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Abstract

This thesis deals with the design of an unmanned multirotor aircraft
system specialized for autonomous detection and localization of fires from
onboard sensors, and the task of fast and effective fire extinguishment.
The main part of this thesis focuses on the detection of fires in thermal
images and their localization in the world using an onboard depth
camera. The localized fires are used to optimally position the unmanned
aircraft in order to effectively discharge an ampoule filled with a fire
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 quantitative
and qualitative analysis verifies the feasibility and robustness of the system.

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

Abstrakt

Tato prace se zabyva navrhem systému specializovaného pro autonomni
detekci a lokalizaci pozaru z palubnich senzort bezpilotnich helikoptér.
Haseni pozaru je zajisténo automatickym vystielenim ampule s hasici
kapalinou do zdroje pozaru z palubniho vystielovace. Hlavni ¢ast této
préce se soustiedi na detekci pozart v datech termdalni kamery a jejich
naslednou lokalizaci ve svété za pomoci palubni hloubkové kamery.
Bezpilotni helikoptéra je poté optimalné navigovdna na pozici pro
zajisténi pruletu ampule s hasici kapalinou do zdroje poziru. Vyv-
inuté metody jsou detailné analyzovany a jejich chovani je testovano
jak v simulaci, tak soucasné i pii redlnych experimentech. Kvalitativni a
kvantitativni analyza ukazuje na pouzitelnost a robustnost celého systému.

Klicova slova: bezpilotni helikoptéra, detekce ohné, lokalizace ohné,
semi-automnomni haseni pozarua, vystiel v letu, haseni pozara vyskovych
budov
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Extinguishment of fire in aboveground floors brings many difficulties, with the most
significant being limited access for firemen to aboveground floors of the building. They often
need to use ladders and enter the floor through a window, taking a lot of time while the
fire may continue to grow. Usage of an unmanned aerial vehicle (UAV) for quick access to
the window to begin extinguishment can reduce the growth of the fire and provide the time
necessary for firemen to access the floor.

This thesis aims to design a UAV suitable for extinguishing fires in above-ground floors
of buildings. The key use of this UAV is to extinguish fires through windows and the sur-
rounding area to provide access to the floor and decrease the fire growing ratio. The UAV
can be also used for investigating the floor or searching for survivors, but the fundamental
purpose is to extinguish fires in the interior of the building from the 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 autonomously by an on-
board computer. Multicopters can quickly land and take off vertically from various places
making them useful in countless applications, such as monitoring, photography, cargo trans-
port, investigating dangerous areas, and even elimination of unauthorized aircraft. The typical
multicopter (see consists at least of three motors with propellers forcing air under
the aircraft, platform for battery, electronics necessary for stabilization and navigation, and
landing equipment. The variety of multicopters is extensive in size, count of rotors, and the
rotors configuration.

The multicopter is ideal for firefighting purposes because of its ability to vertically land
and take off almost anywhere. Usage of UAV in firefighting procedures reduces the risk to
human lives while investigating burning objects or accessing fire sources. The UAV can also do
many automatic operations faster than its human operator, for example, it can quickly return
to the base for exhauster refilling or it can autonomously present the fire for exhausting.
Small-sized UAV also has an advantage in accessing places dangerous or hardly accessible for
humans.
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Bonpet capsules provide an effective automatic fire exhausting system. These cap-
sules are mounted on walls and ceilings, when the temperature of the Bonpet liquid in the
capsule rises to 90 °C the capsule breaks and deploys the liquid in its neighborhood. In the
liquid begins an endothermic chemical reaction that cools down the area while chemicals in
this liquid are decomposed into gases (COg, N,). The remaining liquid protects the surface
from re-ignition. When all of the liquid is decomposed to gas, no cleaning is needed. This
liquid does not cause damage to electronics, human health, or the environment. One 600 ml
Bonpet capsule can autonomously protect 8 m? area.

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

1.1 Motivation

Fire extinguishing in high-rise buildings is a difficult and dangerous operation where
each second determines success. Fire exhausting in above-ground floors is complicated by
narrow access to the fire sources and water distribution problems [5]. Solving these problems
is time-consuming while the fire can completely burn down a room in several minutes @
Starting extinguishing too slowly leads to quick propagation of the fire and huge damage
to the building construction. In extreme cases, the damages on the building can lead to its
collapse.

Finding access to the fire source on high floors and investigating the burning building
is extremely dangerous for the firemen and can impact their health or cause many kinds of
injury. Falling objects can injure a fireman or obstruct his position to some room, where
proximity to the fire may result in inhalation of smoke causing health problems [7]. Loss of
the UAV in these conditions is a much acceptable result. For access to low floors, ladder tracks
are commonly used, but the reachable height of the ladders is insufficient for many buildings.

The main motivation for this thesis is therefore to help save human lives, health, and
possessions by applying the UAV for fire extinguishing in the above-ground floor of buildings

Figure 1.1: Photo of the designed, constructed, and tested UAV for the application in (semi)-
autonomous fire-extuinguishing scenarios.
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or places inaccessible to firemen. This UAV brings the possibility to quickly begin semi-
automatic fire extinguishing to prevent fire propagation before the fireman can access the
fire. The UAV can also provide information to the firemen about the fire’s scope and presence
of people in the affected area. In the case of a burning building with a fire present on stairs,
this information can be very helpful for planning a fire-fighting strategy.

1.2 Related work

In recent years, UAVs are being used for many thermal monitoring applications such
as power plant inspections [8,|9] and human and fire detection |10] leading to the tracking of
wildfires |11H13| to help with its reduction. Solving the problem of tracking wildfires brings
many approaches for fire detection and localization from various sensors. Many approaches
use thermal cameras [14H19] while others use cameras monitoring in the visible spectrum
with more complex algorithms for detection [20H24]. But even methods combining thermal
and visual images were developed [25]. Some of these approaches to fire detection can be
adapted for this semi-automatic fire extinguishing system.

Some special equipment for accessing the high floors of buildings has been developed [26-
28]; these machines climb on building balconies or preventatively installed rails. A specialized
helicopter was developed for eliminating fire through windows to enable access with ladders
or by previously mentioned machines [29].

Another paper discusses scenarios using UAV for fire fighting [30L[31] describing mostly
the strategy of the UAV-fire flight and its trajectory planning and optimization. In these
scenarios, a team of UAVs cooperates with firemen to suppress the fire.

For the UAV, carrying an effective fire extinguisher is the most challenging due to the
weight of the fire extinguisher and the limited power of the UAV. A special solution to this
problem was created by supplying permanent extinguishant and power through a system
tethering the UAV to the ground [32]. Another fire fighting UAV for exhausting wildfires
drops balls filled with fire extinguishant into the fire [33]. Additionally, a UAV that can
handle indoor fires have been developed. These UAVs are also designed for investigation of
the burning building interior and searching for survivors [34}35].

Our design also implements relative localization of the fire and horizontal 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 specific area against other intruder UAV [36].
The problem of cargo discharge was solved for wildfire exhausting [37], but also autonomous
interception of a flying target [38]. The localization problem is often solved as localization of
objects with known dimensions [39] or with the usage of neural networks [40,/41], or using
stereo vision [36,42,43].

1.3 Outline

At the beginning of this thesis in the characteristics of the operating envi-
ronment of the UAV and its influence on the UAV construction are discussed. This chapter
also discusses the challenges and difficulties that can occur and must be solved. In
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the design of the specialized UAV platform to cope with all these challenges is discussed.
looks at the design of algorithms for fire detection and positioning of the UAV
to discharge the ampoule into the detected fire. This chapter also provides insights into the
methodology of thermal imaging. At the end of this thesis in results, and method-
ology of experiments to determine the quality of the designed systems are discussed.

1.4 Mathematical notation

Summary of mathematical notation used throughout the thesis is presented in

Symbol Example Description

upper or lowercase letter m, M, M a scalar

bold upper or lowercase letter R, h a matrix

calligraphic upper letter T a set or structure

lowercase letter accented by an arrow & a column vector

upper index T R”, zT vector and matrix transpose
lower index My, Ry, Tr, T M, R, T, & at discrete step k

Table 1.1: Overview of the mathematical notation.

1.5 Table of symbols

Chapter Symbol Description

Non-contact temperature M, Radiant exitance
measurement T Temperature
€ Emissivity
o Stefan—Boltzmann constant
v Radiation frequency

kB Boltzmann constant

h Planck constant

c Speed of light

b Wien’s displacement constant
E Irradiance

@

P, Radiant flux
Fire detection in thermal T; Temperature threshold
images T Thermal image
i Fire hypothesis index
T Fire hypothesis
d; Distance of objects seen be pixel ¢
Q@ Camera’s FoV
S Image dimension




1.5. Table of symbols

Chapter Symbol Description
A; Fire hypothesis area
N; Fire hypothesis pixel area
Projection of fire detections C, Cy, Cy Camera projection matrix
to world T, T¢, T}, Transformation matrix
O, O, Oy, Oy Coordinations frames
ol of, Oé Image plane coordinations frames
Tt, g, Ty Coordinates of point X in different frames
#, f{l Projection of point X to different cameras
X Fire hypothesis position
Q Surface seen by camera
R, X,V Set of possible solutions
U Vector pointing to X
d(v) depth measured on pixel ¥/
Fire localization algorithm Tm Maximum measurement range
(Section 4.2.3]) Td Discretization resolution
7.k, Sample index
m; Depth sample
S, M, V, W  Set of possible solutions
Fire locking t Time
p(t) Position in time ¢
h Coefficient of friction
m Mass
g Gravitational acceleration of Earth
v Muzzle velocity
In, by Horizontal and vertical position

Table 1.2: Summary of symbols utilized throughout |Chapter 4




Chapter 1. Introduction




Chapter 2: Preliminaries

Contents
2.1 Fire detection system| . . . . .. ... ... 000000000 7
2.2  UAV platform specifications| . . . . . .. ... ... ......... 8
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2.4 MRS system for autonomous UAV controll . . . . .. ... .. .. 11

The aim of this thesis is a design of a complete autonomous UAV system for aerial
discharge of fire extinguishing capsules into real-world fires. The system consists from design
of:

e a specialized UAV platform capable of sustaining significant dynamic recoil and

e 4 fire detection system capable of fire analysis, fire localization, UAV navigation, and
effective discharge of fire extinguishing capsules.

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

The specific operation environment brings up several challenges, which need to be ac-
counted for during the system design. These difficulties can affect the functionality of some
sensors, actuators, electronics, and mechanical parts. Overcoming these challenges is necessary
in order to design a robust and reliable system, which can be used in real-world applications.

2.1 Fire detection system

One possible scenario of UAV usage is operator-controlled flight around the burning
building with continuous fire detection followed by automatic UAV positioning for the dis-
charge of the fire exhausting capsule from the exterior of the building to the fire detected
either in interior or exterior of the building. During the manual flight, the autonomous fire
detector shall warn the operator of the fire presence. Responsively, the operator can continue
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with the inspection or can trigger an autonomous positioning with respect to the fire. There-
fore the fire detection system provides an assisting technology capable of fast analysis and
decision making. This analysis can contain information about the maximal temperature of
a burning object, its 3D position and dimensions, and further data about the strength and
spreading rate of the fire.

The task of the automatic aiming system is to find an efficient position suitable for the
discharge of the capsule into the detected fire and precise autonomous navigation of the UAV,
which has to comply with the physical characteristics of the capsule launcher and its ballistic
curve. The capsule discharged into the fire shall not collide with any obstacle between the
UAYV and the fire. The main pillar of this application is hence the ability to detect and localize
fires from onboard sensors in order to ensure an effective response to fast-spreading fires. The
desired positioning of the UAV, with respect to the ballistic curve of the launcher and a fire,

is depicted in

1e Bonpet ampoule  The ampo

The designed UAV

== I

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

2.2 UAV platform specifications

The primary requirement on the platform is the ability to carry an onboard launcher for
discharging fire extinguishing capsules. This launcher mechanism is required to be positioned
with a clear field for non-collision discharge, weigh less than 3 kg, and can produce significant
dynamic recoil when discharging a capsule (see [Section 3.4)). The weight of the launcher has
to be added to the model weight before the design of a drive subsystem, which consists of
motors, propellers, and ESCs. This affects the choice of the number of motors and param-
eters of propellers. The design of the UAV platform is also significantly influenced by the
physical dimensions of the launcher itself. Concisely, the launcher needs to be positioned such
that the launched capsule does not collide with the UAV body. Discussion of the launcher
characteristics is presented in detail in
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The discharge of the fire extinguishing capsule causes non-negligible kickback 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-absorber between the
launcher and multicopter that could effectively decrease the influence of dynamic kickbacks.
However, this work does not include this mechanism in order to keep the system as simple as
possible to prove the concept of the application.

The stability of the drone is affected by many factors, namely regulator design, drive
thrust-weight ratio, accuracy of sensors, the center of gravity location, and sensors and actu-
ators position. The stability of the UAV in manual flight depends on motor thrust, autopilot,
and operator experiences. The main factor influencing the UAV stability in autonomous flight
is the performance of the UAV control. The designed system relies on the stabilization and
control pipeline of UAVs developed in the MRS group. This system proved 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 flight is the drive thrust-weight ratio defined 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 connected with maneuverability
and affects the maximal possible acceleration of the UAV. Without a sufficient 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 stability of the multicopter [49].

The application is designed such that a trained human operator controls the UAV from a
safe distance far to the fire. After reaching the danger area, the operator can either manually
trigger the fire extinguishing capsule launch or switch to an autonomous state where the
UAV positions and fires the capsule on its own, using the data from onboard sensors. The
ability to remotely control the UAV without clear operator-UAV visibility can be provided
by first-person view (FPV) camera streaming video from the multicopter to the operator’s
screen. When the operator wants to explore an interior of the building he 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 scenario is not expected in
this application, as the design expects the UAV to launch capsules from the 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 autonomous navigation in
an indoor environment.

Autonomous detection of fire flames requires suitable sensory equipment, such as a
thermal IR camera. To localize the detected fires, distance measurement sensors have to be
equipped on board in order to estimate the 3D location of the fire with respect to the UAV.
To process the onboard data and to reason about navigation and efficient launching of the
capsule, a sufficient processing unit has to be likewise equipped onboard the UAV itself. All
the necessary sensory equipment for the application increases the total weight of the UAV,
which decreases the upper limit for the effective payload weight.
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2.3 Operating environment characteristics

The environment around wildfire is extremely diverse and complex for the use of UAVs.
The challenges that can appear in this environment and that can influence the mission have
to be reflected in the system design itself. Hence, the difficulties that can be expected in
operation with close proximity to sources of extensive heat are listed below. Accounting for
these difficulties is necessary to consider various specific requirements to the multicopter:

e Quick temperature changes, which depend on the distance from the fire and the fire
source itself.

e Dust and ash arising from airflow.
e Clouds of smoke influencing sensing capabilities of onboard sensors.
e Significant changes in light conditions caused by the fire.

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

e Presence of the wind gust effect caused by high-temperature difference and wind outside
the building.

e Possible presence of water drops in the flight area resulting from the nearby operation
of firefighters or rain.

e Presence of difficult to detect obstacles like cables, rods, and similar objects close to
exteriors of buildings.

Most of consumer electronics components have warranted functionality below temper-
ature 80 °C. Special components, designed for automotive or aircraft industry, may typically
operate even up to 120 °C, but the temperature near a fire 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 is to keep the UAV
at a sufficient distance from the heat sources. However, a video stream from an onboard
camera is not sufficient as the operator cannot estimate the air temperature just with an
RGB view. Hence, an onboard thermometer must be equipped onboard and used to signalize
the current temperature. This leads to the demand of an onboard thermometer 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 robustness of optical sen-
sors, as small airborne particles can cause reflections of light beams used for time-of-flight
or triangulation determination of distance in laser-based sensors. That causes fake detection
of objects near the UAV disturbing navigation and stabilization of the UAV. These particles
also cause diffusion of the light so distant objects may not be detected because the intensity
of the reflected light beam is lost.

Further, the large particles in combination with dynamic changes of light conditions will
affect the quality of video streamed from the UAV to the human operator. Impaired video
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quality and the presence of hard to recognize objects make control of the UAV very difficult.
This requires the UAV to be equipped with a special safety mechanism that can prevent
collisions between an obstacle and a propeller blade. This safety border can also prevent from
breaking the propeller in collision with an undetected object. To avoid sensor discrepancy
in these environments, the system has to increase robustness by the inclusion of appropriate
sensors and hardware protection. The most reliable sensor in this application is ultrasonic
rangefinder in combination with hardware protection.

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

To protect the onboard electronics from water drops and humidity, the electronics are
required to be covered with sufficient protection. This cover should protect the main electrical
part, but can’t impede motors and propellers for obvious reasons. However, typically used
brushless DC motors for UAV systems are certified for use in rain, e.g., T-Motor’s U series
has IP33 certification [51], V series has even IP45 certification [52].

The size of the UAV platform has a big effect on the navigational capabilities of the
UAYV through the environment. Smaller UAVs can more easily navigate safely through narrow
corridors or even through windows and doors, but smaller propellers produce smaller thrust.
Therefore the size has to compromise between the weight and the maneuverability. The UAV
platform in the proposed system is designed to carry a launcher that weights up to 3 kg, thus
the UAV requires larger propellers in a feasible configuration 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 pipeline of the MRS
group at FEE CTU. This pipeline is part of a complex open-source system developed 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 communication and
data transfer between processes (nodes) running on one or more computers. The inter-node
communication is based on sending a special message over TCP-IP protocol. These messages
are distributed to topics and services according to the message purpose. Messages belonging to
one topic can be received and transmitted by multiple nodes. Services are suited for interaction
between two nodes. A service contains a request message and a response message.

The MRS system also employs the Gazebo robotic simulator [54] used for simulation of
UAVs, together with the onboard running stabilization and control systems. This simulator
is commonly used in the field of robotics for its realistic physics, easy to use interface, and
sensors and actuators implementation of their communication interface. Furthermore, the
simulation employs the same source code and hence the interface as the real worlds allowing
for easy integration of the developed algorithms onto real hardware. To perform simulated
experiments of the proposed design, a Gazebo plugin capable to simulate the thermal camera
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was prepared. This plugin decodes the temperature information (encoded 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 the simulated world
prepared for the MBZIRC fire challange . This simulation scenario contains ground fires

as well as fires on and inside a high-rise building (see [Figure 2.2)).

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

The stabilization and control pipeline of UAVs provides robust stabilization and
localization system stabilization, which employs a localization source. Throughout this thesis,
this localization source is a GPS receiver. The system takes care of state estimation and
feedback control of the UAV to provide minimal state error. The desired state is given to
the reference tracker which prepares a desired reference setpoint or a trajectory for a UAV
controller. The system can be accessed as a black box by easy-to-use interface that allows
quick and safe UAV positioning and navigation.
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The design consists of the construction frame, the drive unit, and the 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 fly and power for all electronics. The
electronic equipment consists of sensors and computational unit that is required to stabilize
the UAV and detect and localize unknown fires. The design of the entire hardware and soft-
ware system has to respect mutual mechanical and electronic compatibility between all the
components which are discussed in detail in this chapter.

3.1 Frame

There are many kinds of frames different in shape and motor placement. The most
common rotor configuration 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 sufficient thrust.
Hence it is necessary to use more rotors. To minimize the total dimensions of the platform,
their placement must be efficiently chosen. To do so, the coaxial rotor configuration is em-
ployed to obtain smaller sized UAV with an increased number of motors, hence the ability
to produce larger thrust. The use of coaxial rotors allows us to use double the motors on
UAV with the same dimensions as in four-rotor configuration. Coaxial rotor consists of two
motors and propellers rotating about the same axis but contra-rotary directions, as shown
in A coaxial motor has reduced efficiency up to approximately 14 % in contrast
to the same two motors placed standalone [57]. However this loose of thrust is balanced by
lighter frame construction. Hence, coaxial rotor configuration is ideal for use on platforms
requiring minimalist dimensions and maximalist takeoff weight capacity, such as required in
our application. The frame configuration of the designed UAV is based on octocopter X8,

which is shown in

The main purpose of the frame is to provide a connected platform to mount motors
and base components on. The frame can, in general, have tree shapes, namely rectangular,
H-shape, or X-shape. H-shape or X-shape provides direct connection only between the base
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OCTO QUAD X8

Figure 3.2: Selected rotor placement in X8
Figure 3.1: Coaxial rotor principle. configuration .

component and one coaxial rotor, which induces the risk of arm twists during higher mechan-
ical stresses. On the other hand, the rectangular frame connects all rotors in the orthogonal
axes, which improves the stiffness of the frame, hence reduces the risk 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 component
equipped with electronics and sensors. Landing gear is also integrated into the core component
which is shown in This core component is made from aluminum squared frame
tubes due to its lightweight and stiffness properties. These aluminum tubes are connected by
carbon fiber composite, which is a modern material in aerospace due to its great ratio among
weight and stiffness.
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3.1.1 Base component

The base component provides a mounting platform to equip the launcher, computer,
batteries, sensors, power distribution, and other electronics on. It aspires to be as light as pos-
sible and robust enough to face dynamic tension caused by inertial forces coming from quick
maneuvers. For this, the carbon fibre is ideal for its density of 1.81gcm™3 . Fabrication
of complex 3D shapes from carbon fiber composite is rather expensive and requires advanced
technological equipment. For this reason, the entire presented design is based on 2D carbon
parts, which are milled from simple carbon fiber composite plates of 2 mm width.

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

To improve the stability of the dynamically unstable UAV system, the 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 the geometric center of
rotors between the top and bottom layers. The space within the base component is further used
to suit ESCs and the power distribution for all the onboard electronics. The base component
is likewise stiffened 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 base component is shown in

Figire 3.1
z

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

The top layer is used for the mounting of sensory equipment, namely the thermal,
FPV, and depth camera. These cameras are mounted to the front of the base component on
the external mount, which allows for rotation of the cameras around their horizontal 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 part 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 in A more suitable solution spreads
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(a) A visualization of the onboard cameras. (b) A figure of the mounting mechanism.

Figure 3.5: A visualization of the onboard cameras (a) and their mounting mechanism 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, visualized in
places these vertical legs effectively around the entire bottom layout to reduce mechanical
stress on the construction, which results in sufficient protection of onboard electronics during
takeoff 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 mild horizontal col-
lision with an obstacle caused by the dynamic kickback arising from the discharge of fire
extinguishing capsule. For this reason, a horizontal propeller guard system extends the con-
struction around propellers to provide the low-level hardware protection from mild collisions,
as shown in This system consists of two parts made from carbon plates connected
directly to the UAV’s frame. The constructed prototype, shown in|[Figure 3.15] is not equipped
with this collision handling system as the initial experiments did not require flying in close
proximity of obstacles. If required, the designed platform can be easily 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), motors, and propellers.
The choice of these components affects the flight characteristic of the UAV, namely weight,
size, generated thrust, and flight time. As the commercial market is extremely 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 finding optional drive parts and its pa-
rameters. This tool provides calculation of the flight characteristic according to selected drive
component and UAV weight. The UAV weight was estimated by creating a 3D model con-
taining all components listed bellow in with correct weight and density set-up.
This model was parameterized by the size of propellers and motors to allow quick weight
re-estimation after components change while finding its optimal combination.

Selected components and their parameters are summarized in and further
described in detail in These components compromise between UAV size, high-
weight payload, and ensure mutual compatibility. Flight characteristics of the UAV with this
designed drive are described in

3.2.1 Drive components
Motor

Brushless direct current motors are commonly used in UAV systems. The brushless
motor is determined by several key parameters, namely its power limit, resistance, weight,
Kv, current, and voltage limit. Another limiting factor is the motor geometry dimensions and
specifications of propeller compatibility. Motors with a self-tightening propeller mount can
rotate only in one direction specified by the manufacturer to ensure propeller attachment.
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Segment Component Specifications Weight [g]
Drive Motors KDE4215XF-465 8 x 195

Electronic Speed Controller Flycolor X-Cross 8 x6.3
Propellers T-Motor Prop 12 x 5 8 x 21
Accumulator Tattu 6S LiPo 2 x 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 NUCSi5 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, 2.4 GHz 22
Sensors Optical rangefinders 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
9945, 2

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

Not all of the manufacturers offer bidirectional motors. Hence not all commercially available
motors can be used.

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

w

K, = (3.1)

‘/peak '
Since the motor resistance is typically small (e.g., 52m), it is a good approximation that
the speed of an unloaded motor equals K, multiplied by the motor input voltage.

Concerning our UAV specifications, the employed brushless motor is KDE4215XF-465
with characteristics of bidirectionality, 456 Kv, 1375 W power limit, and a universal propeller
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Figure 3.9: UAV design characteristic using the eCalc web tool .

mount . However, this motor type does not provide any water resistance certification,
which diminishes its use in rainy conditions. If the water resistance certification is required
for real-world applications, the selected motors can be easily upgraded with a suitable type.

Propeller

A propeller is defined by its diameter and pitch. Pitch defines 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 field of aeronautics and it is henceforth referred to as thrust in
our case. Concisely, lift is generated from different air pressure on the propeller sides and can
be influenced by the shape of a propeller, as well as its pitch and length.

Carbon fiber composite propellers with 15 inches length and 5 inches pitch were selected
for the expected application requiring 10 kg for takeoff according to According to
the eCalc online tool, the combination of these propellers with the selected motors and their
configuration provides 20kg of thrust with maximum power at 655.1 W. This makes them
sufficient for the presented application. The selected propellers are also suitable for working
below temperature 65 °C and can’t be used in an environment containing corrosive gases .
Although the manufacturer specifications 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 fiber).

Battery

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

In our design, the battery consists of two parallel accumulators, each containing six LiPo
cells in series. This configuration provides maximum continuous current 400 A with nominal
voltage 22.2V. The total capacity reaches 16 Ah with a total weight of 2338 g.

Electronic Speed Controller

Electronic speed controllers serve as a translation layer between the autopilot and the
motors. They translate the signal from autopilot to three-phase high-current power input
to the motors. Their key parameters are continuous current, maximum peak current, input
voltage range, and a supported communication protocol. The developed design employs ESCs
with pulse width modulated (PWM) control signal input and characteristics of 35 A contin-
uous current on a battery with a nominal voltage of 22.2V.

3.3 Electronics

The onboard electronics consist of sensory equipment, an autopilot, a processing unit,
and the drive system described in [Section 3.2.1] The previously undiscussed components are
described in detail in this section.

3.3.1 Autopilot

An autopilot provides stabilization and low-level control of the UAV. Its main function
lays in the accurate production of tilt and appropriate thrust with respect to the desired
motion. In principle, the autopilot designates a specific value of thrust to each individual
motor and sends the command to the particular ESC. With inner sensors, the autopilot can
stabilize the dynamical system of mid-flight UAV. The autopilots are equipped at least with
an accelerometer and a gyroscope. Although these sensors suffice for airborne stabilization
of UAV, they are, in modern devices, supplied by barometers and magnetometers. A reliable
autopilot also introduces a sensor redundancy by containing more than one of these sensors
to improve robustness towards a single point of sensor failure.

The presented design includes PixHawk 4 [62] autopilot based on the PX4 stack, as
required by the system for the stabilization of a UAV developed by the Multi-Robot Systems
group. This embedded device is equipped with an Inertial Measurement Unit (IMU), plenty of
peripherals, integrated vibration isolation, and software support. The inner IMU is thermally
stabilized and contains a barometer for global altitude measurements, a magnetometer for
global azimuth, 3 accelerometers to measure linear acceleration, and a gyroscope to measure
the angular rate.
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3.3.2 Additional equipment

Sensors included in the autopilot provide only measurements of acceleration, which can
be integrated into an estimation of velocity and position. Because of the non-zero measurement
error of the sensors, this methodology is prone to error and time-based drift, 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., fire detection and localization).This equipment is
described further in this section.

Thermal camera

A thermal camera provides a stream of images describing the temperature of the seen
object. These images come from non-contact temperature measurements. The theory and
challenges of contactless temperature measurement are described thoroughly in
This section also shows the use of temperature measurement in fire detection tasks, which
proves to be more robust than sole RGB images due to the contrast between fire and ambient
temperatures.

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

Depth camera

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

In the proposed design, a depth camera is used to estimate the 3D position of a detected
fire. Although a point-distance rangefinder could be used for measuring the distance from the
detected fire, there remains a need for an accurate positioning of the optic beam into the
detection. Therefore, a depth camera is a better-suited sensor for the presented application
due to its field of view.

In the proposed design, Intel Realsense D435i [65] depth camera is used due to it being
lightweight, well-tested by the robotic community, and easy to integrate into existing systems.
This camera uses two infra-red cameras to find projected light markers and estimates their
depth.
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Thermometer

A passive thermometer is necessary to warn the operator if the temperature of the
UAV raises to safety limit configured in such a way that all onboard electronics remain fully
functional. For this purpose, the presented design includes an LM35 thermometer with voltage
output linearly corresponding with temperature from range —55°C to 150 °C.

Laser range finder

A point-distance laser rangefinder serves as an altimeter by measuring the distance
from the ground. This measurement is then used for aerial stabilization of the UAV. The
presented design uses Garmin LIDAR-Lite v3 laser rangefinder, which is lightweight and has
specifications of 40 m range, up to 1 cm resolution and + 2.5 cm accuracy.

GPS

GPS receiver is also necessary for absolute position stabilization and control. PixHawk
ublox Neo-M8N GPS/GLONASS receiver with integrated magnetometer IST8310 [66] is used
for this application due to its accuracy of 2.5 m and compatibility with the selected autopilot.

3.3.3 Computation unit

An onboard computational unit is necessary for stabilization and control, mission con-
trol, sensor data processing, trajectory planning, and fire detection and localization. The
presented design employs Intel NUC 8i5BEK with a 4-core processor of 2.3 GHz frequency.
This onboard computer specifications are: compact design, sufficient number of peripherals,
input voltage of 12V to 19V and 220g weight. Based on the experimental testing, all the
aforementioned subsystems of the UAV do not require more than 50 % of the total processing
power of this particular computational unit.

3.3.4 Electronics connection

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

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

Drone Peripheral Hub

The master is the onboard computer that should be able to communicate with all other
components and control them. For this purpose, Drone Peripheral Hub was designed by the
MRS group. Drone Peripheral Hub provides a bridge between universal serial 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 LIDAR-Lite v3
range-finder, 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 all the 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 provides a redundant
power source for autopilot. In case of failure, the UAV can fly only with working autopilot
and one broken motor, propeller, or ESC. Therefore secondary power supply for autopilot is
included.

The designed board layout is shown in The board consists of two parts
connected by wire to save space and material because ESCs are distributed into two groups.
Each part provides power for its ESC group. The bigger part also provides power for the re-
maining components. This part also contains diodes to protect the accumulator from charging
one from the other. There is also 5V voltage regulator 7805cv that can provide 1.5 A for the
autopilot like secondary power source. This part also contains a relay to connect the launcher
input to the battery for triggering the discharge of the fire extinguishing capsule. To avoid
heating or destruction of supply traces that are powering all the electronic components, this

was reinforced by additional copper wire like it is in
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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 discharge the ampoule
weighing 0.557 kg to distance about 10 m. The launcher loaded with the ampoule weights
3.005kg. This launcher is powered by compressed gas coming from single-use 16 g carbon
dioxide cartridge. The gas is closed in the first chamber by a solenoid valve, after activation
of the solenoid valve the gas flows from the first chamber to the launcher muzzle and the
pressure of the gas forces out the ampoule. The solenoid valve is activated by 24V voltage

input. The model of the launcher is shown in

Figure 3.13: 3D render of the launcher capable of discharging a 0.557 kg fire extinguinshing
ampoule as far as 10 m.

3.5 Final multicopter

Final UAV design is shown in and its realized prototype is shown in
The final prototype weights 9934 g and has dimensions of 912mm by 817 mm. The
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designed UAV is capable to fly and horizontally exhaust onboard payload with 557 ¢ weight.

Figure 3.14: Final design of the entire multicopter.

This UAV carries all components needed for fire detection, localization, and automatic
positioning in order to launch the fire extinguishing capsules into a detected fire. It also
supports human-operated flight to manually navigate the UAV towards the fire. For this
purpose FPV system was recommended but it is not mounted to the realized prototype
because clear operator-UAV visibility is ensured while testing, therefore it is not necessary on
the prototype but can be added after.
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(a) Stationary photo with mounted launcher.

L
n

{
4
:

(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 detection and
localization of unknown fire sources, followed by their extinguishment. The location of fires
is assumed to vary from interiors to exteriors — the fire sources may exist on walls, on roofs,
or inside a building behind a broken or an opened window, or behind a cracked wall. The
proposed design focuses on extinguishing fire sources inside a building as the used extinguish-
ing ampoule [4] is in principle more efficient in bounded space rather than in an exterior.
This section discusses a designed strategy and challenges of the detection and localization of
these sources solely from onboard sensors. The discussion is then extended by an autonomous
relative positioning of the UAV concerning the localized object of interest — a fire.

4.1 Fire detection

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

4.1.1 Non-contact temperature measurement

Non-contact temperature measurement [67] is based on measuring the energy 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 temperature is higher than 0 K. The
emitted radiation quantity is described by radiant exitance M, [W m~2], which represents the
EM energy flux emitted by the unit surface of the object. Radiant exitance of the object
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depends on its temperature 7' [K] and emissivity ¢ [-]. The total radiant exitance emitted by
the object is given by Stefan—Boltzmann law

M, = oeT?, (4.1)

where o [Wm~2K~*] is the Stefan-Boltzmann constant. Radiant exitance spectral distribution
called spectral exitance follow the Planck’s law

oM. 2m3 1

2 hv ?
v BT

(4.2)

where v [Hz] is the EM radiation frequency, kp [JK™!] is the Boltzmann constant, h [Js] is
the Planck constant, and ¢ [ms™!] is the speed of light. The frequency of the maximal radiant
exitance Vpeqr, [Hz] can be obtained from the Wien'’s displacement law

cT
Vpeak = ?7 (43)

where b [m K] is the Wien’s displacement constant.

The emissivity describes how well the object surface emits the EM 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 defined as

M.

E =
0’
M

(4.4)

where M, [Wm™?] is radiant exitance of the surface and M? [W m~2] is radiant exitance of
black body at the same temperature as that surface. The black body has emissivity ¢ = 1,
while polished metals can have emissivity lower than 0.1. Differences in surface emissivity
yield significant errors to contactless temperature measurement. Therefore emissivity of the
measured object has to be calibrated and set in the thermal camera. However, this error is
negligible in comparison with the contrast between fire and ambient temperature.

Contactless thermometers measure irradiance E. [Wm™2], which is the received EM
energy flux per unit area. The irradiance is measured indirectly by measuring the tempera-
ture change of a minimalistic thermometer caused by the incoming energy in the EM form
of the irradiance. Between the contactless thermometer and a measured object is an ambient
environment causing a dissipation of the radiation energy emitted by the measured object.
This dissipation is caused by the EM radiation collision with gas molecules and solid ob-
jects. These obstacles absorb and reflect the radiation energy. The amount of absorbed and
reflected radiation in the obstacle depends on the passing radiation frequency and the obsta-
cle material. For example, water vapor absorbs all radiation with wavelength ranging from
5.5nm to 7.5 um [68] and low-emissivity glass absorbs and reflects almost all radiation with a
wavelength higher than 2 pm [69]. This is also illustrated in showing a comparison
between the thermal image of a fire situated behind a glass window and a direct thermal
image of the same fire captured in the 7.5 n1m to 13.5 pm wavelength range.

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

Figure 4.1: Influence of a glass medium on thermal imaging — the IR radiation is completely
absorbed by common glass medium.

with a wavelength range of 7.5um to 13.5um. As stated before, glass absorbs radiation in
this wavelength range and is therefore opaque for the used thermal camera (see .
This limits the usage of the designed fire detection system only to clear UAV-fire visibility
applications.

4.1.2 Fire detection in thermal images

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

Due to the high contrast in temperature of burning objects and the ambient tempera-
ture, the proposed fire detection system follows a threshold-based methodology. The method
follows pseudocode given in The algorithm starts with a pixel wide temper-
ature thresholding, which decides whether the temperature measured by a pixel is larger
than a marginal temperature threshold 7; [°C]. The marginal temperature was calibrated to
T; = 300 °C since this temperature is not common in a general environment and it allows for

the detection of small-scale fires (see [Figure 4.2/ for the thermal image of a small cooker).

Neighbouring pixels with temperature larger than the threshold 7} are joined to a set 7;.
Each set 7; is bordered by its bounding box, which is a minimal rectangle containing the full
set of pixels (see @D Given a thermal image Z, the iteratively initiates a
flood-fill procedure (see ) starting from the pixel with the maximal temperature exceeding
T;. At the end of each iteration ¢, the grouped set of pixels 7; outputted by the flood-filling
is then removed from the image 7 as

T=17\T. (4.5)

The algorithm finishes when there is no pixel with measured temperature above threshold 7.
The pixel with the maximal temperature within the 7; is saved and used afterward for fire
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Figure 4.2: Contrast between a fire and the ambient temperature.

localization in 3D (see [Section 4.2)). As shown in |Figure 4.3a} the flood-fill procedure outputs

many mutually separated objects. To process the output of the flood-filling procedure, the
overlapping bounding boxes of sets 7; are merged together. This makes the detection output
cleaner and more robust (see [Figure 4.3b)). [Algorithm 1| is followed by a simple analysis of
the properties of the detected fire hypotheses. These properties are the area of an object in
the thermal image and the radiant flux produced by the fire in the direction 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 fires in a single thermal image using |Algorithm 1} Detection
artifacts (a) are removed by merging the overlapping bounding boxes (b).

The number of pixels in 7; is used to estimate the dimensions of the fire. To estimate
the dimensions in real-world units, the average distances d; [m] of the projected objects to
each pixel in 7; are assumed to be known — see for the methodology of measuring
the distances d;. The area represented by a single pixel is an approximation determined as
an area of a square with side length a [m]. The square side length can be computed from the
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Algorithm 1 Fire detection

1: Input:

2 T; > temperature threshold T;
3 z > thermal image
4: Output:

5: fires > list of detected fires
6: fires < {} > a new empty list of fires
7: Tinaz < maximum(Z) > find maximal temperature
8: Pmaz < argmax(Z) > find pixel with maximal temperature
9: 1+ 0

10: while T}, > T} do

11: Ti < flood fill(Z, prnas, Tt) > get the pixel set 7; by flood filling
12: Z(Ti) « —o0 > remove 7; from the image
13: Tmaz,i < Tmaz > save maximum measured temperature
14: DPmaz,i < Pmaz > save fire maximum temperature position
15: fz're A {7;7 Tmax,iaﬁmax,i}

16: fires.add(fire) > add new fire to the list of hypotheses
17: Tinaz < maximum(Z) > find maximal temperature
18: Prmaz < argmax(7) > find pixel with maximal temperature

19: 1 1+1
20: end while
21: fires = merge_overlapping_bounding boxes( fires) > connect hot places to one fire

camera resolution and the camera field of view (FoV) as

o
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 area A; [m?] of a fire hypothesis 7; in real-world
units is then approximated as
Ni d? a2

Ai:Nia%: 52 y

(4.7)

where
N; = |Ti| (4.8)
is the total number of pixels of detection hypothesis 7; and d; is average distance of all pixels
in 7;.
The strength of a fire hypothesis 7; can be characterized by the radiant flux ®.; [W]
produced by the fire area A; seen by the camera. The radiant flux can be computed as

By = M.; A; (4.9)

where A; is the estimated seen area of the fire and M,; [W m~2] is the radiant exitance emitted
by the fire 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 assumed to be the black body.
This yields an estimation of maximal possible radiant flux produced by the fire. Due to the
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estimation of the maximal possible power, the maximum measured fire temperature is used
in the Stefan-Boltzmann law. The estimated maximum radiant flux produced by the fire is

Pej = A; Mei = A; U5T:rlmz,z‘ = A ‘TTﬁzam,i’ (4.10)

where T4z, i [°C] is the maximal temperature of the analysed fire.

4.2 Fire localization

The task of a fire localization system is to estimate the relative 3D position of detected
fires in the image taken by the onboard thermal camera. This system fuses data provided
by the fire detection system (see with data provided by other onboard sensors.
These sensors provide information about the distance between the UAV and its environment.
The fusion of fire hypotheses and distance measurements takes also into account the filtering
of false positives and tracking of the hypotheses in time. This improves 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 pixel
encodes the distance to the projected scene. The proposed design uses Intel Realsense D435i
depth camera, mounted onboard the UAV such that the optical axis of the depth 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 detecting features of an
IR pattern projected to the scene. As the used sensor projects pattern in the same spectrum
(IR) heavily polluted by radiation from the desired measured objects (fires), the performance
of the sensor is analyzed in real-world scenarios.

The depth estimation performance of Intel Realsense D435i was tested on data with
clear visibility to an open fire. The data showed no influence on the depth estimation for
small-scale fires (see . For highly bright fires (see , the IR emission
influences the accuracy of the estimation in the emission source and its close neighborhood
by creating artifacts (holes) in the data. However, there remains enough depth data sufficient
for averaging in a local neighborhood.

(a) RGB image (b) Depth data from Intel Realsense D4351

Figure 4.4: Depth estimation in a scene with a burning fire.
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(a) RGB image (b) Depth data from Intel Realsense D4351

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

4.2.2 Projection of fire detections to world

To project fire detections from the 2D image into 3D space, the designed method uses
a 3D depth camera. The final projection depends on parameters of the thermal and the
depth camera, on the models of the cameras, and the transformation between the two camera
coordination frames. To model the cameras, there exist several mathematical concepts [72] —
the most common, and here also employed, concept is the pinhole camera model. The pinhole
camera model projects the 3D point onto the image plane of an ideal pinhole camera with
point aperture. Although real-world cameras incorporate inaccuracies, this model is commonly
used for common cameras with narrow lenses. This elementary mathematical 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 € R3*4 specifies 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 & € R**! [m] of a real 3D point in camera coordination system and the homogeneous
coordinates of its 2D projection

§=C#, yc R¥! (4.11)

in the image plane. With respect to coordination systems defined in the camera
matrix is defined as

fi 0 0 ¢
C=10 fi 0 ¢, (4.12)
00 1 0

where ¢, and ¢, are pixel coordinates of the pinhole in the image coordination frame and f;
is the focal length of the camera in pixels. In real world, the camera matrix is determined by
a geometric camera calibration [73], which can estimate its parameters.




34 Chapter 4. Fire Detection & Localization

_depth camera frame
-

launchewframe
>

\fy
Figure 4.6: Coordination system of a cam- Figure 4.7: UAV coordination frames. X-
era O and its image plane P 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 depth camera. With
known transformation among the coordination frames of the cameras, the pixel coordinates in
the thermal image plane can be projected into the image plane of the depth camera. Let the
coordination frames of both the cameras follow the conception illustrated in and
let the thermal camera be specified by its camera matrix C; € R3** and the depth camera
by its camera matrix Cy € R3*4. Let also 7; € R**! [m] be the homogeneous coordinates
of a 3D point X in the thermal camera frame and Z; € R**! [m] be the homogeneous
coordinates of the same point in the frame of the depth camera. Further, the transformation
matrix Tf € R*4 represents the transformation from the thermal camera frame to the depth
camera frame (see for its placement on the UAV), such as

Ty =Tz (4.13)
The defined camera matrices can be used to project a point Z; to the thermal image plane as
il = Cy @y, 7 € R3*L (4.14)

Similarly, the same holds for a point #; and the depth camera as
il = Cy @y, 7 € R3*L (4.15)

These relations are also visualized in

To project a given & (fire detection in the thermal image plane — see [Section 4.1.2) to
a 3D point X, a set of solutions ) to [Equation 4.14] needs to be found for unknown #; € ).

The set Y consists of all points on line ) intersecting the thermal camera origin and pixel
#!, see for its illustration. In other words, the set ) represents all points that can
be seen by pixel #/ of a pinhole camera. However real cameras see only points in front of it,
which allows the line ) to be reduced to a ray R

R={Z =dr|[0010]& >0, dcR™ recR}, (4.16)
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where @ € R**! is a normalized particular solution to [Equation 4.14]
de{u|Cra=2al, || =1, d € R}, (4.17)

e
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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,
(95 is the depth image coordination system, and Q is the surface seen by cameras.

Let X = RN Q be a set of intersections of ray R and surface Q seen by both the
cameras. The surface Q is defined by the depth camera data in form of function d(?) [m]
returning the Euclidean distance between the depth camera XY-plane and the surface Q seen
by pixel ¥. Hence a point X lays on surface Q if

(001 0] %, = d(Cyqy). (4.18)

quation 4.18[ can be rewritten using [Equation 4.13| and [Equation 4.16|as
0010 T¢dr=d(CqTlar). (4.19)
As visualized in there can be multiple solutions to [Equation 4.19, but the thermal

camera sees in principle only one — the nearest. Therefore the length r of vector Z; is found
using minimization task

r* =minr
subject to reR
[0010]Tdr=d(CyTlar) (4.20)
[0010]@r>0

#=Car.
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Using r= allows to simplify and hence to project the 2D detection into the
world as

_’t =uar* (421)

in the thermal camera frame or
Zg=Tlar* (4.22)

in the depth camera frame.

Implementation of the entire projection pipeline is described in more detail in

ftion 4.2.31

4.2.3 Fire localization algorithm

To find a solution to [Equation 4.20, the designed algorithm (see |Algorithm 2|) finds

an approximation respecting limitations of real world. The algorithm takes advantage of
knowledge about the maximum measurement range of Intel Realsense D435i r,,, = 10m [65]
and about the functionality of the fire extinguishing ampoule. The ampoule is capable to
influence fire sources in a spread area and hence the desired accuracy of fire localization can
be reduced to tens of centimeters.

The designed method follows the algorithm rewritten in pseudocode 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(Cy, 1), which does inverse process to the camera projection. This vec-
tor is then scaled to maximum measurement range of the sensor and is discretized to a
resolution of ry = 5 cm. The discretization yields a set of testing points

Td

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

:th ;=CqZq;=Cy T 7 . (4.24)

The feasibility of the projected points Zg, ; is verified with respect to a distance of seen
surface d(:E'(IL ;) [m] measured by the depth camera on pixel with coordinates :E’fl’ ;- Let zg ; [m]
be the Z-coordinate of vector #y ; such as

Zd,j = [0010] Ty, ;- (4.25)
Then the points set of ray-surface intersections X is given as

Td,j + Td, j+1

vorno-{mt

. . T
zd,5 <= d($é7j) < Z4,j+1, ] € {0, 1,--- ,TZ}} . (4.26)

However the above equation has solution only in ideal case, where all d(a‘c’éy ;) are defined. In
real world, data in certain pixels of the depth image might be unavailable.
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Algorithm 2 Fire localization

1:
2
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:

24:
25:
26:
27:
28:
29:

Input:
z! > fire detection hypothesis pixel coordinates
Tf > transformation matrix between camera frames
Cy > depth camera projection matrix
C; > thermal camera projection matrix
T4 > discretization resolution
: Tm > maximum localization range
: Output:
Zq > 3D hypothesis position in the depth camera frame

@ + CameraModel.getRay(Cy, &) > particular solution @ to [Equation 4.14]

if [0010]@ <0 then

U —U > match orientation of & with the camera optical axis
end if
U ﬁ > normalize the particular solution
bigger_last < false > initialize value for first loop
for j € {0,1,-" 773} do
Ty j—Taju > discretize to max measurement range with 5cm step
Zg i+ Tea > transform to the depth camera frame
3‘:’57 ;< Ca Tq, > project the point to the depth camera image plane
if V&hd(l’é’j) >= 0.6 then > if valid depth data in f{l’j exist
mj measure(mfl’ ;) > measure depth in :E}IL j
bigger < m; > [0 0 1 0] Zq,; > ¥ j is in front of seen surface

if —bigger A bigger_last then > R intersect surface between current and last Zg ;

Tg % > return middle point between current and last 7y ;
return 7y
end if
bigger_last < bigger > store values for next loop
end if

end for
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As the depth data contain holes (non-defined pixels), the distance m; [m] is assumed
to be the average distance in squared local neighborhood of the pixel a_c’é? B such as

mj = measure :cd ;) — Z Z d( xd k1] ) (4.27)
) k=—hi=—h

where h is pixel size of the neighborhood and n; is the number of pixels containing valid data
within the neighborhood. If no more than 60 % of pixels in the local neighborhood contain
valid data
valid(z} ;) = ﬁ < 0.6, (4.28)
the pixel is evaluated as undefined and the set X defined in is given as
X =10. (4.29)

Let M be the set set of all valid valid measurements

M:{m]’

V valid measurements set of all Zy ; with Z-coordinate z; greater than m;

and W be the set set of all ¥y ; with Z-coordinate z; lower than m;

valid(j) >= 0.6, ] € {0,1,--- ””}} (4.30)

Td

zj>mj,mjeM,je{071,--,::;}}, (4.31)

zj<mj,mjeM,je{o,1,-~,””}}. (4.32)

W = {fd’j
Td

Then the [Equation 4.26| can be approximated as

P {fd,a + Ty

a<bacN,beEN,Tyq€W, Zgp €V, vke{a,~--,b} my & M} (4.33)

The final #; which is coordination of point X in depth camera frame is found as

Tg= min_(||Zq.|) (4.34)
ex

Zd, c

To cope with noise and IR reflections from neighboring materials, both producing false
detections, the algorithm tracks the spatial hypotheses in time. If a hypothesis is detected
for t4 [s], it is marked as confirmed and is further published as an available target for fire
extinguishing. Tracking of the hypotheses in time is done by comparing the spatial detections
in two consecutive thermal images 7 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 Z be an observation taken one time step prior observing image
J, then two hypotheses 7; C Z and 7; C J are marked as identical if

T; = argmax (A(Tx, T7)) (4.35)
TeCT
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and

rj{lea%(T) rTnea%((T) <Ty rTnEa%(T), (4.36)
where Ty is maximal temperature difference in percent calibrated to T, = 30%, T € 7,
represents temperature of any pixel in hypothesis 7;, and A(’ﬁ;, ’7}) is common pixel area of
bounding boxes of hypotheses 7, and 7;. The longevity of a hypothesis is prolonged if the
hypothesis is seen in two consequent frames. If a hypothesis was not detected again for ¢,, [s],
the hypothesis is classified as false detection and is discarded.

4.3 Fire locking

Given a confirmed hypothesis (detected and localized fire), 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 with non-zero horizon-
tal velocity (see . In this section, the ballistic curve is described in detail. In
the parameters of the launcher mechanism used in our design are 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 differential equation for
motion of a mass point p(t) [m] with a non-zero initial velocity within a gravitational field.
Shape of the ballistic curve depends on the mass of the falling object m [kg], the initial velocity
T [ms™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 point, the dissipation is
assumed to be proportional to the actual velocity of the mass point d’zlgt) [ms~!]. For higher
velocities, the dissipation force is described by more complex formula also lift force become
indispensable (see [75] for details). The model for higher velocities is highly complex [76] and
can not provide elementary relation between coordinations of the mass point. Our design
assumes low velocity of the launched projectile and hence the dissipation force is assumed to
be proportional to the projectile velocity. In such case, the dissipation force is given as

[N], (4.37)

where h [kgs™!] is a coefficient 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 the Z-axis and the mass point
is located in the origin of the projectile, is described by the differential equation of motion

d*p(t) hdp(t)

— T

where g [ms~2] is the gravitational acceleration of Earth and t [s] is time. Given at time

t = 0 s an initial velocity 9y and an initial position py, the solution to [Equation 4.38|is given

as
pe) =" (ﬁo +[o0 ”Zg]T> (1-e%)=Joo %tr + . (4.39)
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can be expressed with respect to the launcher coordination frame of the de-
signed system in [Figure 4.7} Given a desired horizontal distance Ij, [m] from the launcher, the
solution can be expressed as

In
pn) = 0 : (4.40)
i+ Tt (1 - )

where vg 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), can be used
for estimation of the optimal position for launching the fire extuinguisingh ampoule into the
detected fire.

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

¢ =atan2([0 1 0 0] &, [1 0 0 0] &) (4.41)

where Z; is is the 3D position of the fire hypothesis in the launcher coordination frame. The
position is given as

T = T 2, (4.42)
where T, is a static transform matrix between the depth camera and the launcher coordination
frames, and Zy is the position of a fire hypothesis (localized by in the depth
camera frame. The desired change in altitude is deduced from the ballistic curve after the
change in heading is applied to the UAV as

2
L gm m<g hlp
lL(lp)=10010]7; ——Ilp——"In|[1—— ], 4.43
(n) = | 1% vohh h? n( 'mvo) (4.43)

where [;, is the horizontal distance to the fire:

|t 000
=1 1 0 0

&

s

O

Figure 4.9: Ballistic curve given by [Equation 4.40L O; is the launcher frame, p(t) is the ballistic

curve given by [Equation 4.39] 7 is the target hypothesis (the fire), and I, and l,, are horizontal
and vertical coordinates of T in O;.
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The designed system for fire detection and localization is tested in simulation as well
as in real-world conditions. In simulation conditions, the system is used for fire 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 fire on-board the application-tailored UAV
platform (see . The methodology used for evaluation of the system performance is
further described. The quantitative and qualitative performance of the system (see
is then analyzed and discussed.

5.1 Evaluation metrics

5.1.1 Image classification

The quality of the fire detection system is described by characteristics commonly used
for binary classifiers closely described in [77]. The binary classifier labels incoming data as
positive or negative. The basic characteristic of binary classifiers is the confusion matrix,
which can be used to clearly represent other metrics, namely the prediction error, accuracy,
false and true positive rates, precision, recall, sensitivity, and specificity. The confusion matrix
contains four numbers — true positives, false positives, true negatives, and false negatives.
These numbers are described in the following list.

e 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 fire hypotheses containing
pixels correctly classified as a fire.

e The false positives F'P is the number of data labeled as positive when the monitored
attribute was not actually present. In this case, it is the number of fire hypotheses
incorrectly classified as a fire in an object-less image.

e 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 fire object, where the fire detection algorithm correctly lacks any hypothe-
ses.
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e The false negatives F'IN is the number of data labeled as negatives when the monitored
attribute was actually present. In this case, it is the number of fire objects not covered
by any fire hypotheses.

5.1.2 Localization accuracy

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

) (5.1)

where Z;; is the position of fire hypothesis 7; predicted by the localization system (see
, fw [m] is the position of the center of the fire in world coordination frame,
and T} is the transformation matrix between the depth camera frame and the world frame.
The transformation matrix hence represents the depth camera pose (position and orientation)
within the world. The error is counted for each localized hypothesis and used to estimate the
root mean square error (RMSE) used for quantitative evaluation. The RMSE [m] is given as

1 1 ,
RMSE = 2= <=3 wa ez, (5.2)

N

i=1 =1

where NV is the total number of localized hypotheses. Smaller RMSFE yields more accurate
localization.

5.2 Simulation analysis

The entire system was firstly tested during simulated flights in the Gazebo simulator
around a simulated fire with a known position. This simulated scenario is shown in
visualizing the Gazebo scenario with airborne UAV and a static ground fire. Within the
presented simulated experiment (see the trajectory followed by a UAV in , the
UAV circulated a static fire. During this airborne movement, the static fire was continuously
localized onboard the UAV and predicted the optimal position for the launch positioning using
a ballistic curve estimated in In the next three sections, the performance of the
three systems — image classification, fire 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 fire.
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Figure 5.2: Trajectory of the UAV during a simulated scenario — circulation of a UAV around
a static fire.

5.2.1 Fire classification

The quantitative evaluation of the simulated experiment is summarized in the confusion
matrix shown in The table was obtained with respect to ground truth data —
manually labeled images. The same results are also shown in as other binary classifier
characteristics. The results show high detection accuracy in a simulated environment. As the
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simulation does not integrate all the real-world constraints, the resulting accuracy points on
a high and robust performance of the image classification 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 of true classifications is high.

Characteristic Description Value
prediction accuracy ACC = 75 +; ﬁfg% Fy 0996
prediction error ERR = 7 H;ﬁﬂfg —~ 0.004
false positive rate FPR = FI%L% 0.0
true positive rate = recall TPR = FNTfTP 0.994
true negative rate TNR = FPTJ%N 1.0
precision PRE = 7755 1.0

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

The fire localization accuracy is described by RMSE error and the absolute error his-
togram for position error of localized hypotheses. The histogram of absolute localization errors
is given in The RMSE in the experiment (see is 1.011 m. Even though
the scenario is simulated, it includes simulation of multiple real-world effects such as the
addition of Gaussian and Perlin noise to the depth data, GPS noise, or onboard vibrations.
These errors add to the decrease in the localization accuracy.
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Figure 5.3: Histogram of the absolute error of the fire localization system. During a simulated
scenario, the system shows the ability to localize a fire in the world with RMSE 1.011 m.

5.2.3 Fire locking

The fire locking system estimates the optimal position with respect to a detected fire
and the ballistic curve of the launched fire extinguishing charge. The proposed strategy (see
for UAV positioning uses the current lateral position and estimates only the
heading and altitude of the UAV (and hence the launcher). Using a ballistic curve with
parameters estimated later in the performance of the system to estimate the
optimal position is evaluated in this section. shows the desired (with respect to the
current lateral position of the UAV) and the estimated altitude and heading. Even though
the estimated optional position depends on fire and UAV localization, bringing inaccuracy to
the estimation process, the data shows satisfactory accuracy.
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(b) Heading estimation.

Figure 5.4: Position estimation in the simulated experiment (see [Figure 5.2|). The UAV posi-
tioning system estimates the desired altitude and heading, while keeping the lateral position

static.

5.3 Real-world experiments

In various real-world experiments, all the designed hardware and software systems were
tested. The application-tailored UAV platform (see was verified to fly in manual
mode as well as in autonomous mode using GPS and the MRS system (see . Using
the UAV platform, the software systems (image classification, fire localization) were tested
onboard the UAV during the further presented real-world experiment. The UAV positioning
system was evaluated offline on data recorded during the same experiment. During the ex-
periment, a UAV circulated a static fire (see photo of the experiment in and the
followed trajectory in . This experiment is on purpose similar to the simulated sce-
nario. In the next three sections, the performance of the three systems during the real-world
experiment is discussed. The experiment can be found within multimedia 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 fire.
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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 fire.

5.3.1 Fire classification

The quantitative evaluation of this experiment is summarized in the confusion matrix
shown in The results are compared to the ground truth data — manually labeled
images. The data show the capabilities of the system to detect unknown fires from onboard
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sensors with the detection accuracy of 0.939. Given the classification characteristics in
the performance of the system is robust to real-world inference and yields sufficient
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 fire detector.

Characteristic Description Value
prediction accuracy ACC = 7p +$ JﬁiITTJI\J[ —+~ 0.939
prediction error ERR = TPﬁkilfﬁill::g—&-FN 0.061
false positive rate FPR = FPJ:}N 0.122
true positive rate = recall TPR = #f’n’ 0.949
true negative rate TNR= F;ﬂ% 0.878
precision PRE = TPZ% 0.980

Table 5.4: Qualitative characteristics of the detector measured during the real world experi-

ment.
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5.3.2 Fire localization

The fire localization accuracy is described by RMSE error and the absolute error his-
togram for position error of localized hypotheses. The histogram of absolute localization errors
is given in The RMSE in the experiment (see is 2.39m. In contrast to
simulation experiments (see , the RMS error is significantly higher. There are sev-
eral technical issues influencing this performance. These issues are a high time delay between
the thermal and depth camera image streams. The thermal camera is asynchronously delayed
by delay ranging from 1s to 2s. The time desynchronization with unknown image stream de-
lay, together with the accuracy of the UAV pose estimation module, increase 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 fire localization system. During a real-world
flight, the system shows the ability to localize a fire in the world with RMSE 2.39 m.

5.3.3 Fire locking

The fire locking system estimates the optimal position with respect to a detected fire
and the ballistic curve of the launched fire extinguishing charge. The proposed strategy (see
for UAV positioning uses the current lateral position and estimates only the
heading and altitude of the UAV (and hence the launcher). Using a ballistic curve with
parameters estimated later in the performance of the system to estimate the
optimal position is evaluated in this section. shows the desired (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 reducing the influence of thermal
camera delay on the estimation. On the other hand, the estimation of altitude is influenced
by the projection of the image detections to 3D using depth camera data. The extremely
noisy real-world depth data, together with thermal camera delay decrease the accuracy of the
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localization and hence negatively influences the estimation of the optimal UAV position for
launching. The data also show potential for filtration (such as average window, median filter,
or Kalman filtering), which might increase the accuracy of the fire localization. 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 keeping the 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 0.5 kg charges to a distance
of about 10m. The launcher was also tested onboard a flying UAV (see . 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 the negative x-axis
of the launcher is fastly suppressed by the motors capable of high-thrust production — the
maximum position error reached 0.76 m. During the experiment, the fire extinguishing am-
poule was not available and hence was replaced by a 0.51 water bottle (see .
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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 materials 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 the model of the ballistic curve requires two parameters
to be estimated, namely vy (muzzle velocity) and h (coefficient of friction). This estimation
is done from a sequence of photos of the discharge taken from a fixed point. The launcher
coordination frame is projected to the fixed-camera frame and the coordinations (I, ;; {5, ;) of
the ampoule are estimated in different timestamps (see . To estimate the ballistic
curve parameters, the system of non-linear equations

qgm m?

_gm,  myg _hna
lv,l—vohlh’l—i— ln<1 va),vZe{L N1, (5.3)

h2

is solved, where N is the number of measured points. To find the solution of the above
system of non-linear equations, the trust-region algorithm for solving nonlinear least-squares
method was used. Given the testing ampoule (a water bottle) with mass m = 0.557 kg,
the ballistic curve parameters vg = 22.978 ms~! and h = 0.129kgs~! were estimated.
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Figure 5.10: Estimated trajectory of the discharged ampoule from a set of measured am-
poule positions using a static camera. O; is the launcher coordination frame and p(t) are the
measured positions of the ampoule in time ¢.




Chapter 6: Conclusion

Contents

In this thesis, the design and construction of a specialized UAV adapted for aerial
discharge of fire extinguishing ampoule is discussed. This thesis also designs, implements, and
discusses the methods and algorithms for fire detection and localization. This was designed
to help the human operator with finding fire sources as well as with the positioning of the
UAV in order to launch the ampoule into a fire detected from onboard sensors and localized
with respect to the UAV position.

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

. describes the design and construction of the UAV platform that respects
the requirements of the dynamic influence originating from horizontal discharging of an
onboard payload.

e A launcher for discharging fire extinguishing capsules was integrated onto the designed
aerial platform. The launcher was experimentally tested on-board the UAV.

e An algorithm detecting fires from an onboard thermal camera was designed in
and successfully tested in simulated and real-world conditions in

e An algorithm autonomously positioning the UAV in order to launch the fire extin-
guishing capsules into a detected fire was designed in The detected fire is
localized using the algorithm developed in The quality of these methods
was tested in simulation and real-world conditions. The performance of the system is

likewise discussed in

e Both algorithms were implemented as ROS node interfacing with the system of Multi-
Robot Systems group for stabilization and control of UAVs closely described in
ftion 2.41

The fire localization subsystem has been tested in the Gazebo simulator where it demon-
strated satisfactory results. However, these results were not repeated during the real-world
experiment since the thermal camera used in this design produces thermal images with indis-
pensable latency, causing desynchronization between thermal and depth 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 methodology were
presented. Foremost, the time latency and time desynchronization of thermal and depth data
reduced the accuracy of the fire localization system. This can be solved by employing a low-
latency thermal camera.

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

Last but not least, the UAV positioning system should take into account the obstacles
between the desired launching position and the heat source. A procedure detecting obstacles
mid-way on the ballistic curve (such as window frames) should use this information to alter
the 3D position of the UAV such that the fire extinguishant can be safely launched to the
fire.
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Appendices







CD Content

Table [1] lists arrangement of directories on the attached CD.

Directory name

Description

thesis.pdf
sources/thesis
sources/fire_localization
CAD_model.zip

media

the thesis in pdf format
latex source codes

software source codes
model of the designed UAV
multimedia materials

Table 1: CD Content.
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List of abbreviations

[Table 2] lists abbreviations used in this thesis.

Abbreviation Meaning

UAV
FEE CTU
MRS
FPV
ROS
TCP
MBZIRC
GPS
GNSS
ESC
LiPo
PCB
LiDAR
PWM
IMU
USB

EM

IR

FoV
RMSE

Unmanned Aerial Vehicle

Faculty of Electrical Engineering, Czech Technical University in Prague

Multi-Robot Systems group at FEE CTU
First Person View

Robot Operating System

Transmission Control Protocol

Mohamed Bin Zayed International Robotics Challenge

Global Positioning System
Global Navigation Satellite System
Electronic Speed Controller
Lithium-Polymer accumulator
Printed Circuit Board

Light Detection and Ranging
Pulse Width Modulation
Inertial Measurement Unit
Universal Serial Bus
Electromagnetic

Infra-red

Field of View

Root Mean Squared Error

Table 2: Lists of abbreviations.
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