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Abstract

This thesis deals with the design of an unmanned multirotor aircraft
system specialized for autonomous detection and localization of res from
onboard sensors, and the task of fast and e ective re extinguishment.
The main part of this thesis focuses on the detection of res in thernal
images and their localization in the world using an onboard depth
camera. The localized res are used to optimally position the unmanned
aircraft in order to e ectively discharge an ampoule lled with a re
extinguishant from an onboard launcher. The developed methods are
analyzed in detail and their performance is evaluated in simulation
scenarios as well as in real-world experiments. The included quanétive
and qualitative analysis veri es the feasibility and robustness of the system.

Keywords: unmanned aerial vehicle, re detection, re localization,
semi-autonomous re extinguishing, horizontal aerial discharge, tall-
building re extinguishing

Abstrakt

Tato pace se zaby\a ravrhem sysemu specializovareho pro au tonomn
detekci a lokalizaci paaw z palubnch senzom bezpilotnc h helikoper.
Hasen poau je zajseno automatick/m vystelenm ampule s hasc
kapalinou do zdroje paaru z palubnho vystelovece. Hlavh @st eto

pace se sousted na detekci poan v datech ternaln kam ery a jejich
raslednou lokalizaci ve swe za pomoci palubn hloubkowe kamery.
Bezpilotn helikopera je pot optinalre navigowana na pozic i pro
zajsen puletu ampule s hasc kapalinou do zdroje p@ aru. Vyv-
inue metody jsou detailre analyzowany a jejich chown je te stowano
jak v simulaci, tak sowasre i gi realrych experimentech. Kv alitativh a
kvantitativn anayza ukazuje na pouwitelnost a robustnost cee ho sysemu.

Ktéowa slova: bezpilotn helikoptra, detekce ohre, lokalizace ohre,
semi-automnomn haen paau, wstel v letu, hasen paaun wskowch

budov
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Extinguishment of re in aboveground oors brings many di culties, w ith the most
signi cant being limited access for remen to aboveground oors of the building. They often
need to use ladders and enter the oor through a window, taking a lot of ime while the
re may continue to grow. Usage of an unmanned aerial vehicle (UAV) for quickaccess to
the window to begin extinguishment can reduce the growth of the re and provide the time
necessary for remen to access the oor.

This thesis aims to design a UAV suitable for extinguishing res in above-ground oors
of buildings. The key use of this UAV is to extinguish res through windows and the sur-
rounding area to provide access to the oor and decrease the re growig ratio. The UAV
can be also used for investigating the oor or searching for survivors, bt the fundamental
purpose is to extinguish res in the interior of the building from t he exterior.

The Unmanned Aerial Vehicle is a kind of aircraft without a pilot on board, such as
a remote-controlled airplane or multicopter, but can be controlled autoromously by an on-
board computer. Multicopters can quickly land and take o vertically fr om various places
making them useful in countless applications, such as monitoring, phatgraphy, cargo trans-
port, investigating dangerous areas, and even elimination of unauthorizeaircraft. The typical
multicopter (see[Figure 1.) consists at least of three motors with proplers forcing air under
the aircraft, platform for battery, electronics necessary for stabilization and navigation, and
landing equipment. The variety of multicopters is extensive in sze, count of rotors, and the
rotors con guration.

The multicopter is ideal for re ghting purposes because of its ability to vertically land
and take o almost anywhere. Usage of UAV in re ghting procedures reduces the risk to
human lives while investigating burning objects or accessing re surces. The UAV can also do
many automatic operations faster than its human operator, for example, it can aiickly return
to the base for exhauster re lling or it can autonomously present the re for exhausting.
Small-sized UAV also has an advantage in accessing places dangerous or hardlgessible for
humans.
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Bonpet capsules |I13] provide an e ective automatic re exhausting sysem. These cap-
sules are mounted on walls and ceilings, when the temperature of the Bpet liquid in the
capsule rises to 90C the capsule breaks and deploys the liquid in its neighborhood. Irthe
liquid begins an endothermic chemical reaction that cools down the ar@ while chemicals in
this liquid are decomposed into gases (CQ N,). The remaining liquid protects the surface
from re-ignition. When all of the liquid is decomposed to gas, no cleanig is needed. This
liquid does not cause damage to electronics, human health, or the endnment. One 600 ml
Bonpet capsule can autonomously protect 8 ri area.

The Bonpet liquid is also lled in an ampoule [4] designed for manual re extinguishing
by throwing it to the re. This ampoule breaks from the temperature increase or when it falls.
Therefore, this kind of ampoule is ideal for aerial discharge into the re through a window
from the UAV. The design of the UAV specialized for the aerial discharge of tle ampoule to
the re is the main purpose of this thesis.

1.1 Motivation

Fire extinguishing in high-rise buildings is a di cult and dangerou s operation where
each second determines success. Fire exhausting in above-groundors is complicated by
narrow access to the re sources and water distribution problems| [5]Solving these problems
is time-consuming while the re can completely burn down a room inseveral minutes |ES].
Starting extinguishing too slowly leads to quick propagation of the re and huge damage
to the building construction. In extreme cases, the damages on the hlding can lead to its
collapse.

Finding access to the re source on high oors and investigating the buning building
is extremely dangerous for the remen and can impact their health or caus many kinds of
injury. Falling objects can injure a reman or obstruct his position t 0 some room, where
proximity to the re may result in inhalation of smoke causing health problems [7]. Loss of
the UAV in these conditions is a much acceptable result. For access tlow oors, ladder tracks
are commonly used, but the reachable height of the ladders is insu ciat for many buildings.

The main motivation for this thesis is therefore to help save human Ies, health, and
possessions by applying the UAV for re extinguishing in the above-gound oor of buildings

Figure 1.1: Photo of the designed, constructed, and tested UAV for the aplication in (semi)-
autonomous re-extuinguishing scenarios.
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or places inaccessible to remen. This UAV brings the possibility to quickly begin semi-
automatic re extinguishing to prevent re propagation before the rem an can access the
re. The UAV can also provide information to the remen about the re's scope and presence
of people in the a ected area. In the case of a burning building with a re present on stairs,
this information can be very helpful for planning a re- ghting strat egy.

1.2 Related work

In recent years, UAVs are being used for many thermal monitoring applicaions such
as power plant inspections|[8, 9] and human and re detection|[10] leadingd the tracking of
wild res [11{13] to help with its reduction. Solving the problem of trac king wild res brings
many approaches for re detection and localization from various sensors. Man approaches
use thermal cameras|[14{19] while others use cameras monitoring in the vide spectrum
with more complex algorithms for detection [20{24]. But even methods comhiing thermal
and visual images were developed [25]. Some of these approaches to re dgien can be
adapted for this semi-automatic re extinguishing system.

Some special equipment for accessing the high oors of buildings has ée developed|[26{
28]; these machines climb on building balconies or preventatively istalled rails. A specialized
helicopter was developed for eliminating re through windows to enalte access with ladders
or by previously mentioned machines|[29].

Another paper discusses scenarios using UAV for re ghting [30, 31] desdbing mostly
the strategy of the UAV-re ight and its trajectory planning and optimiz ation. In these
scenarios, a team of UAVs cooperates with remen to suppress the re.

For the UAV, carrying an e ective re extinguisher is the most challen ging due to the
weight of the re extinguisher and the limited power of the UAV. A special solution to this
problem was created by supplying permanent extinguishant and poweithrough a system
tethering the UAV to the ground [32]. Another re ghting UAV for exhausti ng wild res
drops balls lled with re extinguishant into the re [33]. Additional ly, a UAV that can
handle indoor res have been developed. These UAVs are also designear finvestigation of
the burning building interior and searching for survivors [34/35].

Our design also implements relative localization of the re and horizottal discharge of
the cargo to the localized object. This challenge of optimal UAV positioning is similar to game
theory applications where a UAV protects a speci ¢ area against other intuder UAV [36].
The problem of cargo discharge was solved for wild re exhausting [37], builso autonomous
interception of a ying target [38]. The localization problem is often solved as localization of
objects with known dimensions [[39] or with the usage of neural networks4[d,(41], or using
stereo vision [36|, 42, 43].

1.3 Outline

At the beginning of this thesis in [Chapter 2, the characteristics of the operating envi-
ronment of the UAV and its in uence on the UAV construction are discussed. This chapter
also discusses the challenges and di culties that can occur and musbe solved. In[Chapter 3,
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the design of the specialized UAV platform to cope with all these challages is discussed.
looks at the design of algorithms for re detection and positioning of the UAV
to discharge the ampoule into the detected re. This chapter also povides insights into the
methodology of thermal imaging. At the end of this thesis in[Chapter 5, resilts, and method-
ology of experiments to determine the quality of the designed systesare discussed.

1.4 Mathematical notation

Summary of mathematical notation used throughout the thesis is presente in [Table 1.1].

Symbol

Description

upper or lowercase letter

bold upper or lowercase letter

calligraphic upper letter

lowercase letter accented by an arrow
RT, xT
Mk, Rk, Tk, %

upper index T
lower index

m, M,M a scalar

a matrix
a set or structure
a column vector

Table 1.1: Overview of the mathematical notation.

1.5 Table of symbols

Chapter Symbol Description
Non-contact temperature Me Radiant exitance
measurement ((Section 4.1/1) T Temperature
" Emissivity
Stefan{Boltzmann constant
Radiation frequency
kg Boltzmann constant
h Planck constant
C Speed of light
b Wien's displacement constant
Ee Irradiance
e Radiant ux
Fire detection in thermal Tt Temperature threshold
images [Section 4.11) I Thermal image
i Fire hypothesis index
Ti Fire hypothesis
di Distance of objects seen be pixel
Camera's FoV
S Image dimension

vector and matrix transpose
M, R, T, % at discrete stepk



1.5. Table of symbols

Chapter Symbol Description
Aj Fire hypothesis area
N; Fire hypothesis pixel area
Projection of re detections C, Cgq, C; Camera projection matrix
to world () T, T8 T} Transformation matrix
0O, 04, Oqg, O Coordinations frames
o', o, o} Image plane coordinations frames
*t, %d, ¥ Coordinates of point X in di erent frames
*, %) Projection of point X to di erent cameras
X Fire hypothesis position
Q Surface seen by camera
R, X,Y Set of possible solutions
H Vector pointing to X
d(v) depth measured on pixelv
Fire localization algorithm I'm Maximum measurement range
(Section 4.2.3) rd Discretization resolution
iik;l Sample index
m; Depth sample
S,M,V, W  Set of possible solutions
Fire locking (Section 4.3) t Time
At) Position in time t
h Coe cient of friction
m Mass
g Gravitational acceleration of Earth
Vo Muzzle velocity
Ih, Iv Horizontal and vertical position

Table 1.2: Summary of symbols utilized throughout| Chapter 4.
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Chapter 2: Preliminaries

Contents
[2.1  Fire detection system . |. . . . ... ... oo 7
[2.2  UAV platform specications . . | . . . ... .. ... ... ..... 8
[2.3 Operating environment characteristics . . .|. . . .. .. ... ... 10
[2.4 MRS system for autonomous UAV control . . .|. ... ... ... 11

The aim of this thesis is a design of a complete autonomous UAV system for aiet
discharge of re extinguishing capsules into real-world res. The gstem consists from design
of:

" a specialized UAV platform capable of sustaining signi cant dynamic reoil and

" a re detection system capable of re analysis, re localization, UAV navigation, and
e ective discharge of re extinguishing capsules.

This aerial system brings in the ability to exhaust res fast, semi-autonomously, and in places
hardly accessible by a human, such as above-ground oors of buildings. Hat means that
the UAV can be deployed nearby burning res by a pilot operating the system from a safe
distance from the certain danger. The application goal is to assist the opettor with detection
and localization of the res with onboard sensors, position the UAV appropriately, and blast
a re extinguishing capsule into the re. The UAV mission consists of two parts - an operator-
controlled navigation of the UAV to close proximity of the re and autonomous re localization
and discharge of extinguishing capsule to the re.

The speci ¢ operation environment brings up several challenges, wich need to be ac-
counted for during the system design. These di culties can a ect the functionality of some
sensors, actuators, electronics, and mechanical parts. Overcomingéie challenges is necessary
in order to design a robust and reliable system, which can be used ireal-world applications.

2.1 Fire detection system

One possible scenario of UAV usage is operator-controlled ight around the brning
building with continuous re detection followed by automatic UAV posi tioning for the dis-
charge of the re exhausting capsule from the exterior of the buildingto the re detected
either in interior or exterior of the building. During the manual igh t, the autonomous re
detector shall warn the operator of the re presence. Responsively,ite operator can continue
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with the inspection or can trigger an autonomous positioning with respectto the re. There-

fore the re detection system provides an assisting technology capabl of fast analysis and
decision making. This analysis can contain information about the maximal tenperature of
a burning object, its 3D position and dimensions, and further data aboutthe strength and
spreading rate of the re.

The task of the automatic aiming system is to nd an e cient position sui table for the
discharge of the capsule into the detected re and precise autonomousavigation of the UAV,
which has to comply with the physical characteristics of the capsuldauncher and its ballistic
curve. The capsule discharged into the re shall not collide with any obstacle between the
UAV and the re. The main pillar of this application is hence the ability to detect and localize
res from onboard sensors in order to ensure an e ective response to faspreading res. The
desired positioning of the UAV, with respect to the ballistic curve of the launcher and a re,

is depicted in[Figure 2.1.

The designed UA "‘on_pet ampoule The ampoul

Figure 2.1: Visualization of the system application. Aim of the system is tle autonomous
detection and localization of re, and an optimal discharge of the ampoule to he re area.

2.2 UAV platform speci cations

The primary requirement on the platform is the ability to carry an onboar d launcher for
discharging re extinguishing capsules. This launcher mechanisnis required to be positioned
with a clear eld for non-collision discharge, weigh less than 3 kg, and @& produce signi cant
dynamic recoil when discharging a capsule (s€e Section B.4). The wetghf the launcher has
to be added to the model weight before the design of a drive subsyste which consists of
motors, propellers, and ESCs. This a ects the choice of the number of mtors and param-
eters of propellers. The design of the UAV platform is also signi cantly in uenced by the
physical dimensions of the launcher itself. Concisely, the laundr needs to be positioned such
that the launched capsule does not collide with the UAV body. Discusion of the launcher

characteristics is presented in detail il Section 3}4.
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The discharge of the re extinguishing capsule causes non-negligibliickback that dis-
turbs the stabilization systems of the multicopter. For this reason, it is necessary to design
the multicopter as stable as possible. Another way is to add a shock-absber between the
launcher and multicopter that could e ectively decrease the in uence of dynamic kickbacks.
However, this work does not include this mechanism in order to keephe system as simple as
possible to prove the concept of the application.

The stability of the drone is a ected by many factors, namely regulator design, drive
thrust-weight ratio, accuracy of sensors, the center of gravity locaton, and sensors and actu-
ators position. The stability of the UAV in manual ight depends on motor thr ust, autopilot,
and operator experiences. The main factor in uencing the UAV stability in autonomous ight
is the performance of the UAV control. The designed system relies on th stabilization and
control pipeline of UAVs developed in the MRS group. This system prove to be high perform-
ing, reliable, and robust in various real-world tasks and competitions |[44{47] It is therefore
used in the presented application to control the UAV and to cope with the dynamic recoil of
the launcher.

An important factor for physical ight is the drive thrust-weight ratio  de ned as a ratio
between maximum total thrust (in kilogram) of all propellers and weight of the vehicle in the
standard atmosphere on Earth [48]. The thrust-weight ratio is connectedvith maneuverability
and a ects the maximal possible acceleration of the UAV. Without a su cien t thrust-weight
ratio, the UAV is not able to face all the stability disturbances. The geometric center of rotors
situated in the center of gravity likewise increases the stabiliy of the multicopter [49].

The application is designed such that a trained human operator controls tle UAV from a
safe distance far to the re. After reaching the danger area, the operator an either manually
trigger the re extinguishing capsule launch or switch to an autonomous s$ate where the
UAV positions and res the capsule on its own, using the data from onboard gnsors. The
ability to remotely control the UAV without clear operator-UAV visibili ty can be provided
by rst-person view (FPV) camera streaming video from the multicopter to the operator's
screen. When the operator wants to explore an interior of the buildinghe will probably lose
visual contact with the UAV. In this case, the operator has full control over the vehicle and
can navigate only via the streamed video feed. However, this scenaxiis not expected in
this application, as the design expects the UAV to launch capsules fronthe exterior into
the interior of a building. Flying indoors brings up several other challenges, such as complex
onboard sensory setup, a capability of indoor-outdoor transit, or autonomousnavigation in
an indoor environment.

Autonomous detection of re ames requires suitable sensory equipmety such as a
thermal IR camera. To localize the detected res, distance measument sensors have to be
equipped on board in order to estimate the 3D location of the re with regpect to the UAV.
To process the onboard data and to reason about navigation and e cient launcling of the
capsule, a su cient processing unit has to be likewise equippé onboard the UAV itself. All
the necessary sensory equipment for the application increases thetal weight of the UAV,
which decreases the upper limit for the e ective payload weight.
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2.3 Operating environment characteristics

The environment around wild re is extremely diverse and complex br the use of UAVs.
The challenges that can appear in this environment and that can in uencethe mission have
to be re ected in the system design itself. Hence, the di culties that can be expected in
operation with close proximity to sources of extensive heat are listé below. Accounting for
these di culties is necessary to consider various speci ¢ requiements to the multicopter:
" Quick temperature changes, which depend on the distance from the & and the re
source itself.

Dust and ash arising from air ow.
Clouds of smoke in uencing sensing capabilities of onboard sensors.
Signi cant changes in light conditions caused by the re.

Dynamic obstacles like people, cars, or falling objects in close praxiity to exteriors of
buildings.

Presence of the wind gust e ect caused by high-temperature di erace and wind outside
the building.

Possible presence of water drops in the ight area resulting from thenearby operation
of re ghters or rain.

Presence of dicult to detect obstacles like cables, rods, and sirlar objects close to
exteriors of buildings.

Most of consumer electronics components have warranted functionalitppelow temper-
ature 80 C. Special components, designed for automotive or aircraft industry, mg typically
operate even up to 120C, but the temperature near a re may quickly rise over 300 C [6,50],
which makes most of the electronic components vulnerable.

The only solution to avoid the destruction of electronic components isto keep the UAV
at a su cient distance from the heat sources. However, a video streamfrom an onboard
camera is not su cient as the operator cannot estimate the air temperature just with an
RGB view. Hence, an onboard thermometer must be equipped onboard and uddo signalize
the current temperature. This leads to the demand of an onboard thermoreter with some
signalization of approaching to a temperature limit. This limit should be set about 60 C to
70 C to provide enough time to escape with the UAV.

Ash and dust particles present in smoke clouds decrease the robustse of optical sen-
sors, as small airborne particles can cause re ections of light beams usddr time-of- ight
or triangulation determination of distance in laser-based sensors. That @uses fake detection
of objects near the UAV disturbing navigation and stabilization of the UAV. T hese patrticles
also cause di usion of the light so distant objects may not be detectedbecause the intensity
of the re ected light beam is lost.

Further, the large particles in combination with dynamic changes of ligh conditions will
a ect the quality of video streamed from the UAV to the human operator. Im paired video
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quality and the presence of hard to recognize objects make control of the UAvery di cult.
This requires the UAV to be equipped with a special safety mecharsm that can prevent
collisions between an obstacle and a propeller blade. This safety bordean also prevent from
breaking the propeller in collision with an undetected object. To aoid sensor discrepancy
in these environments, the system has to increase robustness biae inclusion of appropriate
sensors and hardware protection. The most reliable sensor in this apglation is ultrasonic
range nder in combination with hardware protection.

Wind gust e ect can cause a collision with a static obstacle like a wall,window, or door
frame. This issue should solve the safety mechanism recommended aeo Wind gust e ect
can also cause a big error in the stabilization of the position of the UAV. To @ercome this
issue, a GPS receiver needs to be employed in order to stabilizke UAV during the mission.
There is no suitable way to determine the position of drone inside lhe building because of
this environment. Therefore autonomous operation is not possible insig a burning building.

To protect the onboard electronics from water drops and humidity, the dectronics are
required to be covered with su cient protection. This cover should protect the main electrical
part, but can't impede motors and propellers for obvious reasons. Howevertypically used
brushless DC motors for UAV systems are certi ed for use in rain, e.g.,T-Motor 's U series
has IP33 certi cation [51], V series has even IP45 certi cation |[52].

The size of the UAV platform has a big e ect on the navigational capabilities of the
UAV through the environment. Smaller UAVs can more easily navigate safely hrough narrow
corridors or even through windows and doors, but smaller propellers mrduce smaller thrust.
Therefore the size has to compromise between the weight and the manegrability. The UAV
platform in the proposed system is designed to carry a launcher that wights up to 3kg, thus
the UAV requires larger propellers in a feasible con guration in order to produce enough
thrust.

2.4 MRS system for autonomous UAV control

This thesis takes as a baseline the UAV stabilization and control pipele of the MRS
group at FEE CTU. This pipeline is part of a complex open-source system dveloped in the
MRS group, publicly available at https://github.com/ctu-mrs/ . This system is based on
Robotics Operating System (ROS) [53]. ROS provides a framework for comunication and
data transfer between processes (nodes) running on one or more conipts. The inter-node
communication is based on sending a special message over TCP-IP protdcThese messages
are distributed to topics and services according to the message pugse. Messages belonging to
one topic can be received and transmitted by multiple nodes. Sereies are suited for interaction
between two nodes. A service contains a request message and a resppmessage.

The MRS system also employs the Gazebo robotic simulator [54] used fomsulation of
UAVS, together with the onboard running stabilization and control systems. This simulator
is commonly used in the eld of robotics for its realistic physics, eag to use interface, and
sensors and actuators implementation of their communication interface.Furthermore, the
simulation employs the same source code and hence the interface astheal worlds allowing
for easy integration of the developed algorithms onto real hardware. To pedrm simulated
experiments of the proposed design, a Gazebo plugin capable to simutathe thermal camera
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was prepared. This plugin decodes the temperature information (ermeded in the object texture
color) and provides it in the same format as the used thermal camera.

All the simulation scenarios presented in this thesis take part in tre simulated world
prepared for the MBZIRC re challange [. This simulation scenario corains ground res

as well as res on and inside a high-rise building (sef Figure 2,2).

Figure 2.2: Visualization of the simulated world containing a tall buildin g with indoor and
outdoor res (red), ground res (orange), and the UAV (blue) detecting and localizing the
res in real time.

The stabilization and control pipeline of UAVs [E[l provides robust stabilization and
localization system stabilization, which employs a localization souce. Throughout this thesis,
this localization source is a GPS receiver. The system takes care ofase estimation and
feedback control of the UAV to provide minimal state error. The desirad state is given to
the reference tracker which prepares a desired reference seipt or a trajectory for a UAV
controller. The system can be accessed as a black box by easy-to-us¢eiface that allows
quick and safe UAV positioning and navigation.
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The design consists of the construction frame, the drive unit, and tke electronic equip-
ment. The construction frame creates a solid platform for the mounting of all other com-
ponents. The drive provides the necessary thrust to y and powerfor all electronics. The
electronic equipment consists of sensors and computational unit thats required to stabilize
the UAV and detect and localize unknown res. The design of the entie hardware and soft-
ware system has to respect mutual mechanical and electronic compatility between all the
components which are discussed in detail in this chapter.

3.1 Frame

There are many kinds of frames di erent in shape and motor placement. Tle most
common rotor con guration is the quad-rotor with 4 rotors placed on extreme points of a
square base. Due to high weight payload, only four motors do not provide suient thrust.
Hence it is necessary to use more rotors. To minimize the total dimengns of the platform,
their placement must be e ciently chosen. To do so, the coaxial rotor con guration is em-
ployed to obtain smaller sized UAV with an increased number of motors, kence the ability
to produce larger thrust. The use of coaxial rotors allows us to use doubkl the motors on
UAV with the same dimensions as in four-rotor con guration. Coaxial rotor consists of two
motors and propellers rotating about the same axis but contra-rotary directons, as shown
in [Figure 3.1. A coaxial motor has reduced e ciency up to approximately 14 % in contrast
to the same two motors placed standalone [57]. However this loose of thruss balanced by
lighter frame construction. Hence, coaxial rotor con guration is ideal for use on platforms
requiring minimalist dimensions and maximalist takeo weight capacity, such as required in
our application. The frame con guration of the designed UAV is based on octoopter X8,

which is shown in[Figure 3.2.

The main purpose of the frame is to provide a connected platform to mouthmotors
and base components on. The frame can, in general, have tree shapes, nayngdctangular,
H-shape, or X-shape. H-shape or X-shape provides direct connection only twaeen the base
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~CW ccwy

OCTO QUAD X8

Figure 3.2: Selected rotor placement in X8
Figure 3.1: Coaxial rotor principle. con guration [g.

component and one coaxial rotor, which induces the risk of arm twists dumg higher mechan-
ical stresses. On the other hand, the rectangular frame connects all rots in the orthogonal
axes, which improves the sti ness of the frame, hence reduces ¢hrisk of the construction
deformation. This is why the rectangular frame is suitable for this UAV, which needs to be
lightweight but strong enough to cope with all the inertial forces and handle motors momen-
tum.

Figure 3.3: Frame connecting motors and base component.

The proposed frame design consists of a core part holding motors and a base qooment
equipped with electronics and sensors. Landing gear is also integratédto the core component
which is shown in[Figure 3.3. This core component is made from aluminumauared frame
tubes due to its lightweight and sti ness properties. These alumhum tubes are connected by
carbon ber composite, which is a modern material in aerospace due to & great ratio among
weight and sti ness.
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3.1.1 Base component

The base component provides a mounting platform to equip the launche computer,
batteries, sensors, power distribution, and other electronics onlt aspires to be as light as pos-
sible and robust enough to face dynamic tension caused by inertial forsecoming from quick
maneuvers. For this, the carbon bre is ideal for its density of 181 gcm 2 [58]. Fabrication
of complex 3D shapes from carbon ber composite is rather expensive and geires advanced
technological equipment. For this reason, the entire presented dégn is based on 2D carbon
parts, which are milled from simple carbon ber composite plates of 2 mmwidth.

The base component consists of two vertically-stacked layers. The at bottom layer
is designed for mounting of the re extinguishing ampoule launcher, vhile the top layer is
designed for mounting of computer and other electronics. These layesrare likewise milled out
from carbon plates.

To improve the stability of the dynamically unstable UAV system, th e center of gravity
of the design is matched with its geometric center. The battery pack,which is the second
heaviest component after the ampoule launcher, is positioned into tB geometric center of
rotors between the top and bottom layers. The space within the base comgnent is further used
to suit ESCs and the power distribution for all the onboard electronics. The base component
is likewise sti ened up with vertical reinforcements in the form of side panels. The battery
is held in by 3D printed closable doors. The model of the entire baseamponent is shown in

O 4.

& 7

Figure 3.4: Visualization of the entire base component with autopilot and onboad computer.

The top layer is used for the mounting of sensory equipment, namely he thermal,
FPV, and depth camera. These cameras are mounted to the front of the base cqronent on
the external mount, which allows for rotation of the cameras around their torizontal axis.
shows the CAD drawings of this mounting mechanism.

3.1.2 Landing gear

It is common to use some kind of slant landing gear connected to the bottom art of
the platform in combination with coaxial rotors. This is, however, a quite unstable option, as
it adds tension to the center part of the platform during landing and reduces space under the
platform necessary for the launcher, as shown if Figure 3]7. A more suitde solution spreads
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(a) A visualization of the onboard cameras. (b) A gure of the mounting mechanism.

Figure 3.5: A visualization of the onboard cameras (a) and their mounting mechnism with
rotational horizontal axis (b).

out the landing gear throughout the entire frame construction, which distributes the mechan-
ical load all around the robust construction. The proposed design, visualied in[Figure 3.8,
places these vertical legs e ectively around the entire bottom layot to reduce mechanical
stress on the construction, which results in su cient protection of onboard electronics during
takeo and landing.

Figure 3.6: Landing gear connected to the Figure 3.7: Landing gear connected to the
core component. base component.

3.1.3 Safety mechanism

Safety mechanism can prevent propeller destruction in case of a milthorizontal col-
lision with an obstacle caused by the dynamic kickback arising from thedischarge of re
extinguishing capsule. For this reason, a horizontal propeller guard sstem extends the con-
struction around propellers to provide the low-level hardware proection from mild collisions,
as shown inFigure 3.8. This system consists of two parts made from carbonlgtes connected
directly to the UAV's frame. The constructed prototype, shown in Figure 3.1I5, is not equipped
with this collision handling system as the initial experiments did not require ying in close
proximity of obstacles. If required, the designed platform can be edly mounted with these
propeller guards.
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Figure 3.8: Horizontal safety mechanism.

3.2 Drive

Drive consists of a battery, electronic speed controllers (ESC), mtors, and propellers.
The choice of these components a ects the ight characteristic of the UA/, namely weight,
size, generated thrust, and ight time. As the commercial market is exremely huge, the choice
of components must likewise account for the mutual compatibility between motor propellers,
motors, and battery voltage.

There is an online tool eCalc [2] suitable for nding optional drive parts and its pa-
rameters. This tool provides calculation of the ight characteristic according to selected drive
component and UAV weight. The UAV weight was estimated by creating a 3D modael con-
taining all components listed bellow in[Table 3.1 with correct weight and density set-up.
This model was parameterized by the size of propellers and motors to allv quick weight
re-estimation after components change while nding its optimal combiration.

Selected components and their parameters are summarized [n_Table 3.1 @rfurther
described in detail in[Section 3.2.]L.. These components compromise beten UAV size, high-
weight payload, and ensure mutual compatibility. Flight characteristics of the UAV with this

designed drive are described in Figure 3]9.

3.2.1 Drive components
Motor

Brushless direct current motors are commonly used in UAV systems. e brushless
motor is determined by several key parameters, namely its power lift, resistance, weight,
Kv, current, and voltage limit. Another limiting factor is the motor geome try dimensions and
speci cations of propeller compatibility. Motors with a self-tighte ning propeller mount can
rotate only in one direction speci ed by the manufacturer to ensure gopeller attachment.
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Segment Component Speci cations Weight [g]
Drive Motors KDE4215XF-465 8 195
Electronic Speed Controller Flycolor X-Cross 8 6.3
Propellers T-Motor Prop 12 5 8 21
Accumulator Tattu 6S LiPo 2 1105
Frame Base Carbon, aluminum, 755
and 3D printed parts
Core with landing gear Carbon and 711
aluminum parts
Cameras holder Carbon and 51
3D printed parts
Electronics Central processing unit Intel NUC8i5 220
Autopilot Pixhawk 4 15:8
Sensors data acquisition board Drone Peripheral Hub 180
Power board Self made PCB 63
Radio control receiver Optima 8, 24 GHz 22
Sensors Optical range nders Garmin Lidar Lite v3 22
Front-facing depth camera RealSense D435 72
Thermal camera Wiris Pro 640 450
GPS/GLONASS receiver PixHawk ublox Neo-M8N 23
Payload Extinguishing capsule launcher Launcher 2448
Launcher holder 3D printed parts 367
Extinguishing capsule Bonpet Grenade 557
99452

Table 3.1: List of the used components with their weight.

Not all of the manufacturers o er bidirectional motors. Hence not all commerdally available
motors can be used.

The main parameters of brushless motors design are the power limit, th motor velocity
constant K, motor resistance, and its weight. The power limit de nes the maximum power in
Watts provided by the motor. K, comes from a simple electrical motor model described in [59].
This model de nes electrical motor as a serial connection of a resistawith the same resistance
as the motor and back electromotive voltage source, where the amplitude ofdrk electromotive
voltage Vpeak depends on the motor speed . K, is the number of motor revolutions per minute
divided by back electromotive voltage (revolution per minute per volt)

Ky = (3.1)

Vpeak.
Since the motor resistance is typically small (e.g., 52m), it is a goad approximation that
the speed of an unloaded motor equal&, multiplied by the motor input voltage.

Concerning our UAV speci cations, the employed brushless motor is HE4215XF-465
with characteristics of bidirectionality, 456 Kv, 1375W power limit, an d a universal propeller
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Figure 3.9: UAV design characteristic using the eCalc web tool| [2].

mount [60]. However, this motor type does not provide any water resistane certi cation,
which diminishes its use in rainy conditions. If the water resistince certi cation is required
for real-world applications, the selected motors can be easily upgradedith a suitable type.

Propeller

A propeller is de ned by its diameter and pitch. Pitch de nes the propeller's vertical
shift after one revolution in a solid environment. Rotation of a propeller generates lift. This
principle is well-known in the eld of aeronautics and it is hencebrth referred to as thrust in
our case. Concisely, lift is generated from di erent air pressure ontie propeller sides and can
be in uenced by the shape of a propeller, as well as its pitch and lendt.

Carbon ber composite propellers with 15 inches length and 5 inches péh were selected
for the expected application requiring 10kg for takeo according to[Table 3.3. According to
the eCalc online tool, the combination of these propellers with the sected motors and their
con guration provides 20kg of thrust with maximum power at 655:1W. This makes them
su cient for the presented application. The selected propellersare also suitable for working
below temperature 65 C and can't be used in an environment containing corrosive gases [61].
Although the manufacturer speci cations do not mention any information about deployment
in rainy or humid conditions, their functionality is assumed to be intact in these environments
due to the employed construction material (carbon ber).

Battery

The battery pack provides a power supply for all electronic componets on the UAV.
It powers the motors, ESC, onboard computer, sensors, and even the lagher. Its main
parameters are capacity, weight, maximum discharging rate, and the numbr of parallel and
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serial cells. The number of cells in series designates battery outip voltage that should be
accepted by ESCs and motors. The capacity of the battery determines h@ much energy can
be stored in the battery and the maximum discharging rate denotes maximmam current that

can be drawn from the battery.

In our design, the battery consists of two parallel accumulators, each cdaining six LiPo
cells in series. This con guration provides maximum continuous curent 400 A with nominal
voltage 222 V. The total capacity reaches 16 Ah with a total weight of 2338 g.

Electronic Speed Controller

Electronic speed controllers serve as a translation layer betweerhe autopilot and the
motors. They translate the signal from autopilot to three-phase high-curent power input
to the motors. Their key parameters are continuous current, maximum peak current, input
voltage range, and a supported communication protocol. The developed depi employs ESCs
with pulse width modulated (PWM) control signal input and characteri stics of 35A contin-
uous current on a battery with a nominal voltage of 222 V.

3.3 Electronics

The onboard electronics consist of sensory equipment, an autopilot, a pcessing unit,
and the drive system described irf Section 3.2]1. The previously uriscussed components are
described in detail in this section.

3.3.1 Autopilot

An autopilot provides stabilization and low-level control of the UAV. Its m ain function
lays in the accurate production of tilt and appropriate thrust with re spect to the desired
motion. In principle, the autopilot designates a specic value of thrust to each individual
motor and sends the command to the particular ESC. With inner sensorsthe autopilot can
stabilize the dynamical system of mid- ight UAV. The autopilots are equi pped at least with
an accelerometer and a gyroscope. Although these sensors su ce for airborrgabilization
of UAV, they are, in modern devices, supplied by barometers and magnetosaters. A reliable
autopilot also introduces a sensor redundancy by containing more than om of these sensors
to improve robustness towards a single point of sensor failure.

The presented design includes PixHawk 4| [62] autopilot based on the PX4tack, as
required by the system for the stabilization of a UAV developed by theMulti-Robot Systems
group. This embedded device is equipped with an Inertial Measureent Unit (IMU), plenty of
peripherals, integrated vibration isolation, and software support. Theinner IMU is thermally
stabilized and contains a barometer for global altitude measurements, a agnetometer for
global azimuth, 3 accelerometers to measure linear acceleration, and a ggcope to measure
the angular rate.
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3.3.2 Additional equipment

Sensors included in the autopilot provide only measurements of acasation, which can
be integrated into an estimation of velocity and position. Because of thexon-zero measurement
error of the sensors, this methodology is prone to error and time-basedrit, and hence
can't be relied on for long-term stabilization and navigation. Therefore other suitable sensors
are required not just for airborne stabilization and global positioning of the UAV but also
for perception of the environment (e.g., re detection and localization).This equipment is
described further in this section.

Thermal camera

A thermal camera provides a stream of images describing the temperate of the seen
object. These images come from non-contact temperature measurement¥he theory and
challenges of contactless temperature measurement are describedtoughly in[Section 4.1.]..
This section also shows the use of temperature measurement in reeadection tasks, which
proves to be more robust than sole RGB images due to the contrast betwaere and ambient
temperatures.

The proposed design uses the Wiris Pro 640 thermal camera developed B¥ork-
swell [63]. The camera speci cations are high-resolution, internal ilage stabilization, high
range of measurement, high thermal sensitivity, and durable design ojinized for usage on
UAVs. This camera also provides an RGB image stream that can be streamed tthe ground
operator, which removes the need for an additional FPV camera. The transprt of the image
streams uses real time transport protocol, which can be easily decodeuy a variety of soft-
ware. The video stream opencv package [64] is used to decode these amms to ROS image
topics. The camera also provides information about maximal and minimal tenperature in the
image through TCP protocol. This information is necessary because the rage of the received
image is scaled according to the minimal and maximal measured temperatet A simple ROS
package was implemented to obtain this information from the camera and pulish it as a
topic into the ROS network.

Depth camera

A depth camera estimates 3D depth in its de ned eld-of-view and outputs a 2D image
with the distance encoded in the pixel values. Although there are seeral methods for estima-
tion of the image depth, the most common methodology uses a stereo camerahase known
baseline width is used to estimate the 3D position of common image featuge

In the proposed design, a depth camera is used to estimate the 3D pogih of a detected
re. Although a point-distance range nder could be used for measuring the distance from the
detected re, there remains a need for an accurate positioning of the gic beam into the
detection. Therefore, a depth camera is a better-suited sensoof the presented application
due to its eld of view.

In the proposed design, Intel Realsense D435 [65] depth camera is usededto it being
lightweight, well-tested by the robotic community, and easy to integrate into existing systems.
This camera uses two infra-red cameras to nd projected light markes and estimates their
depth.
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Thermometer

A passive thermometer is necessary to warn the operator if the tempeature of the
UAV raises to safety limit con gured in such a way that all onboard electronics remain fully
functional. For this purpose, the presented design includes an LM35hermometer with voltage
output linearly corresponding with temperature from range 55 C to 150 C.

Laser range nder

A point-distance laser range nder serves as an altimeter by measuringhe distance
from the ground. This measurement is then used for aerial stabilizationof the UAV. The
presented design uses Garmin LIDAR-Lite v3 laser range nder, which $ lightweight and has
speci cations of 40 m range, up to 1 cm resolution and 2:5cm accuracy.

GPS

GPS receiver is also necessary for absolute position stabilization andnotrol. PixHawk
ublox Neo-M8N GPS/GLONASS receiver with integrated magnetometer IST8310|[66]s used
for this application due to its accuracy of 25 m and compatibility with the selected autopilot.

3.3.3 Computation unit

An onboard computational unit is necessary for stabilization and control, mision con-
trol, sensor data processing, trajectory planning, and re detection and localization. The
presented design employs Intel NUC 8i5BEK with a 4-core processor of:2GHz frequency.
This onboard computer speci cations are: compact design, su cient number of peripherals,
input voltage of 12V to 19V and 220g weight. Based on the experimental testig, all the
aforementioned subsystems of the UAV do not require more than 50 % of theotal processing
power of this particular computational unit.

3.3.4 Electronics connection

Each onboard electronics component requires a power supply and a commigation
interface. The brain of the UAV is the onboard computer whose purpose isd control the
whole UAV and re ect its state. Therefore the computer must communicate with all the
sensors and actuators but not all the sensors and actuators can be connectedrattly to
the computer due to di erent communication standards. Therefore lover-level devices are
connected through so-called Drone Peripheral Hub that is described Bew in this section.
Other components that need to be driven in real-time are connectedtgight to the autopilot
for its real-time software support.

Main power delivery is ensured by a designed power circuit boardhat provides power
for ESCs, the thermal camera, and Drone Peripheral Hub that redistribite power for sensors,
the computer, and autopilot. Power and signals connections are shown iniGure 3.10.
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Figure 3.10: High-level connection diagram. Red is power lines and blackgnal lines.

Drone Peripheral Hub

The master is the onboard computer that should be able to communicate wi all other
components and control them. For this purpose, Drone Peripheral Hub was ésigned by the
MRS group. Drone Peripheral Hub provides a bridge between universaterial bus (USB) and
other communication standards, for example, 12C, UART, SWD. It also provide USB hub,
analog inputs, controlled 12V and 5V power output, digital input-output ports, 12V and 5V
power supply for other devices, and special power port for autopilot.

Drone Peripheral Hub is used for connection of the launcher, Garmin LIDARLite v3
range- nder, thermometer, and autopilot to the onboard computer. It is also used as the
computer and autopilot power supply.

Power board

A power printed circuit board was developed to provide power for allthe electronics
components. This board provides the ability for parallel battery connection and distribution
of power for ESC, Drone Peripheral Hub, and thermal camera. It also prowles a redundant
power source for autopilot. In case of failure, the UAV can y only with working autopilot
and one broken motor, propeller, or ESC. Therefore secondary power suppfor autopilot is
included.

The designed board layout is shown irf Figure 3.71. The board consists of twparts
connected by wire to save space and material because ESCs are distrtbd into two groups.
Each part provides power for its ESC group. The bigger part also provids power for the re-
maining components. This part also contains diodes to protect the accmulator from charging
one from the other. There is also 5V voltage regulator 7805cv that can provide:5 A for the
autopilot like secondary power source. This part also contains a relayd connect the launcher
input to the battery for triggering the discharge of the re extinguis hing capsule. To avoid
heating or destruction of supply traces that are powering all the eletronic components, this
was reinforced by additional copper wire like it is in[Figure 3.12.
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Figure 3.11: Power printed circuit board Figure 3.12: Trace reinforced by additional
layout. wire.

3.4 Launcher

The ampule launcher provided by an external supplier is able to disharge the ampoule
weighing 0557 kg to distance about 10m. The launcher loaded with the ampoule weights
3:005kg. This launcher is powered by compressed gas coming from singleeul6g carbon
dioxide cartridge. The gas is closed in the rst chamber by a solenoid alve, after activation
of the solenoid valve the gas ows from the rst chamber to the launcher nuzzle and the
pressure of the gas forces out the ampoule. The solenoid valve is activatdyy 24V voltage

input. The model of the launcher is shown in[Figure 3.18.

Figure 3.13: 3D render of the launcher capable of discharging a:857 kg re extinguinshing
ampoule as far as 10m.

3.5 Final multicopter

Final UAV design is shown in[Figure 3.14 and its realized prototype is shan in [Fig-]
[ure 3718. The nal prototype weights 9934 g and has dimensions of 912 mm by 817 mm. Eh
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designed UAV is capable to y and horizontally exhaust onboard payload with 557g weight.

Figure 3.14: Final design of the entire multicopter.

This UAV carries all components needed for re detection, localization and automatic
positioning in order to launch the re extinguishing capsules into a detected re. It also
supports human-operated ight to manually navigate the UAV towards the re. For this
purpose FPV system was recommended but it is not mounted to the realied prototype
because clear operator-UAV visibility is ensured while testing, tlerefore it is not necessary on
the prototype but can be added after.
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B Al SR P T )

(a) Stationary photo with mounted launcher. (b) Airborne photo of the entire UAV.

(e) Airborne photo of the complete system. (f) Airborne photo without the launcher.

Figure 3.15: Realized prototype of the UAV.
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The purpose of the designed UAV system is to help an operator in the detgion and
localization of unknown re sources, followed by their extinguishment. The location of res
is assumed to vary from interiors to exteriors | the re sources may e xist on walls, on roofs,
or inside a building behind a broken or an opened window, or behind aracked wall. The
proposed design focuses on extinguishing re sources inside a hdiihg as the used extinguish-
ing ampoule [4] is in principle more e cient in bounded space rather than in an exterior.
This section discusses a designed strategy and challenges of the daten and localization of
these sources solely from onboard sensors. The discussion is thenanded by an autonomous
relative positioning of the UAV concerning the localized object of interest | a re.

4.1 Fire detection

The task of the re detection system is to classify an object in image daa as a re if
it is present in the data. This object is represented by a set of pigls with a shared attribute.
In thermal imaging, this attribute is the temperature. The proposed re detection method
relies on high contrast between a re source and ambient temperaturewhich is typical in
thermal imaging. Although the detection of a hot object in thermal images is asier than in
RGB images, thermal imaging brings several challenges arising from noreatact temperature
measuring. This section discusses the methodology of non-contact terepature measurement,
introduces an example of produced thermal images by the employed #rmal camera, and
presents an e cient algorithm for re detection in these images.

4.1.1 Non-contact temperature measurement

Non-contact temperature measurement|[6[7] is based on measuring the eggr of elec-
tromagnetic (EM) radiation emitted in the infra-red (IR) part of the EM spectrum. The EM
radiation is continuously produced by every object whose temperatue is higher than 0K. The
emitted radiation quantity is described by radiant exitance M [Wm 2], which represents the
EM energy ux emitted by the unit surface of the object. Radiant exit ance of the object
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depends on its temperatureT [K] and emissivity " [-]. The total radiant exitance emitted by
the object is given by Stefan{Boltzmann law

Me= "T % 4.2)

where [Wm 2K 4]is the Stefan{Boltzmann constant. Radiant exitance spectral distribution
called spectral exitance follow the Planck's law

@M 2h3 1
= = X 4.2)
@ c? ekt 1

where [Hz] is the EM radiation frequency, kg [JK 1] is the Boltzmann constant, h [Js] is
the Planck constant, andc [ms 1] is the speed of light. The frequency of the maximal radiant
exitance peak [Hz] can be obtained from the Wien's displacement law

cT
peak — Y ; (4.3)

where b [mK] is the Wien's displacement constant.

The emissivity describes how well the object surface emits th&M radiation in com-
parison with an ideally emitting object called a black body. In contrast to real objects that
absorb only part of the irradiation, the black body absorbs all of the incident EM radiation.
The emissivity is de ned as

Me
"= 4.4
M é)’ ( )
where M [Wm 2] is radiant exitance of the surface andM { [Wm 2] is radiant exitance of
black body at the same temperature as that surface. The black body has eissivity " = 1,

while polished metals can have emissivity lower than (. Di erences in surface emissivity
yield signi cant errors to contactless temperature measurement. Therefore emissivity of the
measured object has to be calibrated and set in the thermal camera. Howey, this error is
negligible in comparison with the contrast between re and ambient tenperature.

Contactless thermometers measure irradianc&, [Wm 2], which is the received EM
energy ux per unit area. The irradiance is measured indirectly by measuring the tempera-
ture change of a minimalistic thermometer caused by the incoming engy in the EM form
of the irradiance. Between the contactless thermometer and a measuleobject is an ambient
environment causing a dissipation of the radiation energy emitted by he measured object.
This dissipation is caused by the EM radiation collision with gas molecubés and solid ob-
jects. These obstacles absorb and re ect the radiation energy. The amourof absorbed and
re ected radiation in the obstacle depends on the passing radiation frguency and the obsta-
cle material. For example, water vapor absorbs all radiation with wavelengh ranging from
5:5um to 7:5um [68] and low-emissivity glass absorbs and re ects almost all radiation wih a
wavelength higher than 2um [69]. This is also illustrated in[Figure 4.1, showing a comparison
between the thermal image of a re situated behind a glass window and a idect thermal
image of the same re captured in the 75um to 13:5um wavelength range.

The most common non-contact thermal cameras use microbolometric sensorsa{grid of
minimalistic thermistors (pixels), all capturing the IR irradiat ion energy in certain wavelength
ranges. This work uses the Wiris Pro thermal camera containing a miasbolometric sensor
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(a) Thermal image (b) Colour image

Figure 4.1: In uence of a glass medium on thermal imaging | the IR radiation i s completely
absorbed by common glass medium.

with a wavelength range of 75um to 13:5um. As stated before, glass absorbs radiation in
this wavelength range and is therefore opaque for the used thermal camer(see| Figure 4.]1).
This limits the usage of the designed re detection system only to akar UAV- re visibility
applications.

4.1.2 Fire detection in thermal images

The purpose of the re detection subsystem is to provide informatbn about the re
presence in the thermal image, to estimate the re position in the image, and to perform
a simple analysis of the object. The analysis shall contain information abouthe maximal
temperature of a burning object, an area of the re in the image, and a paraneter estimating
the power of the re.

Due to the high contrast in temperature of burning objects and the ambent tempera-
ture, the proposed re detection system follows a threshold-basedanethodology. The method
follows pseudocode given ifi Algorithm 1. The algorithm starts with a pixel wide temper-
ature thresholding, which decides whether the temperature meaged by a pixel is larger
than a marginal temperature threshold T; [ C]. The marginal temperature was calibrated to
T; =300 C since this temperature is not common in a general environment and it dbws for
the detection of small-scale res (se¢ Figure 4]2 for the thermal image od small cooker).

Neighbouring pixels with temperature larger than the threshold T; are joined to a setT;.
Each setT,; is bordered by its bounding box, which is a minimal rectangle contaiing the full
set of pixels (se¢ Figure 4]3). Given a thermal imagé, the [Algorithm 1]iteratively initiates a
ood- Il procedure (see [70]) starting from the pixel with the max imal temperature exceeding
T;. At the end of each iteration i, the grouped set of pixelsT; outputted by the ood- lling
is then removed from the imagel as

| =1InT;: (4.5)

The algorithm nishes when there is no pixel with measured tempeature above thresholdT;.
The pixel with the maximal temperature within the T; is saved and used afterward for re
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Figure 4.2: Contrast between a re and the ambient temperature.

localization in 3D (see| Section 4.R). As shown in Figure 4.3a, the ood- llprocedure outputs

many mutually separated objects. To process the output of the ood- lling procedure, the
overlapping bounding boxes of setd; are merged together. This makes the detection output
cleaner and more robust (se¢ Figure 4.3b). Algorithm [l is followed by a siple analysis of
the properties of the detected re hypotheses. These propertiegre the area of an object in
the thermal image and the radiant ux produced by the re in the direc tion of the thermal

camera.

(a) Fires detection before bounding boxes (b) Fires detection after bounding boxes merg-
merging. ing.

Figure 4.3: Detection of multiple res in a single thermal image using Algorithm 1| Detection
artifacts (a) are removed by merging the overlapping bounding boxegb).

The number of pixels in T; is used to estimate the dimensions of the re. To estimate
the dimensions in real-world units, the average distances; [m] of the projected objects to
each pixel inT; are assumed to be known { seg Section 4.2 for the methodology of measuring
the distancesd;. The area represented by a single pixel is an approximation determied as
an area of a square with side lengtha [m]. The square side length can be computed from the
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Algorithm 1 Fire detection

1. Input:

2: Tt . temperature threshold T;
3 I . thermal image
4: Output:

5: fires . list of detected res
6: fires fg . a new empty list of res
7: Tmax ~ maximum(l) . nd maximal temperature
8 fmax  argmax(l) . nd pixel with maximal temperature
9: i 0

10: while Tmax > Tt do

11: T ood _lI( I'; Bnax; Tt) . get the pixel setT; by ood lling
12: I(T) 1 . remove T; from the image
13; Tmax:i Tmax . save maximum measured temperature
14: Pnax:i Pnax . save re maximum temperature position
15; fire T i Tmaxi; Pnaxi @

16: fires: add(fire ) . add new re to the list of hypotheses
17: Tmax  maximum(l ) . nd maximal temperature
18: Pnax  argmax(l ) . nd pixel with maximal temperature
19: i i+l

20: end while

21: fires = merge_overlapping_bounding boxes(ires ) . connect hot places to one re

camera resolution and the camera eld of view (FoV) as
a; = di g; (4.6)

where [rad] is the horizontal or the vertical FoV in radians and S [-] corresponds to the
image width or the image height in pixels. The areaA; [m?] of a re hypothesis T; in real-world
units is then approximated as

(4.7)

where
Ni = Ti (48)

is the total number of pixels of detection hypothesisT; and d; is average distance of all pixels
in T;.

The strength of a re hypothesis T; can be characterized by the radiant ux ¢ [W]
produced by the re area A; seen by the camera. The radiant ux can be computed as

ei = Mgi A (4.9)

whereA,; is the estimated seen area of the re andMl¢ [Wm ?] is the radiant exitance emitted
by the re in area A;. The radiant exitance is given by the Stefan{Boltzmann law. Because
the emissivity of the burning object is unknown, the object is assimed to be the black body.
This yields an estimation of maximal possible radiant ux produced by the re. Due to the
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estimation of the maximal possible power, the maximum measured re tenperature is used
in the Stefan{Boltzmann law. The estimated maximum radiant ux produ ced by the re is

ei= AiMei= Aj "T rfr‘;ax;i =A T r‘rl1ax;i; (4.10)

where Tmax:i [ C] is the maximal temperature of the analysed re.

4.2 Fire localization

The task of a re localization system is to estimate the relative 3D postion of detected
res in the image taken by the onboard thermal camera. This system fuseslata provided
by the re detection system (see[Section 4.11) with data provided byother onboard sensors.
These sensors provide information about the distance between the UAWANd its environment.
The fusion of re hypotheses and distance measurements takes also mtaccount the Itering
of false positives and tracking of the hypotheses in time. This imprees the performance and
accuracy of the estimation.

4.2.1 Depth camera

An onboard 3D camera provides a stream of depth images | the value of each pixé
encodes the distance to the projected scene. The proposed desigses Intel Realsense D435i
depth camera, mounted onboard the UAV such that the optical axis of the deph camera axis
is parallel to the optical axis of the thermal camera. The principle of this particular sensor
is the depth estimation from a stereo-pair (see|[71]) of IR cameras detéing features of an
IR pattern projected to the scene. As the used sensor projects p&rn in the same spectrum
(IR) heavily polluted by radiation from the desired measured object ( res), the performance
of the sensor is analyzed in real-world scenarios.

The depth estimation performance of Intel Realsense D435i was tested onath with
clear visibility to an open re. The data showed no in uence on the depth estimation for
small-scale res (sed Figure 4J4). For highly bright res (see[ Figure 45), the IR emission
in uences the accuracy of the estimation in the emission source and $ close neighborhood
by creating artifacts (holes) in the data. However, there remains enogh depth data su cient
for averaging in a local neighborhood.

(S

(a) RGB image (b) Depth data from Intel Realsense D435i

Figure 4.4: Depth estimation in a scene with a burning re.
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(a) RGB image (b) Depth data from Intel Realsense D435i

Figure 4.5: Disturbance in depth estimation in scene with a bright re.

4.2.2 Projection of re detections to world

To project re detections from the 2D image into 3D space, the designedmethod uses
a 3D depth camera. The nal projection depends on parameters of the thenal and the
depth camera, on the models of the cameras, and the transformation betweehe two camera
coordination frames. To model the cameras, there exist several matieatical concepts [72] |
the most common, and here also employed, concept is the pinhole camemgodel. The pinhole
camera model projects the 3D point onto the image plane of an ideal pinholeamera with
point aperture. Although real-world cameras incorporate inaccuracies, tis model is commonly
used for common cameras with narrow lenses. This elementary mathematil model can be
simply characterized by a camera matrix (projection matrix) which maps 3D points to 2D
image plane of the camera.

The projection matrix C 2 R® 4 speci es the projection of a real point in 3D space to a
2D image plane. The matrix C hence represents the relations between the homogeneous coor-
dinates x 2 R* 1 [m] of a real 3D point in camera coordination system and the homogeneous
coordinates of its 2D projection

y=Cxy2R31? (4.11)

in the image plane. With respect to coordination systems de ned in[Fgure 4.8, the camera
matrix is de ned as

2 3
cC=40 f; 0 ¢°; (4.12)
0 010

where ¢, and ¢, are pixel coordinates of the pinhole in the image coordination frame and,
is the focal length of the camera in pixels. In real world, the camera ratrix is determined by
a geometric camera calibration ], which can estimate its parameters.
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\' dpth camera frame

N\
launchewframe

Figure 4.6: Coordination system of a cam- Figure 4.7: UAV coordination frames. X-
era O and its image planeP with coordi- axis is red, Y-axis is green, and Z-axis is
nation system O'. blue.

This camera model can be used for both the thermal camera and the depttamera. With
known transformation among the coordination frames of the cameras, the pigl coordinates in
the thermal image plane can be projected into the image plane of the deptcamera. Let the
coordination frames of both the cameras follow the conception illustrate in [Figure 4.6, and
let the thermal camera be speci ed by its camera matrixC; 2 R® 4 and the depth camera
by its camera matrix Cq 2 R® 4. Let also % 2 R* ! [m] be the homogeneous coordinates
of a 3D point X in the thermal camera frame and %4 2 R* 1 [m] be the homogeneous
coordinates of the same point in the frame of the depth camera. Furtherthe transformation
matrix T? 2 R* 4 represents the transformation from the thermal camera frame to the dpth
camera frame (se¢ Figure 4]7 for its placement on the UAV), such as

*xg = T (4.13)
The de ned camera matrices can be used to project a point to the thermal image plane as
x = Cox; % 2R3 L (4.14)

Similarly, the same holds for a point ¥4 and the depth camera as
xy= Caxqg; 42 R® L (4.15)

These relations are also visualized ifi Figure 4]8.

To project a given %} (re detection in the thermal image plane { see[Section 4.1.2) to
a 3D point X, a set of solutionsY to Equation 4.14 needs to be found for unknownx; 2 Y.

The set Y consists of all points on lineY intersecting the thermal camera origin and pixel
%, see Figure 4.B for its illustration. In other words, the setY represents all points that can
be seen by pixebk¥ of a pinhole camera. However real cameras see only points in front of it,
which allows the line Y to be reduced to a rayR

R=fx=4rj[0010p >0 42R* %r2Rg; (4.16)
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where+ 2 R* 1 is a normalized particular solution to [Equation 4.14
42f4jCiti= % ktk=1; 42 R* g (4.17)

vy

Figure 4.8: Projection of point in thermal image plane %} to 3D point X . O is the thermal
camera frame,Oy is the depth camera frame,O] is the thermal image coordination system,
og, is the depth image coordination system, andQ is the surface seen by cameras.

Let X = R\ Q be a set of intersections of rayR and surfaceQ seen by both the
cameras. The surfaceQ is de ned by the depth camera data in form of function d(¥) [m]
returning the Euclidean distance between the depth camera XY-plae and the surfaceQ seen
by pixel . Hence a pointX lays on surfaceQ if

[00 1 0J%g = d(Cg%q): (4.18)
can be rewritten using Equation 4.18 and Equation 4.16 as
[0010Td4r=d(CyqTdur): (4.19)

As visualized in[Figure 4.8 there can be multiple solutions td Equation4.19, but the thermal
camera sees in principle only one | the nearest. Therefore the lengh r of vector %; is found
using minimization task

r =minr
subject to r2R
[0010[Td4r=d(CyqTdur) (4.20)
[0OO010mr O

% = CyHr:
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Using r allows to simplify and hence to project the 2D detectioninto the
world as
X = dr (4.21)

in the thermal camera frame or
xq= Tour (4.22)

in the depth camera frame.

Implementation of the entire projection pipeline is described h more detail in
tion 4.2.3.

4.2.3 Fire localization algorithm

To nd a solution to Equation 4.20, the designed algorithm (see| Algorithm 2) nds

an approximation respecting limitations of real world. The algorithm takes advantage of
knowledge about the maximum measurement range of Intel Realsense D435}, = 10 m [65]

and about the functionality of the re extinguishing ampoule. The ampoule is capable to
in uence re sources in a spread area and hence the desired accuraof re localization can

be reduced to tens of centimeters.

The designed method follows the algorithm rewritten in pseudocod in
The algorithm takes normalized particular solution © given by and ori-
ents it to the direction of the camera optical axis. The vector ¢ is provided by function
CameraModel.getRay(G; | ), which does inverse process to the camera projection. This e
tor is then scaled to maximum measurement range of the sensor and is digtized to a
resolution of rq = 5cm. The discretization yields a set of testing points

Xj 2S = rqjtjj2 01 ;rr—r;‘ ; (4.23)

These points are then transformed to the coordination frame of the degt camera and pro-
jected to the image plane of the depth camera as

Xg;j = CaXdj = CaT %) (4.24)

The feasibility of the projected points xg;; is veri ed with respect to a distance of seen
surfaced(x{j;j) [m] measured by the depth camera on pixel with coordinatesx!j;j . Let zg;; [m]
be the Z-coordinate of vectorxy;; such as

Z4;j = [0 01 O] Kd;j - (4.25)
Then the points set of ray-surface intersectionsx is given as

Xd:j + Xd:j . r
X=R\Q = =0 g4 <=d(xy) <zgjaij2 0L T o (4.26)
d
However the above equation has solution only in ideal case, where aj(x'd;j) are de ned. In
real world, data in certain pixels of the depth image might be unavailabk.
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Algorithm 2 Fire localization

1. Input:

2: x| . re detection hypothesis pixel coordinates

3 Td . transformation matrix between camera frames

4 Cq . depth camera projection matrix

5: C: . thermal camera projection matrix

6: rg . discretization resolution

7 Mm . maximum localization range

8: Output:

9: *d . 3D hypothesis position in the depth camera frame
10: 4 CameraModel.getRayC; %}) . particular solution  to
11: if [0 0 1 OJu < O then
12: H H . match orientation of t with the camera optical axis
13: end if
14: o ﬁ . hormalize the particular solution
15: biggerlgst false g . initialize value for rst loop
16: for j 2 0;1; ;rr—"; do
17: At rqjt . discretize to max measurement range with 5cm step
18 % T . transform to the depth camera frame
19: x{j;j Cq %d;j . project the point to the depth camera image plane
20: if valid(x'd;j) >=0:6 then . if valid depth data in x'd;j exist
21: m;  measuregy;) . measure depth inxy.;
22: bigger m; > [0 0 1 Oxq; . %4:j is in front of seen surface
23: if : bigger” bigger_last then . R intersect surface between current and lastxy;
24: %g CELTREL L . return middle point between current and last g; j
25: return xq
26: end if
27: biggerlast  bigger . store values for next loop
28: end if

29: end for
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As the depth data contain holes (non-de ned pixels), the distancem; [m] is assumed
to be the average distance in squared local neighborhood of the pix<-xd'd;j , such as

XX
m; = measure(Xy.;) = 1 d xy; +[kI1] ; (4.27)
I'k= hi= h

whereh is pixel size of the neighborhood and; is the number of pixels containing valid data
within the neighborhood. If no more than 60 % of pixels in the local neghborhood contain

valid data
n;
h2

the pixel is evaluated as unde ned and the setX de ned in is given as
X =3 (4.29)

valid(xy;) = 5 < 0:6; (4.28)

Let M be the set set of all valid valid measurements

M= m valid(j)>=0:6j2 0L ;rrﬂ : (4.30)
d

V valid measurements set of alky,; with Z-coordinate z; greater than m;

V= ok zempm2Mii2 oL it (4.31)
d

and W be the set set of allxg;; with Z-coordinate z; lower than m;

W= xg z<mim2M;j2 oL (4.32)
d

Then the can be approximated as

Xd;a T %d;b

X =
2

a<b;a2N;b2N;%3a2W; %Xg:p2V; 8ora igMk 2M 1 (4.33)

The nal %y4 which is coordination of point X in depth camera frame is found as

*q = minx (kxq: ck): (4.34)

Xd:c 2

To cope with noise and IR re ections from neighboring materials, both producing false
detections, the algorithm tracks the spatial hypotheses in time. If ahypothesis is detected
for tq [s], it is marked as con rmed and is further published as an available arget for re
extinguishing. Tracking of the hypotheses in time is done by comparig the spatial detections
in two consecutive thermal images! and J. The comparison is done by comparing the
characteristic attributes (position, area, and maximal temperature) of the hypotheses in two
consequent frames. Let image be an observation taken one time step prior observing image
J, then two hypothesesT; | andT; J are marked as identical if

Tj =argmax A Ty; T (4.35)
Tk J
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and

max(T) ?‘z"’T‘T(T) < Tamax(T); (4.36)
where Ty is maximal temperature di erence in percent calibrated to Tq = 30%, T 2 T,

represents temperature of any pixel in hypothesisT;, and A Ty; T; is common pixel area of
bounding boxes of hypothesedy and T;. The longevity of a hypothesis is prolonged if the
hypothesis is seen in two consequent frames. If a hypothesis was ndetected again fort, [s],
the hypothesis is classi ed as false detection and is discarded.

4.3 Fire locking

Given a con rmed hypothesis (detected and localized re), the UAV needs to be po-
sitioned optimally with respect to the ballistic curve of the ampoule launcher. The ballistic
curve |74] represents a mathematical description of a falling object ith non-zero horizon-
tal velocity (see [Figure 4.9). In this section, the ballistic curve is described in detail. In
[Section 5.3.5, the parameters of the launcher mechanism used in our dgsiare empirically
derived from real-world experiments.

Each falling object with non zero initial horizontal velocity follows the ballistic curve.
The mathematical description of the curve can be derived from a di eential equation for
motion of a mass point f(t) [m] with a non-zero initial velocity within a gravitational eld.
Shape of the ballistic curve depends on the mass of the falling objech [kg], the initial velocity
x [m's 1], and dissipation of the kinetic energy in the environment. If there is no dissipation,
the trajectory has a parabolic shape. For low velocities of a mass pointthe dissipation is
assumed to be proportional to the actual velocity of the mass point% [ms 1. For higher
velocities, the dissipation force is described by more complex fowula also lift force become
indispensable (see [75] for details). The model for higher velocés is highly complex|[76] and
can not provide elementary relation between coordinations of the mass gint. Our design
assumes low velocity of the launched projectile and hence the digation force is assumed to

be proportional to the projectile velocity. In such case, the disgation force is given as

_o )
Fa= h=g NI (4.37)

where h [kgs 1] is a coe cient of friction depending on the shape of the falling object and

viscosity of the ambient environment. Mathematical formula of the ballistic curve, where the
gravitational acceleration is oriented in the reversed direction of tre Z-axis and the mass point
is located in the origin of the projectile, is described by the di erential equation of motion

CR) _ h dRD)

.
i g goo1f; (4.38)

where g [ms ?] is the gravitational acceleration of Earth and t [s] is time. Given at time
t = 0 s an initial velocity % and an initial position fy, the solution to [Equation 4.38 is given

as h i h i
T T
A= T w+ 0000 1 ew 0079t +m (4.39)
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can be expressed with respect to the launcher coordinan frame of the de-
signed system i . Given a desired horizontal distanclk, [m] from the launcher, the

solution can be expressed as
2 3
Ih
o) = 4 0 ! £ (4.40)
m m

wherevg is the muzzle velocity of the ampoule in the X-axis direction of the launcher. Together
with a known UAV position (and hence the launcher position), |[Equation 4.40 can be used
for estimation of the optimal position for launching the re extuinguisi ngh ampoule into the
detected re.

The simplest way to position the UAV in order to discharge the ampoule © the re is
to rotate the UAV towards the re and only control the altitutde of the UAV. T o rotate the
UAV towards the re, the desired change of heading (azimuth) of the UAV is computed as

= atan2([0 1 0 0] %; [1 0 O OJx) (4.41)

where ¥ is is the 3D position of the re hypothesis in the launcher coordination frame. The
position is given as

x = Thxqg; (4.42)
whereT } is a static transform matrix between the depth camera and the launchecoordination
frames, and x4 is the position of a re hypothesis (localized by|Algorithm 2) in the depth

camera frame. The desired change in altitude is deduced from the badtic curve after the
change in heading is applied to the UAV as

_ gm -~ mig LT
Iv(ln) =[0 0 1 0] % vohlh h2 In 1 o (4.43)
where |y, is the horizontal distance to the re:
I = 1 00 Ox
h" o0100"
z
A Ih
&
O |
0 '
T

Figure 4.9: Ballistic curve given by|Equation 4.40.0, is the launcher frame,f(t) is the ballistic

curve given by|Equation 4.39,T is the target hypothesis (the re), and |, and |, are horizontal
and vertical coordinates of T in O;.
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The designed system for re detection and localization is tested in gnulation as well
as in real-world conditions. In simulation conditions, the system is sed for re localization
and UAV positioning in a simulated scenario of a burning tall building. In multiple real-world
tests, the system is used to localize static sources of re on-boarche application-tailored UAV
platform (see[Chapter 3). The methodology used for evaluation of the systa performance is
further described. The quantitative and qualitative performance ofthe system (se¢ Chapter }4)
is then analyzed and discussed.

5.1 Evaluation metrics

5.1.1 Image classi cation

The quality of the re detection system is described by characterstics commonly used
for binary classi ers closely described in|[7/7]. The binary classi e labels incoming data as
positive or negative. The basic characteristic of binary classi ers isthe confusion matrix,
which can be used to clearly represent other metrics, namely the nediction error, accuracy,
false and true positive rates, precision, recall, sensitivity, andspeci city. The confusion matrix
contains four numbers | true positives, false positives, true negatives, and false negatives.
These numbers are described in the following list.

" The true positives TP is the number of data labeled as positive when the monitored
attribute was actually present. In this case, it is the number of re hypotheses containing
pixels correctly classied as a re.

The false positivesFP is the number of data labeled as positive when the monitored
attribute was not actually present. In this case, it is the number of re hypotheses
incorrectly classi ed as a re in an object-less image.

~

The true negatives TN is the number of data labeled as negatives when the monitored
attribute was not actually present. In this case, it is the number of thermal images not
containing a re object, where the re detection algorithm correctly lacks any hypothe-
ses.
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" The false negativesFN is the number of data labeled as negatives when the monitored
attribute was actually present. In this case, it is the number of re objects not covered
by any re hypotheses.

5.1.2 Localization accuracy

The quality of localization each re hypothesis can be described by tle distance between
the real position of the re and the predicted position of the re by the localization system.
The distance error is given as

e= fw T§*:i ; (5.1)

where %g4.; is the position of re hypothesis T; predicted by the localization system (see
), fw [m] is the position of the center of the re in world coordination frame,
and T{ is the transformation matrix between the depth camera frame and the wold frame.
The transformation matrix hence represents the depth camera pose (@sition and orientation)
within the world. The error is counted for each localized hypothesisand used to estimate the
root mean square error (RMSE) used for quantitative evaluation. The RMSE [m] is given as

1)(\'62: 1 X

i | i
N i=1 N i=1

<
<

2
RMSE = o TW%ei (5.2)

where N is the total number of localized hypotheses. SmalleRMSE vyields more accurate
localization.

5.2 Simulation analysis

The entire system was rstly tested during simulated ights in t he Gazebo simulator
around a simulated re with a known position. This simulated scenario is shown in[Figure 5.1
visualizing the Gazebo scenario with airborne UAV and a static ground re. Within the
presented simulated experiment (see the trajectory followed Y a UAV in Figure 5.2), the
UAV circulated a static re. During this airborne movement, the st atic re was continuously
localized onboard the UAV and predicted the optimal position for the launch positioning using
a ballistic curve estimated in[Section 5.3.b. In the next three sedbns, the performance of the
three systems { image classi cation, re localization, and UAV positioning { is analyzed in
detail.
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Figure 5.1: Visualization of the UAV during the simulated experiment { circulation of the
static re.
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Figure 5.2: Trajectory of the UAV during a simulated scenario { circulation of a UAV around
a static re.

5.2.1 Fire classi cation

The quantitative evaluation of the simulated experiment is summarized in the confusion
matrix shown in [Table 5.1 The table was obtained with respect to ground tuth data {
manually labeled images. The same results are also shown[in Table .2 as ettbinary classi er
characteristics. The results show high detection accuracy in a sinated environment. As the
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simulation does not integrate all the real-world constraints, the resuting accuracy points on
a high and robust performance of the image classi cation system.

Hypothesis
positive negative

Fire present TP =540 FN =3
Fire not present FP =0 TN =275

Table 5.1: Confusion matrix as quantitative evaluation of the simulated experiment. As the
simulation does not contain all real-world interferences, the ratio oftrue classi cations is high.

Characteristic Description Value
prediction accuracy ACC = ottt = 01996
prediction error ERR = w5kt Eh -+ 0:004
false positive rate FPR= =5yt 0:0
true positive rate =recall TPR = % 0:994
true negative rate TNR = 8N 1:0
precision PRE = -4+ 1:0

Table 5.2: Qualitative characteristics of the detector measured in simlated experiment.
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5.2.2 Fire localization

The re localization accuracy is described by RMSE error and the absolte error his-
togram for position error of localized hypotheses. The histogram of absolutelcalization errors
is given in Figure 5.3. The RMSE in the experiment (see Figure 5.2) is:011 m. Even though
the scenario is simulated, it includes simulation of multiple realworld e ects such as the
addition of Gaussian and Perlin noise to the depth data, GPS noise, or onboardibrations.
These errors add to the decrease in the localization accuracy.
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Figure 5.3: Histogram of the absolute error of the re localization system. Duing a simulated
scenario, the system shows the ability to localize a re in the wortl with RMSE 1:011m.

5.2.3 Fire locking

The re locking system estimates the optimal position with resped to a detected re
and the ballistic curve of the launched re extinguishing charge. The proposed strategy (see
Section 4.3) for UAV positioning uses the current lateral position and esimates only the
heading and altitude of the UAV (and hence the launcher). Using a ballisic curve with
parameters estimated later in Section 5.3.5, the performance of the sysin to estimate the
optimal position is evaluated in this section. Figure 5.4 shows the dased (with respect to the
current lateral position of the UAV) and the estimated altitude and heading. Even though
the estimated optional position depends on re and UAV localization, bringing inaccuracy to
the estimation process, the data shows satisfactory accuracy.
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Figure 5.4: Position estimation in the simulated experiment (see Figue 5.2). The UAV posi-
tioning system estimates the desired altitude and heading, while &eping the lateral position
static.

5.3 Real-world experiments

In various real-world experiments, all the designed hardware and softare systems were
tested. The application-tailored UAV platform (see Chapter 3) was veri ed to y in manual
mode as well as in autonomous mode using GPS and the MRS system (see t8et2.4). Using
the UAV platform, the software systems (image classi cation, re localization) were tested
onboard the UAV during the further presented real-world experimert. The UAV positioning
system was evaluated o ine on data recorded during the same experimen During the ex-
periment, a UAV circulated a static re (see photo of the experiment in Figure 5.5 and the
followed trajectory in Figure 5.6). This experiment is on purpose gilar to the simulated sce-
nario. In the next three sections, the performance of the three systms during the real-world
experiment is discussed. The experiment can be found within mitimedia materials available
at mrs.felk.cvut.cz/theses/nydrle2020
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Figure 5.5: Photo of the application-tailored UAV during the real-world experiment { circu-

lation of the static re.
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Figure 5.6: The followed trajectory of the UAV during the real-world experiment { circulation

of the UAV around a static re.

5.3.1 Fire classi cation

The gquantitative evaluation of this experiment is summarized in the confusion matrix
shown in Table 5.3. The results are compared to the ground truth data { mamally labeled
images. The data show the capabilities of the system to detect unknen res from onboard
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sensors with the detection accuracy of ®39. Given the classi cation characteristics in Ta-
ble 5.4, the performance of the system is robust to real-world inferece and yields su cient
accuracy in non-simulated conditions.

Hypothesis
positive negative

Fire present TP =2963 FN =160
Fire not present FP =60 TN =433

Table 5.3: Confusion matrix as quantitative evaluation of the real-world experiment. Showing
robust re detector.

Characteristic Description Value
prediction accuracy ACC = cortitbey  0:939
prediction error ERR = st th ey 0061
false positive rate FPR= &y 0:122
true positive rate = recall TPR= rs 0:949
true negative rate TNR = 0:878
precision PRE = & 0:980

Table 5.4: Qualitative characteristics of the detector measured duriig the real world experi-
ment.
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5.3.2 Fire localization

The re localization accuracy is described by RMSE error and the absolte error his-
togram for position error of localized hypotheses. The histogram of absoluteolcalization errors
is given in Figure 5.7. The RMSE in the experiment (see Figure 5.6) is: 39 m. In contrast to
simulation experiments (see Section 5.2), the RMS error is signi catly higher. There are sev-
eral technical issues in uencing this performance. These issgeare a high time delay between
the thermal and depth camera image streams. The thermal camera is asyhmonously delayed
by delay ranging from 1s to 2s. The time desynchronization with unkrown image stream de-
lay, together with the accuracy of the UAV pose estimation module, incease the localization
error in real-world conditions. To improve the accuracy of the system a low-latency thermal
camera should be used onboard the UAV. This remains as part of a future work.
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Figure 5.7: Histogram of the absolute error of the re localization system. Duing a real-world
ight, the system shows the ability to localize a re in the world w ith RMSE 2:39m.

5.3.3 Fire locking

The re locking system estimates the optimal position with resped to a detected re
and the ballistic curve of the launched re extinguishing charge. The proposed strategy (see
Section 4.3) for UAV positioning uses the current lateral position and esimates only the
heading and altitude of the UAV (and hence the launcher). Using a ballisic curve with
parameters estimated later in Section 5.3.5, the performance of the sysin to estimate the
optimal position is evaluated in this section. Figure 5.8 shows the desed (with respect to the
current lateral position of the UAV) and the estimated altitude and heading. The data show
low-error in the estimation of the optimal heading of the launcher. This is expected as the
change in heading was slow during the experiment, hence reducine in uence of thermal
camera delay on the estimation. On the other hand, the estimation of altiude is in uenced
by the projection of the image detections to 3D using depth camera dataThe extremely
noisy real-world depth data, together with thermal camera delay decrase the accuracy of the
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localization and hence negatively in uences the estimation of the optinal UAV position for
launching. The data also show potential for Itration (such as average wirdow, median lter,
or Kalman lItering), which might increase the accuracy of the re locali zation. This remains
a part of future work.
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(b) Heading estimation.

Figure 5.8: Position estimation in the real experiment (see Figure 5.2)The UAV positioning
system estimates the desired altitude and heading, while keepinthe lateral position static.

5.3.4 Validation of the ampoule launcher

The launcher was manufactured and provided by an external provider.Initial ground
tests have proved the capabilities of the launcher to discharge :Bkg charges to a distance
of about 10m. The launcher was also tested onboard a ying UAV (see Figure 5.9)The
results show the capabilities of the UAV to handle the dynamic recoil arising from the
onboard discharging. The force produced by the ampoule discharge in theegative x-axis
of the launcher is fastly suppressed by the motors capable of high-thst production { the
maximum position error reached 076 m. During the experiment, the re extinguishing am-
poule was not available and hence was replaced by a3 water bottle (see Figure 5.9).
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From an altitude of approximately 1:5m, the discharged water bottle touched the ground
after 14 m. The onboard discharge can be found within the multimedia mateials available at
mrs.felk.cvut.cz/theses/nydrle2020

Figure 5.9: Fire extinguishing ampoule (replaced by water bottle in this experiment) dis-
charged by the launcher.

5.3.5 Ballistic curve parameters estimation

As described in Section 4.3, the model of the ballistic curve requés two parameters
to be estimated, namelyvy (muzzle velocity) and h (coe cient of friction). This estimation
is done from a sequence of photos of the discharge taken from a xed point. e launcher
coordination frame is projected to the xed-camera frame and the coodinations (ly:i;ln.i) of
the ampoule are estimated in di erent timestamps (see Figure 5.10). Tcestimate the ballistic
curve parameters, the system of non-linear equations

_ gm

ng hlh;i
Iv;i - \/Oih 72“’1 1

h Mo ;81211  ;Ng; (5.3)

In:i +

is solved, whereN is the number of measured points. To nd the solution of the above
system of non-linear equations, the trust-region algorithm for solving mnlinear least-squares
method [78] was used. Given the testing ampoule (a water bottle) withmassm = 0:557 kg,
the ballistic curve parametersvg = 22:978 ms ! and h = 0:129kgs  were estimated.
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X  Measured pointsp(t;)
—— Estimated trajectory pYt)

Figure 5.10: Estimated trajectory of the discharged ampoule from a set of nmasured am-
poule positions using a static cameraQ, is the launcher coordination frame andp(t) are the
measured positions of the ampoule in timet.
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In this thesis, the design and construction of a specialized UAV adapteé for aerial
discharge of re extinguishing ampoule is discussed. This thesis sb designs, implements, and
discusses the methods and algorithms for re detection and localizatin. This was designed
to help the human operator with nding re sources as well as with the positioning of the
UAV in order to launch the ampoule into a re detected from onboard sensos and localized
with respect to the UAV position.

In this thesis, the tasks given by the following list were succesfully completed. The
thesis is also supported by multimedia materials available atmrs.felk.cvut.cz/theses/
nydrle2020 .

" Chapter 3 describes the design and construction of the UAV platform that respects
the requirements of the dynamic in uence originating from horizontal discharging of an
onboard payload.

" A launcher for discharging re extinguishing capsules was integratedonto the designed
aerial platform. The launcher was experimentally tested on-board the UA/.

" An algorithm detecting res from an onboard thermal camera was designed in 8c-
tion 4.1 and successfully tested in simulated and real-world conditins in Chapter 5.

" An algorithm autonomously positioning the UAV in order to launch the re ext in-
guishing capsules into a detected re was designed in Section 4.3. Ehdetected re is
localized using the algorithm developed in Section 4.2. The quality of hese methods
was tested in simulation and real-world conditions. The performance of he system is
likewise discussed in Chapter 5.

" Both algorithms were implemented as ROS node interfacing with the gstem of Multi-
Robot Systems group for stabilization and control of UAVs closely describedn Sec-
tion 2.4.

The re localization subsystem has been tested in the Gazebo simator where it demon-
strated satisfactory results. However, these results were not regated during the real-world
experiment since the thermal camera used in this design produsethermal images with indis-
pensable latency, causing desynchronization between thermal and géh image that leads to
a large localization error while the UAV is moving.
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6.1 Future work

Throughout the thesis, several drawbacks of the designed technical ethodology were
presented. Foremost, the time latency and time desynchronization othermal and depth data
reduced the accuracy of the re localization system. This can be soha by employing a low-
latency thermal camera.

The work can be further extended by the introduction of an easy-to-ug user inter-
face providing real-time reasoning over the on-board sensors' data. il may serve as an
information stream for the human operator helping with assessing the suation.

Last but not least, the UAV positioning system should take into account the obstacles
between the desired launching position and the heat source. A prodere detecting obstacles
mid-way on the ballistic curve (such as window frames) should usehis information to alter

the 3D position of the UAV such that the re extinguishant can be safely launched to the
re.
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Appendices







CD Content

Table 1 lists arrangement of directories on the attached CD.

Directory name Description

thesis.pdf the thesis in pdf format
sources/thesis latex source codes
sources/ re _localization software source codes
CAD _model.zip model of the designed UAV
media multimedia materials

Table 1: CD Content.
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List of abbreviations

Table 2 lists abbreviations used in this thesis.

Abbreviation Meaning

UAV Unmanned Aerial Vehicle

FEE CTU Faculty of Electrical Engineering, Czech Technical University in Prague
MRS Multi-Robot Systems group at FEE CTU

FPV First Person View

ROS Robot Operating System

TCP Transmission Control Protocol

MBZIRC Mohamed Bin Zayed International Robotics Challenge
GPS Global Positioning System

GNSS Global Navigation Satellite System

ESC Electronic Speed Controller

LiPo Lithium-Polymer accumulator

PCB Printed Circuit Board

LiDAR Light Detection and Ranging

PWM Pulse Width Modulation

IMU Inertial Measurement Unit

USB Universal Serial Bus

EM Electromagnetic

IR Infra-red

FoV Field of View

RMSE Root Mean Squared Error

Table 2: Lists of abbreviations.
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List of abbreviations
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