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Obijective:

Technical progress enables the application of unmanned systems in new fields of activities. Amongst
many other, unmanned vehicles are also used for the exploration of unsafe areas e.g. with potential
hazardous gases. Hereby, the usage of networks of unmanned systems (like a cooperative network
of a ground-based rover and a UAV) can increase the exploration speed as well as the information
gained during the process while reducing the risks for human resources. Data gained by ground-
based systems (here: by the rover) primarily provides information about the conditions near ground.
At the same time, airborne systems (here: UAV) create turbulence and mix air masses which influences
in-situ measurements. The innovative technique of “Tunable Diode Laser Absorption Spectroscopy”
minimizes the influence of the airborne system by measuring the gas concentration along a laser
beam.

The aim of this thesis is to develop a concept for the exploration and mapping of gas concentrations
by using a cooperative network of unmanned vehicles both on the ground and in the air. The concept
shall be based on a ground-based rover system equipped with a laser and an UAV (Unmanned Aircraft
Vehicle) equipped with the receiving sensor. By measuring the absorption of the laser beam, the
composition of the surrounding air can be determined. The main focus of this thesis is the develop-
ment of an algorithm for the movement and cooperation of ground-based and airborne systems. The
algorithm shall determine optimal positions for the unmanned vehicles in order to obtain efficient
measurements of the gas concentrations. The cooperation with airborne systems alters the boundary
conditions compared to mere ground-based systems. The boundary conditions for the concept shall
be elaborated and quantified. Furthermore, the developed algorithm shall be implemented into a
software application for the usage in simulations and demonstrations. In addition, software required
for testing and verification purposes of the algorithm shall be chosen. Thereafter, the concept shall
be validated in software simulations. The results shall be gathered and evaluated. Further, a system
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Abstract

The present thesis develops and demonstrates an exploration strategy for the reconnais-
sance of gas plumes with a cooperative network of airborne and ground-based unmanned
vehicles by remote sensing. The cooperation of airborne and ground-based vehicles poses
a clear distinction from other work in this field. For the measurement of the gas plume,
the method of Tunable Diode Laser Absorption Spectroscopy (TDLAS) is applied. The
method of TDLAS requires a multitude of measurements from different angles. Using
the airborne vehicle as a reflector for the TDLAS beam provides more precise informa-
tion on the measurement. To optimise the positioning of the vehicles and explore the
gas plume, an engineering approach is pursued. A heuristic containing an exploration,
an exploitation, and a moving costs term is developed. Furthermore, a system capable
of implementing the strategy is arranged and presented. In a multi-step approach, the
exploration concept is implemented and verified. The thesis presents the structure of
the implementation of the exploration strategy in a Python simulation. With the simula-
tion, the basic operating principle of the exploration strategy has been verified. Supple-
mentary, the parameters used in the heuristic are examined to improve the performance
of the exploration strategy. Besides, different variations of the strategy are analysed and
discussed. Additionally, the implementation is transferred to a physics simulation with
Robot Operating System (ROS) and Gazebo. In the simulation, the strategy is combined
with the constraints of the vehicles. The simulation is performed with software in the
loop simulations of the actual hardware to verify the compatibility. In a proof-of-concept
demonstration, the implementation of the exploration strategy in the real hardware sys-
tem (ie. Unmanned Aerial Vehicle (UAV) and Unmanned Ground Vehicle (UGV)) with
software-in-the-loop simulation of the TDLAS sensor is shown and analysed.



Zusammenfassung

In der vorliegenden Masterarbeit wird eine Strategie zur Erkundung von Gaswolken mit-
tels unbemannter Luft- und Bodenfahrzeuge entwickelt. Die Vermessung der Gaskon-
zentration beruht auf dem Verfahren der Tunable Diode Laser Absorption Spectroscopy
(TDLAS). Dieses Verfahren benétigt Messungen aus verschiedenen Winkeln, um eine Re-
konstruktion der Gaswolke zu erméglichen. Die Verwendung des Luftfahrzeugs als Triger
der Reflektionsfliche ermdéglicht die Durchfithrung von reproduzierbaren Messungen.
Zur Optimierung der Fahrzeugposition und der Erkundung der Gaswolke wird ein in-
genieursmifiiges Vorgehen verfolgt. Das bedeutet, es wird eine Heuristik aufgestellt, die
einen untersuchenden und einen erschlieflenden Anteil hat, sowie den Aufwand fiir die
Bewegung in Betracht zieht. Erginzend wird ein System dargestellt, welches in der Lage
ist, die Erkundungsstrategie zu realisieren. Alle benétigten Hardware- und Softwarekom-
ponenten werden erliutert. In einem mehrstufigen Ansatz wird das entwickelte Konzept
implementiert und verifiziert. Im ersten Schritt wird eine Pythonsimulation aufgesetzt,
um die grundsitzliche Funktionsweise des Konzepts zu verifizieren und analysieren. An-
schlieflend wird diese Simulation verwendet, um die Paramater der Heuristik zu bestim-
men. Zusitzlich werden mit Hilfe der Simulation verschiedene Variationen der Strategie
untersucht und anhand der Ergebnisse diskutiert. Im nichsten Schritt wird die Imple-
mentierung in eine physikalische Simulation mit dem Robot Operating System (ROS) und
Gazebo iiberfithrt. Mit dieser zweiten Simulation wird die Funktionsweise des Systems
mit den Einschrinkungen der Hardware verifiziert. Weiterhin wird die Simulation ge-
nutzt, um die Software zur Umsetzung der Strategie mit den Fahrzeugen zu erproben.
Im dritten und letzten Schritt wird die Strategie in einer Machbarkeitsstudie mit existie-
renden Fahrzeugen demonstriert und die erzielten Ergebnisse diskutiert. Am Ende der
vorliegenden Arbeit wird ein Ausblick zu weiterer Forschung im Bereich der kooperati-
ven unbemannten Fernerkundung von Gaswolken gegeben. Hierbei werden zum einen
Verbesserungen des entwickelten Konzepts, als auch Abwandlungen, vorgeschlagen und
erliutert.

VII
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1. Introduction

1.1. Motivation

Humankind always strived to discover the unknown and exemplifies a spirit of discovery.
While the exploration of Earth was performed by humans themselves for a long period
of time, expanding the exploration to space led to the development of unmanned explo-
ration. In the 1950s, when humankind started grasping for the stars, the first objects in
space were unmanned vehicles [34] [55]. Afterwards, the first objects sent to the Moon,
Mars, or even the outer solar system were unmanned [56] [22] [32]. Until today, the far-
thest distance a human travelled was to the far side of the Moon [52]. Whereas the farthest
unmanned vehicles Voyager 1 is in interstellar space at a distance of more than 23 billion
kilometres [32]. On the surface of Mars, rovers are exploring the red planet with increased
autonomy required due to the high communication delay of up to 20 minutes [30]. In the
near past, the first cooperative exploration group consisting of the rover Perseverance and
the so-called Mars-helicopter Ingenuity started exploring Mars [31]. The combined capa-
bilities of the vehicles increase the quality of the gained data and improve the acquisition
speed itself. Promising locations can be identified by the airborne vehicle and investigated
in detail by the ground vehicle.

However, with the recent technological advance, unmanned exploration on Earth is be-
coming more and more viable. The knowledge gained in space exploration can be trans-
ferred to areas and use cases down on Earth. The initial intention of using unmanned
systems was the exploration without endangering human life. Unmanned systems can be
used to explore potentially dangerous areas to reduce the risk for human operators [26].
This can be for example areas with concrete danger of falling objects or near buildings at
risk of collapsing after an earthquake or another natural disaster. Though, it can also be
areas where toxic gases are expected for example after volcanic activity or after an accident
in an industrial processing site. The potential of using Unmanned Aerial Vehicle (UAV)s
for monitoring Chemical, Biological, Radiological, Nuclear (CBRN) threats in industrial
areas is investigated in [42]. Unmanned systems can be used to locate the gas sources [54].
In these cases, unmanned systems can be used to gain information about the situation to
safeguard human life [46]. To go one step further, autonomous operating vehicles can be
used to constantly monitor areas with an increased risk for hazards [41]. Whilst regular
inspections oflarge industrial sites require a great amount of manpower and thereby high
expenses, unmanned systems can continuously patrol such facilities and alert human op-
erators in case of abnormalities. Based on the information provided by the unmanned
systems, the operators can act. This leads to a faster and improved reaction with a reduc-
tion of costs at the same time.



1.2. OBJECTIVE

As an example, today landfills are a common way to dispose of huge amounts of waste.
During the decomposition of waste, toxic gases like methane [3] arise. High concentrations
of methane would be harmful to the climate whilst its flammability and explosiveness
combined with ambient air pose a serious danger to human operators. For this reasons, it
is desirable to detect methane leakages early to resolve the leakage. Due to the number of
landfills and their size, it is not possible to fully cover these tasks with human operators. A
similar situation can be found in refineries or natural gas and oil processing sites in gen-
eral. A large proportion of the natural gas is methane. The leakages lead to an increased
contribution to man-made climate change [28].

In the present thesis, a concept is developed to use a cooperative group of airborne and
ground-based unmanned vehicles for continuous monitoring and mapping of gas plumes
to counteract these issues and reduce risks for human operators. For the detection of gas
in three-dimensional space, the method of Tunable Diode Laser Absorption Spectroscopy
(TDLAS)is applied. The development of the thesis is supervised by the German Aerospace
Center (DLR) Institutes of Flight Guidance and Navigation and Control.

1.2. Objective

The main objective of the present thesis is the development of an exploration strategy for
the autonomous mapping of gas plumes by cooperating unmanned systems. The concept
can be used in hazardous environments to reduce the risk for human operators and si-
multaneously improves the efficiency of the exploration procedure by using autonomous
vehicles. Possible use cases are the detection and mapping of gas concentrations in natural
gas processing facilities or above landfills. Concentrations of climate-damaging or dan-
gerous gases for humans or rather living beings in general should be monitored continu-
ously in a safe manner. For this reason, fast detection of the gas concentrations is required.
Compared to other research in the area of unmanned exploration, this thesis discusses an
exploration concept to enable autonomous exploration by remote sensing with TDLAS
by a cooperation of unmanned airborne and ground-based systems. The TDLAS is used
to determine the gas distribution in the air. A two-part system, half ground-based, half
airborne reduces the influence on the gas distribution by turbulence and mixing caused
by the system itself. An in-situ sensor mounted to a UAV would influence the gas volume
by its downwash and distort the measurement. At the same time, the two-part system
enables measuring and extending areas that could not have been measured only with a
ground-based in-situ sensor. This thesis focuses on the development of an algorithm for
the movement planning for a UAV and an Unmanned Ground Vehicle (UGV) through
their environment to increase the knowledge gained about gas distribution by improv-
ing the significance of measurements. Based on an engineered heuristic, the algorithm
determines a position for the vehicles which maximises the information gained with the
next measurements of the TDLAS-sensor. Therefore, the system also takes its knowledge
about the surroundings into account.

3



1.3. CONTRIBUTION AND OUTLINE

1.3. Contribution and Outline

The present master’s thesis is introduced with the presentation ofa set of theoretical prin-
ciples (Chapter 2). Those were studied and chosen as a foundation for the developed con-
cept. The section leads with a short overview of remote sensing in general then followed
by a presentation of the tunable diode laser absorption spectroscopy in Section 2.1.2. Af-
terwards, approaches for gas exploration with unmanned vehicles are presented in Sec-
tion 2.1.3. This subsection situates the present master’s thesis in the current scientific
state of the art. The chapter is concluded with a section on selected algorithms (Sec-
tion 2.2) applied during this thesis. These existing path planning algorithms are used
to define the path considering the limitations of the unmanned systems required for the
developed concept. In Chapter 3 the developed exploration concept is explained. To the
best knowledge of the author, it is the first time that it is investigated to combine an un-
manned ground vehicle with an unmanned airborne vehicle to measure gas plumes in
three-dimensional space with the TDLAS principle. In the beginning, the problem the
thesis is based on is analysed. In the next subsection, a solution is derived from the re-
sults of the analysis on which this thesis is based. Concluding the chapter ends with the
exploration strategy developed in this thesis (Section 3.3). In the following Chapter 4, the
multi-step implementation chosen for the approach ofthe thesis is presented. The chap-
ter is introduced with the presentation of hardware and software required to realise the
developed exploration concept. Following, the two simulations developed in the course
of this thesis are described. In the first step, the characteristics of the Python-based simu-
lation and its main procedure is outlined. In the second step, the concept is implemented
in a Robot Operating System (ROS) [45] system to control and monitor the unmanned sys-
tems required for the realisation of the concept. The software is evaluated in a physics
simulation performed with Gazebo [17]. Once the exploration strategy is verified within
the simulation, a proof-of-concept demonstration is undertaken in form of field tests with
unmanned systems. The design for the proof-of-concept tests is presented at the end of
the chapter. For the present thesis, numerous simulation runs have been conducted. A
detailed discussion of the simulation results is set out in Chapter 5. The chapter covers
the Python simulation as well as the physics simulation performed with Gazebo. Con-
clusively, the execution of the field test performed in the scope of the present thesis is
documented and the findings are discussed. The thesis is finalised with a summary of the
achieved results and findings in Chapter 6. Closing, a conclusion, as well as an outlook
for further work, is given in Chapter 7.

4



2. Theoretical Principles

This section is used to provide the reader with a basic knowledge of theoretical prin-
ciples applied during the development of this thesis and the implementation of the pre-
sented concepts. It leads with an introduction of remote sensing and more specified on
the topic of TDLAS. Afterwards, an overview of research in the area of unmanned gas ex-
ploration is provided. At the end, a short presentation on the basics of algorithms applied
in this thesis is provided.

2.1. Remote Sensing

2.1.1. Overview

Remote sensing is a method to examine the physical characteristics of an area from the
distance. Emitted and reflected radiation is detected and monitored from a certain dis-
tance. Usually, the measurements are performed with an aircraft or even satellites [33]. In
contrast to in-situ measurements, remote sensing is able to measure the value of inter-
est over a large area in a short amount of time. Though, in-situ measurements provide
more precise information about the local conditions and a higher positional resolution
of the measured values. Remote sensing sensors can either be active or passive. Passive
sensors rely on emitted or reflected natural energy, most of the time sunlight. Such are
radiometers and spectrometers. Passive sensors often are limited by cloud cover and can-
not penetrate dense clouds [33]. Active sensors emit the measured radiation themselves.
It includes different Radio Detection and Ranging (Radar) and Light Detection and Rang-
ing (Lidar) sensors. The sensors mostly operate in the microwave band which enables
them to penetrate the atmosphere most of the time [33]. Remote sensing has a wide field
of applications. It ranges from environmental monitoring over hazard assessment up to
natural resource management [37]. Remote sensing has a series of advantages. As men-
tioned before, remote sensing can easily be used to cover large areas. In addition, it is
possible to use it for constant or at least repetitive coverage of an area. Thereby, the tem-
poral course can be monitored closely [2]. Furthermore, remote sensing does not take
place directly in the area of interest and consequently does not disturb the measured ob-
ject. On the other hand, it also comes with some disadvantages. If applied to small areas, it
results in rather high costs which may be prevented by in-situ measurements [2]. Remote
sensing data is more complex to be analysed than in-situ measurements and therefore
special trained personnel and processing equipment is required [2]. This may result in
higher overall costs depending on the use case. In the close past, also the integration of
remote sensing equipment onto smaller unmanned vehicles can be observed. This topic



2.1. REMOTE SENSING

is discussed further in Section 2.1.3.

2.1.2. Tunable Diode Laser Absorption Spectroscopy

A remote sensing method using an active sensor is the so-called Tunable Diode Laser
Absorption Spectroscopy (IDLAS). Further on in this work, the presented concept is de-
signed for measuring gas concentrations and shall therefore be introduced at this point.

The method of TDLAS is often used for gas detection because it is a fast process pro-
viding a high resolution and sensitivity [18]. The technique of TDLAS exploits the Beer-
Lambert law [49]. Radiation passing through an absorbing medium is dampened depend-
ing on the concentration and layer thickness of the plume. The Beer-Lamber law states
a logarithmic relation between the transmission of light through a gas, the attenuation
coefficient of the gas, and the distance light travels through the gas [29]. In Fig. 2.1 the
measurement process applied in this thesis is depicted. In order to measure, a beam is
created by a tunable diode laser. Tunable diode lasers are used because it is possible to
tune the wavelength fast and to achieve fast response times [53]. Inherent stability and
single frequency emission are important to achieve narrow line widths and thereby high-
quality measurements [53]. The beam passes through the gas until it hits a solid object
that reflects it back. After the beam passes through the gas a second time, it hits the pho-
todetector next to the laser emitter. In stationary systems, the photodetector is directly at
the other side of the gas and the beam crosses the gas only once. Not only does the damp-
ening by the gas influence the measurement, but also the characteristics of the reflecting
material. With a modification of the wavelength, different gases can be detected by the
beam.
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Figure 2.1.: The figure shows the working principle ofa TDLAS sensor. A laser source emits a beam
that radiates through the gas. On the other side of the plume, it is reflected on a surface.
A photodetector above the laser source collects the reflected light. During the transi-
tion through the gas, the laser beam is dampened in correlation to the concentration
and thickness of the gas (Sensor image source [38]).

The result provides an integrated measurement along the path of the laser beam. With
a single measurement, it can only be determined that a specific gas is inside the area.
No statement can be made about the spatial distribution. To receive this information,
multiple measurements from different directions have to be performed. For calculating
the spatial distribution from the measurements, a tomographic reconstruction has to be
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performed. The procedure is similar to medical computer tomography. In that case, the
beams are x-rays. The examined objects are solid and not gaseous. With technological
advances, the size of TDLAS sensors has been reduced so that they could be transformed
into a mobile format. This enables in-field usage and live measurements. In [21] a static
TDLAS system was installed above a landfill in China and multiple measurements have
been performed to learn more about the methane outgassing in the area. These aspects
are being used during the concept discussed in this thesis.

2.1.3. Unmanned Gas Exploration

In the current research, multiple approaches for the exploration of gas concentrations in
an area are pursued. This is often motivated to detect climate-damaging gases at an early
stage and prevent further damage. In many cases, unmanned vehicles are utilised in these
approaches to achieve autonomy and improve the efficiency of the process.

In [54], a swarm of unmanned ground vehicles with in-situ sensors is used to obtain
knowledge on the gas dispersion in an area. In the paper, it is investigated whether the
measuring process and with it the localisation of the gas source can be improved. There-
fore, it is striven to include the gas dispersion process. The experiments performed in [54]
substantiate the initial claim. Even though this approach shows a fast exploration of an
area, it is limited to exploration close to the ground in an area due to the limits emerging
from the ground-based in-situ sensors.

By contrast, in [48] a single agent system with multiple sensors for remote sensing is
introduced. The presented system combines a passive infrared thermographic imaging
sensor as well as an TDLAS sensor with a ground-based vehicle called RoboGas Inspec-
tor [48]. This combination allows the system to measure gas concentration and identify
leakages above ground level. It is designed to be used for inspection of larger industrial
sites [48]. The application of unmanned systems simplifies inspecting remote areas and
establishes a sufficient solution for monotonous and repetitive tasks [48]. In addition, it
allows for more efficient deployment of the specialised staff [48].

In [6] another ground-based unmanned system using the TDLAS method is introduced.
The paper concentrates on developing an optimised exploration strategy for robot-assisted
gas tomography. Therefore, the developed algorithm distinguishes between local high
concentration regions and the overall global solution [6]. In the process at first promising
measuring geometries have been identified which then were integrated into an optimi-
sation framework for larger areas. In order to verify the concept, it is demonstrated in
simple simulations as well as in a real-world experiment [6]. In contrast to the present
thesis, the concept and test presented in [6] are developed for the two-dimensional case.

In comparison, in [35] and [36] an airborne system carrying a TDLAS sensor is presented.
In this case, an autonomous aerial robot is designed to reconstruct tomographic two-
dimensional slices of gas plumes in outdoor environments [35]. The system is based on an
octocopter with a three-axis gimbal. With its maximum take-off weight, it can reach flight

7
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times up to 15 minutes [35]. The positioning of the UAV is based on a Global Navigation
Satellite System (GNSS) solution [35]. A TDLAS sensor is used for the measurement of gas
concentrations and complemented by a laser range finder to calculate the length of the
beam [36]. For calculating the model of spatial gas distribution, computer tomography
with a grid-based approach is applied [35]. The verifications performed in an outdoor
environment showed that the sensor requires a certain intensity of reflection to work,
depending on the surface of the reflecting material [35].

As it is outlined in this section, multiple approaches for the unmanned exploration of’
gas distributions have been researched in the past. None of these combines a ground-
based vehicle carrying a TDLAS sensor with an airborne vehicle to achieve a defined re-
flection behaviour. With this combination, the present thesis introduces a new approach
to measuring three-dimensional gas concentrations.

2.2. Applied Algorithms

The present thesis utilises existent algorithms for solving objectives of different manners.
In this section, a short introduction to these algorithms is outlined.

2.2.1. Path Creation

In this thesis, two path creation tasks are performed. For each vehicle, a list of target
waypoints is created with points that shall be visited in the next measuring cycle. In a
first step, the path between all pairs of waypoints is determined. The path between two
waypoints of a vehicle shall be as short as possible without colliding with any obstacles
in the area. Therefore, a version of the A*-Algorithm is used. It is a common algorithm
for path planning in known environments. The second task is to arrange all the points
that shall be visited to obtain a minimal movement time for the vehicles between the
waypoints. This part is solved similarly to the Travelling Salesperson Problem. Following
an introduction to these algorithms is provided.

The A* Algorithm

Path planners are used to find the best path from a given starting point to the targeted loca-
tion. Vehicles relying on short-range sensors can only react to obstacles in their path. Es-
pecially U-shaped or V-shaped obstacles can lead to an increased travelling distance. Path
planners can be used to avoid getting caught by these obstacles. Path planners analysing
larger areas can be used to detect such obstacles and plan a path that initially appears
longer, but bypasses obstacles and thereby leads to a shorter overall distance [40].

The so-called A* algorithm is an informed search algorithm. In opposite to uninformed
algorithms, it only works if the environment is known, wherein the movement is per-
formed. The A* algorithm uses heuristics to find the optimal path to the target. It is

8
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based on Dijkstra’s Algorithm [40]. The Dijkstra Algorithm is an algorithm to find the
shortest path between nodes of a graph [12]. It expands its search outward beginning at
the starting point. It does so by checking every closest point that has not been visited yet
[40]. This behaviour is similar to the greedy-best-first algorithm. The algorithm calcu-
lates the distance between the possible points and the goal. Then that algorithm selects
the point that is closest to the target. The greedy-best-first algorithm has improved per-
formance compared to the Dijkstra algorithm but then it is not guaranteed that it finds
the shortest solution [40]. The A* algorithm combines both approaches and takes the dis-
tance from the start as well as the distance towards the goal into account. Its heuristic can
be formulated as follows [40]:

fn =8n+t hy, (2.1)

The total cost f,, for the next point # is the sum of the distance from the starting node
to the point g, and the estimated distance from the point to the target ,,. In Fig. 2.2 an
example is depicted. The total cost is calculated for all possible next points until the target
is reached. For the heuristic multiple variants to calculate the distance to the target are
possible. One possibility is the so-called Manhattan distance that does not allow diagonal
movement as shown in Fig. 2.2. Movements are only allowed along the sides of the squares.
This results in [39]:

hy = |xn - xtargetl + |yn - ytarget| (2.2.)

A different approach would allow diagonal movement by applying the euclidean distance.
In this case, the points 2, 5, and 9 would not be visited. The heuristic would then be
calculated with [39]:

hn = \/(xn — Xtarget)* + (Yn — Ytarget)? (2.3)
4 13|45 |6 |7 |B|9% |10 11
3 12|34 10| 11 | 12
2|12 )| 3|4 12 | 11| 12| 13
1 . 1|23 13 | 12 A8 14
2 (12|34 12 |13 | 14 | 15
312|345 11|12 (13| 14
4 |3 |4 |56 1011|1213
514|567 |89 |10|11]12

Figure 2.2.: The figure shows the path-finding process applied with the A* algorithm. The starting
point is in the dark green square 0. The target point is in the blue square 13. The
vehicle cannot pass through the grey marked cells because these represent obstacles.
The solution based on the A* algorithm is the light green path.
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The Travelling Salesperson Problem

The travelling salesperson problem addresses the difficulty of connecting a group of points
with the shortest tour possible. Thereby, itis a typical optimisation problem [20]. In Fig. 2.3
the problem is depicted. A vehicle located in the blue marked position zero has the task to
visit the six marked positions in a single tour. The problem can either include the return
to the home position or stop at the last point. In this case, the vehicle does not have to
return to its origin. The goal is to visit each of the six points once and choose the shortest
possible tour. The travelling salesperson problem cannot be solved in polynomial time,
which means that the time to acquire a solution increases exponentially with the number
of visited points [4]. Nevertheless, for short lists of points, as it is the case in the present
thesis, it is still viable to calculate the exact solutions [4]. More detailed information on the
use in this thesis is provided in Section 4.2.5. For longer list the randomized optimisation
algorithm as described in [20] is potentially a better approach. A different approach for
complex problems would again be the use of heuristics. In [4] different heuristics are pre-
sented. At this point no deeper discussion of other possible solutions will be performed,
since this thesis applies an already implemented travelling salesperson solver as described
in [51] and does not attempt to optimise the solver.
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Figure 2.3.: The travelling salesperson problem is trying to find the shortest tour between multiple
points. The vehicle is at starting point 0 and wants to visit every point on the route
exactly once.

2.2.2. Bresenham Line Algorithm

The Bresenham line algorithm was developed by Jack Elton Bresenham in 1962 for the
computer control of a digital plotter [9]. The line drawing algorithm can be used to ap-
proximate a straight line between two points in an n-dimensional raster. The algorithm
exists since the beginning of the computer age and is known due to its simplicity and the
use of resource inexpensive operations [9].
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The coordinates of the start point are P; = (xl,yl)T and for the target point P, =
(xz,yz)T. It is established that the x-coordinate increases towards the right and the y-
coordinate towards the top. Furthermore, it must apply that the crossings of the grid have
integer coordinates. The procedure and conventions are visualized in Fig. 2.4.

y dx

dy

S

X1 \
p.= |
; (J'n>

Figure 2.4.: The figure shows the operating principle of the Bresenham line algorithm in a two-
dimensional grid. The algorithm is used to find the direct connection between P; and
P, within the grid. For each step in the x-direction, exactly one voxel is taken into
account.

At the beginning it has to be evaluated in which direction the distance between the points
is the greatest by defining Ax = x, — x; and Ay = y» — y;1. In the shown case, it results
in Ax > Ay. Therefore, the x-axis is the driving axis. In every following step, it moved
forward along the x-axis and sometimes along the y-axis. A slope error variable 4 is used
to identify the necessity for steps along the y-axis. Initially, the slope error is defined as:

d=2-Ay— Ax (2.4)
Further, it is defined for the error correction:

do=2-Ay (25)

dno =2+ (Ay — Ax) (2.6)

After the initial definitions, the algorithm increases the driving coordinate in each step
by one while x < x;.

x=x+1 (2.7)

At the same time, the size of the error d is evaluated. If it is smaller than zero, then dg is

added:

d=d+do (2.8)
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If the error becomes larger than zero, the error is corrected by dyo and the value of the
y-axis is increased by one:

d=d+dno (2.9)

y=y+1 (2.10)

This procedure is repeated until x, is reached. The algorithm can be modified to be ap-
plicable in the three-dimensional space. Then it is not used for determining pixels but
voxels. To expand it to the third dimension, the same process as shown above is repeated
for the third dimension. Therefore, an additional error variable is introduced. It corre-
lates with the third axis. If it exceeds zero, the value along the third axis is increased. This
extension is required because the beam of the TDLAS sensor in the present thesis is used
to measure gas concentrations in a three-dimensional space.

With this algorithm voxels crossed by a line in a discretised environment can be iden-
tified. A disadvantage is that only one voxel per step along the driving axis is identified.
This results in missing voxels that are crossed for a short distance, but are suppressed
by a larger distance in another voxel in the step. With another algorithm, for example,
the "Fast Voxel Traversal Algorithm for Ray Tracing" [5] these additional voxels could be
identified.



3. Exploration Concept

At the beginning of this section an analysis of the problem covered in this thesis is
presented. Afterwards, a theoretical approach to solving the problem is explained. Sub-
sequently, a detailed exploration strategy is presented, which utilises the approach and
defines required software and hardware capabilities.

3.1. Problem Statement and Analysis

The task is to explore and map gas concentrations in a pre-defined area. The area itself’is
known, which implies, that an obstacle map of the area can be created in advance. There-
fore, it is not required to carry sensors for mapping objects in the area or to detect and
avoid objects in the movement path. This simplifies the task as all possible measurement
positions are known at all times and the trajectory of the vehicles can be calculated be-
fore the vehicles start moving. Combined with the characteristics of the vehicles, a precise
estimate of the path of motion can be determined.

In contrast to that, the spatial extent and concentration distribution of the plume in
the area is unknown. This information shall be gathered as fast as possible, at the most
informative location, taking the limitations of the vehicles and sensors into account. The
UAV has a limited flight time which is further influenced by the attached payload. Con-
sequently, a reduced payload weight results in an extended flight time. The UGV has a
large battery capacity and can therefore endure longer than the UAV and carry a heav-
ier payload. To receive back radiation from the emitted laser beam with the sensor for
the gas measurement, a reflection surface is required. It must be ensured that this is the
case for every measurement. As introduced in Section 2.1.2, the TDLAS-method required
measurements from multiple independent angles. At the time of the mapping, the gas
distribution in the inspected volume should preferable be static. Otherwise, it leads to
errors in the reconstruction. Therefore, for the study in the present work, the gaseous
environment is assumed to be static and unaffected over time. This is a simplification of
the problem. The TDLAS method is not suited for mapping large and fast-changing gas
distributions. For such a case, a different method would have to be applied and therefore
is not discussed in this thesis. In typical applications like in refineries or at landfills, it
is striven to achieve continuous monitoring and to map slow and constant leakage of gas
over a long period of time. This case is simplified as a static plume in the area.

The task of the vehicles is the examination of the exploration area QO C R3. Q can
contain obstacles of different heights and shapes. The UGV is not able to go over any
obstacles. The UAV is able to fly over the obstacles O with a maximum height of H1 but
has to go around obstacles with the height H2. Obstacles with a height of H2 are taller
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than the area safe to fly in or reach above the maximal permitted flight altitude. The
movement of the UAV are limited to the space A C R3; A C Q. The location of the UAV
can be described by the positions 7 € A. The UGV can move in its movement space
G C R?;G C Q. The positions of the UGV is described by ? € G. The allocation of the
spaces is depicted in Fig. 3.1.
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Figure 3.1.: Structure of the considered spaces. The exploration space () includes all other defined
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spaces. The movement of the UGV is limited to G while the movement space of the
UAV is A. Additionally, the exploration space () contains different shapes of obstacles.
The space P is the gas filled plume.

The area of interest is a gas plume P C R%; P C Q. Tt is assumed that the plume P is static
and does not, or very slowly move over time.

After the analysis of the problem and the thereof resulting the broader comprehension
of the problem, a solution to the problem is developed, which is presented in the following
section.

3.2. Gas Distribution Mapping by Remote Sensing

For considerations and calculations performed in this thesis, the exploration space (2, the
plume P, and the obstacles O are discretised into voxels, which are three-dimensional
pixels, with the edge length e,. All voxels that are part of () and are not at least partially
filled by obstacles, are stored in the environment vector Y. The elements of ¥ store the
information if a voxel is filled with a concentration of the sought gas (0 < xj;; < 1)or
not (xjx; = 0). A measurement at a point in time ¢ produces the measuring result y;. It
depends on the position a; of the UAV and the position z of the UGV. To identify the
voxels that have been measured by the TDLAS-sensor, a single line matrix m; containing a
representation of all elements of ¥ is created. If the Direct Line of Sight (DLOS) between
the UAV and the UGV crosses through a voxel, the representation in m; is assigned the
value I;yoss, otherwise the value 0. The variable /s represents the length of the beam in-
side a voxel and is calculated by dividing the beam length by the number of crossed voxels.
The length inside the voxels crossed by a single beam is identical due to the application
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of the Bresenham line algorithm. The result of a single measurement y; can be described
by the combination of the corresponding single line matrix i,T and the description of
the gas distribution in the environment % This concludes in:

m" T =y (1)

For clarification, a two-dimensional example for a measurement is provided in Fig. 3.2.

Measurement:
mt = [lCTDSSO 0 0 0 lETOSS lL‘TOSSO 0 0 0 lCT‘OSS]
Yt

X117 =0
\\ X2 s Xi4 x12=0
N x13=1
\ X14=0
Xo1 Xz2 & X4 X1 =0
Xz2 =1
X=|2%3=1
X, X g
3,1 3. XZA. — O
X371 =0
Empty voxel ¥y =1
- Py X33 =1
Gas filled voxel X34 =0

_ =T > _
Ye=mg X =2"lcross

Figure 3.2.: Two-dimensional example for a TDLAS measurement performed between a UGV and
UAV. Gas-filled voxels are displayed by the yellow color of the voxels. On the right side
the structure of 7, ¥ and the resulting measurement y; are presented (Sensor image
source [38)).

The beam created on top of the rover is emitted from the lower right corner ofthe area.
It crosses through the voxels x34, X33, X23, X202, X12 and x71. But in m; only the entries
corresponding to the voxels x34, X23, X2 and x; 1 are filled with I, whilst the other
entries are 0. As it can be seen in Fig. 3.2, it is a simplification to use the same crossing
length for all crossed voxels, since the distance inside the voxels differs. This is acceptable
for two reasons. First, if the voxel size is chosen relatively small to receive a high resolution
of the gas concentrations, the distance in different voxels can be assumed to be similar.
As a consequence of this, neighbouring voxels are expected to be filled with similar gas
concentrations since there are no erratic concentration increases inside a plume. The
second reason is the envisaged use of the Bresenham line algorithm as introduced in
Section 2.2.2. In this case, only one voxel per step in the dominant direction is taken into
account. Since the beam is a straight line with a constant gradient, the distance per step
in the dominant direction is constant. In this case, only the voxels x3 4, X23, X2 and x7 1
are taken into account.

If the DLOS between the vehicles is interrupted by an obstacle, the measurement is
invalid, no measuring result y; can be obtained and m; can not be created. Based on this
knowledge, multiple measurements can be combined to solve the system of equations.
The results of the measurement are combined in 7, the representation of the voxels that
have been intersected by the sensors line of sight, is combined in the measuring matrix
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M. In case the DLOS is interrupted by an obstacle, no new line is added to the measuring
matrix M as no measurement could be performed. The principle is displayed in Fig, 3.3.
In general, the correlation can then be described as follows:

M-X=7 (3-2)
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Figure 3.3.: Visualisation of the process of multiple measurements and the assembly of 7 (Sensor
image source [38]).

The goal of the measurements is to resolve the overall equation system and receiving the
measured gas distribution £. This is achieved at a late stage of the experiment. Therefore,
as many independent measurements as there are voxels in % have to be performed. To be
able to solve the equation system from the beginning, a regularisation matrix R is stacked
to the measuring matrix M. R is a diagonal matrix with constant entries on the main
diagonal whilst all other entries are zero. The elements on the main diagonal are filled
with the constant value r, which is called the regularisation factor. R is a quadratic matrix
with the length of ;. The measurement vector y is also expanded by a zero vector with the
length of m; to receive a solvable equation system. Thereby, an overdetermined equation
system is received and can be solved like a linear least square optimisation problem.

f=MM+R M-V (33)

With more measurements, the influence of the regularisation on the solution is reduced.
A strategy is developed, to identify the measuring points which lead to the highest infor-
mation gain. A measuring point is defined by a starting point and an end point of the
beam. The start and the end are equal to the waypoints of the UGV and UAV during the
measurement.

By utilising the waypoints of the measurements, trajectories for the vehicles can be
developed. The limited dynamic of the UGV and the obstacles in the area have to be
taken into account for the movement between the waypoints. For the UGV the trajectory
traj, = {37]i = 0.ty } and the UAV the trajectory traj, = {a;|i = 0.ty } can be
created.
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3.3. Exploration Strategy

Based on the results of the problem analysis and the theoretical approach, the exploration
strategy is developed and presented in this section.

3.3.1. System Concept

As shown in Section 2.1, remote sensing has benefits compared to an in-situ measure-
ment. For reasons pointed out in that section, the remote sensing method is a convenient
approach for the studied task and therefore chosen for exploring the gas concentration
in the area of interest. To measure the actual concentration of the gas distributed in the
area, the concept of TDLAS introduced in Section 2.1.2 is used. To improve the measur-
ing capabilities, the measurement is performed by two partners - one being the airborne
UAV and the other one being the ground-based UGV. One carries the TDLAS-sensor. The
other one is equipped with a retro-reflective surface. The material has the characteristic of
always returning the light in the direction it originated from. Thereby, the independence
from the need for the presence of a reflective surface in the area is created. In addition, the
reflectivity of the surface reflecting the laser beam is known and reproducible values can
be taken into account for the evaluation of the measured concentration value. Otherwise,
further compensation for the reflective characteristics of a surface in the environment has
to be included.

To achieve a highly autonomous process, unmanned vehicles shall be used for the ex-
ploration of the area. This takes advantage of the benefits of unmanned exploration as
presented in detail in Section 2.1.3. An approach based only on ground-based vehicles is
limited to measuring gas concentrations in low altitudes or otherwise, is depending on
available reflection surfaces in the area. A reflective surface mounted to another ground-
based vehicle allows only a sort of extended two-dimensional measurement in a plane
close to the ground. If the sensor and the retro-reflective surface are mounted to two
UAVs, the measurement of gas concentrations above ground level up to the maximum
measuring distance of the TDLAS-sensor is enabled. Furthermore, it adds a whole new
measurement direction and enables the measurement from multiple different angles, not
limited to a single plane. Using airborne vehicles also brings up multiple disadvantages.
The flight time of a UAV is limited by its battery capacity and can only be extended to
a certain amount. The heavier the payload, for example, the TDLAS-sensor, the further
the flight time of the UAV is reduced. The flight time of a UAV with a higher take-off
weight is influenced less by the weight of the sensor than a smaller and lighter UAV. Then
again, a bigger UAV creates more turbulence and thereby has a stronger influence on the
gas distribution or must be operated at a bigger distance. This problem is increased for
measurements near the ground. Due to the ground eftect, the movement of the air in-
troduced by the rotors of the vehicles close to the ground is reflected by the ground and
increases the turbulence further. The area will not be a free space but will be permeated
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with obstacles. To perform the measurement, a DLOS between the vehicles is required. It
may be necessary to enter into the volume to be measured and therefore as little influence
as possible is desirable. Furthermore, a DLOS between the sensor and the retro-reflective
surface is required and must also not be blocked by parts of the vehicles themselves. To
cope with these problems, the combination of a ground-based vehicle carrying the sensor
and an airborne vehicle equipped with a retro-reflective surface represents a good trade-
off. It enables the possibility to measure the whole three-dimensional space. The sensor is
mounted to the top of the ground-based vehicle. Its size and battery capacity are sufficient
to carry the sensor without a significant reduction in operation time. The UAV is equipped
with a retro-reflecting surface mounted to the bottom of'it. This enables a DLOS from as
many angles as possible. Additionally, due to the small weight of the retro-reflector, a
smaller UAV can be chosen, and thereby an entry into the volume can be accepted more
easily due to the lower impact by created turbulences. However, the use of a ground-based
vehicle leads to a lower movement speed than a completely airborne system would have.
In addition, driving through rough terrain is more difficult. A benefit is an increase in the
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Figure 3.4.: The figure shows the different combinations of vehicle types to measure a plume with
a TDLAS sensor. In the upper left corner, the measurement is performed with two
ground vehicles. In the upper right, the sensor and the reflector are mounted to UAVs.
In the bottom line, a cooperation of a UAV and a UGV is shown. (Sensor image source
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Another benefit of the ground-based sensor is the ability to equip the vehicle with a
gimbal to use it for the pointing of the sensor, without a significant impact on the maxi-
mum operating time by the increase of the weight. To point the sensor towards the retro-
reflective surface, two operating steps are performed. In the first step, the UAV orients its
front in the direction of the rover. Thereby, it is secured, that the landing gear of the UAV
does not block the line of sight between the sensor and the reflector. At the same time,
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the sensor, which is mounted on the gimbal, is oriented towards the UAV. To achieve an
accurate pointing, the processing unit of the UGV needs a as precise as possible estimate
of the UAV’s position, to command the gimbal towards the right direction.

The goal of this combination is the operation of an autonomous system. Operators shall
only be required for maintenance, monitoring, and intervening on special occasions. For
this reason, a component is required to evaluate the current knowledge about the gas
distribution and identify the best-suited next waypoints to perform measurements.

3.3.2. Measuring Point Selection

To eliminate the need for a central station, a processing unit is mounted directly to the
UGV. A central control station has multiple disadvantages. Ifit is not located in the centre
of the area to be investigated, which is not possible in a hazardous or dangerous environ-
ment, it needs a high-range communication system to reach the vehicles at the opposite
end of'the area. In addition, a clear line of sight is not guaranteed due to obstacles in the
area. Depending on its capabilities, the onboard computer of the UGV can be used to run
the tasks of a central station. If more computational power is required to improve the
quality and the speed to achieve real-time computation, a dedicated computing unit can
be added to the payload of the UGV. Adding the computation unit to the UGV’s payload
leads to a rather small increase in the payload weight and the energy consumption. At
the same time, the communication connection to the UGV is always guaranteed because
it is expected that the maximum communication range exceeds the maximal measuring
distance of the TDLAS sensor. The calculation of the upcoming waypoints for the vehicles
is always performed after a measurement. At this point in time, a DLOS between the UGV
and UAV is assured as well. It is inevitable to carry out the TDLAS measurement. This
reduces the requirements for communication equipment.

The fastest way to gain information about the area would be to perform the measure-
ment at the location with the highest information gain. But, to identify this location, the
distribution of the gas cloud would have to be known. In a simulation, this may be pos-
sible, but in a real implementation, the distribution of the plume is unknown, since it is
the task to map the gas distribution. Furthermore, depending on the size of the area and
the resolution of the discretisation, an enormous processing power would be necessary
to identify the optimal spot in a short amount of time to enable real-time capabilities.
Instead, an engineering approach is developed to identify near-optimal measuring posi-
tion. It takes into account the factors that are believed to be most important to identify
informative measuring targets. The approach can either be applied to a single measure-
ment or to a series of measurements combined in a measuring pattern. These patterns
are discussed closer in Section 3.3.3. The first factor is the current knowledge about the
gas concentration from the previous reconstructions. A high concentration is of greater
interest than a lower one. This introduces an exploitation element to the evaluation. The
second part takes into account, how often a single voxel has already been measured. If it
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has already been crossed by multiple beams, enough information on this voxel is available
and different voxels are of higher interest to be examined. This adds an exploration part
to the evaluation. As a third element, the distance to be travelled to measure at a certain
point is estimated. For time and energy reasons, it is preferred not to travel huge distances
without performing measurements. With these factors, a cost-function is developed. To
balance the three elements of the cost function, a weighting parameter is introduced for
each factor. Whilst for in-situ measurements, the parameters only have to be calculated
voxel-vise, the cost function for the TDLAS measurement takes into account all voxels
crossed by the beam. This results in the following cost-function:

no_c_ n
Li=0 11 i—o M - M;

K= +d-D+ (3-4)

The lower case letters ¢, 4, and m are the weighting factors to proportionate the different
elements of the cost function. The first addend is representing the concentration con-
sideration. C; is the gas concentration of the voxel i. The concentration of the voxels is
normalised by +1 to prevent division by 0. A higher concentration leads to a lower cost.
Therefore, the concentration in all voxels measured with the considered beam or pattern
is summed up and divided by the number of voxels measured by it. This is necessary to
compare patterns and beams with a different number of voxels.

The second addend D is the distance from the current position of the UGV to the start-
ing point of the beam. A shorter movement distance and thereby less time before the next
measurement is preferable. At the current state, only the moving distance of the UGV is
taken into account. This simplification is acceptable because it is believed that the UAV
moves significantly faster and has a higher turn rate. For a more precise evaluation, the
required movement distance of the UAV may be taken into account as well. If the cost
function is used for the evaluation of patterns, the distance D is the distance from the
current position of the UGV to the centre of the pattern. This is a simplification delib-
erately chosen. For the comparison of the same pattern in different locations, it is only
relevant how far the vehicle has to move before the pattern is started. Afterwards, the dis-
tances moved are identical. If different patterns are compared, an inaccuracy is created
for which it is not accounted for. Nevertheless, the focus of the cost function is balanc-
ing between the exploiting concentration term and the exploring measuring term. The
distance factor d is expected to be rather small, which minimises the inaccuracy by the
simplification.

The last element of the sum is the measurement term. M; is the number of how many
times the voxel i has already been measured by a beam. The measurements of all voxels
crossed by the beam or the pattern are multiplied with the weighting factor m and noz-
malised with the number of all voxels in the considered measurements. This is necessary,
for the comparison of beams and patterns with a different amounts of voxels.

Further, it is investigated in the wake of this thesis whether the performance of the cost
function presented in (3.4) is improved if the variance of the knowledge about a voxel is
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taken into account. To do so, a variance term is added to the function which results in:
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K= +d-D+ (35)

In this case, a fourth term is added to Eq. (3.4). The variance term takes into account the
variance of every voxel measured. Therefore, the covariance matrix of measuring matrix
M stacked with regularisation matrix R is calculated. Each element on the main diagonal
of the covariance matrix represents a voxel in the area. The value of the main diagonal
element i is the variance of the voxel V;. The variance of all measured voxels is summed
and normalised by the number of voxels.

With the two versions of the cost function, beams can be identified that promise to
lead to a high information gain. Since the TDLAS method requires measurements from
independent angles, it is reasonable to identify measuring patterns at a location and not
only a single beam. In the scope of this thesis, five different patterns are being evaluated
in the simulations and are introduced in the following subsection.

3.3.3. Patterns

For all patterns, the starting points of the beam can only be located in the bottom layer of
the environment. This is inevitable since the UGV can only move in the base layer. This
bottom or base layer is the voxels directly above the ground at an altitude of 0 m. For the
UAV it is desirable to stay in the top layer of the volume, but not mandatory. If the UAV
stays in the top layer, it is further away from the plume and the influence of the UAV on
the plume is reduced. The top layer is the voxels on the upper end of the considered area.
In Fig. 3.5 an overview on the investigated patterns is provided.

m Hourglass: For this pattern, the UAV moves only in the top layer. The pattern con-
sists of nine beams. Eight of these beams have starting and ending points that are
located on the edges of a rectangle. One in each corner and one on each median
of the edges. The ninth point is located in the centre of the rectangle. By always
positioning the vehicles on the opposite side of the rectangle in their layers, the
measurements result in an hourglass-like shape.

m Cross: The cross is a simplified version of the hourglass in which only measure-
ments parallel to the x- and y-axis of the coordinate system are being performed.
The four diagonal measurements of the hourglass pattern are omitted which results
in a total of five measurements between each reconstruction of the plume.

m Inverted Pyramid: In this pattern four beams are used. The UGV moves to a point in
the centre of a rectangle. The UAV flies to the corners of the rectangle and measure-
ments are performed there. The UAV only moves in the top layer of the environment.

m Pyramid: The pyramid is similar to the inverted pyramid. In this pattern, the UAV
stays in the centre of the rectangle in the top layer. The UGV moves to the corners
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of the rectangle in the bottom layer. Resulting, four measurements are performed
during the pattern.

m Cube: In this pattern, the UGV stays still at a position in the centre of a rectangle in
the base layer. This time the UAV is allowed to enter into the volume. The rectangle
is expanded to a three-dimensional cube. The UAV flies into every voxel on the
four sides and the ceiling of this cube. Thereby, during this pattern measurements
are performed from many different angles. This pattern is used to investigate the
effect for a multitude of separate measuring angles. It is to be determined if the
information gain can be increased.

Hourglass Cross Inverted Pyramid Pyrami Cube

UAV

uGgv

Figure 3.5.: The figure shows an overview on the measurement positions for the different patterns.
In the upper row the position of the UAV is shown and in the lower row the position of
the UGV is depicted. Identical colors in the top and bottom rows of the same column
indicate the position of the UAV and UGV at the same point in time.

In addition to the five patterns, it is also investigated to reconstruct after each measure-
ment and then choose the best possible beam calculated by the cost function. As for the
previous patterns, limitations apply to the creation of a beam. The starting point of the
beam can only be located in the lowest layer of the volume since the UGV is only able
to move on the ground. As it is preferable that the UAV does not enter the plume, the
end of the beam is only allowed to be in the top layer of the volume. Additionally, this
restriction reduces the calculation time significantly, by reducing the number of possible
beams. Nevertheless, the calculation time is still drastically more than for the pattern ap-
proach. Still more variants have to be considered, resulting in a time-consuming process.
The presented approach uses only a single beam. To reduce the computational expense,
it could be modified to determine the best n-beams. Thus, more measurements are con-
ducted and the reconstruction and target calculation is performed less often. In the scope
of this thesis, only the variant with the single beam is examined.
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3.3.4. Communication

For the communication between the vehicles and the ground control station of the op-
erator, a line of communication is required. The operator requires knowledge about the
current health status, position and targets of the vehicles to intervene in case of malfunc-
tions or emergencies. Furthermore, a communication connection is required to send the
target locations and to verify the position of the UAV before a measurement is performed.
Depending on the local conditions, multiple solutions can be taken into account. The
benefit of the need for a DLOS for the measurement also provides a DLOS for data com-
munication between the vehicles. During the movement, this line might be interrupted,
but it is guaranteed it is recovered latest at the target position.

In regions with good coverage of mobile networks, it would be possible to communi-
cate by mobile data. Although, it is simple to provide the vehicles with a sim-card based
connection to the network of a mobile provider. Most of the time these devices are not
receiving a dedicated IP address so it would not be possible to directly address the vehi-
cles, unless they are connected to a server or to a virtual private network. Therefore, this
requires additional infrastructure and still depends on the availability of mobile internet
which can not be influenced directly.

Another possibility would be the use of a Wireless Local Area Network (WLAN). This
is only possible when the area that shall be explored is not too large. Due to the limited
range of the sensor, it can be expected that the maximum distance between the UAV and
the UGV does not exceed 150 m. This distance can still be covered with decent WLAN
antennas.

Since the messages are mainly telemetry information and few commands for waypoints,
a radio solution would also be possible. The amount of messages and size is similar to
messages used to control unmanned vehicles with a radio-based remote control. The
only disadvantage is the limited range to the operator station. But for the communication
between UGV and UAV under the given constraints listed above, it would be sufficient.

3.3.5. Extension Capabilities

The prior introduced concept can be scaled up without high efforts. It can be done in
different manners. One option is the combination of multiple pairs of UAV and UGV.
The area has to be segmented into multiple sections. Each vehicle pair is assigned to a
section to map the gas concentration inside. In a less segmented approach, the area is not
divided into sections. Instead, all vehicle pairs survey the whole area together. When new
points of interest are identified, they are assigned to the closest pair of vehicles. In the last
step, the concept can be adapted to a more swarm-like behaviour. The fixed bond of the
vehicle pairs is dissolved. Each UGV can interact with every UAV. This increases the flex-
ibility and most likely the efficiency of the swarm. At the time a new line to be measured
is identified, the closest and earliest available UAV and UGV are identified and assigned
to perform the measurement. In case the exploration concept is extended to more vehi-
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cles, a communication solution with a wider range and a capability to communicate with
multiple vehicles at the same time is required. The radio-based solution would no longer
be sufficient for this option.



4, Implementation

For the implementation of the developed exploration concept, a multi-step approach
is chosen. To verify the feasibility of the concept, a Python simulation is implemented
to evaluate the capabilities of the concept. The simulations allows a faster than real-time
runtime which enables a more convenient examination of various aspects and parameters
influencing the concept. Once the concept is verified and an acceptable set of parame-
ters is identified, a second simulation utilising software components ROS and Gazebo is
implemented. This simulation is based on software-in-the-loop-simulations of the real
vehicles and enables physical interactions. It is expected to increase the knowledge about
the behaviour of real vehicles. In the last step, the developed software is transferred to the
actual hardware (i.e. UGV and UAV) and a proof-of-concept demonstration is performed.
During the demonstration the sensor and the plume are simulated.

At the beginning of this section, a short overview of the devices foreseen for the hard-
ware, implemented and assumed for the simulations, is provided. Afterwards, the differ-
ent stages of implementation are presented. At the end of the chapter, a description of the
planned proof-of-concept demonstration (i.e. field test) is outlined.

4.1. System Setup

The main hardware components are the ground and the air vehicle. In both cases, already
available vehicles in the institutes are used. The Holybro Ss00 (UAV) and the Summit XL
(UGV) are used in the simulation and in the proof-of-concept demonstration. Commu-
nication solutions already in use by the institutes are utilised. Further, a gimbal and a
TDLAS sensor are required to realise the concept. Their functions are simulated as well
as for the sake of completeness of the concept, recommendations for these devices are
provided.

4.1.1. Airborne System

The airborne system is a small and light quadrocopter model used by the Institute of
Flight Guidance called Holybro S500. It uses a Pixhawk 4 flight controller. On the flight
controller, the flight management software PXy is executed. The Holybro S500 is a highly
customisable construction kit UAV. In the current case, a 4S lithium polymer battery with
a capacity of 5500 m Ah is used. This enables a flight time of 15 to 20 minutes depending on
the environmental conditions. In general, it is possible to use different kinds of batteries
which increase the flight time. It has to be taken into account that at a certain point
the increased weight of the larger battery begins to reduce the flight time. The Ss00 has
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a size of approximately 390 mm by 390 mm and a height of 240 mm. With its size, the
Ss00 is an ideal fit for a small UAV and still capable of carrying a retro-reflector. For
position determination the UAV is equipped with a small Global Positioning System (GPS)
receiver. To communicate with the flight controller for monitoring and commanding, the
MAVLink protocol is used. It is a communication protocol widely used for custom build
UAV’s. For the communication connection, a 433 MHz radio solution is used. To create
the commands for the UAV and read the messages sent by the UAV, the mavros library, a
bridge between MAVLink and ROS is available.

Figure 4.1.: An image of the Holybro Sso0 used for the UAV tasks taken during the proof-of-concept

demonstration.

For the simulation, a software-in-the-loop-simulation of the PX4 software is provided
by the developer. With a modification, it is possible to integrate it into the ROS-Gazebo
environment. For the visualisation in the Gazebo environment, an exemplary small UAV
model is used.

4.1.2. Ground System

The ground vehicle is a customised version of the rover Summit XL manufactured by
the company Robotnik and operated by the Institute Communication and Navigation. It
has a size of 720 mm x 614 mm x 416 mm and can carry a payload of 65 kg. This enables
the rover to carry a TDLAS sensor and the required gimbal to point it in the direction
of the UAV. The vehicle has an operating time of around 10 hours with a single battery
and without carrying any payload. This is a multiple of the operating time of the UAV.
Whilst the UAV can perform omni-directional movement, the UGV is restricted in its
movement. The Summit XL has an all-wheel drive allowing it to move through rough
terrain. The wheels can be controlled separately, allowing the Summit XL to turn on the
spot. Lateral movements are not possible in the standard configuration. Special wheels,
so called mecanum-wheels, are available for the Summit XL. However, these wheels can
only be used in flat terrain and are therefore not applicable to many use cases outdoors.
The Summit XL can be directly commanded by ROS messages. To communicate with the
vehicle, alocal WLAN network is used. The access point for the network is mounted at the
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base station of the UGV. Devices willing to communicate with the UGV have to be con-
nected to the network and can then monitor and command the vehicle by ROS messages.
In addition to that, the base station hosts a Real Time Kinematic (RTK)-GPS system. It
is used for high precision positioning of the Summit XL. To include the UGV into the
ROS-Gazebo simulation, a simulation of the Summit XL is provided by the Institute of
Communication and Navigation.
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Figure 4.2.: The figure shows the modified Summit XL of the Institute for Communication and
Navigation used for the proof-of-concept demonstration.

4.1.3. Sensor System

On the market, various sensors for different applications for TDLAS measurement are
available. One use case is to measure gas quantity and concentration transported inside
of pipes. The sensor range from small sensors to be integrated for industrial process con-
trol [13] to larger gas process analysers for multiple gases [14] or even large devices for
integration in industrial processes or lab applications [47]. Sensors designed for the use
in a pipe are not capable to measure over a great distance and therefore not suited for the
present use case. A particular, smaller category of devices must be looked at for outdoor
measurements. The technological progress allowed the downsizing of the TDLAS tech-
nology which enables small devices to be used as hand-held like the RLGD-100 produced
by Focused Photonic Inc. [16]. The sensor is specified with a measuring range of 30 m and
is calibrated solely for the measurement of methane. The maximum distance depends on
the reflectivity of the object the device is pointed to, and how much of the emitted beam
is returned to the sensor. It is specified with a measuring step size of 1 ppm — m with an
accuracy of 10 % and a response time of 0.1 s. The measuring range is 1 — 9999 ppm — m.
With modifications, this device allows to mount the sensor to a UGV. With a weight of less
than 1500 g, the sensor can be transported by the UGV. By now, the first devices intended
to be mounted to aerial vehicles are available. Exemplary the TDLAS of Infrared Cameras
Inc. [23] and the Uio of DJI Enterprise [15] have been examined.
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The TDLAS sensor distributed by Infrared Cameras Inc. is shown on the left of Fig. 4.3.
It has a measuring range of 0 — 40.000 ppm — m with a minimum resolution of 1 ppm — m
and a response time of 0.5 s [23]. The detection distance is between 0.5 m and 50 m. The
data sheet states that a long-range version is available which then would not be able to
detect gas concentrations in the close range between 0 m and 20 m [23]. It is solely specified
to detect methane. The total weight of the sensor is 668 g. The dimensions of the sensor
are 120 mm x 97 mm x 97 mm [23]. With these dimensions and weight, it could either be
mounted to the UGV or the UAV.

The Uio of DJI is depicted on the right side of Fig. 4.3. It is designed to be attached to a
UAV to measure methane concentrations. The sensor can detect concentrations between
0 — 50.000 ppm — m with a response time of 0.025 s and a sampling rate of 500 kHz.
It has a weight of 700 ¢ with dimensions of 174 mm x 89 mm x 163 mm. The maximum
detection distance is specified at 150 m.

Figure 4.3.: On the left side the TDLAS sensor of the Infrared Cameras Inc. is shown [24]. On the
right side, the sensor Uio distributed by DJI is shown [38].

The analysis of available sensors shows that detection distances of up to 150 m can be
obtained. The detection distance depends on the reflecting material. The reflectivity of the
material used at the UAV is not known in detail. To ensure the quality of the measurement
and to apply a safety margin, the longest examined distance should not exceed 100 m. The
weight of both analysed sensors is around 700 g. This weight can be carried by the UGV
and does not lead to noticeable restrictions.

To point the TDLAS sensor towards the reflecting surface at the UAV, the UGV must be
equipped with an additional tracking system. On the market, a broad variety of gimbals
for aerial vehicles are available. There are gimbals available from low-cost solutions for
amateur photographers up to high-end solutions used in the film industry. To provide
an impression, in [50] an overview of the products offered by the manufacturer Gremsy
is given. The Gremsy T3V3 [19] is capable of carrying up to 1700 g payload in a payload
volume of 152 mm x 100 mm x 120 mm. The gimbal itself has a weight of 1200 g. It is a
gimbal with three controllable axes. It enables a rotation range of 4 345 ° around the pan
axis, & 120 ° around the tilt axis, and + 45 © around the roll axis. With a modified mount,
it is possible to mount it to the top of the robot. The system is shown on the left side of
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Fig. 4.4.

Due to the application, a two-axis camera gimbal is sufficient. Furthermore, there are no
strict weight limitations due to the high payload capacity of the UGV. Therefore, systems
being used for antenna tracking can also be considered. An alternative in this area can
be the X-GRST-E Series by Zaber [57] which is shown on the right side of Fig. 4.4. Itis a
two-axis gimbal with a 300 mm payload clearance being able to carry payloads up to 15 kg.
Along both axes, the mechanism can be rotated the whole 360 °. The gimbal has a weight
0f'13.2 kg and therefore is significantly heavier than the T3V3.

The research on available gimbal systems on the market shows that no limitations are
caused by the choice of the gimbal system. For this reason, no boundary conditions must
be considered during the simulations.

Figure 4.4.: On the left the 3-axis gimbal T3V3 by Gremsy is shown [19]. On the right side, the
X-G-RST300-Eo03SR10 of Zaber is shown [57].

To determine the required orientation of the sensor, precise identification of the po-
sition of the UAV is required. The reported GPS position of the UAV provides a rough
estimation of'its position. However, the inaccuracy of GPS is too big to point the beam of
the sensor towards the UAV. Hence it is suggested to complement the system with an op-
tical sensor for tracking the UAV. This can for example be a camera with image processing
software or a sensor sensitive to a marker mounted to the UAV.

On the bottom side of the UAV, a panel made out of a retro-reflective material is mounted.

These materials have the effect of returning most of the light directly back to the direc-
tion it came from. These materials are for example used in road markings or on vehicles.
The panel is mounted facing the front of the UAV with a small tilt to the ground. It does
not require a dedicated gimbal because it is believed that the orientation of the UAV to-
wards the UGV is sufficient. Still, if possible, it is better when the material is applied to a
semi-sphere because the influence of the orientation of the UAV is reduced.

4.1.4. ROS

ROS is a software framework to control a network of robotic vehicles, sensors, and systems
supported by the Open Source Robotics foundation [44]. Its modular design enables users to
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choose and include only required components. A ROS system is composed out of several
software nodes interconnected by the ROS-network [43]. In this thesis, when the term ROS
is used, it is referred to ROS1. ROSz2 is a newer version of the ROS framework. Systems
used for this thesis were developed with ROS1. Upgrading to the new ROS-version is
possible but no simple process. Existing software has to be adapted and tested which
would not have been possible in the time frame of this thesis. Therefore, it was decided
to perform the development and testing with ROS1 and postpone the upgrade to a later
point in time. To support the upgrade later, during the development of the new software
components are preferably packages used that can be upgraded to ROS2 easily.

In the network, a master node called roscore is used to manage the components and the
communication within the network. Initially, new nodes register at the roscore. After-
wards they communicate directly with each other. The communication is performed by
topics [43]. A topic contains a message with predefined parameters and is registered at the
master node. Every node in the network can function as a publisher as well as a subscriber.
Publishers send messages on a topic whilst subscribers listen to topics to gain information
from the received messages. Multiple nodes can publish and subscribe to the same topic.
In addition to permanent processes performed by nodes, so-called services can be called
to perform single-use tasks [43]. In Fig. 4.5 the working principle of the ROS-framework is
shown.

[ 1 Node
\ Publisher
"~._ Service

Registration

Figure 4.5.: The figure shows the principle of a small ROS framework. Three nodes are registered
at roscore. Overall, two publishers and two services are used.

In the schematic in Fig. 4.5, the three nodes (i) manager, (ii) UAV, and (iii) sensor are reg-
istered at the roscore. The registration to the roscore is marked by the grey dashed lines.
The manager node is the central node performing target position determination, the re-
construction, and managing the system components. The manager uses a service to com-
mand the UAV to a specific position. The UAV is publishing its position on the blue topic
to which the manager and the sensor are subscribed. Once the UAV reaches its target posi-
tion, the manager commands the sensor to perform a measurement. The sensor publishes
the measurement by the purple publisher to which the manager is subscribed.

For monitoring and managing a ROS-system, knowledge of available topics and services
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is required. Nodes registered to the master are not required to run on the same machine
is a huge advantage of the ROS framework. A network with a multitude of machines can
be set up as long as they are connected to the master node [44]. This enables the control of
multiple vehicles and sensors. In the following, the setup used in this thesis is described.
An overview of the setup is displayed in Fig. 4.6
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Figure 4.6.: The figure shows the structure of the ROS network used during this thesis. The net-
work contains a UGV, a multimaster, a UAV, a MAVLink-ROS-Bridge, an Oftboard
commander, a sensor, a manager, and an operator station for monitoring and data
storage (Sensor image source [38]).

In the figure, it can be seen that the system is divided into two ROS systems and a PX4
system. In the first ROS system seven different nodes are registered at the roscore 1.
The central manager node is managing the vehicles and the sensor. Additionally, it is
applying the heuristic for the target allocation and performs the reconstruction of the
estimated plume. To do so, the manager uses commands to send the vehicles to their
destination. Since the UGV is different hardware than the manager node, the so-called
multimaster is required to connect the two ROS systems. The software is used to connect
ROS environments running on different machines and forwards selected topics between
the ROS systems. On the UGV a second roscore is running,. To the roscore 2 the software
ofthe UGV and a second multimaster are connected. The commands sent by the manager
node and the position data sent by the UGV have to be passed on by the multimaster.
The UAV itself is not part of the ROS systems. It is a single PX4 system. The UAV
is connected by the MAVLink-ROS-bridge. All commands sent to the UAV and the data
received from the UAV are forwarded by that bridge. The received position data from
the UAV are directly published to the ROS network by the MAVLink-ROS-bridge. The
commands sent by the manager node have to be edited by the offboard commander at
first. This is necessary due to the method of controlling the UAV closer described in
Section 4.2.6. Once both vehicles reached their target location, the sensor is commanded
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by the manager node to perform a measurement. The measurement data are published
back to the manager. At all times, the position data of the vehicles and the measurement
data, published on their topics, are subscribed by the operator station. There the data is
visualised and stored. This design can easily be extended to multiple groups of vehicles
and operators.

4.2. Simulation

The simulations are divided into two parts. At first, a more simple but faster Python
simulation is performed to evaluate the concept. In the second step, a physics simulation
is used to investigate the implementability of the concept and the modification needed
for the transfer of the concept to a hardware realisation. Before the two simulations are
described more closely, a short introduction to set assumptions and definitions for the
simulations are presented.

4.2.1. Assumptions

Due to the complexity of the topic, the available hardware, and the limiting time frame,
multiple assumptions are made to simplify the problem.

For the simulation and the demonstration, it is assumed, that a communication system
is available that enables the communication between the vehicles and the monitoring
base station. The communication system has capabilities to cover the whole area to be
investigated.

It is expected that a pointing device (i.e. gimbal) is available which is capable to point
the sensor in the direction of the UAV with a sufficient accuracy to hit the retro-reflector
mounted to the UAV with the laser beam from the sensor. In addition, it is assumed, thata
TDLAS sensor for measuring the gas concentration of the plume is available and mounted
to the UGV. The sensor is capable to create beams that can measure over the maximum
possible distance in the area.

Furthermore, it is assumed that the investigated plumes in the area are constant and
not altered by environmental influences.

4.2.2. Coordinate Systems

For the creation, calculations, simulations, and demonstration, multiple coordinate sys-
tems have to be taken into account and a transformation between the different systems
is required. In the following, the different systems and the transformation between them
are introduced.

The first coordinate system is the depiction of the environment. It is a continuous three
dimensional-system, characterised in metric units. The axes are x,, y,, and z,. The UGV
and the UAV can perform the continuous movement without being limited to any grid.
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This is not only the case for the realisation with the actual hardware but also valid for the
experiments performed in the simulation. The investigated area taken into account for
the thesis has a size 0of 20 m by 20 m with a height of 10 m.

The simulation environment is created based on a two-dimensional grayscale image.
The grayscale image is utilised because it can be used as the basis for the creation of a
three-dimensional simulation environment as well as read into a NumPy array. Further-
more, it enables fast generation of different simulation environments without great effort.
The process for the creation of the environments is described in Section 4.2.3. The image
has a size of 200 by 200 pixels. The origin of the image is in the upper left corner, the x-
axis runs horizontally to the right while the positive y¢-axis direction is going downwards.
The z¢-dimension of the three-dimensional space is represented by the gray value in the
image. In the creation process, the required factor between the two-dimensional image
and the three-dimensional simulation environment is calculated. For the simulation en-
vironments used in this thesis, the factor is set to 0.1 to achieve an area size of 20 m by
20 m. Therefore, each pixel is representing an area of 0.1 m by 0.1 m and the gray value has
to be divided by ten to obtain the resulting height in meters. The two coordinate systems
are shown in Fig. 4.7.
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Figure 4.7.: The left side shows the grayscale image on which the simulation environment is
based. The darker the color, the lower is the resulting object in the generated three-
dimensional environment. The right side shows the resulting environment in Gazebo.

The environment is used as an input for the measurement algorithm. This is neces-
sary to evaluate if a measurement is successful or if the beam gets shaded by an object.
Therefore, the environment has to be transformed into a voxel-based coordinate system.
A scaling factor is used based on the voxel size. Voxels are square-shaped with an edge
length of 1 m. Hence, the scaling factor of 10 for transforming pixels into voxels is ap-
plied.

Each voxel is assigned with the three-dimensional coordinates x, v, and z, as well as
a number e. The coordinates are representing the position in the pixel grid. The origin
is located at the lower left corner at the back of the grid. This enhances the compara-
bility with the environment. Furthermore, the voxels receive the number e beginning at
0. The enumeration begins at the origin voxel along the x,-coordinate, followed by the
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Yo-coordinate, and ends following the z,-direction. The definition and allocation of the
voxel coordinate systems is shown in Fig. 4.8.
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Figure 4.8.: In the figure, the difference between the environment coordinate system (purple) and
the hardware coordinate system (orange) is displayed. The left side shows the two-
dimensional enumeration of the voxels. On the right side, the process is continued into
the three-dimensional space. Each voxel is assigned an x,-coordinate, /,-coordinate,
zy-coordinate, and a number e. The enumeration is identical for all coordinate systems.

Whilst the coordinate system of the vehicles in the Python simulation concurs with the
coordinate system of the environment, the coordinate system ofthe vehicles in the physics
simulation and the real hardware deviates. This is inevitable due to external constraints.
During the physics simulation and the hardware demonstration, the same coordinate sys-
tem is used for the vehicles. The origin of the coordinate frame is located in the lower-left
corner of the map and the xj,-direction, as well as the z,-direction, is concurrent to the
prior introduced coordinate systems. Though, the direction of the y;-coordinate is op-
posite to the prior introduced direction. Therefore, a transformation for the y-axis coor-
dinates has to be performed as a function of the size of the area. The different coordinate
systems are displayed in Fig. 4.8.

4.2.3. Scenarios

In the following subsection, an introduction to the scenarios used in the simulations is
provided. The Python and the physics simulation with ROS and Gazebo are based on the
same scenarios. For both simulation types, the surrounding environment is created based
on grayscale maps. In the Python simulation, the grayscale maps are used as input for a
matrix, whilst for the simulation in Gazebo, a 3D-mesh is created based on the grayscale
maps to function as an environment. In both cases, the simulated plumes are read from
NumPy-files in which the information about the gas distribution in the environment is
stored (Appendix B).
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Surroundings

To perform simulations, a surrounding environment is required. It is desirable to be able
to create multiple different but comparable simulation environments for testing purposes
and to verify the developed software. To generate multiple maps with reasonable effort, a
solution with little expense and the possibility of automation is preferable. The selected
method is based on grayscale images. These can be created in drawing applications with
little effort. For this thesis, a Python script to create grayscale maps containing objects
with predefined shapes has been developed (Appendix B). Obstacles in the environment
are represented by simple rectangles. To produce comparability between multiple maps,
the forms can be parametrised. To generate a height component, the corresponding gray
scale values are stored in the map. For the Python simulation, the grayscale image is
read and automatically transformed into a NumPy array. For using the grayscale map
in the physics simulation, a separate tool has to be used. In [1], a software solution is
presented that is able to convert grayscale images into Gazebo worlds. It is called LIRS-
WCT and was developed for the creation of landscapes for the Gazebo simulator for the
use in simulations of unmanned vehicles [1]. The source code is available free of charge
for academic use. During the process, it is possible to scale the resulting body and define
a texture that is attached to it. In this thesis the LIRS-WCT is used to create the Gazebo
surroundings based on the grayscale maps.

For the simulation, five different environments are used. All of them are based on

-hi

(a) An empty environment only (b) An environment containing ¢)An environment containing
containing a boundary to pre- a small and a high obstacle two tall obstacles (Mo-2).
vent the UGV from leaving (M1-1).
the map (Mo-o).

d)An environment containing e)An environment containing
two small obstacles (M2-o). two small as well as two tall

obstacles (Mz-2).

Figure 4.9.: Visualisation of the five environments used in the simulation scenarios.
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grayscale maps and have a base area of 20 m by 20 m and a height of 10 m. Each envi-
ronment is enclosed by a barrier to prevent the UGV from leaving the defined area. In
the environments, two types of obstacles appear. The first obstacle is smaller with an edge
length of 1 m and a height of 5 m. Those obstacles represent objects the UAV can cross
over, but the UGV has to go around. The second type of object is obstacles with an edge
length of 2 m and a height of 10 m. This represents obstacles which the UAV has to go
around. To identify and distinguish the different surroundings, they are named based
on the obstacles in the area. The name is composed by the scheme M"small obstacles"-"tall
obstacles".

The five surroundings used in the simulations are shown in Fig. 4.9. The first environ-
ment does not contain any obstacles, just a border around the area so that the UGV cannot
leave (Mo-0). The second environment contains one small and one tall obstacle (M1-1). En-
vironment three contains two tall obstacles (Mo-2) whilst environment four contains two
small obstacles (Mz-0). The last environment contains two of each object type (M2-2). It is
believed that the mix of the environments is sufficient for a first verification of the explo-
ration strategy.

Plumes

To increase the number of scenarios and to evaluate the heuristic for different situations,
five different plumes are used during the evaluations in the simulations. The plumes
are created as NumPy arrays. In a plume generator script an array with the dimensions
defined in a configuration file, is created (Appendix B). Depending on the configuration,
a series of entries of the array is filled with the specified value. During this thesis the
concentration is considered unitless. The array is used by the Python simulation as well
as by the physics simulation. The basic plume is a sphere with a diameter of 8 m and a
constant concentration of 1 in the centre of the map (Fig. 4.10 (a)). At this location, the
plume can be measured from all sides. The second plume is a similarly shaped plume
but located in the farthest corner of the area (Fig. 4.10 (b)). Thereby it cannot be measured
as often from the outer sides as the centred plume. The third plume is a combination of
two spherical shaped plumes with a diameter of 8 m and a concentration of 1 (Fig. 4.10 (c)).
These spheres are located on opposite corners. They represent a case in which multiple
concentrations are present in an area but not interconnected. The fourth plume is again
positioned in the centre of the area. Though, it is a sphere consisting out of two layers
with a different concentration (Fig. 4.10 (d)). The outer layer with a thickness of 2 m has
a concentration of 0.5 whilst the inner sphere with a diameter of 6 m contains gas with
a concentration of 1. The last plume combines the layered plume and the partitioned
plume. It consists also out of two spheres with a diameter of 8 m each (Fig. 4.10 (e)). The
outer layers with a thickness of 2 m have a concentration of 0.5 and the centre a higher
concentration of 1.
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(a) Spheric plume in the centre (b) Spheric plume in the corner (c) Two spheric plumes in oppo-
of the area. It has a constant of the area. It has a constant site corners of the area. The
concentration of 1. concentration of 1. concentration in both plumes

has a constant value of 1.

i i Concentration
it ah

) 05
Tl 1Y 1 grs R s Y 18 303 o b ‘ 1

(d) A layered spheric plume in (e) Two layered spheric plumes

the centre of the area. The in opposite corners of the
two outer layers have a con- area. The two outer lay-
centration of 0.5 while the ers have a concentration of
concentration in the centre 0.5 while the concentration in
is 1. the centre is 1.

Figure 4.10.: Visualisation of the five plumes used in the simulation scenarios.

4.2.4. Evaluation Criteria

To evaluate the simulations and the success of the exploration concept, a series of eval-
uation criteria are defined. The main criterion is the quality of the plume reconstruc-
tion based on the measurement. To evaluate it, the Normalised Root Mean Square Er-
ror (NRMSE) is calculated as shown in the following equation.

n 2
=

Yio(Xi—xi)

NRMSE = ¥ —"___ (4.1)
o (x)?
i=0 "n

In the numerator, the Root Mean Square Error (RMSE) for the concentration in the voxels
is calculated. It is based on the element-wise subtraction of the true concentration x; from
the estimated gas concentration X; inside a voxel. The denominator is used to normalise
the result. It is the root mean square of the true gas concentration of all voxels in the
investigated area. This version of the NRMSE is from here on called plume error.

In addition to the plume error, the distance travelled by the UGV and the UAV during
the measurements are used as criteria. They correlate with the power consumption of the
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vehicles which again influences the mission duration. Another criterion that has a similar
influence on the overall situation, is the time that has passed since the beginning of the
mission. Even, if the UAV is not changing its position, it consumes battery power to stay
hovering in the air.

The three criteria are used to evaluate the results of the Python simulations.

4.2.5. Python Simulation

The objective of the Python simulation is to create a possibility to evaluate the design of
the exploration concept faster than in real time. The simulation is used to examine the
parameters of the cost functions and to identify movement and measuring patterns for
knowledge gain.

The Python simulation is grouped into modules to enable modifications and to facil-
itate the reuse of some modules during the physics simulation. The ROS version of the
hardware is not compatible with Python versions newer than Python 2.7 but ROS 2 is able
to support Python 3. Therefore, during the implementation in Python, as far as possible,
packages compatible with Python 2.7 as well as Python 3 are used. Since it is expected
that a single simulation run takes a certain amount of time, it is striven to create a highly
automatable simulation. Modifications for this purpose are not discussed in this thesis.
During the simulation, logfiles containing the data required for the reproduction of the
simulations are created and stored in a separate log folder for each run (Appendix B). In
this folder, the configuration file, a recording of the displayed messages, a save of the cre-
ated plots, and a .csv-file containing data for every beam are stored. The data file contains
the beam number, the time passed since the beginning of the simulation, the distance
moved by the UGV, the distance moved by the UAV, the value measured by the beam, the
number of voxels crossed by the beam, the length of the beam, the error of the estimated
plume at this time, the pattern used for the measurement, the position of the UGV, and
the UAV.

In the following, a short overview of the steps performed by the simulations is ex-
plained. To support the understanding, the main procedure of the simulation is depicted
in Fig. 4.11.

Initialisation

In the initialisation, all parameters are loaded from the configuration file. The configura-
tion file is written in a YAML file. It is a format often used for configuration files since it
is human-readable. Furthermore, the environment is created based on the obstacles file
and the plume file provided in the configuration. Afterwards, the vehicles are configured
and set to their starting position.

38



4.2. SIMULATION 39

Initialisation of
the simulation

f Update costs for ex- )

pected concentration
A

Update cost for
moving distance

& J

Find target locations

Move to the next
target location

!

no

Reached the
locations?

no

Perform TDLAS
measurement

|

Target list empty?

{ Perform re- }

construction

|

Reached max. Update mea-

surement costs

measurements?

Return home }

Figure 4.11.: The figure shows the procedure performed during the Python simulation.
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Measurement location determination

Before determining the next suitable measurement position, the cost data is updated.
The information about the current concentration in the voxels is updated after each re-
construction of the plume. It is stored in a three-dimensional array. The size of the ar-
ray is based on the dimensions of the area. The measurement costs are also stored in a
similar three-dimensional matrix and updated after each measurement. The third cost
component is obtained depending on the current position of the vehicles. Therefore, it is
identified immediately before the targets are allocated. Since the distance costs only take
the UGV into account, a two-dimensional matrix is sufficient to store the information.
For patterns, the distance is always calculated to the centre of the pattern. Afterwards, the
distance cost is projected to all voxels of the pattern. When the target allocation process
is performed, the three matrices are used to calculate the costs in accordance with the
heuristic presented in Eq. (3.4). The cost calculation takes every defined pattern configu-
ration and fits it to every possible position in the area. In the end, it chooses the pattern
configuration with the lowest resulting cost and derives the position of the vehicles from
the starting and end points of the beams. The list of target positions then is processed
with a solver for the travelling salesperson problem. For this task, an available library from
the OR-Tools is used [51]. The input for the solver is a matrix containing the distances be-
tween all points to be visited. The output is the order of the points to receive the shortest
path.

Movement

With the arranged list of target points, the movement of the vehicles can be performed.
The vehicles are sent to the next point in the list. To calculate the path, an implemen-
tation of the A* algorithm based on [25] is used. The movement of the UGV uses a two-
dimensional version whilst the A* algorithm for the UAV is extended to the third dimen-
sion. Then the distance moving along the path is stored for each vehicle. The elapsed
time during the movement is calculated based on the movement speed specified in the
configuration file and stored as well. It is identified which vehicle requires a longer period
of time to reach its target. This time period then is added to the estimated runtime for
the simulation.

Measurement

Whenever both vehicles have reached the target location, the TDLAS measurement is
performed. In the simulation, the Bresenham line algorithm is implemented for three-
dimensional space and is used to draw a line from the beam starting point to its endpoint.
The software takes the voxel list resulting from the algorithm and compares it with the
environment NumPy array. At first, it is checked if an obstacle is hit or if'it is a valid
beam. If the beam is valid, the concentration of the voxels is summed and stored as the
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measurement result. Furthermore, the information which voxels are crossed by the beam,
the beam length, the beam starting point, and the beam end point are stored. After the
measurement, the current position is removed from the target list.

Gas Cloud Reconstruction

When the target list is empty, the reconstruction of the plume from the measurements
is performed. With the information on the voxels crossed by the beams, the measuring
matrix is created. For each beam, it is marked in its row of the measuring matrix which
voxels were crossed by it. The information is taken from the beam data. The measurement
matrix is supplemented with the measurements performed since the last reconstruction
and stacked with the regularisation matrix. The same steps are performed with the result
vector. To solve the linear least square problem, an existing solver from the SciPy library
is used. In the beginning, it is investigated to use a non-negative least squares solver [10]
since the gas concentration is always positive. However, it is not optimised for sparse
matrices like the measuring matrix. Therefore its performance is rather slow. Whereas a
solver optimised for sparse matrices [11] generates the solution significantly faster. On the
downside, it can occur that the solution contains voxels with negative concentrations. This
is accepted since it occurs rarely and is corrected with the next iteration. In future work,
the constraints for non-negative concentrations can be added by modifying the solver
or applying a different solver. After the reconstruction is performed, the reconstructed
plume is compared to the simulated plume, and the normalised root mean square error
is calculated and stored to evaluate the results in the end. Then the costs are updated and
the next measurement location determination loop is performed. The process is repeated
until the maximum amount of measurements defined in the configuration file is reached.

4.2.6. Physics Simulation

The objective of the physics simulation is to transfer the capabilities of the Python simula-
tion to a more realistic simulation. By doing this, it is accepted to increase the simulation
time. In return, the constraints of the vehicles are taken into account in the simulation.
It is strived to create a flow that is later executable in real-time. The focus of the Python
simulation is the fast determination of parameters for the heuristic and the verification
of the concept. The physics simulation is used to implement and debug the interfaces
to the vehicle hardware. Additionally, it is used to implement the communication proto-
cols between the different components of the concept and to test the coordination. Once
the functionality of all components are verified in the physics simulation, it is easier to
transfer the software to the hardware-in-the-loop system demonstrations.
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Simulation Software

For the physics simulation, a combination of ROS and Gazebo is used. Gazebo is a three-
dimensional simulator for robotics [17]. It is an open-source software. Gazebo provides
rendering of environments based on mesh structures. It is possible to model working
vehicles and sensors in the environment. Additionally, it provides an interface for ROS
to control and monitor the simulated systems. In the present thesis, the UGV and UAV
are simulated in the Gazebo environment. It provides physical feedback to the vehicles.
The controller of the UGV is simulated in a ROS framework that is connected to Gazebo.
The flight controller of the UAV is used in a software-in-the-loop-simulation which is
connected to Gazebo as well as to the ROS framework. To control the vehicles, multiple
nodes are added to the ROS framework. In Fig. 4.12 the Gazebo simulation with the two
vehicles and four obstacles is depicted.
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Figure 4.12.: The figure shows the graphical user interface of the Gazebo simulation. In the simu-
lation the UGV and the UAV are located in the environment with four obstacles.

UGV Simulation

The software of the UGV consists mainly of multiple ROS nodes. Therefore, it can be
executed on every Ubuntu system with the corresponding ROS version installed. To sim-
ulate the Summit XL, Robotnik provides a basic ROS and Gazebo simulation. The DLR
Institute of Communication and Navigation provides an adapted version of this software.
In the modified version, software nodes are added to integrate the RTK system for the
positioning of the UGV. The simulated UGV is addressed with the same ROS messages
as the hardware UGV. For the use in this simulation, three messages are required.



4.2. SIMULATION 43

m rtk_odometry: Provides information about the current pose of the UGV
m move_base_simple/goal: Used to send the UGV to its target location.

m move_base/result: Used to publish a status update when the UGV has reached its com-
manded pose

Since the software of the Summit XL has a more advanced path planner included than
the simple A* star algorithm, the A* algorithm is not used for the UGV. It is directly
commanded to the measurement point. To inform the path planner of the Summit XL
about the obstacles in the area, the grayscale image is transformed into a bitmap and
linked in the UGV’s configuration file.

UAV Simulation

The flight controller software PX4 can be executed on an Ubuntu system in a software-in-
the-loop mode [7]. Furthermore, PX4 provides a implementation with an intersection to a
Gazebo simulation [8]. The simulation includes a basic UAV model in the Gazebo environ-
ment. By combining this simulation with the mavros library, it is possible to command
and monitor the PXy flight controller from a ROS node. These messages are used for
the simulation as well as for the communication with the actual hardware. To control
the UAV via the MAVLink messages, it is necessary to set the flight controller into the
so-called OFFBOARD mode. The mode requires a constant heartbeat with a frequency
higher than 20 Hz. Once the mode is set, it is possible to command the UAV to take off.
For this purpose it is necessary to set flags in the flight controller configuration regard-
ing the offboard mode. To be used in the simulation, the controller must be configured
to allow flying without a remote control and without a communication connection to a
ground control station. After the takeoff, the UAV heads for target positions received via
MAVLink messages. For the UAV two messages are utilised. To command the UAV to its
target position, the goal message is required. The local_position/pose message is used to
receive the current pose of the UAV. In contrast to the UGV, the UAV does not provide
a status update upon reaching its target location. Therefore, it is necessary to constantly
monitor the position of the UAV and decide when the target is reached. A discrepancy
of 1 m is set as a threshold for reaching the target position. With some modifications
performed during this thesis, a single simulation configuration containing both vehicles
has been created. In the initial state, both simulations have a separate workspace and
are configured to use separate simulation environments. It is necessary to create a ref-
erence in the workspace of the UGV to link to the workspace of the UAV. Additionally,
a launch file is created (Appendix B). In this launch file at first, the Gazebo environment
is launched with the UGV in it and the corresponding software-in-the-loop simulation
of the Summit XL. Afterwards, the launch file spawns the UAV in the Gazebo simulation
and starts the software-in-the-loop simulation of the PXy flight controller software. The
flight controller software is linked to the Gazebo simulation. In advance, it is important
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to provide the flight controller software with an origin to align it with the origin of the
Gazebo simulation. In the next step, the MAVLink to ROS bridge is launched. It is con-
figured to communicate with the simulated flight controller. Thereafter, a ROS node to
command the UAV to the offboard mode is launched. During the initialisation, the node
commands the UAV to take off and from then on supplies the MAVLink to ROS bridge
constantly with a heartbeat message.

Adaptation of the Python Simulation

The remaining functionality is adapted from the Python simulation. The overall proce-
dure for the physics simulation is similar to the one applied in the Python simulation. The
control of the simulation is performed by the manager node. It administers the cost arrays
and performs the target acquisition. For these steps, the functions of the Python simula-
tion are repurposed. Once the targets have been identified, the manager node sends the
coordinates to the vehicles. Then the manager node waits until the vehicles have reached
their targets. The sensor is simulated in a separate ROS node. The manager node interacts
with it by two ROS topics. On the vehicle_position topic the manager sends the current po-
sition of the vehicles to the sensor. When the sensor receives this message, it performs a
measurement between these two points. For the measurement, the implementation of the
Bresenham line algorithm from the Python simulation is used. Afterwards, it publishes
the measured value on the measurement topic. The manager is subscribed to the topic and
waits for the response of the sensor node. When the manager receives the result of the
measurement, it checks if further points are stored in the target list. If this is not the case,
it performs the plume reconstruction process. Therefore, it reuses the functions from the
Python simulation as well. After, the loop starts all over again until the maximum amount
of measurements is reached.

4.2.7. Roadmap for the Simulation Runs

In the simulations, multiple parameters are examined to develop the best version of the
heuristic to achieve the highest information gain during the mapping of the gas concen-
trations in the area.

In the first step, values for the regularisation factor r on the diagonal elements of the
regularisation matrix R are examined. To do so, random positioning of the vehicles in
the area is performed to achieve a neutral result. The only boundary conditions are that
the vehicles are not allowed to be inside obstacles, the required line of sight is mandatory
and the UGV can only be placed in the ground layer of the environment. The value of r
is expected to influence the calculation time for the reconstruction and the influence of
measurement errors. After these evaluations, one value is chosen for » which then is used
for all further examinations.

With the chosen regularisation factor, measurements with a random placement in the
different scenarios are performed. For the random movements, the UAV can be placed
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in every voxel inside the environment that is not occupied by an obstacle. The UGV is
placed only in voxels of the bottom layer of the area. In each run, the environment is
measured with 4000 beams. The results created in these simulations are used as a baseline
for evaluating the quality of the chosen exploration approach.

In the next step, the weighting parameters of the heuristic are studied. These are d for
the influence of the distance to be moved to the measuring points, m for the influence of
the already performed measurements at these voxels, ¢ for the influence of the concen-
tration according to the current reconstruction, and v for the influence of the diagonal
elements of the covariance matrix of the measuring matrix M. All of the parameters are
first examined in a wider range to identify the magnitude to be chosen. Afterwards, sim-
ulations with a smaller range are performed to identify the best performance. An analysis
of these simulations is performed in Section 5.1.3.

Once the best values for the weighting factors have been identified, the placement
method for the vehicles is examined. Therefore, multiple simulations with different mea-
suring patterns as introduced in Section 3.3.3 are performed. In addition to the different
types of patterns, the patterns themselves are varied in size to enable different measuring
angles. The edge length of the patterns is varied from two meters up to sixteen meters
with a step size of 2 m. By this, the influence of the size of the pattern shall be evaluated.

The movement speed of the UGV and the UAV is not examined during the simulations.
This is the first approach to identifying the quality of the heuristic for the placement of
the vehicles. In a later stage, the simulation can be improved to represent a more realistic
movement of the vehicles with an acceleration phase, a movement phase, and a decelera-
tion phase. The simplification is believed to affect the evaluated parameters likewise. Nev-
ertheless, the simplification most likely improves the performance for movement along
shorter distances, as the acceleration and deceleration phase is more relevant than for
longer distances. Therefore, this inaccuracy is tolerated in order to perform the planned
steps in the limited available time.

In the physics simulation, it is tested to transfer the concept of the Python simulation to
software solutions as they are used with the actual hardware. The behaviour of the vehicles
is investigated to get a better impression of the developed software before tests with the
hardware are performed.

4.3. Field Tests

The field tests for the hardware demonstration are performed in a gravel pit in Planegg
close to Oberpfaffenhofen which is used regularly for experiments by the DLR Institute
of Communications and Navigation. It provides a rough terrain and at the same time
an open space for flight experiments without endangering humans or risking damaging
the property of the uninvolved. As introduced before, the UGV is a Summit XL of the
DLR Institute of Communication and Navigation. Its RTK-GNSS solution is ideal for a
high positioning accuracy. As UAV, the presented Holybro Ss00 from the DLR Institute
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of Flight Guidance is used. Its GPS-receiver for position determination has a poorer ac-
curacy than the RTK system but it is still sufficient for the proof-of-concept. The sensor
and gimbal are solely simulated due to the costs and availability of the TDLAS-sensor sys-
tem. The setup of the field tests is shown in Fig. 4.13. To monitor the systems during the
demonstration, an operator laptop with an integration of the ROS-network is used. To in-
crease the monitoring capabilities, enable modifications, and ensure interoperability with
the systems of the different institutes, the calculation node is executed on the operator’s
laptop. This part differs from the concept in which the node is executed on board of the
UGV. This is an acceptable modification since the demonstration is not about communi-
cation solutions, but the cooperative positioning of the vehicles. The operator’s laptop is
located close but at a safe distance to the area, to ensure the safety of the operator in case
of unforeseen behaviour or malfunctioning of the UAV or the UGV.

The base station of the RTK-system is located in the corner of the experimental area
(blue). Its position is used as origin for the local reference systems of the vehicles. The
x-direction of the vehicle’s local coordinate system runs in the eastern direction, whilst
the y-axis runs in the northern direction. The operator laptop is connected to the local
network created by the network device (purple) at the UGV’s base station.

To communicate with the UAV, the implemented radio solution in the 433 MHz band is
used (green). To enable the laptop to send the commands, a USB to radio signal converter
is used. Via this connection, messages of MAVLink protocol are exchanged with the UAV.

As in the Gazebo simulation, for the path finding of the UGV, the integrated path plan-
ner of the UGV superior to the rather simple A* algorithm is used. Therefore, a bitmap
of the grayscale map is transferred to the processing unit of the UGV.

At the beginning of the demonstration, it is verified separately that the connections to
the vehicles are available and the vehicles can be commanded by messages created at the
operator station.

Afterwards, the demonstration is started and the TDLAS-manager node is commanding
the vehicles. To ensure safety, a safety pilot is monitoring the UAV at every time to inter-
vene in case of emergencies. Alike, a second operator is monitoring the UGV to intervene
in case of malfunctioning to prevent the damaging of the hardware or injuring operators.

For the demonstration, the exploration pattern of the hourglass with a diameter of 8 m
is chosen. It is best suited as it shows promising results in the simulation and results in
good visual feedback for the operators.
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Figure 4.13.: The figure shows the setup for the proof-of-concept demonstration.



5. Results

At the beginning of this chapter, the results of the Python simulation are presented and
discussed. More than 530 simulation runs are performed in the scope of this thesis. The
most important findings from these simulations are presented in this section. Afterwards,
the physics simulation is analysed. It is investigated to what extent the simulation can be
used to perform experiments before the hardware integration is realised. At the end of
the chapter, the findings of the field tests are reviewed concerning the feasibility of the
developed concept.

5.1. Python Simulation Results

5.1.1. Regularisation Factor

In the first simulation runs, an investigation of the regularisation factor r is performed.
To make a short recapitulation, the regularisation factor r is the parameter on the main di-
agonal of the regularisation matrix R (see Eq. (3.3)). It is used to enable the reconstruction
of'the plume, even while the measurement matrix M is underdetermined. An influence of’
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Figure 5.1.: The figure shows a plot of the simulation results in dependency of four different reg-
ularisation factors r. On the ordinate, the error of the reconstructed plume (4.2.4) over
the number of measured beams on the x-axis is shown.
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the scenario on the reconstruction process of the plume is not expected. For this reason,
the investigation of r is performed in a single scenario only. For the executed simulation,
the scenario with the empty environment and the cubic plume in the centre of the area is
selected. To achieve a neutral evaluation, the simulations are performed with a random
placing of the vehicles in the area. Four simulation runs with 4000 beams each are per-
formed in which 7 is altered with the values 0.01, 0.1, 1, and 2. For the random placement
of the measurements, the UGV is placed in a random voxel in the ground layer and the
UAV in a random voxel with DLOS. As can be seen in Fig, 5.1, the variation of v in the four
simulations leads to a difference in the reconstruction quality of the measured plume.
As expected, a smaller value leads to a smaller remaining error after a fixed amount of’
measurements. With a higher value of r, the regularisation is rated higher. Hence, the
estimated value for a voxel is distorted more. With a small value for r the regularisation
is de-emphasised and the distortion reduced. Whilst the remaining error of the plume

reconstruction with » = 2 is in the magnitude 0f 0.325, the remaining error with » = 0.01

is in the area 0f 0.089 for the 4000 beams. This leads to the conclusion, that a smaller value

for r improves the achieved results. But it can already be seen between the simulation with
r = 0.1 and » = 0.01 that the improvement stagnates. To confirm the trend an additional
simulation run with a value of r = 0.001 was executed. That simulation run confirmed
the trend.

However, in a second analysis the condition number of the reconstruction matrix for
the simulations is investigated. A visualisation is shown in Fig. 5.2. In the figure, the
condition number is plotted on a logarithmic scale over the beams measured during the
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Figure 5.2.: The plot shown in this figure shows the development of the condition number of the

reconstruction matrix during the four simulations on a logarithmic scale as a function
of the reconstruction factor 7.
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simulation. While the condition number with r = 2 is in the magnitude of 5 - 10° and for
r = 1is in the magnitude of 10%, it drastically rises for » = 0.1 to 10 and for r = 0.01 even
to the magnitude of 10%. With the condition number, the convergence of iterative meth-
ods and the influence of measuring errors is evaluated [27]. If the condition number is
high, it takes longer to solve the equation system. Hence, higher condition number leads
to an increased calculation time. This is not desirable because it increases the simulation
time and endangers the real-time capability. Furthermore, with a high condition number
inserted measuring errors have a greater impact [27]. Small changes can lead to big alter-
ations which results in an instability. As a result, a low condition number is desirable. For
these reasons, especially r = 0.01 but also = 0.1 are not suited for the intended use.

This leads to the conclusion to perform the simulations with a regularisation factor
of r = 1. It represents a balanced compromise between reconstruction capabilities and
quality.

5.1.2. Random Approach

For each scenario introduced in Section 4.2.3 a simulation with 4000 measurements is
performed. The results of these simulations are used as a reference of the performance
for the heuristic. In the reference simulations, the vehicles are positioned randomly in
the area without trying to optimise the placement in any manner as it was the case for the
specification of the regularisation parameter.

The results show that the various surrounding configurations only have little influence
on the resulting plume error. The divergence between the different surroundings for a
single plume is similar. Hence, it is discussed exemplary on the centred plume. The
plume errors of the five different surroundings with the centred plume are displayed in
Fig. 5.3. The plot shows the plume error on the axis of ordinates plotted over the number
of used beams on the abscissa. In the graph in Fig. 5.3, it is seen that the plume error is
strictly decreasing for all five simulations with an increasing number of measured beams.
After the 4000 measurements, the mean error of the five simulations is 0.227. The maxi-
mum difference is 0.024 between the error in M1-1 with an error 0f'0.238 and the error of
Mzi-1 with 0.214. After the last measurement, the standard deviation is 0.0088. The moving
distances of the UAV and the UGV on average show a linear increase during the simula-
tions. This behaviour is expected. Throughout a single simulation, the distance between
the successive target locations varies. Averaged over 4000 measurements a continuous in-
crease is the outcome. This results in an average distance of 39.34 km for the UGV and
48.88 km for the UAV. These are extremely long routes. It is relativised by the average sim-
ulated time of 9.16 hours. This points out the importance of optimising the placement
of the unmanned vehicles. Moreover, it demonstrates the necessity for long-term moni-
toring with the TDLAS technology and its impracticality for fast, high-resolution results.
These conclusions indicate that the influence of the surroundings is small enough that
findings of simulations in a single surroundings configuration can be transferred to the
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Figure 5.3.: In this figure, the measurements from 4000 beams in the five simulations in different
surroundings are plotted. For a more detailed analysis, the plot is complemented with
the mean and the standard deviation of the five simulations.

other four surroundings.

Another observation is made for the positioning of the plumes. In Fig. 5.4 five simula-
tion runs with the different plumes in Mo-o are depicted. The graph shows the plume er-
ror on the ordinate over the number of beams on the axis of abscissas. For all five plumes,
a strict decrease of the plume error with more beams is visible. But the error curve of the
different runs is spread significantly wider after the 4000 measurements. The mean plume
error of the five different plumes in Mo-o is 0.265. Regardless, the maximum difference
0f 0.092 is between the layered plume in the centre and the plume at the side of the map.
This is nearly four times the maximum spread in the different surroundings configura-
tions. The standard deviation at this point is 0.0404. Additionally, Fig. 5.4 shows that for
measuring the layered and the centred plume, similar results are achieved. It is reason-
able, that those two plumes are surveyed in more detail because random beams in the
area of interest are more likely to cross the centre of the area than a corner. Furthermore,
voxels in the centre of the area can be measured from more different angles than voxels
located at the side of the area. The double and side plume retain the biggest plume error
after the reconstruction. This is plausible based on their placement in the area. At first,
surprisingly the performance for measuring the double layered plume is better than for
the double plume. This the case for all five surrounding configurations. For unmeasured
voxels, it is assumed that the concentration is 0. Thereby, the error for unmeasured voxels
containing a high concentration is bigger than for voxels containing a low concentration.
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Figure 5.4.: The plot in this figure shows the plume error of five simulations with different plumes
in the empty environment. For the measurements, the vehicles are placed randomly
in the environment.

The double plume and the double-layered plume have the same dimensions but differ in
the overall concentration. The outer layer of the double-layered plume only contains a
concentration of 0.5. This results in a smaller plume error after the measurements. For
this reason it makes sense at a second glance. The analysis shows that the course of the
graphs for the different plumes is similar. They only vary in the rate of decrease.

The mean travelled distance of the UGV deviates just for a few 100 meters compared to
the mean distance from the prior discussed simulation surroundings. The discrepancy
for the travelled distance of the UAV is smaller than 100 m. These values are in the per
mill range compared to the overall travelled distance. Also, the estimated time for the
4000 measurements deviates only in the range of a few minutes. This result is as expected
since the process for the placement is not changed.

With the knowledge gained about the different scenarios and the reference values, the
performance of the exploration concept is evaluated in the next sections. Besides, the
analysis shows that the different surrounding configurations do not lead to strong dis-
crepancies in measuring the plume. The different plumes alter the gradient of the error
reduction with the number of measurements. Consequently, it is decided that the weight-
ing parameters of the cost function can be determined with a selection of simulations.
Once a set of parameters has been identified, it is verified with the whole set of all 25
scenarios.
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5.1.3. Cost Function Parameters

In this subsection, the three weighting factors for the elements of the engineered heuris-
tic presented in Eq. 3.4 are analysed. In the end, the weighting factor for the modified
version of the heuristic is investigated. To apply the heuristic, a measuring pattern is re-
quired. The quality of the patterns is unknown until it is assessed with the heuristic. The
hourglass and cross pattern as well as the inverted pyramid and the pyramid are alike and
the limited time does not allow to perform the evaluation of the weighting factors with all
patterns and configurations. Hence, is decided to perform the evaluation with the hour-
glass with a size of 2 m by 2 m and the inverted pyramid with an edge length of 3 m by
3 m. For consistency between the different evaluation runs, the scenario in the map Mo-o
with the centred plume is used for all parameter evaluations. In addition, the results are
verified with further scenarios on a random base. Full coverage of all parameter variations
with all scenarios is not possible due to the required simulation time in the given time
frame.

Evaluation of d

For the first discussion, the weighting factor d of the distance term is varied. The other
two weighting factors m and c are set to 1. To gain an insight into the impact of d, it is
varied in a wide range between 10> and 10*. For the discussion of d, in Fig. 5.5 the plume
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Figure 5.5.: The figure shows the evaluation of the weighting factor d based on the plume error. The
plume error is plotted over the distance moved by the UGV. During each simulation,
6000 beams were created to measure the plume.
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error for different values of d is plotted over the distance moved by the UGV. The shown
simulations are performed in the Mo-o surroundings with the centred plume. Each sim-
ulation creates 6000 beams. In Fig. 5.5 it is visible, that the simulation with d = 10 is
achieving significantly worse results than the other shown runs. After the 6000 runs, the
plume error is still 0.73. The results for simulations with 4 = 100 and above perform
worse. Further, it can be seen that the UGV has to travel a greater distance to achieve a
reduction for the plume error compared to the other values for d. At the end of the sim-
ulation, the UGV travelled nearly 11 km. With decreasing values of d down to 0.1, the
performance of the heuristic improves. The plume error is reduced to values around 0.43
and the UGV only moves around 5000 m to achieve this reduction in the error. Decreasing
d further does not lead to a further significantly reduced plume error. However, the dis-
tance required to travel for the reduction is increased again. Ford = 0.01 around 6000 m
and ford = 0.0001 around 8000 m are driven by the UGV. Noteworthy is the stagnation
of the plots after a certain plume error has been achieved. It marks the best reconstruc-
tion result that can be achieved with the used pattern for the exploration and mapping of
the plume. This topic is discussed further later on in the section on the evaluation of the
different measuring patterns.

To supplement the findings shown in Fig. 5.5, in Fig. 5.6 the distance travelled by the
UGV is plotted over the time. An increased value of d causes the heuristic to avoid trav-
elling long distances without performing measurements. The result is a reduction of the
overall travelled distance. On the downside, widespread plumes are mapped rather poorly.
The smaller the chosen value for d gets, the longer the overall travelled distance is. Due
to the small size of the area and compared to the fast travelling speed as well as simplified
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Figure 5.6.: In the figure the distance travelled by the UGV is plotted over the time for different
values of d.
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movement, the increased distance does not lead to a significant increase in measuring
time. With d = 0.0001 the UGV travels 18.46 km whilst for d = 10 it only moves
10.99 km. This is an increase of the distance by around 60 % with a time difterence of
around 16 minutes. Similar observations are also made for other simulations performed
with the hourglass pattern with the Mo-o surroundings and the layered plume, the hour-
glass pattern in the Mi-1 surroundings with the centred plume, as well as the evaluation
with the inverted pyramid pattern. To investigate the envisaged range around d = 0.1,
five random samples are performed between 0.01 and 10. The results verify the observed
trend. To achieve the optimal performance of the heuristic, a more detailed analysis has
to be performed. As the objective of this thesis is the proof of concept and not its optimi-
sation, the investigation is stopped with this result for d. Therefore, the presented level
of detail is sufficient. With the knowledge gained from this analysis, it is determined to
set d to 0.1.

Evaluation of ¢

In the second step, the weighting factor c for the concentration addend of the heuristic is
examined. For this simulation step, the other two weighting factors m and d are set to 1.
For the evaluation of ¢, the weighting factor is modified in the range between 10 and 10°
with a step size of 10!. Additional, simulations to narrow down the decision are executed
where needed. In Fig. 5.7 a selection of the results for simulations with the hourglass
and inverted pyramid pattern are depicted. The plume error is plotted over the time for
both measuring patterns. Since the UGV does not move during the inverted pyramid
measuring pattern, it is not reasonable to plot its plume error over the distance travelled
by the UGV. The simulations plotted in Fig. 5.7 are performed in the Mo-o surroundings
and the centred plume. Each simulation performs measurements with 6000 beams. In
the two plots depicted in Fig. 5.7, it can be seen that an increase of c leads to a faster
reduction of the plume error. It is faster in regard to time as well as for the travelled
distance of the UGV. Additionally, the course for the plot of ¢ = 10000 shows that the
further increase c leads to a worsening of the result. For c = 10000 the plume error
with the hourglass pattern reaches the stagnation point after approximately 6000 m and
after approximately 220 min with the inverted pyramid pattern. Simulations with higher
values up to ¢ = 10° confirm this trend. For this value, the reduction of the plume error
is slowed down, and it does not reach the lowest possible error with the pattern during
the 6000 measurements. In the analysis with the widespread range, the best results were
achieved with ¢ = 1000. Therefore, for the narrow analysis of c, the focus is on that
magnitude. The large steps for the value of c compared to the analysis of d, create a rather
small impact on the performance of the heuristic. In the comparison of ¢ = 1000 and
¢ = 1500 just small improvements are noticeable. For the hourglass pattern ¢ = 1000
stagnates after approximately 2300 m and for ¢ = 1500 after 2000 m. For the time passed
with the inverted pyramid, it is 118 minutes for c = 1000 and 93 minutes for c = 1500.
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(a) Simulations with the hourglass pattern. (b) Simulations with the inverted pyramid pattern.

Figure 5.7.: The left side of the figure shows the plume error over the time for four simulations with
the hourglass pattern (a). The right side shows the plume error plotted over the esti-
mated required time for measurements performed with the inverted pyramid pattern
in four simulations (b).

However, it can be seen that the simulations with the hourglass pattern stagnate around
a value of 0.45 whilst the simulations with the inverted pyramid pattern already stagnate
at a value of 0.51.

The presented results were additionally verified with simulations of the hourglass per-
formed in M1-1 with the centred plume and in Mo-o the layered plume. The analysis of’
the travelled distance for the vehicles does not show a wide range and is similar in all
investigated configurations. Hence, it can be concluded that the variation of the concen-
tration weighting factor ¢ does not have a significant impact on the travelled distance. The
findings of the analysis lead to a choice of ¢ = 1500 for further simulations.

Evaluation of m

In the next step, an analysis of the weighting factor m is performed. For this examination,
the weighting factors d and c are set to 1. The analysis of m is executed in the range of 103
to 10°. Fig. 5.8 shows multiple simulations performed with the hourglass pattern in Mo-o
containing the centred plume. On the axis of ordinates, the plume error is plotted over the
distance moved by the UGV displayed on the abscissas. Also in this configuration, 6000
beams were performed for each simulation run. With m = 0.1 only a bad performance
of the heuristic could be achieved, as the plot shows. It takes a long time to reduce the
error and the UGV to move for a far distance. Increasing the value for m leads fast to an
improvement of the performance. A narrow evaluation for values of m between 0.1 and 2
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Figure 5.8.: The figure shows the plume error over the distance moved by the UGV for simulations
with the hourglass pattern. Plots for multiple values of m are displayed.

confirmed the trend. Increasing the value further to 5 and above leads again to a decrease
in performance. This can be seen in the plot of m = 10and m = 100. The narrow eval-
uation was reinforced by simulations in the Mi-1 environment with the centred plume.
However, for higher values, the rate of deterioration is reduced and stagnates. Simulations
with values higher than m = 100 do not attain significantly worse results. In Fig. 5.8 it can
be seen that the value of m does not alter the minimum achievable plume error with the
pattern, but only the time it is obtained in. As stated in the definition of the heuristic, the
measurement addend is used to create an exploration effect. It is supposed to stimulate
the vehicles to move away from locations that already have been measured in detail. In
Fig. 5.9(a) the distance travelled by the UGV is displayed over the time. The expectation
that a higher value for m leads to more movement is confirmed. Further measurements
have shown that for values of m > 100, the increase in travel distance stagnates. For that
reason, they are not shown in the diagram. This is coherent with the stagnation of the
plume error performance for higher values of m. The reason for this behaviour is the size
of the examined area for the simulations. At this point it is no longer possible to move
away faster. Therefore, a further increase of m has no influence anymore. Nevertheless, a
shorter travelling distance is desirable. For this reason, at the current time, m = 21is seen
as the best choice. It creates a fast reduction of the plume error and a good performance
with regard to the travelled distance.

The same analysis is also conducted with the inverted pyramid pattern. The results
are depicted in Fig. 5.9(b). It also states that small values for m slow down the rate of
error reduction. Nonetheless, a difference compared to the simulations with the hourglass
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(a) The plot shows the distance moved by the UGV (b) The figure depicts additional plots of simulations
during simulations with the hourglass pattern over  performed with the inverted pyramid pattern to
time. evaluate m. The plume error during the simula-

tions is plotted over time.

Figure 5.9.: The two plots shown in this figure substantiate the evaluation of the weighting factor
m.

pattern is visible. Higher values for m do not result in a noticeable deceleration of the error
reduction. All values for m reach the stagnation point after around 230 min. An exception
is the outlier m = 0.1. Since the simulations performed with the inverted pyramid do
not contradict the prior findings, the value of m is set to 2 for further examinations.

Evaluation of v

In the last parameter analysis, it is investigated if the performance of the heuristic is im-
proved by adding the variance term presented in Eq. (3.5). The other three weighting
factors ¢, m, and d are set to 1 again for this investigation. For the variation of v simu-
lations between 104 and 10%, are performed. Due to the required time to calculate the
variance matrix to determine the variance of'each voxel V;, the runtime of the simulations
is drastically longer than for the prior performed simulations. For this reason, the sim-
ulations are only performed with the hourglass pattern. Regardless, for each simulation
6000 measurements are carried out. In Fig. 5.10 a selection of the results for the v evalua-
tion is presented. In the left half of the figure, the impact of different values for v on the
reduction of the plume error is displayed. It is apparent that the alteration of v does not
have any noticeable effect on the plume error reduction. In the right part of the figure,
the distance moved by the UGV is plotted over the time. Here as well it is clearly visible
that there is no influence in the travelled distance beyond the noise.
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Figure 5.10.: The left plot shows the plume error over the beam number for different values of v
(a). The right plot shows the distance travelled by the UGV over the time for different
values of v (b).

Concluding, the utilisation of the variance term in the heuristic leads to a drastic in-
crease in calculation time for identifying target locations. In return, no noticeable im-
provement can be perceived. Consequently, the variance term is not examined further.
In the subsequent simulations, the heuristic is used as introduced in Eq. (3.4). At this
point should be mentioned that the implementation of the heuristic is normalised with
m. Thereby, the direct dependency of d/m and ¢/m is created. To reflect the dependency
in the parameters, d is set to 0.2 and c is set to 3000, and m is set to 2 in the simulation
configuration.

5.1.4. Pattern of Interest

For all simulations discussed in this subsection, the prior analysed values are used for the
weighting factors. In this section, the different patterns and a variation in their config-
uration are examined and compared in regard to their performance with the developed
heuristic. The analysis for each pattern contains a discussion of different variations in the
size of the pattern. The maximal radius of each pattern is varied from one to eight meters.
The patterns are named by the following scheme: "pattern name"_"height"_"y-radius"_"x-
radius". Also, an examination with a combination of the same pattern in different sizes is
performed. It is tested how the performance changes when the algorithm is allowed to

choose from multiple patterns of the same kind with a different radius.
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Hourglass

For a start, the hourglass pattern used for the prior parameter evaluations is examined
in detail. With an hourglass pattern of a single size, the pattern performs measurements
from nine different angles. For each variation with different pattern sizes, eight further
possible angles are added. The ninth angle is the vertical measurement which is identical
for all configurations. The simulations shown in the plots in Fig. 5.11 are performed in
Mo-o with the centred plume. On the left side of the figure in (a) the size of the hourglass
is modified. The smallest hourglass has a one-wide ring around the centre. This results
in a square of 3x3 voxels. With this configuration, the plume error can be reduced to
0.55. By increasing the size of the pattern, more voxels are measured with a single beam,
since the opening angle of the hourglass shape is increased. Thereby, the plume error
can be reduced further to nearly 0.3 with an hourglass with a ring of four voxels around
the centre. Increasing the size of the pattern further up to eight voxels around the centre
impairs the achieved plume error. With a distance of seven voxels to the centre, the results
are similar to the one-wide ring. The hourglass with an eight voxel wide ring achieves even
worse results. This is traced back to the size of the area. Due to the form of the hourglass,
a cutout close to the border of the area is created that can only partially be measured by
the pattern. Near the border only beams running parallel to the border can pass through
the voxels. Beams perpendicular to the border are not created, since it would require one
of the vehicles to be outside of the area. With the growing size of the pattern, the cutout
is increased. At a certain point, the reduced number of measurements in the cutout area
leads to a reduction in the mapping quality. Another aspect visible in Fig. 5.11 (a) is the
difterence in the expected measuring time. A smaller pattern size results in a shorter time.
This fits to the travelled distance. Larger patterns lead to an increased travelling distance
for the UGV and the UAV. This is plausible since the vehicles have to travel further between
the measurements. In addition, another analysis of the result shows that in general, the
UAV is moving further than the UGV. At first sight, the result seems bizarre because the
two vehicles are moving in the same pattern. On second thought it is correct as explained
in the following. To determine the order of the measuring points for the next pattern, the
travelling salesperson problem is solved. This includes the shortest path from the current
position to the first point of the measuring pattern. Since the problem is solved for the
UGV, the point closest to the position of the UGV is chosen. This means that the UAV has
to move from the far side of the current pattern to the far side of the next pattern. Summed
over all the patterns performed during a simulation, it leads to a perceptibly increased
distance. It can be said that this is inconsistent because the UAV has a shorter battery life
than the UGV. But the UAV also consumes battery power while it is waiting for the UGV to
arrive at its target. To optimise this aspect, it is suggested to perform a trade-off between
the increased battery consumption for the UAV during movement compared to hovering
and the travelling time for the UGV. In Fig. 5.11 (b) it is shown how the performance
changes when the algorithm is allowed to choose between different patterns. Due to the
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(a) The figure shows a plot of the plume error over time (b) The figure displays the plume error over the time
for different sizes of hourglass patterns for multiple simulations. In each simulation the
algorithm can choose from different hourglass pat-

terns.

Figure 5.11.: Evaluation results for the hourglass pattern

limited resources for the simulations, it is only examined up to four different patterns.
The ability to choose from different patterns, also increases the calculation time. The
algorithm has to calculate the value for every possible placement of each pattern. Thereby,
by doubling the patterns, the calculation time is doubled. In the plot, it is visible that
the combination of the patterns leads to a reduction of the minimum achievable plume
error. The pattern 9_4_4 performs best in the single configuration evaluation with a plume
error of 0.3. The combination of the four smallest patterns leads to a plume error of
approximately 0.27. Though, it takes a longer time and more measurements are required
to reduce the plume error than with the single pattern. Examining the distance travelled
by the vehicles, it is determined that the UGV travels 23.67 km for the simulation with the
9_4_4 pattern and only 16.12 km during the simulation with the four small patterns. A
similar difference is noted for the UAV. This means that the choice of pattern leads to a
reduction of plume error as well as a significant reduction in travelling distance.

As clarified at the beginning, a single version of this pattern contains nine different
beams. Thereby, nine measuring angles are applied to measure the gas concentration in
the voxels. In the scope of this thesis, a measuring angle is the orientation compared to
the crossed voxels in the area. The orientation in all three dimensions has to be taken into
account. Different-sized patterns lead to a variation in the measurement angles. For each
additional version of the hourglass pattern, eight further measuring angles are possible.
Considering a single voxel, this also means that the beam crosses different neighbour-
ing voxels depending on the measuring angle and thereby another value is measured.
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Concluding, it introduces a new independent line to the measuring matrix. As the plots
show, a single pattern can only be applied to an area a limited number of times. Once
this point has been reached, the improvement of the plume error stagnates. By adding
further patterns, more independent rows are appended to the measuring matrix. Hence,
a better reconstruction of the plume is performed. The takeaway from this analysis is that
the selection from the different patterns and thereby the increased number of possible

measuring angles is desirable.

Cross

The findings from the hourglass pattern are confirmed by the simulations with the cross
pattern. It is an interesting follow-up since it is a simplified version with only five angles
for each pattern instead of the previous nine.
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(a) The plot displays the plume error over the distance (b) The graph depicts the plume error over the dis-
moved by the UGV for different sizes of the cross  tance moved by the UGV for simulation runs with
pattern. a choice of multiple cross patterns.

Figure 5.12.: Evaluation results for the cross pattern

For comparability, the simulations are also performed in Mo-o with the centred plume.
In Fig. 5.12 the results for the evaluation of the cross pattern are displayed. On the left side
in Fig. 5.12 (a) the various sizes of the cross pattern are examined. It can be seen that up to
9_4_4 the plume error can be reduced to 0.38. This is not as good as with the hourglass
pattern. The reduced performance islead back to the lower number of available measuring
angles. Increasing the pattern further leads to a deterioration of the plume error. Since the
plot is showing the plume error on the axis of ordinates over the distance travelled by the
UGV on the abscissa, the different travelling distance is visible. Again, a smaller pattern
size results in a smaller overall travelling distance. In Fig. 5.12 (b) the same observations
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as for the hourglass pattern can be made. If the algorithm can choose from multiple
patterns, it reduces the plume error further than if only one of these patterns would have
been used. But it is not reduced further, than a better performing pattern. With the cross
9_1_1, 9_2_2, and 9_3_3 the results are not better than pattern 9_4_4. Adding cross 9_4_4
to the list leads to a performance exceeding the single cross 9_4_4. The best performance
achieved with the cross pattern therewith is a plume error of 0.36.

Inverted Pyramid

Next, the inverted pyramid pattern is examined. It involves four different measuring an-
gles for each application. The simulations are as well performed in the scenario with a
centred plume and the surroundings Mo-o. In Fig. 5.13 the simulation results for different
sizes of the pyramid are compared. The plume error on the ordinate is plotted over the
time on the abscissas. The plot shows that increasing the edge length of the pyramid leads
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(a) The figure shows plots for simulations with differ- (b) The plot shows the results of simulations with dif-
ent sized inverted pyramids. It shows the plume er-  ferent combinations of inverted pyramid patterns.
ror over the time. It shows the time on the axis of abscissas and the

plume error on the ordinate.

Figure 5.13.: Evaluation results for the inverted pyramid pattern

to an improved reduction of the plume error. In contrast to the prior examined patterns,
the trend continues up to the 9_8_8 pattern to a plume error of 0.31. The course of the
graphs is similar for the different sizes of the inverted pyramid. In the beginning, the
plume error is reduced fast. At a certain point, the plume error reduction is slowed down
until it stagnates towards the end. It stands out that large configurations of the pattern
reduce the error with a similar rate as the smaller versions of the pattern. The flattening
of the plume error curve increases after the curve for the smaller pattern already began to
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flatten or even stagnated. Since the UGV only moves between the patterns, it moves for a
rather short distance. For the different sizes, it varies between 1800 m and 2500 m. A clear
dependency on the size cannot be identified. This is different for the movement of the
UAV. Here it can be said clearly that the size of the pattern defines the moving distance.
With the increase of the inverted pyramid size, the distance travelled by the UAV rises.
Whilst it moves less than 10 km for the 9_1_1 pattern, it travels nearly 60 km for the 9_8_8
pattern.

On the graph shown in Fig. 5.13 (b), the inverted pyramid is examined for different com-
binations of sizes. Once more, it can be observed how the combination of different pattern
sizes improves the performance of the target identification algorithm. The more patterns
are combined, the better is the result. Still, the biggest pattern of 9_8_8 performs better
than the combined pattern. A simulation with a combination of multiple large inverted
pyramids has not been performed. Therefore, this thesis leaves a gap at this point to be
investigated by follow-up studies. Based on the performance of the single 9_8_8 inverted
pyramid, a combination of large pyramids may exceed the performance of the 9_4_4 hour-
glass. However, the inspection of the travelled distances points out the disadvantage of this
pattern. Whilst the combination of the patterns reduces the movement of the UAV, the
movement for the 9_8_8 inverted pyramid is more than double the combinations of the
four patterns 9_1_1, 9_2_2, 9_3_3, and 9_4_4. Concluding, the UAV moves more than triple
the distance compared with the 9_4_4 hourglass. Due to the limited battery power, this is
a strong disadvantage for the pattern.

A later study should investigate the effect of combining the larger patterns. Because of
its load to the UAV, the pattern is unattractive. Due to time constraints and comparability,
it is not performed in the scope of this thesis.

Pyramid

The pyramid is similar to the inverted pyramid and so are the results. But for this pat-
tern, the UAV mostly has to hover. On the downside, due to the terrain and the reduced
movement capabilities of the UGV, the execution of the pattern requires more time. The
simulations are performed in the same scenario as the other patterns. The results of the
simulations for the pyramid are depicted in Fig. 5.14. On the left, the pyramid size is ex-
amined. The plume error is displayed on the axis of ordinates over the time on the axis
of abscissas. On the right side, the combination of different pyramids is analysed. The
results seem identical to the inverted pyramid. However, if one considers the time, it can
be seen that significantly more time passes until the results are achieved. This is the ex-
pected outcome due to the prolonged travelling time of the UGV. The longer distances
to be moved for bigger pyramids, like the 9_8_8, increase the problem. For these rea-
sons, also the pyramid is seen as a problematic pattern for the measurements. Overall it
provides too few measuring angles for a high travelling distance and time.
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(a) In the figure plots for simulations with different (b) In the plot the results of simulations with different
sizes of pyramids are depicted, showing the plume combinations of pyramid patterns are presented.
error over the time. The time is plotted on the axis of abscissas and the

plume error on the axis of ordinates.

Figure 5.14.: Evaluation results for the pyramid pattern

Cube

The last pattern evaluated is the cube. The number of measurements performed with
the pattern depends on its size. Whilst with the 9_1_1 pattern 73 measurements are per-
formed, the largest investigated pattern 9_8_8 creates 319 measurements for a single ap-
plication of the pattern. All these measurements provide separate measurement angles.
The simulations displayed in Fig. 5.15 are performed in Mo-o with the centred plume.
The examination of the different-sized cubes in Fig. 5.15 (a) points out that the plume er-
ror reduction occurs at a slower rate than for the prior investigated patterns. None of the
considered configurations of the cube pattern reaches its stagnation point in 60oo beams.
However, it can be said that smaller cube patterns reduce the plume error at a slower rate
than larger versions of the pattern. The smallest pattern 9_1_1 still has a plume error of
0.75 after 532 min and 6000 beams. In contrast, the biggest version of the pattern 9_8_8
reduces the error to 0.28 in 560 min. It is in the magnitude of the lowest error achieved
but takes more time. Reflecting upon the distances travelled by the vehicles, a strong in-
equality between the vehicles can be seen. For the bigger versions of the pattern, the UGV
travels less than for the smaller ones. But still, during the smallest cube pattern, the UGV
only travelled for 300 m. The UAV on the other side, passed a distance of 10 km for the
small cube. In the simulation with the big cube, the UAV moves 30 km. The comparison
of the different sized cubes shows another problem. Although the cube pattern provides
many different measuring angles in a single application, it is relatively inactive. A mul-
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titude of measurements is performed before the situation is reassessed and the vehicles
move. This rather leads to exploitation than exploration. The bigger versions of the pat-
tern compensate for this fact since they are relatively large compared to the area. The
9_8_8 basically already covers more than half of the area. Thereby, it could be compared
to a static sensor in the area. To investigate this behaviour further, it is interesting to see
the change in performance in an enlarged area. These examinations are recommended
for follow-up studies. In Fig. 5.15 (b) multiple cubes up to 9_4_4 are combined. Here it is
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(a) In the figure the results of differently sized cube pat- (b) In the plot simulations with different combinations
terns are plotted. of cube patterns are shown. The plume error is
plotted over the time.

Figure 5.15.: Evaluation results for the cube pattern

interesting to see that the combination of patterns does not necessarily lead to improving
the performance. The combined patterns perform in the magnitude of the 9_1_1 pat-
tern. This means that it is more efficient to use the larger patterns separately than to have
the choice between a combination of them. It seems that the smaller ones are dominant
during the selection process and thereby chosen more often. Hence, the larger patterns
performing better are applied infrequently and cannot exploit their advantage. A state-
ment about the reduction of the plume error before stagnation cannot be made since the
reduction process is so slow and never reaches the stagnation point with the cube pat-
tern. The movement of the UAV reinforces the prior described selection process. If the
patterns are combined, the distance travelled is reduced in comparison to the biggest pat-
tern in the combination. Still, the UAV moves further than in the smallest pattern in the
combination.

To summarise, the cube pattern shows the potential to achieve a low plume error due
to its variety of measuring angles. However, it is rather inflexible due to the number of
measurements performed in a single application. In addition, the pattern relays on the
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extensive movement of the UAV. Depending on the size of the pattern compared to the
area, the cube equals a static sensor placed in a suitable spot.

Comparison of Patterns

After the individual discussion of the patterns, the performance of the different patterns
is compared directly. Therefore, the best performing single configurations of all patterns
are juxtaposed in the plot shown in Fig. 5.16. It shows the plume error of the patterns on
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Figure 5.16.: The figure shows a comparison of the different patterns with the best performing
configuration for each pattern.

the ordinate over the time on the axis of abscissas. The figure shows the prior addressed
similarities between the hourglass and the cross. The course of the plots for the two pat-
terns is similar. The cross stagnates earlier because it applies fewer different measuring
angles. Prior to the reduction of the rate for the plume error is nearly identical. More
similar is the behaviour of the pyramid and its inverted form. This is expected since the
shape of the plumes is symmetrical about the height. If this was not the case, the pyra-
mid would achieve better results for distributions closer to the ground whilst the inverted
pyramid obtains a better resolution in altitudes below the UAV. Whilst for the cross and
the hourglass the 9_4_4 configuration performs best, for the other three patterns the max-
imum investigated size of 9_8_8 achieved the best results. The cube 9_8_8 achieves the
lowest plume error after 6000 performed measurements. However, the hourglass pattern
requires only 106 min to lower the plume error to 0.37. The cube pattern needs more than
four times the time to reduce the plume error to the same magnitude.
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Additionally, the distances travelled by the vehicles have to be taken into account. In
Fig. 5.17 (a) the distances for the UGV are depicted and in Fig. 5.17 (b) the movement of the
UAV is visualised. Since the UGV does not move during the inverted pyramid and the
cube pattern, the distance travelled by the UGV compared to the other patterns is short.
As a result, the distance travelled by the UAV for the inverted pyramid exceeds the other
patterns. The UAV has to travel nearly double the distance in contrast to the second. In
comparison, the distance difference between the cube and the hourglass is small. But
it has to be taken into account that the hourglass gains information in approximately
110 min. In this period of time, the UAV moves less than 10 km. That is less than a third
compared to the 30 km for the cube pattern. The same is applicable to the cross pattern.
This represents a large gap with regard to the travelled distance. The moving behaviour
of the pyramid projects the opposite of the inverted pyramid. Therefore, it also shows a
huge imbalance between the UGV and UAV. The distance travelled by the UGV exceeds
the other patterns.
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(a) Comparison of the distance moved by the UGV for (b) Comparison of the distance moved by the UAV for
different patterns. different patterns.

Figure 5.17: The figure shows the distance travelled by the vehicles for the comparison of the dif-
ferent measuring patterns.

Additionally, simulations have been performed in which the algorithm for the target se-
lection was allowed to choose from different patterns. The results show that the algorithm
often chooses the cube which leads to a slow rate of plume error reduction. A simulation
without the cube pattern performs better but falls short compared to the simulations only
containing the hourglass pattern. This is traced back to the fact that the algorithm does
not take into account from which direction a voxel has already been measured. It only
sees how often the voxel has already been inspected. Hence, if the algorithm chooses one
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of the patterns performing worse than the hourglass to investigate a set of voxels, it is un-
likely that the voxels are investigated with the hourglass later on. Thereby, the resulting
performance is worse than applying only the hourglass pattern.

Based on the analysis, a series of conclusions is drawn. It is desirable to have a pattern
with multiple independent measuring angles. At the same time, the pattern must not
contain too many beams so that the re-evaluation process is not delayed for long. If not
enough measuring angles are available in the pattern, it is not possible to obtain a precise
measurement of the present plume. Consequently, it is desirable to be able to choose from
patterns containing different measuring angles. Though, the number of patterns must be
limited. The number of possible patterns directly influences the calculation time. In
addition, the presented heuristic does not take into account from which angles the single
voxels have been measured. A modification of this sort will improve the performance
for comparing multiple patterns. In the current configuration, voxels measured with a
single pattern are measured less likely by another pattern, even if the other pattern uses
a different set of measuring angles. With this measurement, additional information on
these voxels is gained. Hence, the possibility to distinguish between the measuring angles
is desirable. In the implementation, it can be realised by expanding the measurement
addend of the heuristic with a series of look-up tables. In these, the angles are stored or
in a simplified version angular ranges. If the investigated angle is new, the value of M, is
reduced and thereby more likely to be chosen.

5.1.5. Best Beam

An attempt to forgo the approach of the measuring patterns is performed with the best
beam method. In this case, the beam with the lowest cost is calculated. This results in the
conduction of a reconstruction after each measurement and hence in an increased pro-
cessing time. A modification can be the determination of the next n-best beams to reduce
the reconstruction effort. In the following, the results of the first attempt with the ap-
proach are discussed. For the best beam approach, the simulations were performed with
all 25 scenarios. The rise in required processing time is severe. The prior presented sim-
ulation runs did not exceed an hour for each run. In contrast, the simulations for the best
beam approach took more than seven hours each. It is traced back to the target acquisition
process. With the size of the area, even with the limitations to the top and bottom layer,
the amount of possible beams is too high for a brute force approach without sufficient
computing power. In Fig. 5.8, a similar analysis as for the random beam is performed.
Since the results are similar for the different scenarios, exemplary one analysis is per-
formed for comparing the surroundings and another analysis to show the discrepancies
for the different plumes. In Fig. 5.18 (a) the results for the centred plume in the different
surroundings is presented. The results line out that the best beam method is not influ-
enced significantly by the surroundings. This is reflected in the standard deviation as well.
After the 6000 measurements, the best beam approach results in a plume error below 0.4
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(a) The figure shows the comparison of simulations (b) The graph shows simulation runs in the Mo-o sur-
with the centred plume and the five different sur- roundings with the five different plumes.
roundings.

Figure 5.18.: Results of the best beam evaluation

independent of the surroundings. The course of the graphs is almost linear. A reflection
of the travelling distances displays a similar small spread. It stands out positively that the
UGV only has to travel for around 8000 m to achieve the reduction of the plume error. The
UAV covers a distance of 25 km. Although the difterences for the various surroundings in
regard to the travelled distance are not significant, it is visible in the results that the vehi-
cles have to take more detours with an increase in the obstacle number. To perform the
6000 measurements the vehicle requires a little less than 11 hours.

The plot in Fig. 5.18 (b) shows the simulations for the five different plumes in the sur-
roundings Mo-o. Here, a wide spread is noticeable. Similar to the random beam, the cen-
tred plume and the layered plume in the centre are measured the best. For these plumes,
the plume error is reduced below 0.4. On the other end, the plume error for the double-
layered plume is only reduced to 0.75. The resulting difference of 0.35 leads to a wide
standard deviation. The normal double plume is measured more precisely with an error
of 0.66 but is still significantly worse than for the other plumes. The single plume at the
side is determined with a plume error of 0.45. This finding shows that the applied pro-
cedure has problems with disjointed plumes. The observation can also be made on the
moving distances. For the two versions of the split plume, the vehicles travel the short-
est distance. The observation of the distances travelled for the measurement of the other
plumes show the same magnitude. The required time for the measurements is similar for
all five simulation runs.

Conclusively, the best beam has the potential to reduce the plume error further than it
can be done with the measuring patterns. At the same time, it provides a further optimi-
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sation for the distances between the measurement locations. On the downside, it requires
drastically more computation power than for the measuring patterns. This can be reduced
by identifying multiple best beams before the next reconstruction loop is performed. Nev-
ertheless, a wide spread in the results depending on the distribution of the plume in the
area is noticeable. This behaviour must be analysed for its reason and minimised. Other-
wise, the performance is too dependent on the expected plume in the application.

5.1.6. Comparison

At last, all discussed measuring approaches are compared. The comparison is performed
with the centred plume in the Mo-o environment. The method ofthe measuring pattern is
represented by the hourglass pattern. It shows the most promising balanced performance.
The results for the plume error over the distance travelled by the UGV for the comparison
are depicted in Fig. 5.19. It is noteworthy that the considered approaches outperform the
random approach in regard to the travelled distance of the UGV. Due to the stagnation
in the simulations with the hourglass pattern, the random measuring achieves a smaller
remaining plume error than the measuring pattern. Also, the pattern method reduces the
plume error at a higher rate than the best beam approach. Since the simulations are cut
off'at 6000 beams, it cannot be said if the best beam approach can achieve a smaller plume
error than the pattern method. When the plume error is reviewed over time, the best beam
approach reduces its error significantly slower than the other methods. Since prolonged
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Figure 5.19.: The figure shows the different performance of the measuring methods in regard to
the plume error.
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measuring time is critical due to the limited battery power of the UAV, this is a strong
disadvantage. However, the measuring pattern outperforms the random measurement
also in regard to the time until it begins to stagnate.

At last, a short analysis on the travelling distance is necessary. In Fig. 5.20 (a) the dis-
tance for the UGV and in (b) the distance for the UAV is depicted. The plots show that the
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(a) The figure shows the distances travelled by the UGV (b) The plot shows the different distances moved by the
for the different measuring methods. UAV for the measuring methods.

Figure 5.20.: The figure displays the difference in the travelled distance for the vehicles with the
target allocation methods.

distance moved by the vehicles is distinctly lower for all concepts than for the reference
of random measurements. It can also be seen that the vehicles do not have to move far
during the best beam approach. This underlines the problem of the best beam approach.
The required measuring time is created by a long time for the calculation of the next tar-
get. In this time period, the UGV is standing around and not consuming much battery
power but the UAV has to hover all the time and slowly drains its batteries. This illustrates
the need for high computation power to apply the best beam approach. The pattern ap-
proach reduces the travelled distance for both vehicles by around half'in comparison to
the random measurements. This is an important reduction to support the feasibility of
the exploration strategy.

5.1.7. Plume Reconstruction

To conclude the section on the Python simulation, an analysis of the reconstruction of the
plume is provided. For a start, the hourglass_g_4_4 pattern is investigated in the Mo-o
surroundings with the centred plume. Outlined in the prior analysis, the pattern reaches
its stagnation point after approximate 1000 beams. To see the differences in the recon-
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struction process, the plume is reconstructed after 100, 500, and 1000 beams. To better
identify voxels with small concentration values, all voxels with a concentration of 0 are
marked white. Values > 0 are color coded as indicated by the legend.

In Fig. 5.21 areconstruction of the plume after 100 measurements is shown. The Python
simulation calculates 10.6 min to perform the measurements. The plume error is esti-
mated with a value of 0.89 at this time. In Fig. 5.21 (a) the slice for x = 10 is shown.
Next to it, in Fig. 5.21 (b) the section of the centre of the area for y = 10 is depicted.
In both cases, it can be seen that only some layers have been measured at this time and
low concentrations have been estimated in this area. In Fig. 5.21 (c) the horizontal layer of
z = 4is plotted. It already shows high concentration values in the centre. In Fig. 5.21
(d), the three-dimensional reconstruction is visualised. It shows a higher gas concentra-
tion in the centre and empty voxels measured around it. It is already possible to surmise
the centred plume. In the voxels part of the beams crossing through the plume, a small
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(a) The plot shows a slice of the reconstructed plume (b) The plot shows a slice of the reconstructed plume
along x = 10. alongy = 10.
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(c) The plot shows a slice of the reconstructed plume (d) The plot shows a three-dimensional reconstruction
alongz = 4. of the plume after 100 beams.

Figure 5.21.: The figure shows the plume reconstruction for a simulation with the hourglass_g_4_4
pattern in the Mo-o scenario with the centred plume after 100 beams. The plume
error has a value of 0.89 at this time.
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concentration is suspected and thereby the hourglass shape is formed and visible in the
three-dimensional reconstruction.

In Fig. 5.22 the same simulation is depicted 400 beams later at a total of 500 measure-
ments. At this time the plume error is 0.56 and 53.3 min of simulated time have passed.
In the slices along x = 10 (Fig. 5.22 (a)) and y = 10 (Fig. 5.22 (b)) the centred plume
is distinguishable. The concentration is estimated lower than in the simulated plume
but the form of the plume differentiates clearly from the surrounding voxels. Also, along
z = 4 (Fig. 5.22 (c)) the concentration is reconstructed in the centre and a thin border
begins to be formed around it. Furthermore, the plot shows that the measurements are
concentrated on the centre of the area and no gas is detected towards the border of the
area. In the three-dimensional reconstruction displayed in Fig. 5.22 (d), the shape of the
plume is visible and the hourglass shape of the pattern characterised the reconstruction.

In the last display of the simulation, the results of the reconstruction for 1000 beams is
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(a) The plot shows a slice of the reconstructed plume (b) The plot shows a slice of the reconstructed plume
along x = 10. alongy = 10.
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(c) The plot shows a slice of the reconstructed plume (d) The plot shows a three-dimensional reconstruction
alongz = 4. of the plume after 500 beams.

Figure 5.22.: The figure shows the plume reconstruction for a simulation with the hourglass_g_4_4
pattern in the Mo-o scenario with the centred plume after 500 measurement beams.
The plume error is 0.56.
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depicted in Fig. 5.23. To perform the 1000 measurements, a time of 107 min is estimated.
At this time, the plume error is 0.37 which is close to the stagnation point for the hour-
glass_9_4_4 pattern. In the three slices at the position of the reconstructed plume shown
in Fig. 5.23 (a), (b), and (c) the plume is visible clearly. It is noticeably distinguishable from
the surrounding voxels. The same applies to the three-dimensional visualisation of the
plume in Fig. 5.23 (d). Voxels that never were measured at the same time as the plume,
are reconstructed with a value of 0. This shows that the reconstruction matrix does not
provide sufficient information to locate the complete concentration inside the actually
gas-filled voxels. Due to this lack of information it partially situates the gas in the other
voxels measured in the beam. Nevertheless, the reconstruction is sufficient to be evaluated
and draw a conclusion on the location of the gas.
For comparison, the reconstruction for simulations performed with the hourglass_g_4_4

pattern in the M2-2 surroundings with the layered-double plume is analysed. The results
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(a) The plot shows a slice of the reconstructed plume (b) The plot shows a slice of the reconstructed plume
along x = 10. alongy = 10.
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(c) The plot shows a slice of the reconstructed plume (d) The plot shows a three-dimensional reconstruction
alongz = 4. of the plume after 1000 beams.

Figure 5.23.: The figure shows the plume reconstruction for a simulation with the hourglass_g_4_4
pattern in the Mo-o scenario with the centred plume after 1000 beams. The plume
error at the time is 0.37.
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in this scenario are poorer than in the prior reflected scenario. After 6000 performed mea-
surements the plume error has a value of 0.517. The visualisation of the reconstructed
plume shows the reason. In Fig. 5.24 the reconstruction after 100 beams is depicted. It
shows that the first plume has been discovered. At this time the plume error has a value
0f'0.98 and the vehicles required 10.6 min to perform the 100 measurements.

In Fig. 5.25 the results of the reconstruction after 500 beams are shown. In all four
visualisations in the figure, it can be seen that the measurements are focused around the
discovered plume With the 500 performed measurements, the vehicles obtained a plume
error of 0.867 after 53.4 min. The size of the pattern makes the measurements towards the
border of the area unattractive because not the full set of valid beams can be created. The
result is visible in the slices of the area shown in Fig. 5.25 (a), (b), and (c). It is visible that
the knowledge about the voxels of the plume towards the border of the area is poorer than
towards the centre. However, the form and the layers of the first plume become clear. This
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(a) The plot shows a slice of the reconstructed plume (b) The plot shows a slice of the reconstructed plume
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(c) The plot shows a slice of the reconstructed plume (d) The plot shows a three-dimensional reconstruction
alongz = 4. of the plume after 100 beams.

Figure 5.24.: The figure shows the plume reconstruction for a simulation with the hourglass_g_4_4
pattern in the M2-2 scenario with the layered double plume after 100 beams. The
plume error has a value of 0.98 at this time.
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(a) The plot shows a slice of the reconstructed plume (b) The plot shows a slice of the reconstructed plume
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(c) The plot shows a slice of the reconstructed plume (d) The plot shows a three-dimensional reconstruction
alongz = 4. of the plume after 500 beams.

Figure 5.25.: The figure shows the plume reconstruction for a simulation with the hourglass_g_4_4
pattern in the M2-2 scenario with the layered double plume after 500 beams. The
plume error is 0.867.

is the case for the slices as well as for the three-dimensional representation. Nevertheless,
until this point, the system has no knowledge about the second plume.

Next, Fig. 5.26 shows the reconstruction of the plume after 1000 measurements. As a
reminder, at that time the centred plume was known with an error of 0.37. The mea-
surement of the double layered plume attains only a plume error of 0.707 after the 1000
measurements. To perform these measurements, the system takes 106.75 min. The time
is similar to the centred plume. However, the depiction of the reconstructed plume in
Fig. 5.26 shows the reason for the high plume error. The system found the second plume
and measured it to the same grade as the first plume. Still, the knowledge about the voxels
towards the outer side of the area is low. But the layers of the plume get visible. Although
there are two plumes, the concept managed to detect both in the same amount of time as
the single source. But the degree of reconstruction is not as good as for the single plume.
However, this is also related to the proximity of the border. With an enlarged area, the

77



5.1. PYTHON SIMULATION RESULTS

Plgme recorasruction k= 1d Plums recomalne®on iy = 14

. LE -

1B 1 + L

[ ] e . an
g 8 mE B §
- 5 _:
g 4 i & 1 LT
3 ¥ T =
§ i s o4 a4k
- 3 = | 3
! - - | axr-

|

6 3 30 Y 10 113 0Bo 103 me
(a) The plot shows a slice of the reconstructed plume (b) The plot shows a slice of the reconstructed plume
alongx = 14. alongy = 14.

Flume reConstnection I = 4
o

17

150 1 o e
Ze s Lo
L as §
H +§ GRS
i R - _.‘_;,
?-f asl 0.6 E
© 15 - B
L3 1]
0.4 5
50 as =
<1- il
¥ 0.2 e
an - é‘ 0.0
L]
n6 2% %5 T3 MO 173 138 175 MO ¢ S 10 15 a0 20 5

X Coarginate

u roordnate

(c) The plot shows a slice of the reconstructed plume (d) The plot shows a three-dimensional reconstruction
alongz = 4. of the plume after 1000 beams.

Figure 5.26.: The figure shows the plume reconstruction for a simulation with the hourglass_g_4_4
pattern in the M2-2 scenario with the layered double plume after 1000 beams. The
plume error at the time is 0.707.

measurement of the double plume has to be re-evaluated. It has to be checked if'the strat-
egy manages to measure both plumes in sufficient time if it is allowed to measure them
with the full patterns.

Until the end of the simulation, 6000 measurements are performed. The final recon-
struction is shown in Fig. 5.27. With the 6000 measurements the plume error is 0.517 after
666.9 min. This is a long time, especially in regard to the limited flight time of the UAV.
In the plot of the x-slice and in the z-slice the obstacle next to the upper right plume is
clearly distinguishable. It also shows that the strategy allowed measuring the plume even
though it is located directly next to the obstacle. Furthermore, the result for the upper
left plume is similar to the knowledge about the second plume which is not close to an
obstacle. However, the measurements caused a blurring in the estimation of the layers of
the plumes. The concentration in the centre is reduced compared to the prior displayed
reconstruction.
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(a) The plot shows a slice of the reconstructed plume (b) The plot shows a slice of the reconstructed plume
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(c) The plot shows a slice of the reconstructed plume (d) The plot shows a three-dimensional reconstruction
alongz = 4. of the plume after 1000 beams.

Figure 5.27.: The figure shows the plume reconstruction for a simulation with the hourglass_g_4_4
pattern in the M2-2 scenario with the layered double plume after 6000 beams. The
plume error at the time is 0.517.

Overall, it can be taken along from the Python simulations that the concept, developed
in this study, for the exploration strategy is applicable. The engineering approach with the
heuristic is verified. A set of parameters is identified and different measuring methods
are examined. It is possible to reconstruct plumes in different scenarios but the quality of
the reconstruction depends on the location of the plume in the area. With these results, it
is possible to transfer the concept to the physics simulation and test the implementability.

5.2. Physics Simulation Results

In this section, the findings of simulations performed with Gazebo and ROS are presented.
With the simulation, it was verified that the modified software from the Python simula-
tion is compatible with the actual hardware. In Fig. 5.28 a screenshot of the physics sim-
ulation is displayed. On the right side, the Gazebo simulator is displayed. It shows the
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Figure 5.28.: The figure shows a screenshot of the physics simulation. On the right, the vehicles
moving in the Gazebo simulation are displayed. In the lower-left corner, the current
error of the reconstructed plume is presented. On the upper left side, the current
knowledge about the plume is compared to the actual plume.

UGV and the UAV performing measurements in the Mo-o surroundings. In the upper
left corner, the simulated plume (left) is compared to the currently reconstructed plume
(right). The plumes are visualised with the matplotlib library. The visualisation of the sim-
ulated plume shows that it is the single-layered centred plume. In the lower-left corner,
the current plume error is plotted over the performed measurements on the abscissas.

A finding during the simulations was the underestimation of the movement in the
Python simulation. The movement of the vehicles requires more time than expected.
A reason for that is the A* algorithm. The UAV is sent from voxel to voxel by the A* al-
gorithm. Since the UAV tries to reach the commanded point and not overshoot, it does
not accelerate much. Thus, the UAV does not take advantage of its moving speed. The
result is that it arrives at the target after a similar time as the UGV and not substantially
earlier as expected. With a more complex path planner, the problem can be solved and
the expected behaviour can be achieved. Due to the absence of such complex planner, the
A* algorithm is also used for the proof-of-concept demonstration for the UAV. The same
problem is observed with the UGV. Especially for narrow turns, the UGV has difficulties
moving to the target position. To improve the movement, the pose commanded to the
UGV includes the orientation to the next commanded position known. Since this does
not result in a satisfying improvement, the path planner provided by Robotnik is used
for the commanding of the UGV. Therefore, only the target position is sent to the UGV.
Further, a bitmap containing the surroundings is submitted to the obstacle detection of
the UGV. This results in a different problem. The path planner of the UGV includes a
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safety margin around obstacles. If'it is chosen too big, the UGV is not able to move into
voxels next to the obstacles and cannot measure from this position. The path planner of
the UGV calculates the distances to obstacles in relation to its centre of mass. If the safety
margin is chosen too small, the back or the front of the UGV can collide with the obstacles.
Due to the nature of the obstacle generation, they are formed like ramps. It can occur that
the UGV gets to an upright position and thereby cannot move any more.
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Figure 5.29.: The figure shows the trend of the plume error during the physics simulation.

In addition, it is shown that the simulated TDLAS sensor is functional. The analysis
of a recording of a run of the physics simulation performed with the hourglass_g9_4_4
pattern in the Mo-o surroundings with the centred plume confirms the misjudgement
for the required time to perform the measurements. During the simulation, 582 mea-
surements are performed resulting in a plume error of 0.47. The course of the plume
error is depicted in Fig. 5.29. It is as expected from the Python simulation. However, with
the Python simulation, 62 min are estimated to perform the 582 measurements. In the
physics simulation, 127.85 min are required to perform the measurements. This is more
than double the time estimated. Hence it is important to adjust the assessment for the
required time in the Python simulation for further analysis. This is essential because it
correlates with the limited flight time of the UAV. The estimated measurement time has
an important impact on the number of measurements that can be obtained from a single
UAV battery charge.

Conclusively, it can be established that the exploration strategy can be realised with the
envisaged vehicles. For better results, it is necessary to improve the capabilities of path
planning for the vehicles. Also, it is necessary to adjust the assessment of required time
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in the Python simulation.

5.3. Field Test Realisation and Results

In the field tests, the implementability of the concept is shown. The vehicles receive posi-
tions from the planning node and perform cooperative measurements as planned by the
algorithm. In Fig. 5.30 an image of the demonstration execution is displayed. In the centre
of the image, the UAV can be observed during the movement. Towards the left, the UGV
moves to the next measurement position. In the lower right corner, the UGV base station
is located.

Further, multiple observations are made which confirm the findings of the physics sim-
ulations. It is important to take the turn radius of the UGV into account because it signifi-
cantly influences the movement speed. If the turn radius does not allow direct movement
to the next commanded measuring point, the UGV performs a complex turn manoeuvre.
In addition, the usage of the A*-algorithm for the path planning of the UAV results in a
rather slow movement of the UAV because it receives a waypoint list with a distance of
approximately 1 m between the waypoints. Since the UAV tries to arrive at the waypoints
with a forward velocity of 0 m/s, it does not accelerate to high movement speeds. As a
result, the movement times for the UGV and the UAV are similar. This fact shows, that
a high-quality path planner which takes the movement capabilities of the vehicles into
account, influences the results significantly. An improved path planner leads to shorter

Figure 5.30.: The figure displays an image taken during the execution of the field tests. On the
lower right, the RTK system of the UGV is located. In the centre of the image, the
UAV flies in the exploration area. On the left, the UGV moves inside the area.
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intervals between the measurements. As shown in the simulations, a large number of mea-
surements have to be performed. If the time between the measurements can be reduced,
a crucial improvement can be achieved. The more measurements can be performed in
a short amount of time, the fewer changes due to environmental influences like wind or
man-made influences, impact the measuring result. Man-made influences can be people
or vehicles moving through the area and introducing turbulences into the plume.

In Fig. 5.31 a section of the paths of the vehicles is displayed and overlapped with the
measurement positions of the pattern in the form of diamonds. The paths are recorded
during the performance of the hourglass pattern 9_4_4. In (a) the path of the UGV is
illustrated. It begins at the red-marked position in the upper left and then follows the
pattern in an inverted s-shape until it reaches the blue-marked lower right corner. The
path of the UAV is displayed in (b). In the plot, it can be seen that the position of the UAV
is published in a lower rate than the position of the UGV. Therefore, the data points are
further apart. The UAV starts in the lower right corner and follows the inverted s-shape
to the upper left corner. The colors in (a) and (b) show the chronological sequence. From
this, it can be seen, that the vehicles are always on the opposite side of the pattern. The
centre of the pattern is an exception. In Fig. 5.31 (c), the paths of the two vehicles overlap.
It can be seen that the UGV determines its position with higher precision than the UAV.
The reason is the RTK system. This finding demonstrates the relevance of an accurate
positioning system. To gain a high-resolution map of the gas distribution in the area, it is
necessary to be able to determine the position of the vehicles with high precision. In the
present example, the pursued resolution of the gas map is in the magnitude of 1 m. To
achieve this, positioning accuracy of less than 1 m is necessary. The accuracy of GPS alone
allows a precision of 2 m. With the RTK-system, it can be improved to the magnitude of
millimetres. Therefore, either the envisaged resolution of the gas plumes needs to adapt
or a GPS solution alone is not sufficient.



5.3. FIELD TEST REALISATION AND RESULTS

Movement of UGY Movement of LAY
15
" L
I ¥ O 0
14 + 4 ™ ™ . o
' 13 4 "

12 1

¥ coordmnake
<
<
<
¥ coandinate
-
S
<
<

10 4 10 4
]

g -

84 -
L ]
84 a .
R ® S O o
& 145 ™
» O < O
& 2 1 12 14 ] B 10 12 14
x cocrdinate x coordinate
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(c) Overlay of the paths of the vehicles. The UGV is dis-
played in blue and the UAV in orange.

Figure 5.31.: The figure shows a presentation of a section of the vehicles path during the proof-of-
concept demonstration. The diamonds mark the measurement positions.
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6. Summary

At the beginning of the present thesis an introduction is given to the relevant theoretical
background the thesis is based on. This includes a classification in the frame of the state-
of-the-art in the field of unmanned exploration. Further, the measuring method TDLAS
is introduced as the thesis is based on this technique. In addition, the A* algorithm, the
travelling salesperson problem, and the Bresenham line algorithm are presented. These
are existing algorithms used in the scope of the present thesis.

Afterwards, the new exploration strategy developed in the scope of this thesis is pre-
sented. At first, a detailed analysis of the problem is performed. It is pointed out that
the new approach combining unmanned ground and airborne vehicles allows the explo-
ration of a three-dimensional area which is not possible with a solely ground-based ap-
proach. Furthermore, the TDLAS method allows the measurement of gas concentrations
from afar without directly interacting with the plume. This enables the measurement
without introducing distortion during the process. In the developed concept, the UGV is
equipped with the sensor and detector for the measurement. To reflect the beam back to
the UGV, the UAV is carrying a retro-reflective surface. Out of the TDLAS measurements,
the plume is reconstructed with a linear least square optimisation approach. The TDLAS
method requires measurements from a multitude of different angles but the battery power
of the vehicles is limited. Therefore, in the scope of this thesis, an algorithm is devel-
oped to identify informative measuring targets. The algorithm is based on an engineered
heuristic to identify the measurement location. The heuristic contains an exploitation
term considering the current gas concentration, an exploitation term considering previ-
ous measurements, and an addend taking the costs for movement into account. They are
weighted, so one can adjust the behaviour.

For the verification of the exploration strategy, a multi-step approach is performed. In
the first step, the concept is implemented in a Python-based simulation. With the simula-
tion, the parameters used in the heuristic are identified and the basic operating principle
of the concept is verified. Afterwards, different methods for the arrangement are per-
formed and evaluated. The outcome of these analyses is that single measurements require
high computing power. If this computing power is not available, it leads to slow informa-
tion gathering. This is suboptimal because the vehicles, especially the UAV, still consume
battery power. If the battery of the UAV has to be changed, the process is prolonged fur-
ther. For this reason, it is recommended to perform the measurements in pre-defined pat-
terns. A series of different patterns are investigated with the Python simulation. The most
promising pattern identified is the so-called hourglass pattern. In this pattern, the vehi-
cles are positioned at the opposite side of a rectangle and perform measurements through
the centre. With this pattern, the plume error after the reconstruction based on the mea-
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surements is reduced significantly while requiring an acceptable travelling distance for
the vehicles. Furthermore the simulations show the importance of using a multitude of
different measuring angles to improve the reconstruction result. However it is important
to find a balance between the number of measuring angles and the increase of calculation
time due to fact that more possibilities are taken into account. In total more than 530
simulation runs are executed to identify the preferred setup for the measurement of the
plume.

In the next step, the functionality of the Python simulation is transferred to a physics
simulation based on ROS and Gazebo. It utilises software in the loop simulation of the
UGYV and the UAV. The simulation is used to take the constraints of the actual hardware
into account. It is used to test the interaction of the exploration strategy, in detail the
measurement location determination algorithm, with the actual vehicles. The physics
simulation shows that the performance of the vehicles is overestimated in the Python-
based simulation. The vehicles require much more time to move to the target positions
than anticipated. Conclusively it is established that improved path planners for the ve-
hicles are required to perform more advanced simulations of the exploration strategy.
Nevertheless, the compatibility of the implementation of the exploration strategy with
the vehicles was verified.

In the third and last step, a proof-of-concept demonstration with the actual available
vehicle hardware is performed. The sensor and the gas measurements are simulated in
software-in-the-loop simulations. The demonstration verifies the realisation with the ac-
tual hardware (i.e. UAV and UGV). However, the demonstration substantiates the known
issues from the physics simulation. In addition, it exhibits the need for precise position-
ing of the vehicles. Accurate positioning is necessary to ensure the cooperation capabilities
of the vehicles. Further, it is apparent that the need for a multitude of measurements is
in conflict with the limited flight time of the UAV.
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7. Conclusion

The thesis sets out the developed exploration strategy, verifies its feasibility and points
out its shortcomings. Concluding recommendations and necessary steps for further work
in the exploration of gas plumes with a cooperation of ground-based and airborne vehicles
by remote sensing is provided.

The demonstration shows that the exploration strategy is applicable and implemented.
For a next step, it is required to acquire hardware for the alignment of the sensor. This
includes hardware required to precisely identify the position of the reflective surface at the
UAV as well as a gimbal to perform the pointing of the sensor. Then the implementation
of the exploration strategy has to be retested with the new hardware. To support these
tests, the Gazebo and ROS simulations can be expanded by simulations of the gimbal, the
sensor for the tracking of the UAV, and a model of the actual TDLAS sensor. With the
simulation, the functionality can be verified and the performance improved before it is
transferred to the actual hardware. This reduces the risk of damaging the hardware.

Once all systems required for the concept are implemented and tested, it is recom-
mended to expand the measuring principle to a swarm of vehicles. In a first step, more
UAVs with retro-reflectors can be added. The prerequisite for this approach is that the
tracking and pointing system of the sensor allow a fast and precise change to another
target.

A different aspect for investigation is performing measurements during the movement
of the vehicles. This requires a high precise pointing system able to compensate for the
motion of the UGV during the movement. In addition, the tracking system must be able to
accurately pursue the UAV during its movement. Furthermore, it must be able to quickly
re-establish a target lock after losing the visual line of sight between the vehicles. In-
troducing more UAVs into the system, decreases the time required for the plume error
reduction. Additionally, small UAVs are an inexpensive extension of the concept.

For the experiments with the actual hardware it should be considered to enlarge the
size of the voxels. As it has been stated, the positioning of the vehicles is important. With
an accuracy of 2 m at best for the GPS, it is not reasonable to set the voxel size to 1 m. This
is only possible while using an RTK system. In return, the area can be enlarged without
increasing the computing effort.

Beforehand it is suggested to further improve the measuring position acquisition. As
proposed in the result section, it should be examined to include the measuring angle into
the cost function. To perform more advanced tests of the concept in the physics simula-
tion, it will be necessary to improve the path planners used for the vehicles. Another factor
to improve the measurement positions is the consideration of the propagation behaviour
of gases. With this knowledge, the exploitation part of the heuristic is improved.
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B. Storage Device

In the following a list of the content of the attached storage device is provided:
1. Digital version of the thesis

2. Latex code of the thesis

3. Result files of the Python simulation

4. Source code of the Python simulation

5. Source code of the Physics simulation

6. Literature



