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Abstract: Forests play a vital role in nature, purifying water, sustaining the land, cycling nutrients, regulating climate,
and storing carbon. They also provide habitat for many species and contribute to economic wealth. This study involves
an extensive survey of firefighters regarding the current issues facing their field of work and potential technology
solutions. It also assesses the efforts made by the academy and businesses to use a variety of robot types for firefighting
operations. The recommended technique consists of a few octa-copters that can not only visit waypoints and transport
shipments on their own but can also carry out duties like monitoring, mapping, and observation. The three established
operator positions task commanding officer, team leaders, and team members each have a unique information access role
and mission-related duties. These operators make use of interfaces for virtual and augmented reality to easily gather
scenario data and, in the instance of the mission chief, direct the drone swarm.
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1. INTRODUCTION

One of the most frequent events is forest fires, which pose
severe dangers to humanity. They cause significant
biodiversity losses in both plants and animals, as well as
catastrophic losses of life and property. They also emit
greenhouse gases, contributing to global warming. States
create regulations for fire mitigation, early detection, and
quick response. It is challenging to quantify the fires and their
global effects. According to [1], published papers by the
International Association of Fire and Rescue Services There
were 4.5 million fires and 30,800 deaths in countries with
2700 million inhabitants in 2018, representing 1.7 fires per
1000 residents and 1.1 deaths per 100,000 residents. Even if
these numbers do not account for the entire planet, ESA
released the World Fire Atlas using ATSR-2 data to measure
the magnitude of the problem. [2] and Sentinel-3 [3]; the
National Aeronautics and Space Administration publishes the
Global Fire Atlas [4]. Missions for fighting forest fires
include prevention, observation, and  suppression.
Firefighters often use multiple vehicles and equipment to

enhance efficiency and safety, but the use of robots and
drones is uncommon. These self-governing systems could
address some of the existing problems.[4]. This paper
analyses the current issues in forest firefighting missions and
the potential of robotic technologies to solve them. It poses
two research issues: What are the primary challenges facing
forest firefighting missions today, and how can robotic
technologies aid their resolution? This study provides an
operational approach for the use of drone swarms in fire
prevention, observation, and suppression missions.

2Fire-Fighting State:

This section examines the current firefighting landscape. It
describes operations and holds essential data. Statistics are
used to identify major problems, and two surveys of
professionals' opinions are presented. Fires burned 83,963 ha
in Spain in 2019, with 7,290 affected by less than 1 ha and
3,593 by more than 1 ha. [5]. Spain experienced an annual
average of 12,182 fires and 99,082 ha of forest area between
2009 and 2018, with the worst consequences occurring in
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July and August when more surface area burned than any
other time of year [6]. Firefighting is carried out everywhere
throughout the year to both put-out and prevent fires. Fire
reduction is an established set of operations aimed at
reducing the likelihood of fires occurring and mitigating their
effects if they do. In March, most fires were caused by
incidental, negligent, or intentional use of fire in the
northwest of the country. [7]. Between 2006 and 2015, more
than half of the forest fires in Spain were started intentionally,
while 28% of Fire prevention activities are divided into two
categories: incidents and negligent behavior, 7% natural
causes, and 12% unknown: prevention of causes and
prevention of combustibles. Activities that aim to reduce
hazards and have a social character, such as campaigns to
discourage fire use and careless behavior and actions
regarding land wuses and plant distribution, create
discontinuities that prevent the spread of potential flames.
Fire observation is the action taken to detect fires quickly.
Forest fire damages are highly dependent on detection and
response periods, with an average incinerated surface of 7.10
ha and 30.66 ha when response time was greater than one
hour. Reduced detection and response times are crucial for
fire suppression. [5]

3Firefighting Robots:

Focusing on multi-robot systems and aerial robots for forest
fire prevention, observation, and suppression, as well as other
types of robots and urban but rather indoor scenarios, robotic
and automation technologies are being applied to firefighting
activities. Already, robots are indeed being designed to
intervene in dangerous situations and combat fires.
Firefighters are attuned when these technologies support their
work and do not alter their conditions. According to prior
research, New Jersey fire chiefs support these findings;
however, budget, manpower, and regulatory concerns must
be addressed. [8]. [9] This study examines public opinion on
the use of drones for cargo, passenger, and commercial
conveyance, including firefighting. Participants support the
use of drones for cargo and commercial applications but
prefer piloted aircraft for passenger transportation. [10]
Public sentiment on drones is mixed, with most articles
concentrating on a few specific tasks, which are classified as
prevention, observation, and extinguishing. Ref. [11]
distinguishes between activities preceding, during, and after
the fire, such as vegetation mapping, observation, danger
estimation, detection, extinguishment, browsing for flames,
and hazard assessment.

3.1Protection:
Preventing the occurrence is the first stage of firefighting and
includes two categories of actions: social activities to prevent

fires and multiple operations on trees and shrubs to reduce
fire risk, which also create discontinuities. Robots have the
potential to enhance current outcomes in the latter operations,
as prepping vegetation is a labor-intensive endeavor with
insufficient management of human resources. Robotics can
make this task more convenient in two ways. Drones can be
used to capture aerial images to plan tasks such as identifying
troubling areas, deciding on trees and shrubs, and planning
extraction paths. Precision agriculture techniques can also be
applied. [12], Detecting and identifying seeds and trees in
greater images [13] LIDAR surveys are used to measure
terrain accurately. Drones can capture multispectral images
of the environment. Drones are a great alternative to satellites
for many tasks, as they offer greater availability and cost
savings and are less dependent on weather conditions. [16].
Ground robotics can help remove forest vegetation by
bridging the gap between manual labor and heavy equipment,
achieving a balance between firefighters' agility and accuracy
and machinery's speed and efficiency. [17] Locomotion,
localization, and planning are essential for navigating
difficult terrain. [18]. In the SEMFIRE Experiment [19], A
multi-robot mechanism is being developed to decrease forest
fuel concentration and aid in landscape maintenance. It
includes small hovering automatons for mapping trees and
shrubs and large, measured mobile automatons for forest
intercropping.

3.20bservation

Fire monitoring is the topic that receives the most attention
in the literature on industrial robots for fire suppression. It
involves Aerial robots are used to monitor forests from
above, with up to four objectives associated with fire
observation tasks. [20]. The complete analysis of a fire is
essential for firefighting teams to organize their operations,
such as the combustion source and crisis opportunities. [21].
Due to their strong range of movement, adaptability, and low
risk, quadcopters with onboard vision systems can recognize
and oversee wildfires. [22]. Observation systems should
include a fleet of UAVs, sensor technology and image
processing methods, algorithms, coordination and
cooperation strategies, path planning algorithms, and ground
control stations. [23]. UAVs must have a long flight time and
accurate localization using Inertial Measurement Unit data,
and the Global Navigation Satellite System provides stable,
large, and powerful aircraft with high photo quality. [24].
Vision systems can be used to detect fires quickly and
accurately. [25] Fire detection systems use visible hardware
and sensors to detect fires on land, in the air, and via satellite.
[26, 27], thermal [28, 29], multispectral [30, 31], and infrared
[20, 32] Cameras and environmental sensors are used in
interior scenarios. [33], but also proposed for forests [21].
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Traditional algorithms [22, 34] compete with recent
intelligence solutions. [35,36] Color, geometry, and motion
are the most common features used to identify fires in aerial
photographs. In isolated frames, color and geometry enable
the detection of potential fires, whereas motion is required to
validate these detection methods across an opening set. [22].
Algorithms must be able to adapt to different types of fires
and scenarios, such as subterranean fires and interfacial
bushfires. [37]. Consideration is also given to diverse and
complex robot systems for fire observation. The work
presented in [38] This paper proposes an air-ground robotic
team in which unmanned ground vehicles compensate for the
limitations of unmanned aerial vehicles in autonomy and
payload. Unmanned Ground Vehicles serve as base stations
for UAVSs, centralizing their communications, processing
data, and coordinating their tasks in the scenario.
Additionally, unmanned ground vehicles serve as base
stations for UAVSs, integrating their communications,
converting data, and organizing their actions in the scenario.
[35] Fixed-wing UAVs are proposed as standard sizes to scan
for fires, and rotary-wing UAVs are proposed for flight at
different altitudes to check for detections. Verification is
needed to avoid false alarms. [39], The use of multiple drones
and features such as color and movement to detect fires in
images is proposed to capture simultaneous information
about every area.

3.3Extinguishing

Fire suppression is the final step of firefighting, occurring
after fire detection and inspection. This task is executed with
human-operated surface and airborne vehicles. However, due
to the virulence of fires, the presence of humans can
sometimes place them in perilous situations. To address this,
two primary approaches are being explored: one for aerial
extinguishing and the other for enabling ground activities.
The purpose of starting fires with drones is to attack the fire
in phases to prevent its spread. [40] The quadcopter is
comparable to current firefighting helicopters, but its limited
payload capacity hinders its performance. [41] The most
important details are that an airborne hose-type robot can
make direct contact with a fire source using a water jet and
receive a constant supply of water to combat the fire. This
eliminates the payload restrictions of traditional unmanned
aerial vehicles but necessitates the proximity of a water
source to the fire. The proposed vehicle is a quadcopter
carrying a helium-filled balloon. [42]. Absorbent gas is used
to decrease the oxygen content. The fire is sufficiently light
to be transported by a quadcopter. Validate the scalability of
this system concerning forest fires, such as the method for the
exact balloon release. Additionally, fire suppression pellets
are used to put out fires. [43]. These elements explode when

exposed to elevated temperatures, emitting substances.
Modules that put out a fire [44] highlight a quadcopter's
ability to initiate a fire-extinguishing projectile at urban and
wildfires. [45,46] The release mechanism should allow the
drone to hurl multiple balls while maintaining its stability.
[47] poses a fleet of UAVs capable of tracking and
extinguishing fires demonstrates the scalable nature of fire
extinguishing systems based on drones that launch balloons.
Several co-systems are being intended for firefighting tasks;
instead of constructing drones equipped with the capabilities
of aircraft, instead of using multiple light robotics, [48]
proposes a drone fleet and [49] A drone swarm necessitates
fleet coordination and algorithmic proposals to allocate
targets among drones to reduce the path length of each drone.
[11] The team should share mission information and use an
exchange system for allocating tasks. [50] Using deep
learning, a newer algorithm for secure human-robot
collaboration in  wildfires overcomes the sensing,
connectivity, and motion restrictions of drones. It can also
monitor fires and provide firefighters with data. [ 51]. Drones
monitor the evolution of flames, and a human safety module
detects people near fires. [52] There are three types of drones
for patrolling, confirming, and monitoring, together with a
retardant model to predict the conduct of fires based on the
data collected by these drones.

4 System Overview:

Drones in firefighting applications enhance efficiency and
safety by providing high-resolution cameras and sensors for
vegetation mapping, fire investigation, and observation tasks.
They provide a bird's-eye view, detecting fires, assessing
behavior, and monitoring flame spread, aiding situational
awareness for firefighting personnel.

In extinguishing tasks, drones play a crucial role by providing
critical information to firefighting teams Drones use
specialized sensors to monitor fire progression, and
temperature variations, and detect heat, aiding firefighters in
resource allocation and deployment strategies. They also
deliver lightweight resources, reducing risks to human
firefighters.

The exceptional tasks carried out by drones involve risk
mapping, fire investigation, and tracking. analyze
topographical data to create risk maps, aid in preparedness,
and monitor fire behavior for analysis. They also enable
dynamic fire tracking and strategy adaptation.

Incorporating drones into outdoor firefighting applications
streamlines operations, enhances situational awareness, and
mitigates risks associated with traditional firefighting
methods. Their ability to access hard-to-reach areas, provide
real-time data, and assist in fire suppression makes drones an
invaluable tool for firefighting professionals, ultimately
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contributing to more effective firefighting strategies and
better outcomes in challenging outdoor environments.

§ Y Legend

Fixed Wing Rotary Wing
[ [
Lir
Lift s generated utilizing wings along Lift s generated utilizing blades that
with forward airspeed revolves around the shaft
I 1
1. It can remain in one place in the air
2' }::ghm 2. Ttcan move in any direction
R e 3. Their cﬂpa::‘l‘;lly‘:‘o:‘:,e'nwil landing
| 1
1. Requires runway for landing and take-off L} mieed reage

2. Essential to keep the forward motion S, Goiny Jada paylond

Fig 1:Classification of general-purpose UAVsS

(E)

(A)

Ve

(€) D)

(B)
>y
<

(
7 e - '
——/ '
74 §
1) }
e

Fig 2:Different types of UAVs used in the last
decades for various applications.

Elena Ausonio introduces a method using a swarm of
collaborative UAVs to transport fractionated extinguishing
liquid on fire fronts, simulating the rain effect. The system
aims to detect and suppress fires, reducing human life risks.
The study aims to estimate the impact of drones on forest
fires, a complex phenomenon influenced by various factors.
The drone system manages a swarm of UAVs and satisfies
requirements, demonstrating its effectiveness in suppressing
or containing low-intensity fires.
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Wildland fire is studied. For this purpose, the critical water
flow rate, i.e., the rate of water application required to arrest
a certain number of linear meters of active fire front, is
estimated. Based on fire parameters such as flame length,
wind speed, moisture content, active flame depth, Fireline
intensity, etc. Plant species are typically present in the
Mediterranean.

A scrubland fire is chosen for low-height flames, minimizing
tree foliage. A drone system is positioned at a distance, and a
fire cellular automata propagation model predicts fire front
modifications over time. [54]
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Fig3:(a,b) Representations of the proposed firefighting system
based on the use of a swarm of collaborative UAVSs.

We present an efficient operational principle for the
application referring to drone crowds in firefighting missions,
which is depicted in Figure 1 and explained in subsections
such as mission, drone swarm, team, and infrastructure
requirements. This concept is illustrated in Figure 3.

*  Flies to waypoints
*  Uses its payload
*  Acquires local data

Team leader

®  Works in the field

*  Coordinates field operations.

* Receives extended local
information

Team member

= Works In the field

= Performs field operations

*  Receives limited local
information

Fig 4:System overview
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4.1 Mission:

The purpose has been developed with current fire suppression
processes and data and to analyze in mind, but aerial
extinguishment has been excluded due to the development of
other types of drones. It evaluates tasks that might necessitate
a drone swarm.

» Prevention: Drone technology aims to prevent fires and
limit their spread by performing vegetation mapping and fire
investigation after a fire has been detected. Only a small
number of drones can do this.

* Observation: Drones are used to detect fires and alert fire-
fighting crews promptly, using cameras, sensors, and drones.
» Extinguishing: Fire monitoring and fire assistance are
provided by drones to capture data about firefighting teams
and provide lightweight resources to firefighters.

4.2Drone Swarm:

A variety of aerial robot systems can be used to accomplish
the mission. Heterogeneous fleets can optimize missions by
allocating resources to distinct duties, while drone swarms
are more scalable and have greater adaptability to changes in
the scenario. They also have greater defect tolerance. [53] A
"robot crowd" is a selection of simple automatons capable of
performing complex tasks as a single expert system. A group
of quadcopters is considered a "robot swarm" when the fleet
consists of twelve robots, as individual robots are unable to
cover the target scenarios and perform the tasks at hand.
Quadcopters must have a minimum flight autonomy of 30
minutes, navigation using IMU measurements, visual
odometry, GPS/GLONASS/GALILEO signals, control, a 5
km range for telemetry and video connections, and a payload
of cameras, temperature, humidity, and hydrocarbon sensors.
Similarly, the dimensions and strength of the drones were
determined to strike a balance between versatility and load
capacity. They must be lightweight enough to be transported
by vehicle and deployed by a person in the field carrying as
many as three cameras, environmental sensors, and
communication devices. Moreover, autonomy is a crucial
component of the system, as the longer the flight duration,
the greater the system's viability in actual missions. Current
high-quality commercial drones have a flight time of
approximately 30 minutes. However, this may change in the
coming years. The drones' route-planning capabilities are
important to the system's operation. To achieve high
precision and defect tolerance, multiple sources are used,
including a high-performance IMU and GNSS receiver.
Onboard cameras can acquire terrain features, which can be
used to estimate drone motion. Multiple models, such as
Kalman, are also used. [54] and particle filters [55], The most

important details are that drones can integrate data from
sources such as GNSS to determine the precise location of
the drone and that connectivity is often a challenge when
deploying drones in expansive and remote environments. To
maintain this connectivity, it is recommended that vehicles
maintain a constant data flow between agents, with robots
serving as relays. Each quadcopter can fly to waypoints and
use its payload, while the fleet can disperse across the
scenario and carry out missions. Individual decisions are
made using control and collaboration algorithms based on
local data. Validation has been conducted on behavior-based
algorithms for analysis, search, and monitoring. [53,56,57].
Behavior-based algorithms are comprised of multiple
behavioral patterns that process input and generate potential
actions, as well as a choice module that combines their
outputs and computes the final action. Based on these
behaviors, the drone swarm will execute generic tasks. [58].
Observation, intelligence gathering, location, monitoring,
support, tracking, and transport all involve flying over an area
of interest to locate targets. The search involves trying to fly
above a location of interest to find targets; observation
involves flying over an area of interest to acquire updated
data; reconnaissance involves flying to a list of points of
interest to acquire data; mapping involves To create a map of
an area of interest by flying over it; monitoring involves
flying over an event of interest to acquire data; support
involves flying over teams to provide information; whereas
tracking involves pursuing a mobile target to collect data.
These generic responsibilities may be used uniquely or in
combination to represent the duties associated with
firefighting operations. For instance, fire observation is a
combination of observation and reconnaissance, in which the
targets are fires. The specific provisions and their respective
generic duties are listed in Table 1.

Table 1. An array of responsibilities for firefighting
missions.

c Exceptional Tasks Repetitive Tasks

Prevention |Vegetation mapping Mapping

Fire investigation | Search, Monitoring, Tracking

Observation |  Risk mapping Mapping

Fire observation | Observation, Reconnaissance

Extinguishing| Fire monitoring Monitoring, Search

Firefighter support Support, Transport
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The task commanding officer, leaders, and crew mates are
crucial to the success of missions and scenarios, each with
their duties, connections, employer, and activities.

4.3Team

* The task commanding officer is responsible for overseeing
and directing the mission from a base station. They have
access to mission information, including drone telemetry and
fire measurements, and control the drone swarm via high-
level commands. They communicate with team leaders to
establish work areas, duties, and resources.

» Team leader: A leader is responsible for coordinating the
firefighting squad's field operations, receiving instructions
from the task officer in charge, and managing local
information. In the event of a fire, they also ensure
interactions with the access point.

* Team members: Firefighters execute prevention,
observation, and extinguishing tasks in a fire scenario. They
own restricted access to regional data, which is relevant to
routes and actions. To avoid distractions, the amount of
information should be limited but sufficient to ensure safety.

4 41Infrastructure:

Components that support the autonomy of the swarm,
facilitate communication between agents, and permit human-
swarm interaction are the most crucial details. Autonomy is
a significant impediment to firefighting missions, and
charging stations can be dispersed. interactive and flexible
user interfaces can improve situational awareness and
decrease operator workload [59]. Interfaces adapt to mission
state and operator preferences, using immersive technologies
to enhance the perception of robots' working environment.
Interfaces adapt to mission state and operator preferences,
using immersive technologies to enhance the perception of
robots' working environment. These interfaces have validated
these results, thereby decreasing the amount of data and the
operator's workload. [60].

This research examines the current state of firefighting
missions and potential future technological applications. Two
firefighters revealed a lack of human and material resources
and the need for real-time intelligence about fire evolution.
Firefighters support the use of drones to acquire pertinent
data for fire prevention, observation, and extinguishing. They
authorize the generation of maps that aid in the organization
of vegetation preparation tasks and the identification of areas
with the highest risk of fire. In the case of extinguishing, they
believe drones can provide them with real-time data about
flames to make their actions safer and more efficient.

A literature review has identified proposals for autonomous
systems applied to firefighting responsibilities, but no
suggestions for trees and shrubs preparation duties. There are

multiple methods for extinguishing fires using autonomous
drones, but fewer for helping firefighters stationed on the
surface.

5 Conclusions:

This work provides a concept for the operational use of drone
strikes. clusters to encourage prevention efforts, observation,
and extinguishment efforts. It envisions a fleet of
homogeneous quadcopters capable of searching, observation,
special operations, charting, support, tracking, and transport.
There are three distinct roles for operators: task commanding
officer, team leader, and staff member. The system addresses
many such issues with current firefighting operations and
provides enhanced scenario information to professionals.
Nevertheless, there are obstacles to overcome, such as
scalability, operator training, and the present constraints of
drone autonomy and correspondence. To configure,
establish, and verify algorithms, we will create a simulation
prototype and a minimum acceptable product using actual
drones.
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