counter the effects of attenuation [7] [9].

Redundant path

According to the authors in [10], redundancy involves the use of duplicate devices to
perform in case of an error or malfunction on the primary device. For the same reason,
redundant paths are used to maintain communication with the base station in the event

of a node failure on the primary path [7].

Node

In computer networks, each computer in the network is sometimes referred to as a
node. Any peripheral device connected to a network can also be called a node [9].
Since the source is the origin where something comes from, the source node is the

peripheral device where the communication is initiated [11].

Network
A combination of devices connected to each other and capable of communicating is
called a network. These devices can be connected via air or cable as the transmission

medium, using wireless radio frequencies or propagating a signal over a wire [7] [12].

Wireless communication

Wireless communication does not make use of physical conductors. Instead, it broad-
casts electromagnetic waves to communicate. Anyone with a suitable device can re-
ceive the signals [7]. Wireless technology usually has limitations in terms of band-
width, power supply and variation in availability [13]. Radio waves can propagate
through space with three different paths, using ground waves, sky waves and space

waves.
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Ground waves stay close to the earth and follow the curvature of the earth. Ground
waves are only possible with vertical polarization when propagated through an an-

tenna and falls within the 30 kHz to 3 MHz frequencies.

Sky waves propagate signals up into the atmosphere and makes use of the ionosphere
that refracts the signal back to earth. The travelling distance of this signal depends
on the angle they enter the ionosphere and is only possible for signals with frequency

between 3 MHz and 30 MHz.

When the transmitting antenna transmits the signal in a straight line to the receiving
antenna, it is known as space waves. The space wave is also referred to as line of sight
communication because the wave travels in a straight line the antennas have to be in
line of sight. Line of sight communication is possible for frequencies above 30 MHz,
which is where most open band communication frequencies are. Figure 2.1 indicates
that space waves are extremely dependent on the height of the transmitter and the
receiver. To calculate the operating distance around the curvature of the earth equation
2.1 can be used [9]. This emphasizes how the communication distance decreases when

the collar is placed around the foot of the rhino.

Figure 2.1: Space waves: Line of sight

D =412 x Vil +4.12 x Vh2 (2.1)

where D is the direct distance between the two antennas in kilometres. The height of

the antennas above ground is given by h1 and h2 in meters.
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Attenuation or degradation of signals is inevitable for all mediums of transport. Sig-
nals will attenuate proportionally to the square of the traveling distance. While the
original signal travels at the speed of light, all mediums will slow down the signal.
Noise will also have an impact on the quality of the signal. Every external signal
broadcast will be picked up by the receiver and have an impact on the integrity of

the signal [9].

2.2 K-path shortest path algorithms

In this section algorithms that can calculate more than one path between the source
and sink node are described. In Graph Theory, a node is referred to as a vertex, and the
links connecting the nodes are referred to as edges. When calculating paths, k-shortest
path algorithms will define two paths as “different” when the two paths differ even as
little as a single edge. When two paths from the source node to the sink node is formed
without sharing an edge, the paths are referred to as edge-disjoint paths. Paths formed
from source to sink node that has no intermediate vertices in common, is referred to
as vertex-disjoint paths [14]. Edge- and vertex-disjoint paths ensures robustness in
the network in the case of edge or node failure, since an alternative functioning path

remains available [15] [16].

2.21 Suurballe and Tarjan’s algorithm

The Suurballe and Tarjan’s algorithm is an algorithm used to find a pair of edge-
disjoint paths of minimal total cost [17]. One of the advantages of Suurballe and Tar-
jan’s algorithm is that it evades the “trap topology” problem. The problem occurs
when a method fails to find two edge-disjoint paths, while two edge-disjoint paths ex-
ist [14], [18]. To describe the mechanics of Suurballe and Tarjan’s algorithm, figure 2.2
will be used. Figure 2.2(a) introduces the graph G. The red lines in this figure indicates
the shortest path, as calculated with Dijkstra’s shortest path algorithm. More infor-
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mation on Dijkstra’s algorithm will be provided later in this chapter. All the edges in

graph G is then transformed to graph G’ as shown in figure 2.2(b), using equation 2.2.

' (v,w) = c(v,w) —d(s,w) +d(s,0) (2.2)

All the edges that form part of the shortest path are removed from graph G’, to ensure
the two paths will be edge-disjoint. Dijkstra’s algorithm is implemented again on the
transformed graph, to find the shortest path to the sink node with the transformed
edge-weights as indicated in figure 2.2(b). The edges crossed in both directions after
the second iteration of Dijkstra’s algorithm (figure 2.2(c)), are removed from the graph,
and the remaining edges are then used to find the shortest pair of edge-disjoint paths
between two vertices (figure 2.2(d)) [18]. Graph G can also be solved when negative
edge weights exist. In the case of negative edge weights with no negative cycles, the
single shortest paths can be determined with Bellman Ford'’s algorithm (explained later

in this chapter) [17].

(a) Graph G (b) Transformed graph G’ (c) Two paths (d) Two shortest paths

Figure 2.2: Images to explain the steps used for two edge-disjoint shortest paths deter-

mined with Suurballe and Tarjan’s algorithm.
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2.2.2 Yen's algorithm

Yen’s algorithm is used to find K paths with a minimum length/cost between two
nodes, in which no loops are allowed. One of the advantages of Yen’s algorithm is that
it’'s computation time increases linearly with the number of shortest paths K [19]. To
explain the mechanics of this algorithm, figure 2.3 is used. Let Al A2 .. AK represent
the first, second and Kth shortest paths respectively. Any efficient single shortest path
algorithm (such as Dijkstra’s algorithm) can be used to determine A!, which is shown
in figure 2.3(a). If two paths with an equal cost are found, any one of these paths
can be selected as Al. The path A! is then added to List A, which contains paths
Al A2, .., AR [20].

The next step involves a couple of iterations using the following definitions. Path AX
is a deviation of path AX~1 at (i), where (i) is some node on the path from the source
node (S) to the sink node (F). The paths of AX and AX~! coincide from node (S) to
node (i), which is also the root (RX) of the path AK. The spur node SX is the last part

of path AK, which has one node coinciding with A1,

Node (S) becomes the spur node that has a root path to itself. The first check is for
edges on the root path that coincide with the paths in List A. The costs of these edges
are changed to o for the new path (A¥) to deviate from the previous A*~1. An efficient
single shortest path algorithm is used again to determine the shortest path from the
spur node (S) to the sink node (F), which is also the spur path S = (S) — (B) —
(D) — (F). The first potential k-shortest path is derived by joining the root path
with the spur path, which is A2 = R?2 + 52 = (S) — (B) — (D) — (F) with a cost
of b+ f +i (as can be seen in figure 2.3(b)). The potential k-shortest path S? is then
inserted into List B, which contains the potential k-shortest paths. The spur node is
shifted to (A) and the above process is repeated to arrive at the second potential k-
shortest path A3 shown in figure 2.3(c). A third and final iteration is required to arrive
at A% visible in figure 2.3(d), which is the third potential k-shortest path inserted into
List B. No more than K — k + 1 potential k-shortest paths needs to be stored in to List

B, where K is the number of paths and k the current iteration.
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The path in List B with minimum cost is moved to List A as the second shortest path
(A?). If two paths have the same cost, any one of the two can be selected as A%. The
algorithm requires another iteration of the process described in the previous paragraph
to add potential k-shortest paths to the List B, after which the path with minimum cost
is selected as A% and inserted into List A. Finally figure 2.3(e) shows three loopless

shortest paths found using the K-shortest path algorithm of Yen [20] [21].

(a) Graph example (b) First path for List B (c) Second path for List B

(d) Third path for List B (e) Three shortest paths

Figure 2.3: Steps to explain the method of Yen’s algorithm to determine three loopless

shortest paths.

11
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2.2.3 Critical evaluation

In Chapter 1, it was suggested that redundant paths are created from source node to
sink node to ensure a communication path exists to the base station in the case of a
node failure. To maintain a communication path from source to sink node in the case
of a node failure the paths need to be vertex-disjoint. The above literature showed
how Suurballe and Tarjan’s algorithm can be used to determine a pair of edge-disjoint
paths in a graph. The authors of [17] state that Suurballe and Tarjan’s algorithm can be
adapted to compute vertex-disjoint paths. In Chapter 3 certain restrictions are placed
on the paths for this application. To apply the restrictions, it is necessary to use an
algorithm which is simple to modify in order to remain functioning, even with the
restrictions. Suurballe and Tarjan transform the graph in order to determine the second
shortest path. To apply modifications to a graph that is transformed will not be simple
to implement. Yen's algorithm is also not an option for this application, since the two
paths for this application should be vertex-disjoint and the k path coincides with the

k — 1 path from the source node to node i (RZK).

Both algorithms start by using a single shortest path algorithm to determine the first
path. The difference between the algorithms is their approach to determine the second
path. One could argue that the approaches taken are for the algorithm to comply with a
certain predefined application. It was decided that the same approach will be followed
in this research: using a single shortest path algorithm to determine the first path.
The second path will then be determined by manipulation of a single shortest path

algorithm to satisfy the restrictions in Chapter 3.

2.3 Single shortest path algorithms

This section covers different shortest path algorithms, which is one of the fundamen-
tal problems in graph theory. The shortest path problem involves finding the path

between two nodes in a graph with weighted edges, where the weights may repre-
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sent some cost associated with using that edge that result in the lowest possible cost.
Minimizing the total cost leads to the shortest path [22]. Shortest path algorithms can
be used to determine the shortest route between two locations on a map. A critical
path can also be determined in a PERT chart, where the jobs that need to be performed
are the edges and the time for each job is the weights [23]. With many available ap-
plications for the shortest path problem, four different algorithms are discussed as

candidate algorithms for implementation in this study.

2.3.1 Dijkstra’s algorithm

Dijkstra’s algorithm is probably the most popular shortest path algorithm. All the
nodes are labelled as either tentative or permanent, which helps to identify the next
node to work from. Except for the source node that has a permanent value of zero;
all the nodes are labelled tentative at the start of the algorithm. The status of a node
changes to permanent when the shortest possible path from source node to that node is
found [24]. When a node is labelled as permanent, it is removed from the set Q shown
in Algorithm 1. This algorithm can only use positive distances (edge weights) be-
tween nodes. Weaker communication between nodes results in higher allocated edge
weights. The initial path cost to each node is infinite and changes as shorter paths are
found. When the path with lowest cost from the source to a node is found this cost is

then assigned to the node and the node’s status is changed to permanent.

13
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Algorithm 1 Dijkstra

Given a network N, with a set of vertices V and a source vertex S. The distance/cost

between vertices is given by D in the form D(u,v), which is the distance from vertex

utow.
1. For each veV set Distance(v) = oo and Previous(v) =
2. Set Distance(S) =0
3. Let Q = The set of all nodes in N

4. While Q not empty
Let u = node in Q with smallest Distance[u]
Remove u from Q
For each neighbour v of u
Temp = Distance[u] + D(u,v)
If Temp < Distance(v)

Then set Distance(v) = Temp and Previous(v) = u

To further demonstrate Dijkstra’s algorithm, the shortest path will be determined in a
worked example using the network in figure 2.4(a). According to the first three steps in
algorithm 1, the shortest paths to each of the nodes is temporarily infinity long except
for the source node that is zero, and all the tentative nodes are loaded into the set Q.
These first steps are the initial steps of the Dijkstra algorithm that is calculated only
once when starting with the computations and is demonstrated in figure 2.4(b). The
next steps will execute in a while loop and repeated until the shortest path is found;
this is where the node F is the next tentative node with the lowest value. If it is desired
to obtain the shortest path from a node to all other nodes, the iterative step will execute
N-1 times within a network with N nodes [25] [26]. The steps to determine the shortest

path using Dijkstra for this example is as follows.
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(c) Dijkstra: Shortest path found

Figure 2.4: The network, initialization and final shortest path for the Dijkstra worked

example.

1. The source node has the smallest distance: u =S. S is removed from the set Q, and
the values for the neighbour nodes are A =5, B = 6 and C = 14. All three these
values are smaller than infinity and are assigned as the new distance to each of

the nodes with prior node S.

2. In this step node A has the smallest tentative distance: u = A. A is removed from
the set Q and thus the value of A is permanent. The distance to the neighbour
nodes still in the set Qis C =8 and D = 18. Since 8 < 14 and 18 < oo both nodes

are assigned the new distance values with their prior node set as A.

3. The node with the smallest tentative distance is node B: u = B. Node B is then
removed from the set Q, and the distance to B is permanent. Distances to the
neighbour nodes in the set Q are C = 8 and E = 13. The distance to node C is

already 8 which is not smaller and thus not changed, although the distance to
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node E is changed since 13 < oco. The prior node for C is still node A, and the

prior node for E is set to node B.

4. The next node with the smallest tentative distance is node C: u = C. This means
that C is removed from the set Q, and the distance to node C is permanent. The
distances to the neighbour nodes of Cinset Q are D=19, F =17 and E = 12. Given
that 19 > 18,12 < 13 and 17 < oo, node D stays the same while new distances are
assigned to nodes E and F. The prior nodes for E and F are changed to C while
the prior node for D stays node A.

5. The node with the smallest tentative distance is node E: u = E. Node E is removed
from the set Q, and the distance to node E is now permanent. Node E has one
neighbour node in the set Q, and the distance to this node is F = 17. Since the
distance to node F is already 17, it is not changed, and the prior node of node F is

still node C.

6. The final step is illustrated in figure 2.4(c). Two tentative nodes are remaining in
set Q, and our final node (node F) has the smallest distance. This means that the
distance to node F will be permanent, and the shortest path has been found. The
shortest path for this network determined using Dijkstra’s algorithm is shown in

tigure 2.4(c) with red arrows.

2.3.2 Bellman-Ford algorithm

In cases where negative edge weights are assigned, Dijkstra’s algorithm can’t be used,
and the Bellman-Ford algorithm should be considered. The Bellman-Ford algorithm
can handle networks with some negative edge weights, but should not have a nega-
tive length cycle [27]. Dynamic programming is the basis of this method, which cal-
culates the shortest path in n-1 iterations with n being the number of nodes [28]. The
Bellman-Ford algorithm starts at the node closest to the source and continues through
its neighbour nodes to the destination in the same order each iteration. The cost to

each node, except the source that is zero, starts with infinity and is changed when a
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shorter path to that node is found. The costs from the source to each node are added
up, and if a shorter path is found, the new value is allocated to that node. These costs
and the node’s predecessor are stored and used for the next iteration. These values are
updated for each of the n-1 iterations if a shorter path is found. After the iterations, the

total cost of the destination node will be the shortest path [29] [30].

Algorithm 2 Bellman-Ford

Given a set of vertices V with source vertex S. The distance/cost between vertices is

given by D and the number of vertices is given by n.
1. For each veV set State(V) = Temp, Distance(v) = co and Previous(v) = ¢
2. Set State(S) = Perm and Distance(S) =0
3. Set Condition = True and Counter = 0

4. While Condition = True

Counter = Counter + 1
If Counter =n + 1

Then Output "Negative circuit exists” and Stop
Condition = False
For each ueV

For each veV with (u # v)

if Distance(v) > Distance(u) + D(u,v)
Then Set Distance(v) = Distance(u) + D(u,v) and Previous(v) = u

Set Condition = True

The first three steps of Algorithm 2 are the initializing steps. Within the initializing
steps, it is important to note that the cost to all nodes is co except for the source node
that is zero. The value of the source node is also permanent where the co values for
other nodes are temporary. Within the while loop, the path to each node is found and
assigned to the nodes. This is repeated until the shortest path (lowest cost) from the
source node to all other nodes has been found. The while loop is terminated in one

of two ways: the first is where a negative cycle is found and the second is when no
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shorter path can be found to any of the nodes. With a negative cycle, no shortest path
can be found since with each repetition a shorter path exists, resulting in the shortest
path of cost -co. If all the cost values for the nodes stay the same, the shortest path is
determined, and the algorithm exits the while loop. A worked example will be used
to demonstrate the Bellman-Ford algorithm using the network in figure 2.5(a). The
following is the steps followed to find the shortest path from the source to each of the

nodes using the Bellman-Ford algorithm.

(a) Bellman-Ford: Example (b) Bellman-Ford: Final shortest path

Figure 2.5: The network and final shortest path for the Bellman-Ford work example.

1. After initialization, the algorithm starts from the source node S. Starting from S
there is a path to node A of cost 8 and a path to node B with cost -3. From node
A there is one path to node D with cost 4, leaving node D with the cost of 12 with
prior node A. Node B has two paths, one to node C with cost 3 giving node C a
cost of 0 and one to node E with cost 11 giving node E the cost of 8. Node C has a
path to node A of cost 6, changing the cost to node A from 8 to 6 with prior node
C and a path to node E of cost 4 changing the cost to node E to 4 with prior node
C. Node D has one path to node F with cost 3, giving node F the cost of 15. Lastly
node E has a path to node F of cost 10, giving node F the cost of 14 with prior
node E. That concludes the first iteration and the costs with the prior nodes are

noted in table 2.1.

2. The second iteration is completed in the same order as in the first iteration. With

the second iteration, the first change is from node A with cost 6 to node D, giving
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node D a cost of 10. This change also causes the cost to node F to change from 14

to 13 with prior node D. These changes are indicated in table 2.1.

3. The third and last iteration for this network has no changes in any of the costs.
The algorithm exits from the while loop and the shortest path have been found.

The shortest path has been indicated in figure 2.5(b).

Table 2.1 shows the results of the distances and prior nodes for each iteration of the
worked example. The left column is the iteration numbers starting at iteration 0, which
is the initializing step. The two columns D(v) and P(v), is the distance/cost to node v
with the prior node of node v respectively. After the third iteration, no distance to any

of the nodes has changed, causing the algorithm to exit the while loop.

Table 2.1: Bellman-Ford iterations example

A B C D E F
Iter ‘ D(v) P(v) ‘ D(v) P(v) ‘ D(v) P(v) ‘ D(v) P(v) ‘ D(v) P(v) ‘ D(v) P(v)
0 () ¢ 00 ¢ 00 ¢ 00 ¢ () ¢ 00 ¢
1 6 C -3 S 0 B 12 A 4 C 14 E
2 6 C -3 S 0 B 10 A 4 C 13 D
3 6 C -3 S 0 B 10 A 4 C 13 D

2.3.3 Floyd-Warshall algorithm

Several different shortest path problems exist. The first is trying to find the short-
est path between one source node and one destination node, called the single-pair
shortest path problem. Then there is the shortest path between a single source node
and all other nodes, referred to as the single-source shortest path problem. Then the
single-destination shortest path problem is finding the shortest path from all nodes to
the destination node, which is a reversal of the single-source shortest path problem.
The Floyd-Warshall algorithm can be used to solve the all-pairs shortest path problem,
which is when shortest paths are found from all nodes to all other nodes [31] [23]. Inde-
pendently the Floyd-Warshall algorithm was developed by Floyd and Warshall. This

algorithm can also handle negative edge weights, but not a negative weight cycle [32].
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Algorithm 3 Floyd-Warshall

Given a set of vertices V. The edge distance between nodes is given by d and the

number of nodes contained in V is given by n.

1. For each ieV do
For each jeV do
If edge from i to j exists
Then set Distance[i,j] = d(i,j)

Else Distancel[i,j] = oo

2. For eachieV do
For each jeV do
For each keV do
If Distancelj,i] + Distance[i k] < Distance[j k]
Then set Distancelj k] = Distancelj,i] + Distance[i k]

The initial step for the Floyd-Warshall algorithm is to determine the distances between
all adjacent nodes. If there exists an edge between adjacent nodes the cost is used,
and if the edge does not exist, the cost is set as co. These values are entered into a
table containing the minimum distance between nodes. Minimum distances are then
determined when passing through intermediate nodes and compared to the values in
the table. When the paths through intermediate nodes deliver shorter paths, the table
is updated with the new shortest paths between the selected nodes [33]. The diagonal
weights in the table will be zero since this is the distance from a node to itself. If the
diagonal weights contain a negative value, a negative cycle has been detected, and the
shortest paths cannot be found [34]. Figure 2.6 shows a network that will be used as a

worked example for the Floyd-Warshall algorithm.
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Figure 2.6: Floyd-Warshall: Example

The following steps were used to determine the all-pairs shortest paths problem. The
final table shows the shortest path from each node in the network to every other node

in the network.

1. The initial step finds the cost to its adjacent nodes. If the edge does not have a
distance, a value of infinity is assigned as shown in table 2.2(a). Distances from

the node to itself are zero, and this is the zeros found diagonally in the table.

2. In the first iteration, the first column and row are highlighted. If the highlighted
row contains an infinite value, as the value from node A to node C, no values in
that column can change. The same applies for the highlighted column containing
infinity values. Therefore, in the first iteration the only values that can change are
the path from node C to B and from node C to D. The highlighted column value
is added to the highlighted row value, and if this added value is smaller than the
existing value, a shorter path is found. After the first iteration, the only value

changed is the path from node C to node B.

3. In the second iteration, the column and row B is highlighted, as shown in table
2.2(b). The same rules apply in terms of when the highlighted column contains
an infinity value, the values in that row cannot change. In this table, there are no
infinity values in the highlighted column however the highlighted row contains

two infinity values. The only values that can change in this table are, therefore,
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the path from node A to C and from node D to C. A shorter path for both these

paths is found and is changed in the table.

4. The same steps are repeated for each iteration until the last column and row is
highlighted as in table 2.2(d). In this iteration, it is unlikely to find an infinity
value in the highlighted column or row. This means that all values can change if
a shorter path is found, when adding the highlighted column value to the high-
lighted row value. After the fourth iteration in this example, the final shortest

paths from each node to all other nodes are shown in table 2.2(e).

Table 2.2: Floyd-Warshall example

(a) First iteration (b) Second iteration
A|B|C|D A|B |[C|D
A0 |1 |08 A0 |1 o |8
B|loo |0 [-1| B| oo |0 |-1]|o
Cl|9 |c0|0 |3 CcCl9 |10|0 |3
Dfjoco |6 |00|0 D|{c|6 |oo|0
(c) Third iteration (d) Fourth iteration
A|B |C|D A|B |[C|D
A0 |1 0 |8 AlO 1 0|3
Bl |0 |-1]|c B|8 [0 [-1]|2
CcCl9 (100 |3 Cc |9 100 |3
D|ow|6 |5 |0 D|14|6 |5 |0

(e) Final shortest paths

A|B|C|D

AlO 1,0 |3

B|8 |[0]-1]|2

cCl|9 [9]|]0 |3

D146 |5 |0
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2.3.4 A-star algorithm

The A-star or A* algorithm is similar to Dijkstra’s algorithm regarding adding edge
weights to neighbour nodes to find the shortest path to the destination. However, the
A-star algorithm makes use of heuristics, which implements a directional search and
improves the performance in terms of computational speed. The A-star algorithm has
three variables, as shown in equation 2.3. The value of f(x) is used to determine the
order in which nodes are visited. The edge weight allocated to nodes, dependent on
their distances, is given by g(x), and h(x) is an estimation of the cost for an optimal

path from node x to the destination node [35].

f(x) = g(x) +h(x) (23)
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Algorithm 4 A-star

Given a network with source node S, destination node D and current node CN. Each

node has an F, G and H property, where G is the weight gain to that node, H is the

distance from the node to the destination node D, and F is (G + H).
1. Set closed-list = ¢ and insert S into open-list
2. Set G(S) = 0, H(S) = H_calculate(S,D) and F(S) = H(S)

3. While open-list != empty
do CN = node with minimum(F) in open-list
If CN =D)
Then return ShortestPath
For each neighbour node N of CN
If (N is in closed-list)
Then nothing
Else if (N is in open-list)
calculate N’s G, H and F
If (G(previous) > G(current))
Set CN’s G = G(current)
N’s parent = CN and re-add N to open-list
Else calculate N's G, H and F
N’s parent = CN and add N to open-list

The A-star algorithm makes use of an open list and a closed list. The open list contains
the current node and the nodes that have been neighbour nodes to previous current
nodes. The closed list is simply all the nodes that have been current nodes before
[36]. When using the A-star algorithm, the source node and each current node will be
assigned an F, G and H value. The source node will have a weight of zero, which means
that its F value will be equal to its H value. When the loop is started, the current node
will be the node within the open list with the smallest value for F. The F, G and H values

are determined for each neighbour node of the current node that is not in the open or
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closed list. If the neighbour node is in the open list, a check is performed to determine
if the new calculated G value is smaller than the value previously determined. If the
new G value is smaller than the previous G value, it is updated and the parent node
is changed. The process is repeated until the current node is the destination node.
The shortest path is then found by looking at the parent of each node, starting at the
destination node [37]. For a further understanding of the A-star algorithm, a worked

example is done using the network in figure 2.7.

Figure 2.7: A-star algorithm example

The steps followed to determine the shortest path for the network in figure 2.7, will
now be discussed. The nodes contained in the open list for each iteration are illustrated

using table 2.3

1. In the initial step, the G, H and F values of the source nodes were determined.
Table 2.3(a) shows the values obtained for the source node. As discussed earlier,
the H value is an estimation of the cost for the optimal path and was selected as
20 for the source node. By coincidence the shortest path had a weight of 20; by

choosing a higher value for H will not influence the shortest path found.

2. With the first current node set as the source node, table 2.3(b) shows the two path
options available. These two options, node A and B are inserted into the open
list, and their G, H and F values determined. These values are inserted into the

table with both nodes having the source node as its parent node.
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3. In table 2.3(b), node A has the smallest F value, therefore, node A is the new
current node. Node A has two neighbour nodes it can communicate with, nodes
C and D. These nodes are added to the open list, and their respective G, H and F
values determined, as presented in table 2.3(c); both nodes have node A as their

parent node.

4. The table illustrates that node C has the smallest F value and is added to the
closed list. Node C has three possible path options to node D, E and E. Path D is
already in the open list and the new weight value is compared with its previous
weight value. The previous weight value to node D is smaller, which causes the
parent node of node D to stay node A. The other two nodes are added to the open

list, and their respective G, H and F values calculated.

5. In table 2.3(d), node F has the smallest F value. Node F is the destination node,
and the shortest path was determined. The parent nodes are used to determine

the shortest path, which is S-A-C-F.

Table 2.3: A-star example

(a) Open list iteration 1 (b) Open list iteration 2
CN|G|H|F CN |G |H |F
S [0 ]20]20 As |6 | 14120
Bs |12 |11 |23
(c) Open list iteration 3 (d) Open list iteration 4
CN |G |H|F CN |G |H |F
Caqa |11 19 |20 Ec |14 |11 |25
Dy |19 |7 | 26 Fo 12010 |20

2.3.5 Critical evaluation

To evaluate the above algorithms, we examined the type of algorithm to see whether it
could be amended for our application. The Floyd-Warshall algorithm determines the

shortest path from all nodes to all other nodes, since it was developed for an all pairs
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shortest path problem. To determine the shortest path from all nodes to all other nodes
in the proposed solution is excessive, therefore, the Floyd-Warshall algorithm will not
be implemented in this study. The A-star algorithm is a single-pair shortest path algo-
rithm. This algorithm cannot take other source nodes, or the landing sites already used,
into consideration; it is only dependent on its own source node and destination node,
therefore it is also not suitable for our application. Both Dijkstra and Bellman-Ford’s
algorithms are single-source algorithms, which determine the shortest path from the
source node to all other nodes. To modify these paths is possible without making the
implementation overly complex and therefore, Dijkstra and Bellman-Ford’s algorithms

were selected for implementation in this study.

2.4 Summary

At the beginning of this chapter, a number of relevant definitions were provided. The
literature indicate that line of sight communication will be necessary in this study and
that the transmitting distance will be heavily dependent on the height of the transmit-
ter and receiver. With the collar around the rhino’s foot and the curvature of the earth,

it is clear why communication distance will be a problem.

Shortest path problems occur regularly in everyday life. One of the most common in-
stances are determining a suitable route between two locations on a map, with endless
possible paths between the two. Hence the uptake in GPS devices and applications by

the general population.

Since this problem calls for redundancy in terms of communication routes between
a source and a destination, k-path shortest path algorithms were investigated. The
tirst algorithm of Suurballe and Tarjan forms a pair of edge-disjoint shortest paths.
Edge-disjoint paths are formed when the paths do not share a single edge. Although
Suurballe and Tarjan’s algorithm can be modified to be vertex-disjoint, the process in-
volves transformation of the graph, which increases the complexity of modifying the

algorithm significantly. Yen’s algorithm calculates k-shortest paths in a graph, where
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each path k has the same root as path k — 1 from source node to node i (RZK). Since
this problem requires the two paths to be vertex-disjoint, Yen’s algorithms cannot be
used in this application. Both these algorithms make use of single shortest path algo-
rithms as initial steps. This lead to the idea of using single shortest path algorithms

and modifying them to address the research problem.

The literature showed that a number of shortest path algorithms exist, including single-
pair shortest path, single-source shortest path, single-destination shortest path and
the all-pairs shortest path. The A-star algorithm was the only algorithm to address
the single-pair shortest path problem, while the Dijkstra and Bellman-Ford algorithms
both address the single-source algorithms problem. The Floyd-Warshall algorithm is
used to solve the all-pairs shortest path problem, determining the shortest path from
all nodes to all other nodes. Since we regard the single-destination shortest path prob-
lem as simply being a reverse single-source shortest path problem, an algorithm for all

these scenarios was discussed in this chapter.

Another property of the candidate algorithms is the ability to handle negative edge
weights. Negative edge weights can be assigned to certain nodes for energy sav-
ing purposes, but will be discussed in Chapter 4. Both the Bellman-Ford and Floyd-
Warshall algorithms can accommodate negative edge weights within its network. How-
ever, it must not contain a negative weight cycle. With a negative weight cycle, a
shorter path will always exist and the algorithm will not be able to determine the short-

est path. Both the Dijkstra and A-star algorithms require positive edge weights.

According to the authors in [38], the most popular algorithms to find the shortest
path between vertices is the algorithms of Dijkstra, Bellman-Ford and Floyd-Warshall.
The Dijkstra and Bellman-Ford algorithms are implemented in this study. The Floyd-
Warshall algorithm was not used, since determining the shortest path from all nodes to
all other nodes will be superfluous. The A-star algorithm was not implemented since
it can only be used for single-pair shortest path applications. This algorithm cannot
take other source nodes or the landing sites that are already used into consideration; it

is only dependent on its own source node and destination node.
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Chapter 3

Experimental setup

In this chapter, the experimental setup, as used to implement and evaluate the proposed algo-
rithms, are presented. This include specifications, available data, assumptions as well as limi-

tations associated with the problem that was presented in Chapter 1.

3.1 Assumptions and exclusions

Since all aspects of the real world cannot necessarily be modeled, some assumptions

are made in order to simplify the model. Assumptions in this study include:

e There will only be one base station, hence, all paths will terminate at the same

destination node.

e The maximum communication range of the collar mounted on the foot of the

rhino and a UAV is 800m (this was specified by the client).

e The UAV that monitors the rhino will be labeled as the source UAV.
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e All rhinos are monitored by a source UAV, and the position of this UAV is known
beforehand. It is anticipated that an initial rhino discovery sweep will determine

this position.
e Each source UAV is assigned to follow a specific rhino.
e The source UAVs will have a search and locate function to follow the rhinos.

e Landing positions are arranged as indicated in figure 3.1. Thus, neighbour land-
ing positions are 1.6km from each other. This configuration allows for the largest

area to be covered.
e UAVs are not limited to specific landing positions.

e While the UAV is in the air, it can communicate with other UAVs up to 3.2km

away.

e In the case of an emergency, the UAV will hover higher than normal and try to

send the emergency signal directly to the base station.

o If the UAV is not able to reach the base station directly, it will send the signal
to the next UAV, which will do the same. This is done until the base station is

reached using the predefined routing path depicted in figure 3.2.

e UAVs are airborne when a rhino moves outside the communication range of the
source UAV and will then perform the search and locate function, when relocat-

ing to another landing spot, or when it sends data to the next UAV.

e The simulations were performed using a minimum area of 2500km 2. Given that
the spacing between nodes is 1.6km, a simulation setup with 32 nodes in length

and width, meant that the area was 51.2km x 51.2km in size.

e To prevent reverse communication in case of a node failure, each node in the
primary and secondary path of a source node should be able to communicate
with a node on another path. This will ensure that a directed acyclic graph is
formed. The results are used by the communication protocol for this system to

create routing tables for the nodes [39].
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Figure 3.1: Demonstration of landing site spacing

The images in figure 3.2 demonstrate how a message is sent to the base station. UAVs
ascend in order to forward the message to the next UAV until the base station is
reached. Details of when each UAV ascend and descend are determined by the proto-

col developed in [39].
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Figure 3.2: Diagram describing the message forwarding scheme.

Communicating via an edge that is already used would waste a significant amount

of energy, since it would imply that the UAV would need to ascend again for a single

message. A directed acyclic graph needs to be formed, which ensures that a single UAV

is never visited twice. This is in the case of a node failure and can be demonstrated
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with figure 3.3. In figure 3.3, S and F nodes represent the source and destination nodes,
whereas P1 - P3 and S1 - S3 represent the primary and secondary paths respectively.
The primary paths (solid lines) and secondary paths (dashed lines) of certain nodes are
indicated in the figure. When a message is sent along the primary path and node P3
experiences a node failure, node P2 has the option to send the message to node S3 and
continue from there. If the primary and secondary paths were independent, node P2
would be forced to send the message back to the source node, which can then attempt
to send the message via its secondary path. Node P2 sending its message back to the

source node is referred to as reverse communication.

Node P3 does not have a secondary path, since it is assumed that the base station
cannot experience failure. If the base station were to experience problems, sending the
message to node S3 will result in an infinite communication loop between nodes P3

and S3.
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Figure 3.3: Reverse communication

3.2 Edge weights

Edge weights are assigned to edges for both Dijkstra’s and the Bellman-Ford algorithm.
These edge weights are assigned to represent the distances between nodes. Greater dis-
tances between two nodes result in higher edge weights. Figure 3.1 that was described
earlier, shows a UAV with eighteen possible landing sites surrounding it. The edge

weights to each landing site in the figure is shown using table 3.1.
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Table 3.1: Allocated edge weights for nodes

Node Nr. (figure 3.1) Weight

1-6 1
7-12 1.3
13-18 1.64

Table 3.1 illustrates that nodes 1-6 have an edge weight of 1; this is to communicate
with the nodes around the UAV, which fall well within the communication range. The
nodes 7-12 have an edge weight of 1.3, which is greater than nodes 1-6 because they
are further from the UAV. Nodes 13-18 lie at the edge of the communication range and
have an edge weight of 1.64. Though the physical distance to these last nodes is double
those of nodes 1-6, fewer hops/UAVs are required. Figure 3.4 shows four possibilities
for the source and sink node to communicate using only one intermediate node. The
numbered nodes are the four possible scenarios for communication between the sink
and source node using only one intermediate node. The number of nodes routing
via nodes 1 and 2, as well as routing via nodes 3 and 4, will be the same. The edge
weights of the nodes are allocated in such a way that scenarios 1 and 2 are preferred
over scenarios 3 and 4. This prevents a communication link at the far edge of the
communication range being followed by a short distance connection. Communication
with nodes on the edge of the communication range is less reliable than with those
nodes well within the communication range. For this reason, scenarios 1 and 2 have
a higher reliability than scenarios 3 and 4 as the intermediate node, and this has been
reflected in the allocated edge weights. No edge weights are assigned to nodes further
than the eighteen nodes in the figure, which means that an infinitely large weight was

assigned to them.

Figure 3.4: Hop possibilities
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3.3 Summary

To simplify the model, certain assumptions and exclusions were made. Only one base
station is used to receive all the data from the collars on the rhinos. Each of these rhinos
will have a UAV nearby receiving its data and sending it to the base station or UAV
repeater at certain time intervals. When UAVs transfer a message, they will elevate
to increase the communication distance. UAVs will elevate higher than usual when
attempting to send an emergency signal to the base station. If this fails, the signal is
sent to the next UAV, which repeats the process until the base station is reached. Flight
times are limited to when the UAV is searching for the rhino, relocating to another
landing site or data is transferred. An important requirement is that each node of the
primary and secondary paths must be able to communicate with a node on another
path. This is mainly to prevent reverse communication in the case of a node failure,

since communicating with a UAV already used would waste significant energy.

The edge weights allocated to the nodes in both the Dijkstra and Bellman-Ford algo-
rithms are the same. The edge weights, chosen according to the distances between
nodes, ensure that the communication path does not select a node at the extreme of
the communication range followed up with a short distance connection. With the edge
weights selected, the next chapter will discuss how the selected algorithms were ma-

nipulated with certain variables, in order to satisfy the implementation constraints.
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Chapter 4

Implementation and verification

In this chapter, Dijkstra and Bellman-Ford's algorithms are implemented under the assump-
tions and constraints in Chapter 3. The algorithms were implemented on a similar basis, with
different ways to determine the path between two points. The most significant difference be-
tween the two algorithms is that the Bellman-Ford algorithm can deal with negative edge
weights, whereas with Dijkstra’s algorithm, negative edge weights are not allowed. For the
algorithms to comply with the specifications of our application as described in Chapter 3, some
modifications were made. These modifications ensured the paths stay within communication
range of each other, as well as some improvement modifications. QT Creator was used for the

simulations and the Graphical User Interface (GUI) is shown in Appendix A.

4.1 Dijkstra’s algorithm

This section contains the implementation of Dijkstra’s algorithm. The original process
is discussed to indicate how deficiencies were identified, and the modifications were
implemented to improve the algorithm for this specific application. This is followed

by the modifications section, which indicates the changes made as well as why these
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changes were necessary to arrive at the final process. The final process indicates the

process followed to arrive at the results found in Chapter 5.

4.1.1 Original process

Dijkstra’s algorithm is a single-source shortest path algorithm used to determine the
shortest path between two nodes. The distance between two nodes is the smallest
value of the sum of the edge weights between these two nodes. For this application,
redundant shortest paths are determined between two source nodes, or a source node
and a base station. Dijkstra’s algorithm is used to determine the shortest path between
two nodes, then the primary path nodes are removed from the equation, and Dijkstra’s
algorithm is used again to determine the secondary shortest path. The nodes are con-
nected when the primary and secondary paths between two nodes are found. All the
source nodes should be connected to the base station, either directly or via another
source node. The original process is shown, and discussed, using the flow chart in

tigure 4.1.

1. Determine the distances from each source node to the base station.

2. The closest source node to the base station is then connected to the base station

with a redundant communication path.

3. The next source node is the source node closest to the base station, which has not

yet been connected to the base station.

4. Determine the distance from the above source node to all the connected source

nodes.

5. If the distance to the base station is smaller or equal to the distance to any other
source node, the node is connected to the base station. If the distance to an
already connected source node is shorter, the two nodes are connected to each

other.
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Legend
dist(A,B) = The weight distance from A to B
SN = Source Node
BS = Base Station
NC = Not Connected to base station
C = Connected to base station
n = the number of source nodes
m = the number of connected source nodes
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All SN connected to BS <

Figure 4.1: Original Dijkstra process flow

6. If all source nodes have a connection to the base station, the algorithm is com-
pleted. If there are still source nodes that need a connection to the base station,

the process is repeated from step 3.

4.1.2 Modifications

Some deficiencies in Dijkstra’s original algorithm were identified during the original
process implementation. A modification made to use less landing sites is implemented

using a weight benefit, which forces the source nodes to share routes. Another modi-
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fication included preventing the primary and secondary path from separating. In the
context of this dissertation, when the primary and secondary path separates, it implies
that the nodes on these paths do not have a node on another path within its commu-
nication range. If the primary and secondary paths separate, node failure will cause
the paths not to form a directed acyclic graph, thus wasting energy. It is one of the
requirements for each node to have a node on another path within its communication

range.

Using existing paths

The first problem with the above process is that a great number of landing sites are
used around the base station. If the paths of source nodes close to each other share
landing sites, it would reduce the number of UAVs needed to create the communica-
tion path. Reducing the number of UAVs further reduces cost. To manipulate new
paths to connect to existing paths, a weight benefit is provided. The weight benefit is
provided to nodes that utilise landing sites already in the path of other source nodes.
The weight benefit is subtracted for these nodes, which reduces the total cost of the
path using existing landing sites. The value for this reduction is explained in figure 4.3

and equation 4.1.

It is important that the reduction should not result in a negative edge weight. Firstly, all
the edge weights should have a non-negative value when using Dijkstra’s algorithm
[27]. Secondly, when two consecutive existing path nodes are used and both have
negative edges, an infinite cycle will be formed. An infinite cycle is formed since the
addition of another node reduces the total edge weight of the path and a shorter path is
found. To avoid a negative edge, the weight benefit cannot be higher than the smallest

assigned edge weight, which is 1.

Each source node with an existing path has a primary and secondary route, as shown
in figure 4.2(a). If the weight benefit used to manipulate the edge weights is too high,

the primary route of the new path will tend to connect to all primary and secondary
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nodes of the existing path (see figure 4.2(b)). This prohibits the secondary route from
using existing path nodes and creates its own path occupying additional landing sites.
The weight benefit of using existing nodes should be selected in such a way that the
primary path does not use all the possible existing path nodes by taking big hops be-

tween existing path nodes.
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Figure 4.2: An example where the weight benefit is too high, with the keys used in

simulations.

In figure 4.3, nodes 1-3 represent landing sites of an existing path. The edge weight of
path A is the sum of lengths A; and A;, both of which have an initial edge weight of 1,
while path B has an initial edge weight of 1.34, as discussed in Chapter 3. To use fewer
nodes, path B is preferred over path A, which means the weight of path B should be
less than that of path A.

Figure 4.3: Existing path landing sites

Path B is the preferred path to use fewer nodes. For the algorithm to choose path B over

path A, a weight benefit value has to be determined. A certain reduction will result in
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the same weights for path A and B, called the threshold value. In equation 4.1, the left
side represents path A, where the weight benefit is subtracted twice and the right side
is path B. The weight benefit is subtracted twice in path A, once for each existing path
node used and two existing nodes are used in path A. Path B uses only one existing
path node, leaving another existing path node for the secondary path. Equation 4.1

shows the calculation of the threshold value, where weights will be equal.

1l—-x+1—x=134—x 4.1)
x = 0.66

The weight benefit value plays a significant role for new paths to choose existing path
landing sites. The larger this value, the more existing path nodes will be used, however,
using a value higher than 0.66, will cause the primary path to use all the nodes on the
existing path. Leaving the secondary path with no nodes on the existing path. With a
reduction of 0.65 the maximum number of existing nodes is used with both the primary
and secondary path able to use landing sites on the existing path. For the secondary
path to follow a similar path than the primary path, the weight benefit to use existing
path landing sites is also 0.65.

Preventing separation

Simulations revealed the scenario in figure 4.4, which does not comply with the re-
quirements. One of the requirements is that each node of the two paths should be able
to communicate with a node on another path. The primary and secondary path be-
come separated from each other to make use of existing landing sites and in doing so,
not complying with one of the requirements documented in Chapter 3, which requires
each node on the primary and secondary path to have a node on another route within
communication range. This scenario is a result of the secondary path having no ties
to the primary path. The deficiency was addressed by making a change to the algo-
rithm of the secondary path. The solution is to create a preferred list containing all the

landing sites within the communication range of the primary path. When calculating
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the edge weights to landing sites, a weight benefit was subtracted for the landing sites

within the preferred list.
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Figure 4.4: Redundant paths separated

The value for the weight benefit has an upper and lower limit. The upper limit will
prevent a negative cycle from occurring and cannot be higher than the smallest positive
edge weight between nodes, which is 1. It is possible that certain secondary path nodes
can benefit from this value as well as the existing path value and therefore, these two
values together should not exceed the positive edge weight of 1 (see equation 4.2).
With the existing path nodes subtracting a benefit of 0.65, a negative cycle is prevented
by setting the upper limit of this value to 0.35.

x4+y<1 (4.2)
0.65+y <1
y < 0.35

where x is the weight benefit for using existing paths and y is the upper limit to prevent

disjointed paths.
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The lower limit of the weight benefit value is used to keep the primary and secondary
paths within communication range of each other. The lower limit of the weight benefit
is the smallest possible value that will ensure this. To demonstrate the secondary path
stays within the communication range of the primary path under all circumstances, it
is important to look at the cases where the paths are most likely to become separated.
The first step is to find the smallest 6 in figure 4.5, where source node number 1 will
join the existing path of source node number 2 rather than connect to the base station.
In the next step, a source node (source node 3) is placed at the bottom with the same
size for 6 and the same distance to the base station as source node 2. The total cost from
source node 1 to both source nodes 2 and 3 is the same because they are symmetric.
The case where the primary and secondary path are most likely to become separated
will only occur in the horizontal scenario, as shown in figure 4.5, and not vertically
where the base station is at the bottom or top. This is because moving horizontally has

a bigger edge weight than moving vertically due to the landing site placements.
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Figure 4.5: Variables effecting separating paths

The next step in finding the case where the primary and secondary paths are most
likely to become separated is to determine the distance these source nodes are located
from the base station. It was found that with shorter distances for the A and B compo-

nents in figure 4.5, the tendency for the paths to become separated increased. There is

43



Chapter 4 Dijkstra’s algorithm

no difference in total cost for the primary path to form along route A (which is A1+ A2)
or route B (which is B1 + B2). Since the primary path is formed using the shortest path
along route A or B, the next shortest path will be equal to that of the primary path,
however, on the other route (A or B). The current value being calculated is thus impor-
tant to prohibit separating paths. The two scenarios in figure 4.6 show firstly in 4.6(a),
the case where the value is above the lower limit and in 4.6(b), where the value is too
low. The difference between these is that in scenario 1, the current value is subtracted
six times, whereas in scenario 2, this value is subtracted twice. This implies that with
a bigger scenario the impact of the two values subtracted from scenario 2 will be less.
A smaller scenario is used because it is more likely for the secondary path to separate
from the primary path. There are 18 landing sites within communication range of a
single node, as shown in figure 3.1, with only three different edge weights assigned
to these nodes. The value calculated is for the secondary path nodes that surround
the primary path node. The nodes further away from the primary path nodes, have a
weight benefit value of 0.01 less per node when the distance increases. In figure 4.6,
not all the secondary path nodes in scenario 2 are within communication range of a
primary path node and do not make use of the weight benefit. The minimum limit of

this value is now calculated with equation 4.3.

1+ (5%13)4+1.64— (3*xx)—6y < (6%1.3) — (3+x) —2(y —0.01) (4.3)
1+ (5%13) +1.64 — (3%0.65) — 6y < (6+1.3) — (30.65) — 2(y — 0.01)
719 — 6y < 5.87 — 2y
y > 0.33

where x is the weight benefit for using existing path nodes and y is the lower limit to

prevent path separation.
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Figure 4.6: Showing two scenarios where weight benefit to prevent separating paths is

correct (a), and in (b) where this benefit is too small.

It is mentioned above that with smaller scenarios, the secondary path has a greater
tendency to become separated from the primary path, however, the scenario in figure
4.6 is not the smallest possible scenario. The paths of a smaller scenario are separated,
but all the nodes of the primary and secondary path are within the communication

range of two other nodes, as shown in figure 4.7.
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Figure 4.7: Small separated paths scenario

All weight benefits subtracted from the original edge weights have an effect on the
shortest path between two points. The existing path value adjusts the shortest path of
the primary and secondary route to use existing path landing sites, which may result

in a longer route but occupies less landing sites. The value in this section changes the
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shortest path of the secondary route to remain within the communication range of its
primary route. Ultimately, a higher value causes more changes to the shortest path,
therefore, the smallest value for the paths to remain within communication range is
selected. Equation 4.3 shows that the value should be higher than 0.33 and is set at
0.34 for this algorithm.

4.1.3 Final process

The modified Dijkstra’s algorithm ensures that source nodes prefer to share landing
sites and prevents the primary and secondary paths from separating. The source nodes
are connected with the base station, using the modified Dijkstra’s algorithm to deter-

mine the paths. The algorithm was implemented, and discussed, following the process

Legend
dist(A,B) = The weight distance from A to B
SN = Source Node
BS = Base Station
NC = Not Connected to base station

n = the number of source nodes

illustrated in figure 4.8.

Determine dist(SNi,BS)
where i = (0,n)

A

Set closest NC SN to BS
equal to SNx

Y

A

Connect SNx with BS

All SN connected to BS

Figure 4.8: Final Dijkstra process flow

1. Determine the distances from each source node to the base station.

2. The closest source node that is not connected to the base station is used.
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3. The above source node is connected to the base station.

4. If all source nodes are connected with the base station, the algorithm is com-
pleted. If there are still source nodes that need to be connected to the base station,

the process continues from step 2.

With the original process, a source node was connected to either the base station or the
closest non-connected source node. The closer one of the two was selected to use less
landing sites, but it also increased the complexity of the algorithm. The modifications
made to the original Dijkstra’s algorithm ensures that the paths make use of occupied
landing sites on its route to the base station, by manipulating the edge weights of nodes

on existing paths.

In a network with a large number of source nodes, Dijkstra’s original algorithm uses
excess landing sites that could have been shared. The modified algorithm eliminates
the use of the excess landing sites by forcing the source nodes to share paths. This
is the main difference between implementing the original and the modified Dijkstra’s

algorithms, as discussed in this chapter.

Although the modified Dijkstra’s algorithm delivers usable results, it lacks a certain
property. The Bellman-Ford algorithm can assign negative edge weights to nodes.
These negative edge weights can be assigned to certain landing sites, which have ad-

vantages that are discussed in the next section.

4.2 Bellman-Ford algorithm

This section is dedicated to the implementation of the Bellman-Ford Algorithm. The
distinctive difference between the Dijkstra and Bellman-Ford algorithms, is negative
edge weights are implemented in the latter. Other modifications were made to utilise
less landing sites and to comply with the specified requirements. The process imple-

mented for the Bellman-Ford algorithm is described after the modifications section.
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Before continuing with the implementation of the Bellman-Ford algorithm, it is neces-
sary to discuss the importance of this algorithm. The Bellman-Ford algorithm has the

following application advantages over Dijkstra’s algorithm for this system:

e Landing sites around the base station are regularly used, therefore, repeater tow-
ers can be placed around the base station, and negative edge weights can be as-

signed to these towers.

e Negative edge weights can be assigned to nodes with more energy. Certain nodes

can have more energy due to short flight times, or better charging capabilities.

e An advantage can be given to nodes with a longer communication reach due to

the positioning of the landing site and the geometric surroundings.

e High energy repeaters can be placed on existing infrastructure, such as wind-
mills, water towers or storage spaces. Assigning negative edge weights to these

repeaters could also be advantages.

4.2.1 Modifications

To utilise the advantages discussed above requires the implementation of negative
edge weights to the Bellman-Ford algorithm. The first topic discussed is how nega-
tive edge weights were implemented for the algorithm. The purpose of the second

modification is to use less landing sites, by sharing paths.

Negative edge weights

The first distinctive attribute of the Bellman-Ford algorithm is the ability to handle neg-
ative edge weights. Negative edge weights were assigned to selective nodes contained
in landing sites of existing paths. Negative edge weights cannot be assigned to two
existing landing sites within communication range of each other since this will result

in a negative cycle and no shortest path will be calculated.
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The landing sites with assigned negative edge weights are not defined prior to each
simulation. Instead, a process is used to identify the negative nodes selected from al-
ready used landing sites. The process of selecting the nodes with assigned negative
edge weights is shown in figure 4.9. The process makes use of an existing path landing
site list as well as a negative list. The existing path landing site list contains the land-
ing sites that are used in the existing paths while the negative list contains the nodes
to which negative edge weights are assigned. The closest node to the source node is
identified, removed from the existing path landing site list and inserted into the neg-
ative list. Since the nodes within the negative list will have a negative edge weight,
the weight benefit for existing path landing sites does not have to be subtracted from
them. The existing path landing site nodes within three hops (A hop is a jump from
one node to one of its adjacent nodes) of the first negative node are removed. The
nodes within two hops are removed since it is in the communication range and will
result in a negative cycle. The reason for removing nodes within three hops is further
illustrated in figure 4.10. The path will prefer to use all the nodes within the negative
list. When removing the nodes within two hops, route A (Al + A2) will be followed,
and when nodes within three hops are removed, route B (B1 + B2) is used. Route B
is preferred over route A to utilise less landing sites, therefore, the nodes within three
hops are removed from the negative list. Negative list nodes can only be assigned to
nodes still contained in the existing path landing site list. The next negative list node is
the closest node to the previous node added. The process is repeated until the existing

landing sites list is empty.

An edge weight of -0.1 was assigned to the nodes in the negative list. The smaller
this value, the more paths of source nodes are forced to connect to the negative edged
nodes. The negative edged nodes are not always in the direction of the base station,
therefore, it is not preferable that source nodes connect to all the nodes in the negative
list. The negative value is selected to have the smallest possible impact as a negative

edge weight, since it already has an impact on the total path cost.
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Select current SN as CN

!

Determine hops(CN, EPLS;j)
where j = (0,n)

!

Closest EPLS to CN added to
negative list and set as CN

!

Legend

hops(A,B) = number of single node hops from A to B
SN = source node

CN = chosen node

EPLS = existing path landing site

n = the number of nodes in existing path

A4

All EPLS within 3 hops of CN
are removed

Figure 4.9: Selecting nodes for negative edge weight

Intermediate

Figure 4.10: Removing three hops for negative list

B2

Using existing paths

A weight benefit is used to ensure that source nodes share paths in order to use less
landing sites. The weight benefit is subtracted for nodes using landing sites of an
existing path. The value of the weight benefit was determined the same way as for
Dijkstra (see section 4.1.2). The value was selected as high as possible for the algorithm
to use the highest possible number of the already utilised landing sites. Having a value
of 0.65, it is small enough to prevent the primary route from using all the existing path

nodes.
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Preventing separation

As with the Dijkstra’s algorithm, the secondary routes of the modified Bellman-Ford’s
algorithm require ties to the primary route to prevent the paths from separating. This
occurs when the primary and secondary paths make use of occupied landing sites in
different directions. In doing so, some nodes on the primary path cannot communicate
with those on the secondary path and vice versa. The main reason to prevent the
primary and secondary paths from separating, is to ensure that each node on both
these paths has a node on another path with which to communicate. To do this, the
secondary path nodes within the communication range of the primary path nodes were
placed into a list. A benefit weight was subtracted from the edge weights of all the

nodes in this list, reducing its cost.

To determine the weight benefit that is subtracted, the upper and lower limit needs to
be determined. The upper limit is the highest possible value that does not cause a neg-
ative cycle while the lower limit is the minimum value that can be used to stay within
the constraints. The upper limit is calculated similarly to that of Dijkstra’s algorithm,
except that more variables are affecting the modified Bellman-Ford algorithm. To cal-
culate the upper limit of the current value, the negative edge weight, existing path
weight and the smallest assigned edge weight (that is 1) are used. To prevent negative
cycles, the weights between two nodes should stay positive. Since the negative edge
weight node already has a negative cost of -0.1, the upper limit weight and existing
path weights added together should not be higher than 0.9. The upper limit for the
current value to prevent separated paths is therefore 0.25, as shown in equation 4.4.
As the upper limit of this value is smaller than the value used for Dijkstra’s algorithm
(0.34), it is an indication that this method might not be sufficient to prevent separated
paths. Within one simulation, it was visible that using this method with a value of 0.25,
is insufficient, and the paths separated from each other. To use this method, the value

should be increased, which cannot be done without causing a negative cycle.
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x+y<1l-z (4.4)
065+y<1-0.1
y <025

Where x is the weight benefit for using existing path nodes, y is the upper limit to

prevent separated paths and z is the negative edge weight.

The above method subtracted weights to benefit secondary path nodes within the com-
munication range of the primary path nodes. Instead of subtracting a weight, the sec-
ond method will add a weight to secondary path nodes not within communication
range of the primary path nodes. One of the advantages of this method is that there is
no upper limit for this value. An upper limit is used to determine a value that ensures
that a negative cycle doesn’t exist or to stay within the requirements by preventing
separated paths. The upper limit value of the second method does not influence either

of the two requirements discussed, therefore, it has no upper limit.

The lower limit of the weight benefit value still needs to be calculated before selecting
a value. The lower limit will serve the same purpose as in the first method, where the
lower limit is the smallest value that ensures the paths do not separate. To ensure this
for all circumstances, it is proven that the two paths will not separate for the scenario

in which these paths are most likely to do so.

The scenario where the primary and secondary paths are most likely to separate is
determined the same way as for Dijkstra’s algorithm, using figure 4.5. The first step
is to find the smallest 6 where source node 1 connects with source node 2, rather than
to connect directly to the base station. A source node is placed in the mirror image
of source node 2, which has the same size for 6. The next step is to find the distances
for A and B where the scenario is most likely to separate. As found in section 4.1.2,
shorter lengths for A and B render a bigger tendency for the primary and secondary
paths to separate. By using the scenarios in figure 4.11, the lower limit for this value is

determined in equation 4.5.
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Figure 4.11: Showing two scenarios where the weight benefit to prohibit separation is

correct (a) and in (b) where this benetfit is too small.

(2%1.3)+ (2% 1.64) — (x+2) <1+ (3%1.3) —x — (2% z) + 3y (4.5)
(2%1.3) + (2% 1.64) — (0.65+0.1) <1+ (3%1.3) —0.65— (2%0.1) + 3y
5.13 < 4.05 + 3y
y > 0.36

Where x is the weight benefit for using existing path nodes, y is the upper limit to

prevent separating paths and z is the negative edge weight.

The shortest path is affected with every value added and subtracted from the original
edge weights. The effect of the current benefit value is the same for all values higher
than the lower limit. The exact value for this weight benefit does not matter, any value

greater than 0.36 can be used; the value 5 was selected for this algorithm.
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4.2.2 Final Process

The final process for the modified Bellman-Ford algorithm, is a combination of all the
modifications to connect source nodes with the base station, occupying as few landing
sites as possible. The existing path weight benefit and negative edge weight nodes
within the modified Bellman-Ford algorithm forced source nodes to use landing sites
on the existing paths. The process flow of the modified Bellman-Ford’s algorithm is

illustrated, and discussed, in figure 4.12.

Determine list of
negative nodes

Legend
dist(A,B) = The weight distance from A to B
SN = Source Node
BS = Base Station
A NC = Not Connected to base station
n = the number of source nodes

Determine dist(SNi,BS)
where i = (0,n)

A

Set closest NC SN to BS
equal to SNx

Y

A

Connect SNx with BS

All SN connected to BS

Figure 4.12: Final Bellman-Ford process flow

1. At first, the nodes in the negative list are determined. These nodes are existing

path landing sites, not within communication range of each other.
2. The distance from each source node to the base station is determined.

3. The closest source node that is not connected to the base station is selected.
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4. The selected source node is then connected to the base station with a redundant

path.

5. The algorithm is completed when all source nodes are connected to the base sta-
tion. If there are source nodes that are not connected to the base station, the

process continues from step 3.

The modified Bellman-Ford algorithm was implemented instead of the original Bellman-
Ford algorithm to ensure that paths are shared. This will ensure that less landing sites
are occupied. The original algorithm will determine the shortest path between each
source node and the base station, while the modified algorithm forces source nodes
to share paths to the base station. Sharing paths will result in less UAVs occupying

landing sites.

4.3 Implementation output

The results obtained in this study are used by the communication protocol to create
routing tables [39]. This section will discuss the format of the output from the results
obtained with the implementations above. The output is formatted to match the input
used for the communication protocol. The format of the output is the same for both

the modified Dijkstra and Bellman-Ford algorithms.

The modified Dijkstra and Bellman-Ford algorithms calculates redundant paths from
each source node to the base station. This ensures that for each node, there is another
on a separate communication path with which it can communicate. When calculating
the output, Dijkstra’s algorithm was used to determine the shortest path from each
node (formed with the modified algorithms) to the base station. Each of these nodes
should have two paths with different starting positions. It is important to note that the
output secondary path may use the nodes in the output primary path subsequent to

the failed node when it is a shorter path.
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To understand figure 4.13, it is important to note that the simulation area contains 32
landing sites in length and width (as discussed in Chapter 3). The landing sites were
identified by numbering them from 1 to 1024, horizontally and downwards. The fig-
ure shows the output of a scenario that is sent to the communication protocol. The
tirst number in each of the two rows is the starting node. The two rows represent the
shortest and second shortest path, with different starting positions from the starting
node to the base station. The B at the end of the row represents the base station that is

reached. The output contains both paths from all the occupied landing sites.

.| Communication Path ? 2

125,156,186,217,247,278,308,339,309,432,B -
125,123,154,134,215,245,275,306,369,432,B

154,184,215, 245,2765,306,369,432,B
154,217,247,278,308,339,369,432,B

m

156,186,217, 247,278,308,339,369,432,B
156,154, 184,215, 245,275,300,369,432,B

154, 215,245,275,306,369,432,6
154, 247,273,308,339,309,432,6

186,217, 247,273,308,339,309,432,B
186,184,215,245,2765,306,369,432,B

215,245,275,306,369,432,B
215,278,308,339,369,432,B

217,247,278,308,339,369,432,B
217,215,245,276,306,369,432,8

245,275,306,369,432,6
245,308,339,309,432,B

247,278,308,339,369,432,B
247,245,276,306,369,432,B

Figure 4.13: Implementation output

To verity that the output data complies with the requirements set in Chapter 3, two
checks can be performed. The first check will verify that the first and second path

of a node does not start at the same node. After the first and second path start at
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different nodes, the second test will confirm that these nodes are not contained in its
opposite path. This can be explained using figure 4.14, which is an example for the
tirst two lines in figure 4.13, where a solid arrow represents the primary route and the
dashed arrow represents the secondary route. In figure 4.14, the starting node is nr
125, whose primary path starts at node 156, and the secondary path starts at node 123.
The first check discussed ensures that the primary and secondary path for node 125
does not start at the same node. In the event of a node failure at node 156, node 125
will send the message to node 123. This is where the second check is important. The
second check ensures that node 156 (failed node) is not in the secondary path of node
125. If node 156 was in the secondary path, the communication link would be broken

although other options exist.

Figure 4.14: Output requirements

4.4 Summary

At the beginning of this chapter, the first implementation of Dijkstra’s algorithm was
discussed, after which the deficiencies of this implementation were pointed out. The
deficiencies were addressed by changing its operation and implementing a weight ben-
efit to landing sites already used. The weight benefit forced source nodes to share land-
ing sites, but also created another deficiency. This required the modification to prevent

the primary and secondary paths of a source node from separating. Preventing the
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two paths from separating ensures that all the nodes on the primary and secondary
paths have a node on another path within its communication range. It was achieved
by adding another weight benefit to the secondary path, for staying within communi-
cation range to the primary path. After the modifications, the final process that was

implemented for Dijkstra’s algorithm was discussed.

The main difference between the Dijkstra and Bellman-Ford algorithms is the negative
edge weights. It was discussed how negative edge weights can be assigned to nodes
with energy advantages caused by different situations. The Bellman-Ford algorithm
can make use of these nodes with an energy advantage or a longer communication
reach. The advantages of the modifications to Dijkstra’s algorithm were enough to
skip the original process for the Bellman-Ford algorithm and directly implement the
same modifications. The additional modification was the implementation of nodes
with negative edge weights. Certain landing sites already in use were assigned nega-
tive edge weights, to increase the number of landing sites shared. After the modifica-
tions, the final implementation of the Bellman-Ford algorithm was discussed using a

tlow diagram.

The output of the implementations above was also discussed. The output is used as
the input for the communication protocol. The format of the output was shown and
two checks verified that the output complied with the requirements. The first check en-
sured that each node had a primary and secondary path to the base station. The second
check ensured the node at the start of the primary path was not in the secondary route
and vice versa. With successful checks performed, the output illustrates the primary

and secondary communication path for each of the occupied nodes.

This chapter illustrated how the two algorithms were modified for the application
specified in Chapter 3. Both algorithms create two paths from each source node to
the base station. The algorithms allow new paths to benefit from sharing landing sites
with existing paths and ensures each node on all the pairs of paths stays within com-
munication range of a node on another path. The theoretical implementation of this

chapter can now be simulated to obtain the results.
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Chapter 5

Results and validation

In this chapter, the two algorithms of Dijkstra and Bellman-Ford are implemented in the sim-
ulation environment as discussed in Chapter 4. The results of these simulations are used to
determine how effective each algorithm operates. The tables of these results are provided in the
Appendix B. This chapter forms part of the validation by confirming that the result of each sim-
ulation complies with all the specified requirements before it can be used. The data shows the

effect of using more source nodes as well as spreading the source nodes.

5.1 Dijkstra’s algorithm

This section contains the results of simulations with modified Dijkstra’s algorithm.
Firstly, the effects of increasing the number of source nodes are shown using data de-
rived from multiple scenarios of simulations. This is also portrayed with figures that
clarify the influence the number of source nodes has on the algorithm. This is followed
by a short section illustrating the significant impact the spread of the source nodes has

and finally, a brief description of the algorithm’s running time is included.
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A Monte Carlo analysis approach was used for the simulations, which is useful when
performing random sampling. The results were obtained by simulating twenty differ-
ent random scenarios for each number of source nodes. Twenty scenarios were used
since the average landing sites used for each number of source nodes converged. Simu-
lation with one source node was left out, as there are no other source nodes with which
to share paths. The simulations contain each integer value of source nodes, from two
up to ten source nodes. Each simulation was inspected to ensure it complies with all
the requirements set out in Chapter 3 before it was used, validating the algorithm. The

following three properties of each simulation were saved:

e Individual Path Node Count (IPNC). This is where the number of landing sites
used for all the source nodes to connect to the base station individually, are added
together. This is a naive representation, which would have been used for these

source nodes if they were not sharing landing sites.

e Cumulative Paths Node Count (CPNC). This is the number of landing sites used
with the implementation of the modified Dijkstra’s algorithm discussed in the
previous chapter. All source nodes are selected at the same time to benefit from

existing landing sites.

e Running time. This is the processing time from the beginning to the end of the

simulation.

5.1.1 Increasing source nodes

Goal: This section attempts to display how the modified Dijkstra’s algorithm is af-
fected when the number of source nodes increases. The IPNC and CPNC are plotted
together to show that the modified algorithm has a positive difference regarding the

number of landing sites used.

Figure 5.1 is the first visual representation, where the number of landing sites used

is plotted against the number of source nodes. The x-axis represents the number of
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source nodes used in the simulation. The y-axis represents the number of landings
sites used, which is the average of the multiple different scenarios with its respective
number of source nodes. The top line represents the number of landing sites used
when the source nodes are connected to the base station individually and then added
together (IPNC). This line is linear because no landing sites are shared and as source
nodes are added the number of used landing sites will keep rising. The bottom line
is the result when all source nodes are simulated together using the modified Dijkstra
implementation (CPNC). This line is not linear and will have an asymptote where
the number of landing sites used does not increase with the increase of source nodes.
The area between these two lines shows the number of landing sites saved with this

implementation of Dijkstra.

Average number of sites used with increasing number of source nodes
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Figure 5.1: Dijkstra: The average sites used for IPNC and CPNC

Goal: The following is used to show the number of landing sites saved using the modi-
tied Dijkstra’s algorithm. The figure will show the proportion of change in the number

of landing sites saved as the number of source nodes increase.
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The number of landing sites saved using this implementation of Dijkstra was briefly
mentioned above. To determine the number of landing sites saved, the CPNC values
are subtracted from the IPNC values for each number of source nodes. This is plotted
with similar axis as in the previous figure, except the y-axis is changed from the aver-
age landing sites used to the average landing sites saved. Figure 5.2 illustrates how the
number of landing sites saved increases when the number of source nodes increase. It
is visible that this line is not linear and increases with a bigger margin as source nodes
are added; this is because more source nodes lead to more landing sites being shared.
The number of landing sites saved will increase with each addition of a source node

until a source node has been placed at all the landing sites.

Average number of sites saved with increasing number of source nodes
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Figure 5.2: Dijkstra: The average sites saved with this implementation

5.1.2 Spread dependent

Goal: This section is used to demonstrate that the number of landing sites saved is

dependent on the spread of the source nodes.
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Six source nodes were evenly spread, confined to 90°, 180° and then 360° sectors. To
eliminate the impact of the distance, the IPNC value was kept constant for all the sec-
tors. Different IPNC values were used to indicate that the algorithm remains spread
dependent on varying distances to the base station. Table 5.1 shows the number of
landing sites used and sites saved for the three different sector ranges. The table shows
the number of landing sites saved increases as the source nodes are confined to smaller
sectors. The number of landing sites saved can be doubled if the source nodes are

spread in half the sector size.

Table 5.1: Dijkstra: Spread dependent

90° sector 180° sector 360° sector
IPNC | CPNC Saved | CPNC Saved | CPNC Saved
100 53 47 79 21 94 6
80 36 44 59 21 73 7
60 30 30 43 17 55 5
40 14 26 28 12 37 3
20 4 16 11 9 16 4

5.1.3 Running times

Goal: To comment on the feasibility and practicality of this system, it is important to

show the running times for the modified Dijkstra’s algorithm.

Figure 5.3 shows the average time, in seconds, the algorithm runs for each number of
source nodes. This is a relatively linear line, as the time increases evenly when a source
node is added. Ten source nodes ran for an average of 132 seconds, with a maximum

run time of 169 seconds.
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Figure 5.3: Dijkstra: The average algorithm run time

5.2 Bellman-Ford algorithm

The Bellman-Ford algorithm can contain negative edge weight nodes that can be as-
signed to landing sites and structures with more energy. The modified Bellman-Ford
results will contain the number of landing sites that can be used and saved for a dif-
ferent number of source nodes. A table will be used to show how this algorithm is
dependent on the spread of the source nodes, followed by its running times. It is im-
portant to note that for the simulations of the modified Bellman-Ford algorithm, the
source nodes were placed on the same landing sites as with the modified Dijkstra’s al-
gorithm above; doing this makes it easier to compare the algorithms to each other. To
eliminate the impact of distance when determining spread dependency, it was ensured
that both algorithms occupy the same number of landing sites. This meant the source

nodes were not necessarily placed on the same landing sites.
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5.2.1 Increasing source nodes

Goal: This section will showcase how the modified Bellman-Ford algorithm reacts as
the source nodes increase. The number of source nodes is increased and plotted for

IPNC and CPNC to display how the number of saved landing sites changes.

In figure 5.4 a graph of the number of landing sites used against the number of source
nodes is provided. The y-axis is the average used landing sites for each number of
source nodes obtained from multiple simulations. The top line in this figure is repre-
sented by the number of landing sites used when source nodes are connected to the
base station individually and then adds these values together (IPNC). This is a naive
representation of the number of landing sites that will be used when paths are not
shared. With the top line, no landing sites are saved and, therefore, the line is lin-
ear. The bottom line shows the number of landing sites used when using the modified
Bellman-Ford algorithm as discussed in Chapter 4 (CPNC). This line curves away from

the linear line as the source nodes increases.
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Figure 5.4: Bellman-Ford: The average sites used for IPNC and CPNC

65



Chapter 5 Bellman-Ford algorithm

Goal: The following shows the number of landing sites saved using the modified
Bellman-Ford algorithm. The number of landing sites saved in proportion to the num-

ber of source nodes used is shown in the figure below.

Figure 5.5 shows the average number of landing sites saved as the source nodes in-
crease. This line is also represented by the area between the two lines of the previous
tigure. The number of saved landing sites does not increase linearly when source nodes
are added, therefore, more source nodes result in better effectiveness of the algorithm.
More source nodes will use more landing sites, which then increases the chance that
landing sites are shared. This figure also shows that the algorithm will be somewhat
unproductive when only two source nodes are used, saving an average of only 1.85

landing sites.

Average number of sites saved with increasing number of source nodes
60

35

50

45

40

35

30

25

Avg. saved sites

20

2 3 4 5 6 7 8 G 10
Nr. source nodes

Figure 5.5: Bellman-Ford: The average sites saved with this implementation

66



Chapter 5 Bellman-Ford algorithm

5.2.2 Spread dependent

Goal: The results of modified Bellman-Ford’s algorithm are also dependent on the
spread of the source nodes. This section will show how the number of landing sites

saved changes, as the source nodes are confined to different sector sizes.

Table 5.2 shows source nodes that were placed within 90°, 180° and then 360° sectors.
Six source nodes were used and evenly distributed within the various sectors. When
determining the effect of the spread, it is important to remove the impact that distances
have on the result. The impact of distance was eliminated by ensuring the IPNC for
all three sectors stayed the same. The table shows how the number of landing sites
saved decreases with wider sectors, regardless of the distance the source nodes are
from the base station. The table shows an enormous increase in the number of landing
sites saved as the sector size decreases. It is clear the number of nodes saved stays
dependent on the spread of the source nodes, irrespective of the distance to the base

station.

Table 5.2: Bellman-Ford: Spread dependent

90° sector 180° sector 360° sector
IPNC | CPNC Saved | CPNC Saved | CPNC Saved
100 50 50 64 36 85 15
80 32 48 56 24 71 9
60 30 30 46 14 56 4
40 14 26 27 13 36 4
20 8 12 12 8 15 5

5.2.3 Running times

Goal: To evaluate the feasibility and practicality of the modified Bellman-Ford algo-

rithm for this system, the running times for each number of source nodes is evaluated.

Figure 5.6 shows the average processing time in minutes for each number of source

nodes, using the modified Bellman-Ford algorithm. The processing time for this al-
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gorithm increases dramatically with each source node that is added. The processing
time for this system does not play a big role, except in this case where six source nodes
have an average processing time of just over an hour. This indicates that the modi-
fied Bellman-Ford algorithm is slower to process, since the ten source nodes have an
average processing time of 237 minutes. The figure shows how the time increases ex-
ponentially, as was expected with a theoretical running time of O(|E|,|V|), where E is

the number of edges and V, the number of vertices [27].
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Figure 5.6: Bellman-Ford: The average algorithm run time

5.3 Comparing the modified Dijkstra and -Bellman-Ford

This section is used to demonstrate the results of both modified algorithms against
each other. Since the source nodes were placed on the same landing sites, the number
of landing sites used and saved can be compared. The modified Dijkstra and Bellman-

Ford algorithms are both affected by the increase in the number and the spread of
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the source nodes. The running times will be plotted together to show the enormous

difference between the running times of both algorithms.

5.3.1 Increasing source nodes

Goal: To compare the effectiveness of the modified algorithms, the number of landing
sites saved is compared. The algorithms saving more landing sites should be the most

effective.

Figure 5.7 shows the average number of landing sites saved when using the modified
Dijkstra and Bellman-Ford algorithm. The number of landing sites saved is calculated
by subtracting the CPNC from the IPNC. The figure illustrates that the number of
landing sites saved is similar with the modified Dijkstra’s algorithm having a slight
advantage. Although the number of landing sites saved is similar, there is a difference
in the number used. Since the simulations for the modified algorithms are done on the
same landing sites, the IPNC values should be similar. The IPNC value for two source
nodes with the modified Bellman-Ford averages 1.3 landing sites less than using the
modified Dijkstra’s algorithm. This value increases with the number of source nodes,
where ten source nodes will indicate the modified Bellman-Ford averages 7.15 landing
sites less than the modified Dijkstra’s algorithm. Since the IPNC values are not as
similar as expected, and has an impact on the number of saved sites, the effectiveness
of the modified algorithm cannot be compared by using the number of landing sites

saved.
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Figure 5.7: The average number of sites saved with the modified algorithms

Goal: The following is used to display the difference between the modified Dijkstra’s
algorithm and modified Bellman-Ford’s algorithm regarding landing sites used. The
number of landing sites used is a possible way to compare the effectiveness of the

modified algorithms and will be displayed as the number of source nodes increase.

The CPNC shows the average number of landing sites used for the modified Dijk-
stra and Bellman-Ford algorithms, where the algorithms were implemented with the
source nodes at the same positions. Figure 5.8 shows the CPNC for both the modified
algorithms. The figure illustrates that the modified Bellman-Ford algorithm consis-
tently uses fewer landing sites than the modified Dijkstra’s algorithm, and the differ-
ence increases as source nodes are added. When two source nodes are used, the av-
erage difference in the CPNC is 0.95; where ten source nodes were used, the modified
Bellman-Ford algorithm averages 5.85 landing sites less than the modified Dijkstra’s
algorithm. It is clear the modified Bellman-Ford algorithm is more effective than the

modified Dijkstra’s algorithm when the CPNC is used to compare effectiveness.
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Figure 5.8: The average number of sites used with the modified Dijkstra and Bellman-

Ford algorithms (CPNC)

5.3.2 Spread dependent

Goal: This section is used to compare the spread of source nodes for the modified
algorithms with each other. The algorithm less dependent on the spread of the source

nodes will share more paths.

Figure 5.9 illustrates the average landing sites saved for different sector sizes, which is
determined for different IPNC values, using the data from the tables in Appendix B.
The bar graph shows the modified Bellman-Ford algorithm saves more landing sites
for each sector size, indicating it is less dependent on the spread of source nodes than
the modified Dijkstra’s algorithm. This is due to negative edge weights assigned to

certain landing sites already used, which forces paths to share landing sites.
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Figure 5.9: The average number of sites saved for the modified Dijkstra and Bellman-

Ford algorithms with different sector sizes

5.3.3 Running times

Goal: This section will show the difference in running time for the modified algo-
rithms. The processing times will be compared by plotting the two algorithms on the

same scale.

The running times of the modified algorithms are compared using figure 5.10. With
the running time of the modified Dijkstra’s algorithm plotted in terms of minutes, it
cannot be seen what the processing time is for each number of source nodes. The
average running time for ten source nodes using the modified Dijkstra’s algorithm is
less than three minutes, which is why it is not clearly visible in the figure. The figure
illustrates the enormous difference between the two modified algorithms regarding

running time.
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Figure 5.10: The average run time for the modified Dijkstra and Bellman-Ford algo-

rithms

54 Summary

The expectation was that the IPNC values for the modified algorithms would be sim-
ilar because the simulations were made with the source nodes on the same landing
sites. This was not the case, as the IPNC of the modified Bellman-Ford algorithm for
ten source nodes uses 5.31% less landing sites, on average, than that of the modified Di-
jkstra’s algorithm. Where initial thoughts suggested that the number of saved landing
sites would be the only measure of effectiveness, the number of landing sites used with
CPNC seems to carry more weight. The CPNC directly indicates the average landing
sites both modified algorithms used for each number of source nodes. The modified
Bellman-Ford’s CPNC values are between 4.31% and 5.53% smaller for the number of
source nodes ranging from two to ten, indicating the modified Bellman-Ford algorithm

has the advantage regarding effectiveness.
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Both algorithms are dependent on the spread of the source nodes. The tables showed
that for six source nodes, the modified Dijkstra’s algorithm used just under 150% more
landing sites, on average, when the source nodes were placed in a 360° sector as to
when they were placed within a 90° sector. The modified Bellman-Ford algorithm saw
an average increase of over 100% landing sites used when the sector size was changed
from 90° to 360°. The comparison showed the modified Bellman-Ford algorithm is less
spread dependent, therefore, sharing more paths. This property is one of the reasons
the modified Bellman-Ford algorithm is more effective than the modified Dijkstra’s

algorithm.

The running time graph of the modified Dijkstra’s algorithm is relatively linear, show-
ing that adding a source node will add to the workload but not complicate the calcula-
tions. This cannot be said for the modified Bellman-Ford algorithm, as adding a source
node to it adds to the workload and increases the complexity of the calculations. The
increase in complexity causes the running time not to increase linearly, but O(|E|,| V).
At first the running time for these algorithms was not a crucial property in this system.
However, time does play a role when the algorithm uses more than an hour to process.
This is the case with the modified Bellman-Ford algorithm, where the average running
time is more than an hour when six or more source nodes are used. The average run-
ning time for the modified Bellman-Ford algorithm when using two source nodes is
96 seconds longer than the average time for ten source nodes using the modified Di-
jkstra’s algorithm. This is one big drawback of the modified Bellman-Ford algorithm,
as the running time for a larger number of source nodes is not worth the number of

landing sites saved, compared to the modified Dijkstra’s algorithm.

The results show that the derived modified algorithms proved to be a heuristic tech-
nique, a practical solution, which is not necessarily optimal but proves to be good
enough. In the concluding chapter these results are taken in consideration to deter-

mine a practical solution.
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Chapter 6

Conclusion and recommendations

This chapter includes an overview of all the work done and the process that was followed in
compiling this dissertation. This is followed by concluding remarks regarding both modified
algorithms. A recommendation on when to use which modified algorithm is given, and is fol-

lowed by some possible future work on this topic.

6.1 Overview of work

The aim of this study was to select, modify and compare different shortest path algo-
rithms to determine the placement of UAV repeaters to connect source nodes moni-
toring rhinos with the base station. To form redundant paths from the source nodes
to the base station, some k-path shortest path algorithms were investigated. Suurballe
and Tarjan’s algorithm determine a pair of edge-disjoint paths using a transformed
graph, while Yen’s algorithm can be used to determine k-shortest paths. To perform
modifications on a transformed graph is a complicated task, which is why Suurballe
and Tarjan’s algorithm was not used. Since the constraints require the primary and

secondary paths to be vertex-disjoint, Yen's algorithm is also not an options, since the
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k path shares nodes with the k-1 path. Although these algorithms were not used in
this study, the algorithms used had a similar approach. The algorithms used in this
study were implemented in the same way by determining the first path using a single
shortest path algorithm, and to add a second path related to the first path within the
specified requirements. This led to the research of four single shortest path algorithms
(Dijkstra, Bellman-Ford, Floyd-Warshall and A-star). The Dijkstra and Bellman-Ford
algorithms were implemented for this study since the Floyd-Warshall algorithm is an
all-pairs shortest path problem and the A-star is a single-pair shortest path problem.
The all-pairs shortest path problem is where the shortest path from all nodes to all
nodes is determined, which is more than what is required to solve the problem of this
study. The single-pair shortest path problem is where the path is found between a

single source node and a destination node, and cannot consider other source nodes.

The Dijkstra and Bellman-Ford algorithms were modified to adhere to the predefined
requirements of the intended use case. The algorithms were used to form two paths
from each source node to the base station. The first modification made to Dijkstra’s
algorithm, was a weight benefit that was added for using nodes already in use. This
forced the source nodes to share paths and reduce the number of occupied landing

sites.

After the first modification, the paths were not all formed in a straight line between the
source node and the base station, which caused the primary and secondary paths to
separate from each other on certain instances. The separated primary and secondary
paths resulted in some landing sites not having a node on another path to communicate
with, which is against the stated requirements of the system. The next modification
was to prevent the primary and secondary path from separating. It was performed
by adding a weight/cost benefit to the nodes in the secondary path when within the

communication range of the primary path nodes.

The same modification of Dijkstra’s algorithm to share landing sites was made on
the Bellman-Ford algorithm. The modification on Bellman-Ford’s algorithm, to pre-

vent separated primary and secondary paths, was approached differently. Instead of
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adding a weight benefit to the secondary path nodes, which is within the communica-
tion range of the primary path, a detrimental weight is given to secondary path nodes

that are not within the communication range of the primary path nodes.

For the Bellman-Ford algorithm, there is the additional modification of assigning cer-
tain nodes with a negative edge weight; these weights can be assigned to landing sites
that have an energy advantage over other sites. For this application, negative edge
weights were assigned to certain nodes that were already in use. Two nodes with
a negative edge weight cannot be within communication range of each other, as this
would result in a negative cycle. When a negative cycle exists in a network, no shortest

path is available.

The modified algorithms were simulated to test the different properties and compare
them to each other. The simulation area was 51.2km by 51.2km and only had one base
station. The results were obtained by running multiple simulations with a different
number of source nodes. The averages of the multiple simulations for each number of
source nodes were used. The number of source nodes varied from 2 to 10 and were
placed randomly over the simulation area. This is also the validation using the Monte
Carlo method of random sampling. For each simulation, the number of landing sites
used and its processing time were saved. The number of landing sites used for each
source node connecting to the base station were added together (IPNC). This value
was used as a simple representation of the number of landing sites that would be used

without the modified algorithm and is of use when comparing the algorithms.

After the simulations, the results were formatted to the desired output for the com-
munication protocol. The output format displays the two paths from each node to the
base station starting at different positions. Two checks were performed to verify that

the output data complied with the requirements.

77



Chapter 6 Conclusion

6.2 Conclusion

The modified Dijkstra and Bellman-Ford algorithms were simulated to test the differ-
ent properties of the modified algorithms. For the results to be comparable, the source
nodes were placed on the same landing sites for both algorithms. To test the number
of landing sites saved for a scenario, the CPNC value was subtracted from the IPNC
value. Results of both algorithms show that the number of landing sites saved in-
creases exponentially as the number of source nodes increase; this is because a rise in

the number of source nodes will increase the chances for paths to share landing sites.

There is only a small difference between the number of landing sites saved using the
modified Dijkstra’s- and -Bellman-Ford’s algorithm. The difference in the average
number of landing sites saved for 2 to 8 source nodes is not more than 1 landing site
in both algorithms. For 9 and 10 source nodes, the difference in landing sites saved is

less than 2 landing sites, on average, in the modified Bellman-Ford’s favour.

The initial thought was that the average number of landing sites saved would measure
the effectiveness of the algorithms. Although the number of landing sites saved is
very similar, there is a difference in the effectiveness of the algorithms. The number
of landing sites saved is also dependent on the IPNC value. The IPNC values of the
modified Bellman-Ford’s algorithm is less than the modified Dijkstra’s algorithm and
the differences increases as the source nodes increase. Using 10 source nodes, the IPNC
for the modified Bellman-Ford’s algorithm is 7.2 landing sites less on average. With the
IPNC already hinting the modified Bellman-Ford’s superiority, the effectiveness can be
measured using the CPNC value since the source nodes are placed on the same landing
sites. For each number of source nodes, the modified Bellman-Ford algorithm averages
less landing sites than the modified Dijkstra’s algorithm. When using 10 source nodes,
the CPNC of the modified Bellman-Ford algorithm averages 5.85 less landing sites,
which puts this algorithm at a slight advantage.

The number of landing sites saved for both algorithms are dependent on the spread

of the source nodes. To show this, six source nodes were evenly spread into 90°, 180°
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and 360° sectors. To limit the variables, the distance from the base station was kept
the same by keeping the IPNC value constant. The results indicate that the average
number of landing sites used for both algorithms more than doubled when the source
nodes were spread from 90° to 360°. It was found the average landing sites used in-
creased by 86.3% and 59.8%, from 90° to 180° and 29.6% and 27.9% from 180° to 360°
for the modified Dijkstra and Bellman-Ford’s algorithms respectively. It is clear that
a small difference in the spread of the source nodes can make an enormous differ-
ence in the number of landing sites saved. The comparison showed that the modi-
tied Bellman-Ford algorithm is less dependent on the spread of source nodes than the
modified Dijkstra’s algorithm. This is caused by the negative edge weights assigned
to certain existing landing sites for the modified Bellman-Ford algorithm, which forces

the algorithm to share more paths.

One of the biggest differences between the modified Dijkstra’s- and -Bellman-Ford’s al-
gorithm is the running time. The computational complexity of the modified Dijkstra’s
algorithm allows the running time to increase linearly as source nodes are added. With
the modified Bellman-Ford’s algorithm, the computational complexity increases with
each added source node, causing the running time to increase rapidly. The running
times are increasing at different rates as source nodes are added. The average running
time for the modified Bellman-Ford’s algorithm using 2 source nodes is 3 minutes and
48 seconds. The modified Dijkstra’s algorithm has an average running time of 2 min-
utes and 12 seconds when using 10 source nodes. There is an enormous difference
in the elapsed time between the modified Dijkstra and Bellman-Ford’s algorithm and

even more so as the source nodes increase.

Ultimately, comparing these algorithms to each other is a daunting task. The first at-
tempt was to compare the number of landing sites saved by each of the algorithms.
The results showed that the modified Dijkstra and Bellman-Ford’s algorithm saved a
similar number of landing sites. The number of landing sites saved is not a good mea-
sure of effectiveness since it is dependent on the IPNC value. The number of landing
sites used can thus be used as a measure of performance, since the source nodes were

placed on the same landing sites. The modified Bellman-Ford algorithm averaged 5%
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less landing sites than the modified Dijkstra’s algorithm for each number of source
nodes. It was found both algorithms are dependent on the spread of the source nodes.
Time performance results show that the modified Dijkstra’s algorithm averages a run
time of more than a hundred times faster than the modified Bellman-Ford’s algorithm
with 10 source nodes, and the difference will increase as source nodes are added. It
is important to remember that Bellman-Ford has the advantage of assigning negative

edge weights to landing sites with an energy advantage.

This study indicates that it was possible to select and modify shortest path algorithms to create
a redundant communication path between the UAV monitoring a rhino and a base station. The
modified algorithms used less landing sites to connect all source nodes with the base station

than the original algorithms.

6.3 Recommendations

Recommending one of the modified algorithms depends on the properties of the net-
work and the application. If the application has existing infrastructure or repeater
poles close to the base station that has an energy advantage, the Bellman-Ford algo-
rithm has a great advantage over Dijkstra’s algorithm. The modified Bellman-Ford’s
algorithm will ensure that the nodes with an energy advantage are regularly utilised
and will use less landing sites that require a UAV. The modified Dijkstra’s algorithm
will treat all the nodes equally and will not make use of the additional energy available

at certain nodes.

Probably the most important aspect is whether or not there are any time constraints.
If there are no time constraints, the modified Bellman-Ford algorithm would be the
better option. The performance was measured using the CPNC value. By placing
the source nodes on the same landing sites, the modified Bellman-Ford’s algorithm
continuously occupied less landing sites than the modified Dijkstra’s algorithm. The
modified Dijkstra’s algorithm has excellent time performances with a decent perfor-

mance regarding the number of landing sites used, but if there is no time constraint
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the modified Bellman-Ford is the algorithm to use.

Time constraints will always be present, which brings another aspect into play, the
number of source nodes that will be used. For situations where 6 or fewer source nodes
are used, the modified Bellman-Ford algorithm is still a viable choice as the average
running time would be an hour, which is an acceptable timeline. In cases where more
than 6 source nodes are used, the modified Dijkstra’s algorithm is the best option. The
modified Dijkstra’s algorithm will deliver a network in less than 3 minutes, where the
running time of the modified Bellman-Ford’s algorithm does not surpass its ability to

use less landing sites than the modified Dijkstra’s algorithm.

The biggest trade-off for picking the modified Dijkstra or Bellman-Ford’s algorithm is
time versus the number of nodes. If enough time is available, the modified Bellman-
Ford’s algorithm has the edge over the modified Dijkstra’s algorithm regarding using
less landing sites. The modified Bellman-Ford’s algorithm using nodes with energy

advantages are meaningless if there are strict time constraints.

6.4 Future work

Some of the figures show a resemblance to Steiner minimum trees. Steiner minimum
trees are a strong candidate to consider for comparison with the current algorithms.
Steiner minimum trees find the shortest path to connect several given points. With
this shortest path, points can be connected to each other using intermediate junctions

called Steiner points [40].

In this study, one base station was used. Future investigations can incorporate two or
more base stations. Base stations do not have energy constraints and can be placed on
existing infrastructure. If two or more base stations are placed on proper geographical
positions, it could reduce the number of UAVs required to relay the data to the base

stations.
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Future work may also include a different arrangement of the landing positions. Land-
ing positions can be placed closer to each other; the communication ranges will over-
lap and ensure no uncovered areas exist. The landing positions can also be placed
further from each other for elevated geographic positions that have better communi-

cation ranges. This can be applicable to areas with ridges and towers.

Finally, the study can be expanded by adapting the landing site grid. Landings sites
can be eliminated for areas inaccessible to the rhino including dams, roads, camping

areas and areas near power lines.
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Appendix A

Graphical user interface

This appendix will demonstrate the GUI used to perform the simulations of this study.
The figures show the base station that can be moved with the spin box, or by entering
a position number in the editable area. The buttons required for performing the modi-
fied Dijkstra and modified Bellman-Ford are also shown, with an additional button to
generate the output for the communication protocol. The algorithm used, the number

of sites used and the processing time is shown below the buttons.

A.1 Initial simulation interface

Figure A.1 is the initial display of the GUI. Before starting simulations, the base station
is placed on the required landing site. The source nodes are selected by clicking on
the respective landing sites. To start the simulation, click on the algorithm that will be
used. The simulation is finished when the paths are shown, as in figure A.2 and A.3.

To obtain the output for the communication protocol, the output button is pressed.
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Figure A.1: Simulation

A.2 Simulation with Dijkstra’s algorithm

Figure A.2 shows the landing sites used for all source nodes to communicate with the
base station. The modified Dijkstra’s algorithm is used to determine the paths that
each source node uses. The scenario in this figure, with six source nodes, forms part
of the results. It is visible from the figure that the modified Dijkstra’s algorithm was

used, 86 landing sites will be occupied and the running time is 107.5 seconds.
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Figure A.2: Simulation Dijkstra

A.3 Simulation with Bellman-Ford’s algorithm

The paths in figure A.3 are formed using the modified Bellman-Ford’s algorithm. Six
source nodes were used and this result was used in one of the scenarios for the results.
The figure shows that 60 landing sites will be occupied for all the source nodes to
have a redundant communication path to the base station. It is also visible that the

processing time is 3156 seconds, which is more than 52 minutes.
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Figure A.3: Simulation Bellman-Ford
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Appendix B

Result tables

This appendix contains the values of the results compared in Chapter 5. Each value is
an average obtained from multiple simulation scenarios. At 20 scenarios, the average

values converged, which can be used to represent the results of the data.

B.1 Results for Dijkstra

In table B.1, the first column represents the number of source nodes used. The second
column is the average number of nodes used when the source nodes are connected to
the base station individually and added together. The third column is when the source
nodes are simulated together, and the final column is the values when column three
is subtracted from column two. The columns from two to four are all average values
obtained from multiple simulations with the different number of source nodes. The
table shows that the average number of source nodes saved when using two source
nodes is only 2.2. This indicates that using this implementation of Dijkstra for only

two source nodes does not have a significant benefit.
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Table B.1: Dijkstra: Averages for increasing number of source nodes

Nodes IPNC CPNC Saved sites

2 26.7 24.5 2.2

3 3825 328 5.45
4 53.3 43.25 10.05
5 68.35 52.1 16.25
6 81.0 59.0 22.0
7 93.85 65.65 282
8 107.15 724 34.75
9 120.5 76.85  43.65
10 1346 83.2 51.4

B.2 Results for Bellman-Ford

To clarity the differences between the implementation of Dijkstra and Bellman-Ford’s
algorithms, table B.2 is used. The first column indicates the number of source nodes
used; the second column is the number of landing sites used when these source nodes
are connected to the base station individually, and then added together. The third
column is when all source nodes are simulated with the implementation of Bellman-
Ford’s algorithm; the last column is the saved landing sites. These columns display the

average landing sites used and saved for the different number of source nodes.

Table B.2: Bellman-Ford: Averages for increasing source nodes

Nodes IPNC CPNC Saved sites

2 254 2355 1.85
3 36.6 31.06 5.55
4 50.35 40.7 9.65
5 65.0 48.9 16.1
6 77.05 549 22.15
7 88.7 61.4 27.3
8 101.3 67.55 33.75
9 113.95 72.1 41.85
10 12745 7735 50.1
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