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Resumo

Veiculos aéreos ndo tripulados, também chamados de drones, podem ser utilizados em
aplicacdes criticas, como suporte a recuperacio de desastres ou na agricultura de precisdo. No
entanto, sua autonomia € limitada devido ao seu pequeno tamanho e capacidade. Novas formas
de energia podem aumentar a autonomia dos drones e melhorar a coordenagcdo de seus
processos, tanto de trabalho quanto de tomada de decisdo para a recarga de suas fontes de
energia. Este trabalho visa desenvolver propostas de coordenagdo para o processo de recarga
desses dispositivos, visando aumentar sua autonomia. Nesta pesquisa, drones sdo considerados
dispositivos Internet das Coisas, operando em conjunto, na forma de enxame. Os drones
precisam decidir se devem ou ndo recarregar suas baterias em uma estacdo de recarga. Este
trabalho apresenta dois principais resultados: primeiro, a identificacdo de trés lacunas na
literatura a partir de uma revisdo sistemdtica sobre o processo de coordenagdo da recarga de
drones no contexto de aplicacdes em agricultura e desastres. O segundo resultado foi o
desenvolvimento e documentagdo de um modelo de simulag@o baseada em agentes no software
NetLogo, no qual foram realizadas 12.000 rodadas de simulagdo. Nesse modelo, considera-se
um enxame de drones atuando de forma auténoma e sem comunicagao entre si no momento da
decis@o sobre a recarga. Para esse modelo, foram propostas duas politicas de tomada de
decisdo, denominadas Baseline e uma baseada na teoria dos jogos chamada de politica
ChargerThreshold, que foram desenvolvidas e testadas, além de trés indicadores para avaliar a
robustez e eficiéncia em diferentes situacdes. A revisdo da literatura mostrou que existem
poucos estudos praticos no contexto de recarga de enxames de drones. O desenvolvimento de
uma base de simulacdo, como este trabalho, bem como a criacdo de indicadores para avaliar os
cendrios de simulagdo, sdo contribuicdes importantes para esta drea de pesquisa, ao servirem
de base para futuros desenvolvimentos. Os resultados evidenciaram trés tipos de lacunas
encontradas na literatura e mostraram que ambas as politicas funcionam bem em situacdes
com menor demanda energética. No entanto, em cendrios com maior consumo de bateria, a
politica baseada em teoria dos jogos se mostrou mais eficiente, possibilitando que o conjunto
de drones realizasse o trabalho esperado de forma auténoma. Os resultados da simulagdo
destacam o potencial das estratégias de tomada de decisdo propostas para otimizar a
coordenac¢do de drones em cendrios reais, além de mostrar o potencial de uso dessa abordagem
em outras aplicacdes, como o processo de recarga de veiculos elétricos.



Abstract

Unmanned aerial vehicles, also called drones, can be used in critical applications, such as
disaster recovery support or precision agriculture. However, their autonomy is limited due to
their small size and capacity. New forms of energy can increase the autonomy of drones and
improve the coordination of their processes, both work and decision-making for recharging
their energy sources. This work aims to develop coordination proposals for the recharging
process of these devices, aiming to increase their autonomy. In this research, drones are
considered Internet of Things devices, operating together as a swarm. Drones must decide
whether to recharge their batteries at a recharging station. This work presents two main results:
first, it identifies three gaps in the literature from a systematic review on coordinating drone
recharging in the context of applications in agriculture and disasters. The second result was
developing and documenting an agent-based simulation (ABM) model in NetLogo software, in
which 12,000 simulation runs were performed. In this model, a swarm of drones is considered
to be acting autonomously and without communication with each other when deciding whether
to recharge. For this model, two decision-making policies were proposed, called Baseline and
a game theory-based ChargerThreshold policy, which were developed and tested, in addition to
three indicators to evaluate robustness and efficiency in different situations. The literature
review showed few practical studies in the context of recharging drone swarms. The
development of a simulation base, such as this work, and the creation of performance
indicators to evaluate simulation scenarios are important contributions to this research area, as
they serve as a basis for future developments. The results highlighted three gap types in the
literature and showed that both policies work well in situations with lower energy demand.
However, in simulation scenarios with higher battery consumption rates, the game
theory-based policy proved to be more efficient, allowing the drones to perform the expected
work autonomously.  The simulation results highlight the potential of the proposed
decision-making strategies to optimize drone coordination in real-world scenarios, showing the
potential for using this approach in other applications, such as the electric vehicle recharging
process.
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Chapter 1

Introduction

1.1 Objective

Unmanned aerial vehicles’ (UAVs) flight autonomy is a difficult problem in drone usage in
real-world swarm implementation. Their autonomy is limited in some minutes. Some
solutions include energy sources (Shehu et al., 2021; Celik; Eren, 2018), hybrid powers
(Berradi; Moutaouakkil; Medromi, 2016; Boukoberine; Zhou, Z.; Benbouzid, 2019) and
recharging management (Sanchez-Aguero et al., 2020; Boggio-Dandry; Soyata, 2018).

Precision agriculture (PA) and disaster recovery (DR) solutions can be supported with a
swarm of drones, but their flight autonomy capacity was a barrier to their implementation.

This research proposes a solution to the IoT device’s energy supply problem, considering
their recharging coordination process. Optimizing the consumption process is also associated
with greater flight autonomy for these devices. Swarms of Unnamed Aircraft Vehicles, also
known as drones, were used to illustrate these solutions.

This work aims to create a framework to simulate a swarm of UAVs’ recharging coordination
process using an Agent-Based Model Simulation (ABMS) without any communication about
their recharging process. However, in other emergencies and/or unforeseen situations, the usual
communication between drones must be carried out.

This framework considers a recharging place and a working place, where the agents make
decisions in every simulation cycle. To make this decision, the agents can initially have two
recharging policies.

The first Policy, called Baseline (BL), uses the drone’s battery state of charge (SOC) limits

and simplification concerning the recharging quantity. The second Policy also uses the drone
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SOC level; in an intermediate SOC level, they use a game theory approach called El Farol Bar
Problem (EFBP) (Arthur, 1994) decision process.

The El Farol Bar Problem approach was already used in congestion problems (Sharif;
Huynh; Vidal, 2011) and Drone behavior coordination (Manrique; Johnson, D.; Johnson, N.,

2017; Grando; Ursini, E. L.; Martins, P. S., 2020).

1.2 Research Question

This work presents two main results. The first is the current literature on agriculture and
disaster drone recharging coordination process studies. The second is about the development
and documentation of an agent-based simulation of a swarm of drones.

The first research question of this work concerns state-of-the-art research on drone
coordination recharging in precision agriculture and disaster recovery. This will be developed
in 3.1, and the results will be presented in Subsection 4.1.

The second research question is how to create a simulation to evaluate the decentralized
coordination procedures of a swarm of drones. Assessing the reliability and the efficacy of 120
simulation cases and propose two decentralized coordination policies. This is assessed in the

Subsection 3.2 and the results in the Subsection 4.2.

1.3 Outlook

Chapter 2 has a literature review of IoT devices (drones), an overview of drones usage in
precision agriculture, disaster recovery, dengue disease flight, complex systems, Agent-Based
simulation, and the simulation policies model.

Chapter 3 presents the Systematic Literature Review (SLR) methodology about the energy
supply coordination procedures to agriculture and disaster recovery drones usage, the simulation
model and parameters description, the experiment description, and the documentation.

Chapter 4 shows the Systematic Literature Review and the Agent-Based Simulation (ABS)
results,

Chapter 5 is about the results’ discussion, work conclusions, and future development of the

work.
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Finally, Appendix A compares this thesis work with the dissertation work, and Appendix C

describes the research activities done during the four years of the Doctorate.
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Chapter 2

Literature Review and Background

This chapter presents a literature review of drone technology, simulation, and complex system
definition, the modeling approaches used in this work.
The Internet of Things and drones’ definition, classification, usages, and energy supply

techniques were presented in this section.

2.1 Drones

The Internet of Things model allows devices to be interconnected whenever and anywhere on
the planet (Want; Schilit; Jenson, 2015). Some important elements in IoT devices are network
complexity and scale. The IoT enablers are low-latency real-time interactions, peer-to-peer
connections, and the integrations of low or no-processing-capability devices (Want; Schilit;
Jenson, 2015).

The number of IoT devices in 2022 is about 13,2 billion, and the 2028 forecast is expected
to reach 34,7 billion devices (Ericsson Mobility, 2022).

This work uses drones as [oT devices as entities in the simulation. Due to the agent-based
model approach, other device types can be modeled using their characteristics (states and
actions).

UAVs are aircraft that operate without a human pilot onboard. Drones can perform their
tasks in remote-controlled, pre-programmed missions, or autonomously (Fahlstrom; Gleason,
2012).

Figure 2.1 illustrates a generic UAV system with its Ground Control Station, the data link

antenna, the UAV, and a satellite (Fahlstrom; Gleason, 2012).
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Figure 2.1: Graphical representation of UAV architectures
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Source: Adapted from (Fahlstrom; Gleason, 2012)

UAVs can act independently or together in a multi-UAV configuration. The Multi-UAV
configuration can carry out multiple and simultaneous interventions, improve the efficiency in
the action’s execution time, and create a reliable system by redundancy (Valavanis;
Vachtsevanos, 2015);

Using a fleet of small devices instead of a big one can be less costly because the drone’s
energy consumption depends on its weight and physical size. When considering a drone swarm,
their architectures can be classified into four types (Valavanis; Vachtsevanos, 2015):

Figure 2.2-a shows physical coupling. When UAVs are connected with physical links, their
movements are limited by forces that depend on other types of UAVs. Their Application can be
the transportation of a single object by multiple autonomous vehicles.

Figure 2.2-b presents formation architecture. In this case, the UAVs are not physically
connected, but their movement is restricted to maintain the predefined formation.

Figure 2.2-c shows swarm formation. In this case, it is a homogeneous vehicle team whose
interaction generates collective emergent behavior. They have decentralized control as the
example of this work simulation.

Figure 2.2-d shows intentional cooperation: The team of UAVs moves independently to

perform their task in a global mission context.
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Figure 2.2: Four types of Multi-UAV architectures
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In a swarm behavior, a simple interaction between large relative numbers of unintelligent
agents can emerge a global complex collective behaviors (Valavanis; Vachtsevanos, 2015).

This thesis simulation model uses the Agent-based Model Simulation paradigm, widely used
to simulate complex systems (Wilensky; Rand, 2015; Mitchell, 2009), as a swarm of drones.
In this model, are evaluated the decision performance of internal policies can be considered
internal intelligence to define when drones will recharge or continue their work. As critical
applications such as precision farming can be difficult to communicate between drones, and our
approach considers that the drones will not communicate, in this case, the decision process will

be decentralized.

2.1.1 Drones Classification

Drones can be classified by their physical characteristics, rotors, maximum takeoff weight
(MTOW), their degree of autonomy, and operational altitude (Valavanis; Vachtsevanos, 2015).
The Brazilian National Agency of Civil Aviation classifies drones according to their MTOW
capacity. Class 1 considers UAVs with more than 150 kg; Class 2 considers UAVs with MTOW
between 25 and 150 kg; and Class 3 corresponds to UAVs less than 25 kg (ANAC, 2023).
Another UAV classification considers the number of rotors. Regarding their application,
the number of rotors can limit their ability to perform a mission. In the context of precision
agriculture usage, drones with fewer than three rotors are often excluded due to concerns over

aerodynamics and stability. Drones with four rotors are more commonly used, while those
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with six or eight rotors have also found applications, particularly in larger payload situations.
However, these multi-rotor designs can be more challenging to control (Rahman et al., 2021).

Drones can be attached with several sensors and payloads for their movement,
communication, and activities: cameras, Global Position System (GPS), accelerometer,
altimeters, and implements for their working mission. (Rahman et al., 2021)

The three main types of UAVs were fixed wings, rotary-wing, and hybrids. Fixed-wing
drone applications include carrying heavy payloads at high speeds, sensing images from higher
altitudes, and great area coverage, but this drone type is not recommended for stationary
inspection. The rotary-wing drones have better maneuverability and lower launching time, but
this device motion can cause vibrations (Pakrooh; Bohlooli, 2021). Figure 2.3 shows

schematics about these two main types of UAVs.

Figure 2.3: Main Types of drones representation a) fixed wings and b) rotary wings

a) b)

Source: Author elaboration

A type of UAV nomenclature according to their size, flight endurance, and capabilities

(Watts; Ambrosia; Hinkley, 2012) :

* MAV (Micro or Miniature or NAV (Nano) Air Vehicles): Classified because of their size,
operates at low altitudes (less than 330 m), and short flight times (5 to 30 min.) due to

battery and size limitations;

* VTOL (Vertical Take-Off & landing): UAVs with no take-off or landing run, can operate
at varying altitudes but normally fly at low altitudes. The hovering flight requires high

power capacity and high fuel capacity;

¢ LASE (Low Altitude, Short Endurance): also known as SUAS (small unmanned aircraft
systems) with wingspans less than 3 m and weighing about 2 to 5 kg, can be launched by
hand or catapult systems. Their range was a few km from the ground stations and 1 to 2

hours;
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* LASE Close: Small UAS that require runways, but this type of drone has increased
capabilities because of its size and weight. Can operate up to 1500 m and fly for multiple

hours.

* LALE (Low Altitude, Long Endurance): Can carry payloads of several kg at a few

thousand meters altitude for an extended period.

* MALE (Medium Altitude, Long Endurance): Aircraft much larger than low-attitude
UAVs classes, operating up to 9000 m and hundreds of km flights from the ground

stations with many hours.

* HALE (High Altitude, Long Endurance): The most complex UAS, with dimensions
larger than manned aircraft. Can fly, 20000 m of altitude with thousands of km. The

flight duration can be over 30 hours.

Another way to classify drones, through their Autonomous Control Levels (ACL). The
authors (Dalamagkidis, 2015) describe eleven ACL, as in Table 2.1:

Table 2.1: Drones Autonomous levels.

Autonomous control levels Level descriptor
0 Remotely piloted vehicle
1 Execute preplanned mission
2 Changeable mission
3 Robust response in real-time faults/events
4 Fault/event adaptive vehicle
5 Real-time multi-vehicle coordination
6 Real-time multi-vehicle cooperation
7 Battle space knowledge
8 Battle space cognizance
9 Battle space swarm cognizance

—
=]

Fully autonomous
Source: Adapted from (Dalamagkidis, 2015)

Our proposal model solution considers a swarm of drones with at least an ACL level 5.
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2.2 Drones Applications

UAVs were primarily employed for dull, dirty, or hazardous tasks. They have applications in
both military and civilian sectors, as well as in environmental monitoring and other fields such
as forest surveillance, inventory management, wildlife surveys, avalanche detection, air quality
monitoring, plume tracking, groundwater discharge monitoring, mine surveying, precision
agriculture, logistics delivery, and wireless coverage (Watts; Ambrosia; Hinkley, 2012;
Boukoberine; Zhou, Z.; Benbouzid, 2019).

UAVs are also used as a way to supply energy to IoT network nodes, or UAV-assisted
Wireless Power Transfer (WPT), UAVs can send Radio Frequency (RF) signals to recharge
batteries and the UAV-assisted Simultaneous Wireless Information and Power Transfers

(SWIPT) (Pakrooh; Bohlooli, 2021).

2.2.1 Precision Farm UAVs Applications

The agriculture sector significantly impacts Brazil’s economy (FAO, 2022). The agriculture
activities of automation can lead to sustainable productivity gains, reducing land use and
deforestation (an undesirable ecological outcome).

Drones can be considered robotic tools that can enhance agriculture’s productivity
alongside other autonomous machines such as harvesters, planters, and irrigators. By allowing
for more uniform and precise seeding and spraying, drones enable farmers to manage their
crops better. Additionally, they facilitate monitoring of irrigation systems, crop coverage, and
water stress, while also supporting animal and livestock management tasks, including locating
animals, detecting sick ones, reading tags, and maintaining fences and water points (Fathallah;
Abid; Hadj-Alouane, 2017; Rahman et al., 2021).

Figure 2.4 presents the evolution of agriculture over recent decades, from manual labor with
plows to the use of cell phones, mobile networks, sensors, and 10T technologies today. This
transition gave rise to precision agriculture (PA), simplifying decision-making by optimizing
factors such as water and fertilizer application across different plantation sectors .

In agriculture, drones can collect data using sensors and obtain information through
images. This step is important so farms can make data-driven operational decisions. Literature

reports drone applications for PA as herds and crop monitoring, image capturing, seeding, fruit
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Figure 2.4: Agriculture Evolution
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harvesting, and spraying with the correct quantity and location.  (Fathallah; Abid;
Hadj-Alouane, 2017; Hartanto et al., 2019; Radoglou-Grammatikis et al., 2020)

The Brazilian Agriculture and Livestock Federal Goverment Ministry (MAPA) ordinance
MAPA N° 298 is a Brazilian law that regulates the UAV operation for spraying, spreading, and
fertilizing (Brasil, 2021).

The utilization of agriculture drones is constrained by several challenges, including privacy
concerns, intricate farming environments, environmental challenges, and difficulties
maintaining long-distance positioning and communication. Moreover, unexpected users can
disrupt the data link connection between drones and the base station, compromising the
stability of the swarm system. Furthermore, nano and micro drones are not ideal due to their
limited battery capacity and weight-load capacity (Rahman et al., 2021).

This difficulty in controlling and coordinating drones is another favorable aspect of the
swarm and decentralized recharging approach proposed in this work.

Figure 2.5 presents a connected farm concept that integrates all equipment with a Radio
Base Station (RBS), which serves as a central hub linking the farm to the internet, showing the
communication flow between the RBS, the farm equipment, and external entities.

The 4G and 5G networks enable seamless connectivity between employees, equipment, and
suppliers via the RBS. This facilitates communication and allows the connected farm to adopt
Industry 4.0 context, featuring autonomous systems such as tractors, harvesters, irrigators, and

drones.



CHAPTER 2. LITERATURE REVIEW AND BACKGROUND 25

Radio Frequency Identification (RFID) chips can enhance security and authentication if

applied in animal tags and necklaces, serving as unique badges for employees and machines.

Figure 2.5: Connected Farm Concept.
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2.2.2 Disaster Relief UAVs Applications

Drones and advanced mobile networks, including 4G and 5G technologies, can play a crucial
role in facilitating natural disaster recovery efforts (ITU, 2014). Recovery processes can occur
during and immediately after a disaster event, which can be caused by various factors such
as earthquakes, tsunamis, storms, dam failures, hillside falls, and flooding - all of which are
increasingly frequent due to global warming.

Smartphones can serve as early warning systems, notifying populations about impending

disasters and providing critical escape routes. Drones can provide additional assistance,
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capturing visual evidence of the affected areas and emitting audible alarms to alert people of
potential dangers. Furthermore, drones can film and transmit high-quality photos and footage,
enabling comparisons of "Before and After" scenarios to assess the extent and severity of the
disaster (ITU, 2014).

The information flow from smartphones during the disaster can also be leveraged to improve
situational awareness, with timely updates providing critical insights for responders and affected
communities. Moreover, accurate modeling and simulation of drone battery recharging and
duration can provide valuable data on achieving critical missions assigned to these devices,
ensuring optimal performance in emergencies (ITU, 2014).

Authors from (Horio et al., 2019) propose a simulation method using drones to recreate
disaster scenes, where drones can perform various tasks, such as detecting fires and rescuing
people, as well as transferring information and even recharging their batteries when necessary.

Their approach employs the Bias and Raising Threshold (BRT) algorithm as its policy
framework. In BRT, distributed agents can make autonomous decisions without a central
leader, allowing for decentralized decision-making. This is similar to the concept described by
(Arthur, 1994), where agents have limited communication capabilities, as this work is also
inspired. The authors use a scoring system to simulate the health and performance of each
drone, enabling them to compare and evaluate their effectiveness in various scenarios.

Figure 2.6 shows the use of IoT environmental sensors, as humidity, displacement,
pressure, temperature sensors, and disaster victim vital signs sensors, such as smartwatches
with temperature, blood pressure, oxygen, and glucose level, heart rate measurements can be
used to predict the occurrence of accidents and identify which patients’ care need. However,
population alert failures are a major contributor to disasters, resulting in many deaths. To
mitigate this, sirens, smartphones, and alarms can alert the population, emergency, and
government bodies, which include governments, states, city halls, fire departments, and civil
defense agencies. In addition, escape route panels, cell phone signals, and drones can provide
critical information to guide disaster victims toward the safest evacuation paths, thereby
reducing fatality rates (ITU, 2014).

Moreover, drones can also be equipped with advanced sensors to identify the most affected
areas by a disaster and provide real-time information on alternative routes to reach specific
locations. By issuing drone warnings, authorities can alert populations in high-risk zones to

evacuate the area quickly.
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Figure 2.6: Disaster Recovery Scenario.
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2.2.3 Dengue Mosquito disaster Flight UAVs Application

In 2024, Brazil remained vigilant in response to the ongoing dengue virus epidemic, driven by
the rapid spread of Aedes aegypti mosquito outbreaks. The country reported a significant public
health crisis, with 6,041 deaths and an estimated 6,666,336 probable disease cases (Brasil, G. F,,
2025).

The explosion of dengue cases was attributed to climate change that induced the rising of
temperatures and increased rainfall. The Aedes aegypti mosquitoes, the primary vector for
dengue, also transmit other infectious tropical diseases, including Chikungunya and Zika virus.
(Amarasinghe; Wijesuriya, 2020).

A significant proportion of Aedes aegypti mosquito breeding sites are found within
residential areas, with approximately 75% located in homes, backyards, gardens, and rooftops.
Given the importance of identifying these breeding sites to prevent dengue transmission,
drones can be utilized for visual pattern recognition and spot identification (Brasil, G. F,,
2024).

In the fight against dengue, the literature suggests two primary approaches to utilizing

drones:

1. monitoring new breeding sites using aerial imagery to detect Aedes Aegypti mosquito

populations (Amarasinghe; Wijesuriya, 2020; De Mesquita et al., 2021);

2. deploying drones to release sterile male mosquitoes, thereby disrupting the insect’s

reproductive cycle (Ackerman, 2017; FAPESP, 2024).
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Therefore, this simulation could also evaluate how to improve the drone’s flight time,
resulting in an improved capacity for searching for more dengue spots and delivering more

sterile Aedes aegypti mosquitoes.

2.3 UAVs Energy Supply

Drones’ flight time capacity is a main issue in the swarm application. Improving battery or
energy technology, their energy replenishing supply, or improving coordination can extend the

drone’s flight time.

2.3.1 UAV Energy Types

Drones’ energy supply can be done by electric battery storage, solar photovoltaic, Power line
tethering, super capacitor, fuel cells, wireless power transfer (Shehu et al., 2021), wind shear
layer (using earth gravity), laser beam recharging methods (Pham et al., 2022), Internal
combustion engine (ICE) (Boukoberine; Zhou, Z.; Benbouzid, 2019).

Electric Unmanned Aerial Vehicles possess several desirable characteristics, including zero
pollutant emission, self-starting capabilities, exceptional maneuverability, reduced noise levels,
and minimal thermal signatures. In contrast to electric-powered UAVs, ICE-powered drones
offer higher power and energy density. This results in improved endurance capacity, as the
drone can sustain longer flights with less recharging or refueling. However, this advantage
comes with increased complexity in ICE control, necessitating an auxiliary starting motor to
facilitate start-up. Internal combustion engines produce high emissions and thermal signatures,
posing potential environmental concerns (Boukoberine; Zhou, Z.; Benbouzid, 2019).

UAV batteries have limitations such as low energy density and lengthy charging times.
Using more batteries can reduce the overall drone’s dynamic capacity. Supercapacitors can
provide high power density and quick peak power during takeoff and sudden maneuvers
(Boukoberine; Zhou, Z.; Benbouzid, 2019).

Another solution is the use of fuel cells. This energy source has a high specific energy
output, an estimated 10 hours flying capacity, and better refueling capacity than traditional

battery recharging (Pakrooh; Bohlooli, 2021).
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In addition to these solutions, drones with fixed wings can harness photovoltaic energy by
incorporating solar cells. This technology allows the drone to generate power from sunlight
during flight (Boukoberine; Zhou, Z.; Benbouzid, 2019).

Hybrid energy architecture has the advantages of both energy supply types. This type of
architecture needs an Energy Management System (EMS), to control the onboard power to
achieve the mission requirement (Boukoberine; Zhou, Z.; Benbouzid, 2019).

A laser beam can be used to recharge a drone battery remotely. In this method, a generator
sends light power to a flying drone. Tethered UAVs can have unlimited endurance due to their

continuous wire connection from a ground station. (Boukoberine; Zhou, Z.; Benbouzid, 2019).

2.3.2 Drones Battery recharging techniques

Battery-powered drones can fly for an average of about 20 to 30 minutes (Mohsan et al., 2022),
and this autonomy can be extended by battery recharge using the battery swapping methods.

The UAV battery recharging process can be done by Hot Swap, as shown in Figure 2.7-a,
with an exchange of drained batteries for charged batteries. Figure 2.7-b presents the Swap
that was the battery recharging, by exchanging drones with low battery charge with other
charged drones. The drained battery drone will enter the recharging process (Campi et al.,
2019; Boukoberine; Zhou, Z.; Benbouzid, 2019; Williams; Yakimenko, 2018; Delgado;
Bergel, 2019).

A swapping process comprises the battery swap station, the available batteries, and a control

system to manage the swarm of UAVs (Mohsan et al., 2022).

Figure 2.7: Battery exchange techniques,
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The recharging process can be done using a wireless recharging pod (Jung; Ariyur, 2017,
Jawad et al., 2019).
This work simulation model considers the hot-swapping method. The drones have a

battery’s internal energy charge quantity (SOC) value. The SOC range is between 0 and 100%.



CHAPTER 2. LITERATURE REVIEW AND BACKGROUND 30

In each simulation run drones lose some of this SOC value, and if they achieve 0%, they will

stop working by starving.

2.4 Simulation

Simulation can be defined as a process of building a model of a system containing a problem
and conducting model experiments on a computer for the specific purpose of solving it. A
model can be defined as a representation or abstraction of anything such as a system, concept,
problem, or phenomenon.

A model can have inputs, parameters, and outputs. A system contains the problem to be
solved. (Balci, 1994), or be considered an intelligible, artificial, symbolic representation of
situations (Bouquet; Chipeaux, et al., 2015).

During a simulation, an artificial history of the system is generated, with the main points
investigated, and it is possible to develop inferences of the operating characteristics of the real
system represented. Simulation can be used to describe and analyze the behaviors of a system
and a problem-solving methodology for many real problems (Banks, 1998).

A model should be complex enough to answer the modeling question and can be classified
as dynamic if the time passage is important, or static if it is considered a fixed point of time
(Banks, 1998).

When a real-world system is abstracted in a conceptual model, it is verified whether this
representation is accurate using two iterative components: verification and validation. The
verification process is the determination of whether the computer conceptual implementation
was correct, and the validation process determines if the conceptual model can be replaced by

the real system for experimentation purposes.

2.4.1 Agent-Based Simulation Modeling

A complex system comprises multiple individual elements that interact, and their behavior or
properties are not predictable from each component. The whole can be more than the sum of
the parts (Wilensky; Rand, 2015).

A complex system is one in which broad networks of components without central control

and simple rules of operation can rise to complex collective behavior, with internal and external
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sophisticated information processing, and with adaptation capacity via learning or evolution
processes. (Mitchell, 2009)

Six characteristics can define a complex system (De Domenico; Sayama, 2019):

1. Interactions — Complex systems components interact with each other and their

environment in several ways;

2. Emergence — The properties of whole complex systems are different and sometimes
unexpected, from the sum of the properties of the individual components, or “the whole

is more than the sum of its parts”;

3. Dynamics — This system tends to change its states dynamically also presenting

unpredictable long-term behavior;

4. Self-organization — Complex systems can self-organize producing spontaneous and non-

trivial patterns without a blueprint;
5. Adaptation — A complex system can adapt and evolve.

6. Interdisciplinary — Can be used in managing and understanding various systems in several

domains.

Examples of complex systems are insect colonies, stock markets, pandemics, the immune
system, the brain, ecosystems, economies, human societies, and the World Wide Web (Mitchell,
2009; Janssen, 2020).

Approaches like difference and differential equations, also known as Equation-Based
Modeling (EBM), complex systems, and agent-based modeling can be used to study complex
systems (Janssen, 2020).

Comparing ABM with other modeling approaches, like equation-based models (EBM), the
ABM has some advantages, such as the ability to consider heterogeneous and discrete
population elements. ABM doesn’t require prior knowledge of the aggregate phenomena,
unlike EBM. ABM’s results are more detailed than EBM’s because they can provide micro
(for individuals) and macro (aggregate level detail) results. ABM provides a rich and detailed
description of a system’s process during the simulation time, not only the final states of the

system (Wilensky; Rand, 2015).
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Agent-Based Modeling (ABM) can be defined as computational modeling that’s a complex
system that is modeled considering agents and their interactions. The ABM aims to create
agents and rules to generate a target behavior (Wilensky; Rand, 2015).

Three elements compose an agent-based model: the agents, the environment, and their
interactions (Wilensky; Rand, 2015).

Agents are the basic units of agent-based modeling. They can be defined as autonomous
computational individuals or objects with specific properties (agents’ current state) and actions
(agents’ behavior) (Wilensky; Rand, 2015). The authors (Bouquet; Chipeaux, et al., 2015)
define agents as physical or virtual entities with some characteristics such as being able to act in
an environment, communicating directly with other agents, having skills, and offering services.
(Wooldridge, 1997).

Different types of agent cognition can be found in agent modeling such as reflexive agents,
which follow if-then rules, utility-based agents, which try to maximize a utility function,
goal-based agents, and adaptive agents which change their strategies based on prior
experience. (Wilensky; Rand, 2015).

The environment is the conditions and the habitats that surround the agents. The
environment can be affected by agent decisions. Several types of environments, such as a
geographic information system (GIS), 3D worlds, Network-based Environments, several
boundary conditions (topologies), square lattices, and hex lattices can be used in the ABM
modeling (Wilensky; Rand, 2015).

Five types of interaction classes are found in the Agent-Based Modeling, agent-self (e.g., the
agent considers its current state and decides what to do), environment-self (environment alters or
changes themselves), agent-agent (e.g., agent communicating with other agents), environment-
environment (e.g., diffusion), and agent-environment (agent examines and manipulates part of
the world in which it exists, or when the environment affects the agents) (Wilensky; Rand,
2015).

(Wilensky; Rand, 2015) describe eight main uses for agent-based models:

1. description of a real-world system. Models are simplified descriptions of the real world.;

2. explanation of essential mechanisms underlying a phenomenon, or clarify the power of

emergence.

3. experimentation. Models can be run to verify their dynamics and outputs.;
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4. providing sources of analogy. Find similarities with other models already modeled that

appear to be different;

5. communication/education. ABM can expand static knowledge, allowing students to

conduct experiments;

6. providing focal objects for scientific dialogue. The ABM is considered as a “glass box”,

in opposition to “black box” models;

7. as though experiments. Models such as cellular automata, fractals, and particle swarms
are examples of phenomena that do not represent real-world phenomena but can be

simulated in ABM.;

8. prediction. ABM can be used to discuss future results of a complex phenomena model.
And this approach has benefits of the ABM (Wilensky; Rand, 2015) as:

* ABM can be used to model any natural phenomenon;

* agent-based models are more useful when used to model a medium of (ten to millions) of

interacting agents;

* agent-based models are more useful when the agents are not homogeneous, and the

heterogeneity of the agents affects the overall performance of the system;

* ABM is useful when the interaction between agents (agent-to-agent) and agents’

interaction with the environment is complex;

A trade-off of using ABM is that the rich individual-level data details can be computationally
intensive and can require the modeler to have a great knowledge of the low-level elements
(Wilensky; Rand, 2015).

Agent-based modeling was used in several fields, such as chemistry, biology, material
science, psychology, sociology, physics, business, medicine, economics, anthropology,
philosophy, history, and law (Wilensky; Rand, 2015).

Agent-based simulation has two levels of results that describe the interactions between
entities. The micro-level results describe a simple local behavior, and the macro-level, derived
from the micro-levels, describes the interaction of more elements (Remondino; Correndo,

2006).
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Agent-Based Modeling Simulation Software

In this work, using the software NetLogo (Wilensky, 1999). NetLogo is considered as a “low
threshold” when novices can quickly employ it to do meaningful and useful things, and a “high
ceiling” that scientists and researchers can use to designate cutting-edge scientific models
(Wilensky; Rand, 2015).

The authors (Abar et al., 2017) made a state-of-art evaluation of 83 Agent-Based Modeling
Simulation Software, regarding their computational modeling strength (their scalability level),
the model development effort, the type of agents based on its interaction behavior, and the
program scope or domain.

The NetLogo (Wilensky, 1999) was considered to be a simple/easy model development
effort, with a medium/broad modeling strength and with active objects with simple goals

implemented as mobile agents (turtles, patches, links, and the observer) (Abar et al., 2017).

Agent-Based Modeling Simulation Programming Documentation

Formalizing a model aims to gain an understanding of the system, abstracting not only
technical considerations about the simulation components, and generating the code, by the
transition from model to implementation. The documentation of a model is fundamental to the
mobilization, understanding, and sharing of knowledge and its efficient usage (Bouquet;
Sheeren, et al., 2015).

Formalizing a model can (Bouquet; Chipeaux, et al., 2015):

* Instructive description of knowledge obtained using the model;

* Explaining the structure and operation of the model without ambiguity;
 Taking the multiplicity of model users’ expertise into account;

* Describe the meta-knowledge (e.g., model’s hypotheses) of the model;
* Making the replication model possible;

* Working alongside the model development cycle, the writing and reading model, and their

submodels;

* Developing model visualization resources.
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(Bouquet; Sheeren, et al., 2015) describe three modeling tools that can be used to formalize
Agent-Based Models. The Unified Modeling Language (UML), Agent Modeling Language
(AML), and Overview, Design Concepts, and Details (ODD) Protocol.

UML is generally oriented to object programming, and AML supplements UML with agent
concepts. Both implementations are good examples of how to describe a model visually.

The authors (Grimm; Berger; Bastiansen, et al., 2006) presented the Overview, Design
Concepts, and Details (ODD) protocol as a formal way to describe agent-based models.
According to (Bouquet; Sheeren, et al., 2015) ODD is the current standard manner to explain
and communicate an agent model.

Table 2.2 presents the ODD protocol has three blocks (Overview, Design Concepts, and

Details) and 7 elements (Grimm; Berger; DeAngelis, et al., 2010)

Table 2.2: ODD Blocks and Elements Protocols

Blocks Elements Description

Purpose and Patterns Description of the model’s question or hypothesis and their use.
Overview Entities, State Variables, and Scales Description of the model’s entities, state variables, and attributes.

Process Overview and Scheduling  List of the processes that build the model and their scheduling.

The model’s design characteristics, including basic principles, emergence, adaptation, objectives,

Design Design Concepts . o . . . R .
learning, prediction, sensing, interaction, stochasticity, collectives, and observation.
Initialization Description of the simulation parameters and their initial values.
Details Input Data Input data that needs to be defined.
Submodels A mathematical or full description of the submodels.

Source: Adapted from (Grimm; Berger; DeAngelis, et al., 2010)

2.5 \Verification, Validation & Testing Techniques.

The Model Verification, Validation, and Testing techniques are an important and necessary
methodology to be used during the life cycle simulations studies to avoid the three main errors

when conducting simulation studies (Balci, 1994):

1. Error type I — Reject the model credibility when the model is sufficiently credible. Also,

known as the model builder’s risk;

2. Error type II — Accept the model credibility when in fact the model is not sufficiently

credible, or the Model User’s risk;

3. Error type III — Error of solving the wrong problem.
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The consequence of error Type I is that it increases the model development costs. In the
cases of error type II and III, the consequences can be catastrophic. (Balci, 1994)

The model validation process ensures that the model behaves satisfactorily and consistently
with the study objective. This technique checks whether the model is built correctly.

The model verification process checks whether the model is built with sufficient accuracy
or if the computerized model is implemented correctly. Model Testing demonstrates if there
exist some inaccuracies in the model under several situations. Testing is conducted to perform
validation and verification model process (Balci, 1994), (Sargent, 2010).

There are several validation techniques according (Sargent, 2010), as listed next:

* Animation — operational behavior graphically displayed as the model moves through time.

* Comparison to other models — simulation output models are compared to valid results

from differents models.

* Event Validity — This assessment involves comparing the simulated "events" of
occurrences in the model with those that occur in the real-world system, to determine

their similarity.

* Extreme Condition Tests — The model structure and outputs should be plausible for any

extreme and unlikely combination of levels of factors in the system.

* Face Validity — Individuals with system expertize are asked whether the model and/or its

behavior are reasonable.

* Historical Data Validation — If historical data exist, part of the data is used to build the
model and the remaining data are used to determine (test) whether the model behaves as

the system does.

* Internal Validity — Several replications (runs) of the stochastic model are made to
determine the amount of (internal) stochastic variability in the model. Lack of

consistency can result in a questionable model.

e Parameter Variability or Sensitivity Analysis -changing the values (qualitatively or
quantitatively) of a model input and internal parameters to determine the effect upon

behavior or output.



CHAPTER 2. LITERATURE REVIEW AND BACKGROUND 37

The author (Kleijen, 1999) proposes three approaches using statistical techniques to validate
simulation models according to real-life data availability.

If no real data is available, the author suggests using the Design of Experiments (DOE)
approach to detect simulation errors and interaction among the factors. In the case of real data,
output data indicates the usage of a two-sample t-student statistic for normal data or distribution-
free test in the non-normality. If the input and output real data are available, he recommends
regression analysis usage.

Regarding the Agent-Based Models (ABM) some validity issues can be found as multi-level
properties with a missing link between the micro and macro system level. their non-linearity,
number of assumptions, over-parametrization, level of details, and the lack of appropriate data
statistical validation (Kliigl, 2008).

The author (Kliigl, 2008) proposes a validation framework for Agent-Based Models with
these steps:

From a run-able model, a face validation can be performed using animation assessment — A
human with process expertise assesses the animation of the overall simulated system (or parts
of it) and whether the simulated system appears to behave like the original system, the output
assessment.

A sensitivity analysis can evaluate the effect of the different parameters and their values. In
ABS, scaling problems can happen because of the number of parameters (high level of detail).
Based on this analysis, a simpler model can be implemented by deleting parameters without
effect and connected parts, resulting in a minimal model.

Calibration model parameters have to be set so that a structurally correct model produces a
valid outcome. In ABS, until the size and missing data, how to deal with problematic reasonably
parameter structure and how to avoid the tuning trap, resulting in a calibrated model

That can be performed through statistical validation, which must use different data sets to
ensure that the model is not merely tuned to reproduce given data but may also be valid for
inputs that it was not provided before, resulting finally in a deployable model.

(Remondino; Correndo, 2006) describes three macro areas for validation. The empirical
validation was based on comparing the results obtained from the model and the real system.
The predictive validation that evaluates the results of a model will have validity in situations

that aren’t observable in the real world, and the Strutural validation that assesses how the
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results are obtained. A model should be examined and decomposed, evaluating that the

interaction parts are identical to the corresponding real parts.

2.5.1 ABM Analisys Methodology

Machine Learning and Data mining can be used in agent-based simulation context in
endogenous modeling when these tools provide a sort of intelligent behavior to agents, e.g.,
when agents evaluate past results to improve future behaviors and exogenous modeling, when
the final results of a simulation are analyzed using data mining techniques to find patterns.
Data mining tools can support a model building based on statistical evidence to validate or
refute the system’s hypothesis (Remondino; Correndo, 2006).

The authors (Remondino; Correndo, 2006) describe the analysis of variance (ANOVA) to
discover unknown relationships between the variables of the system, linear regression to
estimate a linear conditional relation between the independent variables and the free variables,
multiple regression, to find relationships between variables of a system as ANOVA, cluster
analysis to retrieve some collections of individuals whose behavior is alike, and the association
rules, to find regular patterns to describe categorical data and find patterns using "if-then"
rules.

The authors (Broeke; Voorn; Ligtenberg, 2016) study three sensitivity analysis approaches.
The extended One-factor-at-a-time (OFAT), proportional assigning of output variance
employing model fitting and the means of Sobol’s decomposition. Agent-based models have
some properties such as multiple levels, nonlinear interaction, and emergent properties,
making classical methodologies for sensitivity analysis not always sufficient. The sensitivity
analysis in ABM can be used to evaluate how patterns and emergent properties are generated
in ABM, examine the robustness of emergent properties, and quantify the variability in ABM
outcomes model parameter changes. The authors evaluate these three sensitivity analysis
techniques in terms of three aims. For the examine patterns aim, the OFAT and
regressions-based methods were recommended, as in the examination of the robustness aim.
The authors suggest the regression-based and Sobol methods to quantify outcome variability

due to parameters. But some restrictions can restrain any usage.
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2.6 Modeling Approaches

2.6.1 Baseline Approach

The baseline model aims to imitate the common recharging procedure similar to a normal
recharging process of a cell phone or car refueling when the energy reaches a determined
threshold. This work considers this recharging coordination process the simplest way an agent

makes their recharging decision.

2.6.2 Game Theory Approach

This work simulation’s model uses as internal logic an adapted El Farol Bar Problem (EFBP)
(Arthur, 1994) process decision algorithm. This process internal algorithm model was inspired
from (Rand; Wilensky, 2007) NetLogo’s EFBP default models library model. This model are
used to avoid logic verification problems, but other algorithms will be used in future work
development to make process decisions.

The EFBP has already been used in some congestion problems as reported in some

literature:

e (Challet; Zhang, Y.-C., 1997) Simplification of the EFBP approach using the EFBP
comfort threadshold B is the half of the simulation agents quantity N in a model called

Minority Game. In this model, the agents want to choose the side with fewer agents.

* (Sharif; Huynh; Vidal, 2011) - A terminal gate congestion problem is modeled using the

EFBP. The authors also use NetLogo to model the problem.

* (Manrique; Johnson, D.; Johnson, N., 2017) Drone Systems congestion simulations using

minority game and many-body physics.

* (Grando; Ursini, E. L.; Martins, P. S., 2020) Drone Swarm recharging simulation using
EFBP approach. Because EFBP agents don’t use information collusion about their
recharging decisions, this can result in less battery usage. The current work has detailed

improvements below regarding this work. More details in Appendix A.

This problem was developed to study a method to apply inductive rationality against

deductive rationality in economics. Perfect and logical deductive rationality was great for
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solving theoretical problems, but human rationality behavior is bounded. Humans are superb
at pattern recognition, hypothesis formation, deduction using these hypotheses, changing these
hypotheses when needed, and discarding lower-performance strategies (Arthur, 1994).

In this model, N agents want to decide whether to go to a bar each party’s night. El Farol
bar space is limited, and agents only feel comfortable with a ratio B of N. There is no collusion
or communication about agents attending decisions.

The unique information agents have for their decision is the last m week’s bar attendance
history. With this history, agents use their k internal estimators to evaluate and compare the
best performance estimator. This performance comparison is made by the k estimator’s values
calculation errors, considering the last m week’s values.

The best-performed estimator value is used to decide the bar’s attendance decision. If the
agent’s best estimator predicts that the attendance decision is less or equal to B, the agent will
attend the next bar event, otherwise, they will not participate and stay at home.

The original EFBP paper doesn’t describe the agents’ predictors used in the paper’s
simulation, (Arthur, 1994) named some possibles as the same as the last week’s, a mirror
image of the last week’s, a rounded average, the same as the previous 2 weeks ago.

(Rand; Wilensky, 2007) NetLogo’s model uses auto-regressive (AR) estimators, with some
defined weights before simulations start. This is the same approach used in this Thesis
simulation model.

About original papers results, (Arthur, 1994) uses B = 60 and their bar mean attendance
convergence outcomes to these values, considering as a natural “attractor” of this problem.
Another outcome is a Nash equilibrium in which an average of 60% of the population forecasts

below the mean attendance value and 40% above 60.
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Chapter 3

Development

This chapter describes the methodological development to answer the two thesis research
questions. The first research question is about the current literature status-of-art of drone
research coordination process in agriculture and disaster relief recovery context. For this, a
systematic literature review was conducted. The second research question is about the
development of a drone swarm agent-based simulation model description and the model and
parameter descriptions. This is done using the ODD Documentation protocol and the

experiments’ description and performance indicator development.

3.1 Systematic Literature Review Methodology and Results.

This section is based on our full paper (Grando; Jaramillo, et al., 2025b) published in January
of 2025 in Multidisciplinary Digital Publishing Institute (MDPI) Drones Journal.

This work aims to evaluate the state-of-the-art of these two applications and the energy
supply recharging coordination procedure using a Systematic Literature Review process based
on (Kitchenham; Charters, 2007) developed for SLRs in Software Engineering. A Systematic
Literature Review (SLR) is a secondary study that identifies, analyzes, and interprets all
available evidence from primary studies related to a specific research question. A systematic
literature review process involves planning, conducting, and reporting the review activities.
The tool used to perform this SLR is the Parsifal (Freitas; Segatto, 2024) to conduct this

research.
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The review aims to study two SLR research questions. The first research question of the
systematic literature (SLR-RQ1) concerns the application context, and the second (SLR-RQ?2)

is related to the energy supply methods found in the selected study.

3.1.1 Literature Review

The SLR process is performed in three phases:
* Define the need for the review, and perform the planning of the review.
* Conducting the Review to get as many primary studies related to the research question.

* Reporting the Review. This phase focuses on writing the results of the SLR and

publishing them to the interested parties

3.1.2 Planning Phase

The SLR study research questions were:

e SLR - RQI1: What disaster or agriculture context is described in the literature?

* SLR - RQ2: What types of energy mitigations were used in the studies?

Three databases are chosen for article searching: the Institute of Electrical and Electronics
Engineers (IEEE) Digital Library (Electrical; Electronic Engineers, 2024), Scopus (Elsevier,
2024), and Web of Science (Clarivate, 2024).

For the keywords strategy, the Population, Intervention, Outcome, and Context (PIOC)
keyword strategy is used as shown in Figure 3.1. The PIOC strategy is derived from the

PICOC strategy but without the comparing term.

Population terms include items related to the object of study;

Intervention terms include energy supply and simulations;

Context terms are related to agriculture and disasters;

* Desired outcome terms are related to autonomy and the coordination process.
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Figure 3.1: PIOC search string strategy.
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Table 3.1: Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria

Articles that use Simulation based on agents or other techniques  Studies that describe energy method generations

Studies that present ways for UAV continuous flight retracted articles

Studies that present ways to supply UAV energy not aerial devices

Studies that present disaster context UAV simulations Studies about device communication

Studies that present farm context UAV simulations Secondaries or tertiary studies

Studies about IoT devices coordination problem Studies published out of time range (2017 to 2023)

Duplicated studies

Out context studies

Studies that languages are not English

Grey literature (Manuals, reports, theses, dissertations)
Conference Proceedings

Short Paper (less than 4 pages)

Studies not available for download

Source: Adapted from (Grando; Jaramillo, et al., 2025b)

Table 3.1 presents the 6 inclusions and 12 exclusion criteria used in the initial screening of
papers found using the PIOC keyword in the three databases.

The selected studies are fully read, and a quality assessment (QA) checklist is performed to
select the study that most adheres to our research questions. The quality questions have three
answer levels: "Yes", "Partial", and "No", and their weights are 1, 0.5, and O, respectively. These
three weight values were defined arbitrarily. Table 3.2 presents the seven quality assessment

questions:

Table 3.2: Quality assessment questions

Sort QA questions
1 Does the study include the UAV context?

Does the study consider drone recharging simulation?
Does the study include use in agriculture or disasters?
Does the study include any simulation?

2

3

4

5 Does the study use agent-based simulation?

6 Does this article describe any validation criteria?
7

Data results quality. Is data available? (Source, repositories, and quantity of data)?
Source: Adapted from (Grando; Jaramillo, et al., 2025b)
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The quality threshold of more than 5 points is a cutoff for selected articles.

3.2 Model and Parameters Description

In this model, a predetermined quantity (Q7TY) of drones must make decisions about their
actions when visiting a work environment, where they make determined missions such as
agriculture spraying treatments, collecting images, and providing connectivity during disasters.
or the drones can go to a recharging station. This place has a limited capacity and can
accommodate only a fraction of the current working drones.

The variables in this simulation model are related to the problem’s demand, the system’s
recharge capacity, and the agents’ decision process.

The demand variables for the swarm of drones were the number of Agents (Q7Y), the
average energy expenditure of each agent (BC), and the BC standard deviation (SD) value.

To supply this energy demand, there are supply parameters as the capacity of the recharging
station (B), and the amount of energy supplied with each recharge (BG).

About the agent decision policies there are two decision-making policies, the base policy
(BL) and the Charger Threshold (CT) policy.

Figure 3.2 presents graphically the decision process of these policies.

The BL policy considers an analogous decision process to fill up a car or recharge a cell
phone when these devices’ battery energy reaches a critical limit of the amount of energy (SOC)
each agent has to define whether or not to recharge. This critical limit is called the Lower Reload
Limit (LW) in this model.

CT Policy also considers LW to recharge, but they also have an upper reload limit U P value,
which, if the agent battery is more than this, will not recharge. In an intermediate SOC value,
the decision process is based on a Game Theory approach called El Farol Bar. In this model,
drones watch the attendance recharging place history to make a decision. This history is the
number of drones in the last m weeks that tried to recharge their batteries. This information can
be sent as a small signal by the Radio Base Station (RBS).

With this information, each agent can use their k internal predictors, which in this model
is as autoregressive as (Rand; Wilensky, 2007) model, and calculate the predicted value. The
predicted value that has less error using the m last weeks will be used as the internal predicted

value.
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If the drone’s internal predicted value is less than the current B value, this agent decides to

try to recharge the batteries.

Figure 3.2: Recharge Policy Decision Process
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As the charging station has limited positions. If the current number of drones that attended
the recharging place is more than the B value, all drones inside will not recharge. This is a
model abstraction created to emulate a real recharging case with limited resources.

The drones” SOC decreases over time as they experience an abstracted battery consumption
(BC), which is influenced by various factors such as environmental conditions and operational
characteristics. To account for these uncertainties, there are incorporate a normal distribution
with standard deviation (BC_SD) as a way to simulate random fluctuations in BC.

Additionally, using the NetLLogo internal clock’s tick unit to represent time in simulation,
allowing to track changes in drone SOC over discrete time intervals.

In simulation, drones move randomly in a 2D space, according to their decision state, to the
recharging or working patches.

The model was divided into two sub-models when the first model (BL policy) was a baseline

and CT a more complex:

* Policy BL — Baseline policy: The agent decision was a simple if-then based-rule. If
the battery SOC is below a threshold, the drones decide to recharge. This simple model
will be used as a baseline to compare future improvements (queue implementation, fuzzy,

neural networks).

* Policy CT — Charger Threshold policy: Use as recharging decision process as the

NetLogo El Farol logic but include superior and inferior recharging thresholds. If the
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drone battery status (SOC) exceeds this superior threshold, they reject the recharging
decision and continue working. If SOC is lower than this battery threshold, the drone
will try to recharge. This threshold was implemented to improve the fairness of the

model.

Policy CT uses an inspired NetLogo El Farol bar (Rand; Wilensky, 2007) as a decision
algorithm. Differently from (Grando, 2020) work that was different estimators to the decision
recharging, in this work, the (Rand; Wilensky, 2007) is used as a well-known model to calibrate
the other model differences such as drones’ SOC, Battery usage, and other parameters.

The experimental model was implemented in the NetLogo, an Agent-Based Model
Simulation Software (Wilensky, 1999) in their version 6.4.0.

Figure 3.3 shows a view of NetLogo’s experimental model Graphic User Interface (GUI),

with simulation control switches, real-time agent position visualization, and simulation outputs.

Figure 3.3: NetLogo Model Interface
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3.3 ODD ABM Model Documentation

In this section, the simulation model was formally described using the ODD paradigm.

3.3.1 Purpose and patterns

This model simulates a swarm of Unmanned Aerial Vehicles (UAV) to guarantee their service
continuity. It considers that the drones are working in a swarm and need to decide whether to

go or not to refill their batteries.
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3.3.2 Entities, state variables, and scales

This model has three entity types, the drones (UAVs), recharging places, and the working area.
Drones are the agents of the simulation, and they can have two states:

When the drones are in working state, they will make an activity in their neighborhood, e.g.
surveillance, internet offer in a remote position, delivery, etc. In this current work development,
during this state, the agent movement will occur randomly in some place of the green area in
Figure 3.4.

When the attend state was selected, the drones go to the recharging place, the blue area
in Figure 3.4, to try to recover their energy (under Policy CT) or recharge their battery (all

policies).

Figure 3.4: Working and Recharging area Simulation GUI Representation
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In this work, are simulate, the recharging and the battery swap process using the mean
quantity of battery slider BC. The recharging place doesn’t have a limit on their lot in the
recharging place (Policy BL) or an overcrowding limit of B in the case of Policy CT'. An initial
quantity (QTY) of 100 drones in swarm mode start the simulation.

The simulation/service time is one NetLogo unit of time (tick). Simulate the hot swapping
case considering the 100% SOC recharging case because there are no waiting times or queues;
in this model, the recharging procedure occurs in a one-time tick.

The environment model topology is a torus with a dimension of 35 x 35 cells. The

environment has its sides closed. At the moment, the model doesn’t consider any dimensional
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measure of the cell size because the drone movement was considered randomly. The distance
concept is not currently included in this simulation model.

As a temporal resolution, each simulation cycle was called a “tick”, a NetLogo discrete
time resolution concept that can be defined in second, minutes, hours, etc. A tick represents a
discrete unit of time. In the current state of the simulation, this value is considered arbitrary.

In the future, with literature resources, this value will be calibrated. A possible strategy to
calibrate this temporal resolution is using the ratio of the battery capacity and the simulation
tick’s mean battery consumption (BC). For example, if a drone battery has 20 minutes to be
juiced, and the simulation parameter’s Battery Consumption was an average value of 10%,
considering each tick as 2 minutes.

Table 3.3 presents the four categories of variable types regarding the agents, the patches, the
simulations parameters, and global variables.

The agent’s variables (the drones) decide to go or not recharge their batteries, their x and
y coordinates, represented by xcor and ycor respectively. The drone’s battery level SOC, and
their simulation shape, an internal NetLogo airplane shape.

In NetLogo, a patch is a small area representation, and each small place has an x and y
coordinate. Our simulation is 35 x 35 patches (a total of 1225), 81 patches for the recharging
area and 1144 remaining patches for the working area.

The simulation parameters were the initial drone population is QTY, the two recharging
policies, the maximum battery gain per each effective recharging BG, the EFBP limit
overcrowding-threshold B values in case of Policy 1 or 2, the mean battery consumption value
in each cycle is BC and their standard deviation value is BC_SD.

Figure 3.5 shows the mean battery consumption profile for two cases. The vertical axis of
this graph is the mean BC value and the horizontal axis is the simulation time. When BC =5
%, all drones lose this % SOC for each simulation time cycle. The same idea is true to BC = 10
%.

This standard deviation value was used to simulate a variation of the necessary power for
drone flight in each simulation time. This power usage distribution encapsulated the drone’s
real-life usage, such as wind resistance, speed variation, hoover, and other features.

Figure 3.6 shows three BC_SD cases for the same BC values. The vertical axis represents

the mean BC consumption the red line shows the max value of BC, the blue line is the mean
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Figure 3.5: Mean battery consumption profiles
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value, and the green line is the minimum value. When increasing the BC_SD value, a more BC

profile diversity was also increased.

Figure 3.6: Battery Standard Deviation differences
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The baseline BL policy uses the LW value as a recharging threshold. If an agent’s SOC value
is below that threshold, they will go recharging.

The CT policy agents use the UP and LW SOC threshold values to agent’s decision taking
and the EFBP in an intermediate SOC values. The upper value is the SOC Battery limit that the
drone doesn’t recharge, and the lower threshold forces the drone to recharge if its SOC value is
below this value.

Global simulation parameters include the discrete simulation time count tick (¢), the number
of drones that stop working due to battery starvation die, and the total drones that were working

yet in the simulation.

3.3.3 Process overview and scheduling

Table 3.4 shows the parameters the user needs to define according to their policy decision. The

possible value range was already described in Table 3.3.
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Table 3.3: Simulation Variables Values

Variable Types Variable names

Possible values

Attend?
Battery level (SOC)
Agents (Drones)
Shape
xcor
ycor
Patches (Places) Recharging place
Working area

pcolor

Qtd. drones (QTY)
Policies
Battery gain (BG)
% overcrowding-threshold (B)
. . Available data windows for agent decision (1)
Simulation Parameters
Quantity of estimators per agent (k)
Battery Consumption (BC)
Battery Consumption Stand. Dev. (BC_SD)
CT policy SOC upper threshold (U P)
CT policy SOC low threshold (LW)

step-time (ticks)
die
Working

Global

true or false
0 to 100

airplane

-17to 17
-17to 17
81 patches
1144 patches
blue / green

0to 100
BL and CT
0to 100
0to 100
0to 10
0to 10
0to 100
0,1
0to 100
0to 100

0 to 1500
0 to Oty
0 to Oty

Source: Author elaboration

Figure 3.7 presents the agent’s simulation workflow to make their decisions. After program

startup, agents check the simulation stop criteria, make their decision about recharging

according the select police, check their status, and update simulation global values.

About the internal program working, after the simulations parameter definition using

NetLogo GUI, the model "Setup” procedure will create the agents and set their internal agents’

initial values.

In the "Go" procedure, the agents update their cycle battery usage variable, using the
procedure “battery-consumption” and define if it goes working to recharge using the
procedure predict-attendance in case of policy CT define the prediction value and compare

with the overcrowding-threshold B values in policies CT or compare the drone value with the

LW in case of BL policy.
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Table 3.4: Necessary Parameter Selection to run the Simulation

Description BL policy CT policy
Available data windows for agent decision () No Yes
Quantity of estimators per agent (k) No Yes
Recharging threshold of the total of Agents (B) No Yes
Battery Upper Threshold (UP) No Yes
Battery Lower Threshold (LW) Yes
Quantity of drones Yes
Mean Battery consumption (BC) % per cycle Yes
Mean Battery consumption normal Std Dev (BC_SD) Yes
Battery Gain in an effective recharging (BG): Yes

Source: Author elaboration

In the case of Policies BL, the simulation uses the EFBP auxiliary procedures "update-
strategies"”, "random-strategy", and "predict-attendance" from (Rand; Wilensky, 2007) model
to try to predict the attendance value and compare with B value.

Regarding CT policy, the drones will use the LW and UP values as decision support. If the
drone’s SOC is less than LW, it will go recharging, and if the drone’s SOC is more than UP, they
don’t go recharging, independently of the "predict-attendance” EFBP value predicted value.
The procedure "move-to-empty-one-of” is responsible for moving the drones to the decision
place (working or recharging).

The battery level (SOC) is also checked in each simulation cycle. Its limit is from 0 to 100%.
If it 1s less than 0% the drone will stop working (the agent dies).

To verify the recharging policy efficiency results in the Working Ratio (UTL), the ratio of
times the drone worked.

Figure 3.8 presents the simulation program Unified Modeling Language (UML) code

diagram. In case of BL policy don’t considers the random-strategy, update-strategies, and

predict-attendance methods.

3.3.4 Design concepts

During simulations, CT policy simulation scenario results mimic the EFBP (Arthur, 1994)

known behavior. More investigations should be done in future works.

3.3.5 Input data

Section 3.4 details the experiment input data. Table 3.5 presents these fixed values according to

the policy of recharging chosen.
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Figure 3.7: Simulation data flow
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A sensitivity analysis, considering the BC values variation and the size of the recharging
place B was performed to evaluate how each policy performs in each case. A total of 12000
simulation runs are performed, considering 120 simulation sets and 100 repetitions.

Table 3.6 shows the variable simulation parameter values. There are two policies (BL and
CT). The recharging place size (B) has four recharging possibilities: 20, 30, 40, and 50% of the
QTY value.

The B value varies following the QTY value in each tick. For example, if the B is set to 20%
and there are 50 remaining drones, the recharging space is 10.

The Battery Consumption can take 15 values, going from 1% to 15% of SOC. This evaluates
how policy behavior is better in different drone usage conditions.

The stopping criterion for each round is no agent with a remaining battery or 1500 rounds

of simulation.
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Figure 3.8: Simulation Software UML Diagram
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Instance B update drone SOC
Both policies: Instance UTL attend decision
Battery-Gain = BG ranndon-strategy() maove-to-empty-one-of()
Battery-Consumption = BC go)
Battery-Consumption_SD = SD 4
overcrowding-threasheld = B
Palicy = Policy Policy CT
Drones = QTY random-strategy
P2_Upperlimit = UP
Police BLand CT: Qutput:
P2_lowerlimiit = LW best-strategy
strategy
update-strategies predict-attendance
input. memory
strategy best-strategy
scores
Source: Author elaboration
Table 3.5: Experiments Fixed Parameters
Description BL policy CT policy
Available data windows for agent decision (m) - 10
Quantity of estimators per agent (k) - 5
Battery consumption normal Std Dev. (SD) 0,1
Battery Upper Threshold (UP) - 80%
Battery Lower Threshold (LW) 25 %
Quantity of drones (QTY) 100
Experiment time simulation limit 1500 ticks
Experiments simulation replications 100 runs

Source: Author elaboration

3.3.6 Submodels

The CT policy submodel uses the El Farol Bar Problem Netlogo library model as an agent
internal decision (Rand; Wilensky, 2007). The agents (drones) access the last recharging
attendance history, calculate their attendance decision, and compare with B value:

Regarding the original model, several changes and abstractions have been made as described

next:

Table 3.6: Experiment Parameters Levels

Variables Values Levels

Drone recharging decision Policies BL & CT 2

Mean SOC decreases in every simulation run (BC) % per cycle 1,2,3,...,14,15 15

Ratio of QTY that represents the recharging place capacity (B)  20,30,40,50 4
Source: Author elaboration
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* The two-dimensional area simulates the recharging and the working area;
* The El Farol Bar was now the recharging place (blue area);
* The neighborhood (green area) was the drone’s working area;

* Figure 3.4 presents the bar-goers (agents) decision flow if drones want to decide whether

they recharge or stay working in each simulation cycle;

* The recharging area has a limit (B) that, in the original model, is the comfort threshold.

A model premise is abstracting the idea that the recharging place has limited resources;

* The recharging procedure, when in the El Farol Bar Problem (EFBP) mode, only occurs

when the drones’ attendance L is less or equal to the B (EFBP “good night” idea);

* In this model, the principal indicator of the model decision is the battery state of the
charger (SOC) of each agent, and not only the last bar attendance. Because of this, the

drones can stop working due to starvation;

* There are two recharging policies (the way that the drones decide if it goes recharging in
each simulation circle), one following the EFBP decision and another that depends on

the drones’ battery SOC;

3.4 Experiments Description

The drone recharging environment model experiments were run in NetLogo software version
6.4. NetLogo’s Behavior Space simulation was used to perform the sensitivity analysis. Figure
3.9 shows their interface and the parameters used in this experiment.

Figure 3.10 represents the experiment data mining process. The data was synthetically
generated in the NetLogo. The text files created during the simulation were analyzed in Python,
permitting statistical analysis and creating visual representations of this data.

To evaluate each simulation set performance, three experiment results Key Perfomance
Indicators (KPI) concerning the reliability and efficiency of each simulation set.

The reliability results (KPI 1 and KPI 2) consider the macro-level simulation results and
consider the result of all simulations as one. In turn, the efficiency result (KPI 3), which aims
at the micro-level result, considers each agent’s individual results.

These results are described as follows:
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Figure 3.9: Behavior Space Experiment Configuration

Welcome to the new BehaviorSpace experiment editort
We added some new features to this window. If you would like to learn more about
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["Policy” 0 2]
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["Battery_consunption® 12345678910 11 12 13 14 15]
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Repetitions 100
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count turtles 4
ticks
v
(] Run metrics every step
Run metrics when
[
Pre experiment commands:
Setup Go
setup 4l go .
v v
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| not any? turtles £ £
|Post experiment commands
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Source: Author elaboration

Figure 3.10: Data Mining Process.

— @ python —

Simulation: Netlogo
Bench Simulation Tool: Data analisys in Python
Behaviour Space (NetLogo)

Source: Author elaboration

* KPI 1 - Percentage of the ratio of finished simulations in the 100 repetitions for each 120

simulation set;
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* KPI 2 - Average Simulation Remaining Drones is calculated by dividing the total number
of drones that completed the simulation by the average number of drones that participated

in each iteration. It represents the capacity of mission coverage for each simulation set;

» KPI 3 - Average Utility is the agent work/recharge decision ratio, times drones decide to
work instead of recharging, during all simulations. A higher utility represents that this

simulation set does more work than a lower utility.

KPI 3 considers the individual drone results. They counted how many times the agents
worked during the process; for example, if in 10 runs, a drone goes two times to the recharging

area, its utility was 80%.
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Chapter 4

Case Studies

This section presents the two main results of this thesis. First, the current literature on state-of-
the-art drone recharging coordination process PA and DE usage context, and a swarm of drones

agent-based simulation recharging scenarios results.

4.1 Systematic Literature Review about Drones and their
applications.

A Systematic Literature Review (SLR) is performed to evaluate the drone coordination
recharging in precision agriculture (PA) and disaster relief. The methodology and main results

are in the Subsection 3.1. This result were adapted from (Grando; Jaramillo, et al., 2025b).

4.1.1 Study Selection Phase

The keyword search was performed on 09 February 2024. A total of 2038 records were found
in the three databases: IEEE Digital Library (415), Elsevier Scopus (905), and Clarivate Web
of Science (718).

The Preferred Reporting Items for Systematic Reviews and Meta-Analysis Statement
(PRISMA 2020) is designed for systematic reviews that assess the effects of health
interventions. It focuses on evaluating any study design, regardless of its methodology or type.
This work uses the PRISMA 2020 Flow (Page et al., 2021) to present the selection articles’
flow during the research process in Figure 4.1, and the PRISMA 2020 checklist can be found
in Appendix B
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A total of 844 duplicates, 2 retracted studies, and 267 studies out of this study timeline
were rejected and removed from the pool of studies. After reading the remaining 925 studies’
abstracts, 713 studies were included or excluded due to the inclusion and exclusion criteria. Of
the 212 remaining studies, 15 studies were not downloadable.

Then, perform the quality assessment process, read the full papers, and score according to
the seven quality questions. The selected 36 studies achieved a quality threshold of at least five

points. Finally, the data from the remaining 36 studies are extracted and used to answer the two

SLR Research Questions.
Figure 4.1: PRISMA 2020 Flowchart.
Identification of studies via databases and registers
g Records identified from:
= Databases (n = 203&): Records removed befors screening,
E 'EEED};EL?;?:{';‘UEE} Duglicate records removed {n =844 )
E Web of Science {(n=718) Records remaved for other reasons (n = 2)
Records screenad Records excluded
in=11492) {n = 880)
Reports sought for retrieval Reports not retrieved
g (n=212) T— {n=15)
%
Reports assessed for eligibility Reports excluded; Guality score less
(n=1897) than 5§ points (n = 161)
3
g Studies included in review
E {n=36)

Source: (Grando; Jaramillo, et al., 2025b)
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4.1.2 Selected Studies Reading Results

Table 4.1 presents the selected literature reading and summarization to answer the two research
questions. The first column of Table 4.1 presents a sort of the studies. The second column
presents the author’s names, and the third column is the studies’ summaries. The fourth column
shows the agriculture or disaster recovery approaches described in the selected articles. This
column is related to the SLR - RQI. Only two articles are unrelated to these applications,
and column number five is related to SLR - RQ2 and describes the energy mitigation methods
described in the literature. A discussion of these two results questions is presented after Table

4.1.
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4.1.3 SLR - RQ1: What disaster or agriculture context is described in the
selected studies?
From the 36 selected studies, nine studies were found to be related to Precision Agriculture

(PA), 25 related to Disaster Recovery (DR), and two without context. Table 4.3 summarizes

these applications in each context.

Table 4.2: Precision Agriculture Studies Applications in SLR

Type  Application Quantity  Studies
General farm activities such 4 (Alatas et al., 2022; De Rango et al., 2017; Trethowan;
as land fertilization and pest Wang, Z.; Wong, 2023; Yu et al., 2023)
PA control
IoT network deployment 3 (Lin et al., 2021; Pradeep; Park; Wei, 2018; Zhou, M. et
al., 2022)
Surveillance Activities 1 (Akbari et al., 2023)
UAV drone autonomy evaluation 1 (Li, J. et al., 2022)
in farm activities
DR C@nmunication and networks in 13 (Al.)delh'akgm et al., 2023; Bouhamed et ,al'f 2020;
disaster recovery Chiaraviglio et al., 2019; Feng et al., 2020; Grishin et al.,

2022; Medeiros; Boukerche; Cerqueira, 2022; Ming; Li,
K., 2023; Niu et al., 2022; Shinkuma; Mandayam, 2020;
Sun et al., 2023; Tipantuiia et al., 2019; Yang et al., 2022;
Zhang, T. et al., 2023)

Path-planning and device 12 (Bisio et al., 2022; Boroujerdian et al., 2021; Calamoneri;
coordination in disaster context Coro0; Mancini, 2022; Fei et al., 2022; Gharrad et al.,
2021; Goyal et al., 2019; Puangpontip; Hewett, 2022; Qin;
Pournaras, 2023; Song et al., 2022; Souto et al., 2023;
Terzi et al., 2019; Zadeh et al., 2023)
Source: Adapted from: (Grando; Jaramillo, et al., 2025b)

Two studies (Boggio-Dandry; Soyata, 2018; Wang, K. et al., 2023) are not related to disaster
or precision farming contexts but were selected due to their drones and recharging coordination
process descriptions.

This evaluation reveals an imbalance in the research focus, with disaster relief receiving
more attention in energy supply studies than precision agriculture. Studies on network-related

issues and mission planning have been the most extensively explored.

4.1.4 SLR - RQ2: What energy mitigations were used in the studies?

Optimization strategies such as path and mission planning are well-researched and dominate
energy usage mitigation strategies. There is still a need to explore more innovative methods
for reducing energy usage such as internal drone energy usage to make decisions and effective

recharging coordination processes as this simulation proposed work.
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Table 4.3: Precision Agriculture Studies Applications in SLR

Application Quantity  Studies

Reduce UAV energy usage by 16 (Abdelhakam et al., 2023; Bouhamed et al., 2020;
optimizing UAV’s path and Calamoneri; Coro; Mancini, 2022; Chiaraviglio et al.,
mission planning 2019; De Rango et al., 2017; Fei et al., 2022; Feng et

al., 2020; Goyal et al., 2019; Pradeep; Park; Wei, 2018;
Qin; Pournaras, 2023; Song et al., 2022; Souto et al., 2023;
Terzi et al., 2019; Yu et al., 2023; Zhang, T. et al., 2023;
Zadeh et al., 2023)

Improve  energy autonomy 10 (Bisio et al.,, 2022; Boggio-Dandry; Soyata, 2018;

through UAV battery parameter Boroujerdian et al., 2021; Gharrad et al., 2021; Li, J. et al.,
improvements, endurance tests, 2022; Ming; Li, K., 2023; Shinkuma; Mandayam, 2020;
or the recharging coordination Tipantuiia et al., 2019; Trethowan; Wang, Z.; Wong, 2023;
process Wang, K. et al., 2023)

Network and wireless power 6 (Akbari et al., 2023; Lin et al, 2021; Medeiros;
transfer process improvements Boukerche; Cerqueira, 2022; Sun et al., 2023; Yang et al.,

2022; Zhou, M. et al., 2022)
UAV system optimization 4 (Alatas et al., 2022; Grishin et al., 2022; Niu et al., 2022;

Puangpontip; Hewett, 2022)
Source: Adapted from: (Grando; Jaramillo, et al., 2025b)

4.1.5 Research Gaps

This Systematic Literature Review shows three potential research gaps: knowledge,
methodological, and practical.

The results of this systematic literature review indicate that the approach of this thesis
simulation work has been underexplored, highlighting a significant gap in the existing

research. These three gaps underscore the innovative potential of our simulation study.

Knowledge Gap

The SLR reveals a gap in studies addressing drone battery recharging. In the current research
(Grando; Jaramillo, et al., 2023), were explore a drone battery recharging coordination
simulation using agent-based modeling, specifically focusing on scenarios where drones and
ground stations make in-flight recharging decisions without communication. Applying a game
theory approach to the internal decision-making process, where drones reduce communication

frequency and energy consumption by waiting before recharging.

Methodological Gap

The SLR shows that drones’ energy and recharging coordination rely on communications-based

models; this work suggests a decentralized approach.
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Practical Gap

There is a lack of real-world applications, including real disaster cases and precision validation
research. Most research in this SLR was theoretical applications of the recharging coordination

process.

4.2 Simulations Results

These results were adapted from our work (Grando; Jaramillo, et al., 2023) and two papers that
will be published, a Winter Simulation Conference 2024 (Grando; Jaramillo, et al., 2024) and a
preprint in arXiv (Grando; Jaramillo, et al., 2025a). More information in Appendix C.2.

The case studies include a sensitivity analysis of the quantity of mean energy necessary
during the simulation runs. The BC values start at in average 1% and go to 15%. The higher this
value is, the more extreme the environment. In agriculture, an extreme case can be spreading
seeds and fertilizers, water irrigation, and medicine logistics in a disaster. A lower BC value can
be considered for agriculture and disasters where photo taking, monitoring, and activities with
fewer energy needs are involved.

The following sections present two types of simulation results. The reliability results relate
to the capacity of the system to continue to work under stress, and the utility results show how
this system delivers its work. These results are the statistical mean of 100 replications in each
simulation set. There are 15 cases of energy usage scenarios, four sizes of recharging areas, and

two coordination recharging policies, resulting in 120 scenarios.

4.2.1 Reliability Compliance

The reliability results are related to the capacity of the simulation to perform the predetermined
mission. Table 4.4 presents the relationships between KPI 1 and KPI 2 to evaluate the simulation
results. KPI 1 evaluates how many simulations reach the stop criteria of 1500 ticks for each
simulation set, and KPI 2 evaluates the average agent’s value remains in the simulation halt.

Figure 4.2 presents the mean numbers of finished simulations, which means that they have
at least one drone working and achieve the 1500 ticks.

Figure 4.3 presents the mean number of drones that achieve the simulation finished
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Table 4.4: Relationships about the simulation results

KPI1 | KPI2 Results
High | High Most of the simulations finished with a small loss of drones
High | Low | Most of the simulations finished with a significant loss of drones
Low | High few simulations finished with a small loss of drones
Low | Low | Most of the simulations finished with a significant loss of drones
Source: Author elaboration
Figure 4.2: KPI 1 - Number of Finished Simulations (%)
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These results were reliability-related. When the BC value is less or equal to 12% of SOC,

all simulations run results in 100% of simulations finished, and all drones finish the simulations

run.

When the values of BC simulate extreme energy usage conditions (BC > 12), simulation

setups suffer performance degradation. The baseline policy has a stronger degradation in the

case of the hardest condition (BC = 15%), when all situations besides B = 50% didn’t finish the

simulation.

Because the recharging threshold LW value (25%) is near extreme BC values and without

any other intelligence, BL drones will achieve the stop-simulation conditions more than the CT

drones.
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Figure 4.3: KPI 2 - Average Simulation Remaining Drones
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The recharging space (B) effect shows that increasing B increases the reliability performance

results. CT policy drones are more sensitive concerning the B change with a case of KPI 2

lost performance when B = 20 and 30% in the BC = 13% case. As Agent-Based simulations,

behavior can be complex and emergent, as in this case.

4.2.2 Efficiency Analysis

KPI 3 is related to system efficiency. One system can have good reliability results, but the

remaining drones can only stay in the recharging place, avoiding work.

In this case, a high utility value means that the remaining drones in simulations stay more in

the working area to make their agriculture or disaster recovery missions. A lower utility value

means that the simulation agents are trying to recharge more often.

Figure 4.4 presents the average utility for each simulation set, considering the 120

simulation values.

The utility is the ratio that the simulation selects the work action in the 1500 simulation

runs.
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Figure 4.4: KPI 3 - Average Working rate (Utility) (%)
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The utility shows a linear decrease in the BC value, which is expected because it is a more
expensive energy situation. In the BL policy, when BC = 15, the utility is O in the case of B =
20, 30, and 40% because, according to KPI 1, there are no finished drones in this situation. The
B =50 % of this utility shows their linear behavior.

CT policy case, until the utility is less BL, But in the case of more extreme situations BC =
15, and a lower value of B will be unique that can reach the expected mission.

As expected, as BC increases, a reduction of the simulation set performances in the mean
simulation runs, so our model has a validity behavior.

The B increase value shows less correlation between simulation set performance and more
in BL policy.

These results show that CT police were more recommended than BL policies when agents
needed more energy. These also show that a decentralized situation as a swarm of autonomous

drones, will require adaptive control.
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Chapter 5

Conclusions

This work describes two results: the first result evaluates the state-of-the-art research in the
drone energy supply coordination process on the agriculture and disaster recovery drones
usage, by performing a Systematic Literature Review, and the second result proposes an initial
approach to simulate the swarm of drones’ recharging process in a decentralized way.

The first result, the systematic literature review (SLR), evaluates the drone recharging
coordination methods for precision agriculture and disaster relief using a methodology
proposed by Barbara Kitchenham. The review followed these steps: paper search, duplicate
removal, abstract screening, and quality assessment, ultimately analyzing 36 studies. These
primarily focus on optimizing UAV energy usage via path planning, battery improvements, and
coordination strategies.

Given the three research SLR gaps, particularly the limited energy capacity of UAVs, is
recommended that future studies explore UAV applications in precision agriculture with a
focus on energy supply methods. Additionally, further research should investigate the
intersection of emerging technologies with agricultural and disaster contexts, specifically in
recharging coordination processes.

Techniques include optimization algorithms, machine learning, reinforcement learning,
multi-agent systems, and fewer simulation modeling studies. Despite advancements in
technologies like wireless power transfer and solar recharging, challenges remain, particularly
concerning the sustainability and scalability of operations. A lack of literature studies
regarding swarm recharging coordination in the precision agriculture context has also been

detected.
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The Agriculture and disaster applications of drones can require that these devices work
without communication, due to the application energy needs and the distance between devices
and the Radio Base Station. This work proposed an evaluation of two decentralized energy
supply coordination processes. The less complex decision process called the BL policy uses
only the agent’s SOC value to make their decision, the CT policy uses the SOC and the last
recharging attendance history, with a game theory approach, called El Farol Bar Problem, to
make their decision. This work explores three drone applications across (precision agriculture,
disaster context, and Dengue disease fighting), and examines energy supply strategies for a
swarm of drones using a game theory-based recharging coordination process.

Drones enhance agricultural resources by aiding farmers with informed decision-making.
In disaster recovery scenarios, they provide vital services like communication, imaging, and
mapping evacuation routes for victims. To combat dengue, drones can identify mosquito
breeding sites and release sterile males to restrain the spread of the disease.

To address the recharging procedure, it is proposed to use agent-based modeling to analyze
how a drone swarm autonomously makes recharging decisions. Two scenarios are evaluated:
the Baseline (BL) Policy, where drones decide based on their battery levels (SOC), and the
Charger Threshold (CT) Policy, which incorporates battery level with the El Farol Bar game
theory approach. A total of 12000 simulation runs are performed, with 120 simulation sets, and
100 times replication.

In this work simulation, elements such as battery usage with standard deviation to reflect
diverse drone operations and energy supply considerations are simplified, assessing two
outcome types: reliability and efficiency results.

Both policies showed no significant differences in low UAV energy usage scenarios (BC
less than 12% of SOC). However, the CT policy demonstrated superior performance at a 15%
baseline capacity (BC), mainly in the KPI-1 results. In terms of efficiency, both policies
achieved good results, with agents active for over 80% of the simulation time. Under more
extreme conditions, the CT policy again outperformed in reliability metrics.

Overall, our study suggests that incorporating game theory into recharging strategies can

enhance drone swarm operations across different scenarios and use cases.
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5.1 Future Work

More development needs to be done, followed by limitations and future development
descriptions.

Regarding this work’s limitations, some simulation aspects, such as recharging place queue,
network concept, coordinate movement, time, drones, and environmental characteristics, can be
improved using this work as an initial mark.

Future practical usage of a swarm of drones in precision agriculture or disaster recovery will
validate this type of work. In the current stage, we will need to use the design of experiments to
evaluate the simulated results.

A multicriteria KPI analysis can be done to find the best simulation scenario results. Another
possibility is the use of a real-time predictor as the KSL-X (Martins, P.; Ursini, E., 2018).
Another suggestion for future work is to evaluate the recharging communication energy usage.

More studies in the precision farm context were needed, as shown SLR performed in this
work.

Another limitation is the agent-based simulation verification and validation process. This
simulation type can have a great number of parameters. This procedure is a challenge to future
developments, as discussed in Section 2.5.

For future developments will require validation by searching the literature, thinking about an
analogy (e.g., server, or processor), or a process mathematical evaluation (e.g., minority game),

and improvements.
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Appendix A

Comparing this Thesis model work with

Dissertation model work

This thesis work is a continuation of the (Grando, 2020) master dissertation work.

Current work implements drones’ life cycle including battery usage, recharging process, and
energy usage. In the thesis simulation, the drones will stop working due to battery starvation.
The battery usage and standard deviation values variations parameters are an initial approach
to future simulation improvements. For example, a validated mathematical model can include
battery usage parameters such as the drone’s size, weight, and environmental aspects.

The recharging parameters were also included, with an approach to full battery recharging
replacement and battery recharging process, which is not present in the dissertation work.

Another model difference is between drone internal estimator types. In the dissertation
work, diverse estimator types, and in this current work, the (Rand; Wilensky, 2007)
autoregressive type helps the verification and validation process, because this model was used
in the original Netlogo El Farol model. This is made to focus this work on the recharging and

energy usage.
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APPENDIX B. PRISMA 2020 CHECKLIST

papiodai si

wayl aJaym

uoeso

wia)l 38199y

1ISIPPRYD 0202 VINSIId SR

#
way|

JUBWSSassy *s$800.d BY) Ul pasn $|00} uoieWOINE Jo S|iejap ‘a|qealidde ji pue ‘Auapuadapul payJom Aay} Jayiaym pue Apnis yoes JuBISSaSSEe
Aend ¢z passasse siamalnsl Auew moy ‘pasn (S)(0o} sy} Jo s|iejap Buipnjoul ‘saipnjs papnjoul 8y} Ul Seiq JO YSH SSesse 0} pasn spoyaw sy Aoads | |1 selq Jo ysu Apmis
aseyd
uopoenx3
eleq pue
JusLUSSaSSY “uoleuLojul Jesjoun Jo Buissiw Aue Jnoge spew suopduinsse
Aienp ez | Aue aquosaq ‘(seainos Buipuny ‘sonsiisjoeieyd uolusaisjul pue juedionied 6:9) JyBnos aiem eep YoIym Joj SajqelieA Jaylo |je aulsp pue st | ol
aseud
uooenx3
eje( pue
JuBWSSassy ’J09]|09 0} S)NS8J YIIYM SPIOSP 0} PASN SPOUaW Y} ‘Jou Ji pue ‘(sasAeue ‘spulod awiy ‘seunseaw [l 1o} 6-9) Jybnos a1am Apnis
Aend ¢z | yoes ul urewop swoano yoes yim aiqredwod aiem Jey; synsai [|e Jayiaym Ajoads JuBnos aiem ejep yolym Joj SaLodino |ie suyep pue s | eol swayl ejeq
aseyd
uoijoex3
ejeq pue *$59201d By}
JuBLUSSaSSY Ul pasn s|oo} uolewo)ne Jo sjielap ‘a|qealidde i pue ‘siojebiseul Apnis wod) ejep Buiwlluod Jo Buluielqo Joj sassadoid Aue ‘Apuspuadapul ssao0d
Ayend ‘¢z payom Aau} Jaypaym ‘podas 4oes woly ejep pajas||od siamalass Auew moy Buipnjoul ‘spodal woly ejep 108]|09 0} pash spoyjaw au} Aoads | 6 uoj0s|09 ejeq
aseyd
uopoenx3
eleq pue
JUBWSSasSY
Aend
"e'zoseyd "$$9201d 8y} Ul pasn S|00} uonewolne Jo s|ielap ‘ajqedljdde Ji pue “Apuspuadapul payiom Aay} Jaylaym ‘panauyal Lodal 4oes pue piodal
Bunosies 7'z UoBa pausalds siamainal Auew moy Buipnjoul ‘mainal 8y} JO BUSJO UOISN[oU 8y} Jaw Apns B Jayjaym apiosp 0} pasn spoyjew ay} Ajoads | @ $s920.d UORIB[ES
abelg
Buluueld ‘1z "pasn sywi| pue sJay|i} Aue Buipnjoul ‘sajisgam pue sisjsibal ‘saseqerep |[e Joj seibajel)s yoless ||} sy jussald | / ABejens yoress
abeis "Pa}NSUOD JO PAYDIESS JSB| SBM S2IN0S YIBS Uaym djep ay} $92In0S
Buiuueld "Lz | Aoadg “seipns Ajjuspl 0} paynsuod Jo payaIeas S80IN0S JaYJ0 PUe Sis|| douaIael ‘suoleziuebio ‘sajsgam ‘sisjsiBal ‘saseqelep |le Aoads | 9 uolewou|
aseyd
Bunosles ‘7'z "$9S3JUAs 8y} Joj padnoub a1am S8IPNJS MOY PUB MBIASI 8} JO} BLISJLO UOISN|IXa pue uoisnjoul ay) Ajoadg | § elaLo Ayiqibi3
SAOH13INW
abelg
Buluueld ',z "S9SSaIPPE M3IAB] Y} (S)uoiisanb Jo (s)aAoslqo au) Jo Juswaie)s Joldxa ue apinoid | RETNGE]e)
uonoNposU|
l -abpajmous| BulisIxa Jo JX8Ju0d aU) Ul MBIASI B} Joj S|euOIjel U} 8quasa( | § ajeuoley
NOILONAOYLINI
joensqy 1SIM08Y S}eASqY J0) 020¢ VINSIHd 3Y) 988 _ 14 oensqy
1Jvdlsav
AL ‘MaInal dljewsysAs e se podal sy Anuap _ | AL
L1

oido]
pue uoioag




89

APPENDIX B. PRISMA 2020 CHECKLIST

MBIAS)

Buipeal
salpnis sjo|d Jo sa|qe)} painjans Buisn Ajeapl ([eassiul 8|qIpaLo/aouapyuod “6-a) uoispaid SaIpN}s [eNPIAIPUI
pajos|es "¢'e S}l pue ajewnsa joays ue (q) pue (sjeudoidde aiaym) dnoib yoes Joj sonsiels Aiewwns (e) :Apnis yoes Joj ‘uasaid ‘sawodyno e Jo4 | 61 10 S}nsay
M3INB]
Buipeal
salpnjs salpnis
pajos[es ¢'e *Apn}s papnjoul Yoes Joj Selq Jo YSk JO SJUBLUSSaSSe Juasald | 8} Ul Seiq Jo ysiy
MaIABI
Buipeal
salpnjs SonskajoeIeYD
pajosies '¢'e "solsuajoeIey? S}l Juasaid pue Apnjs papnjoul yoes alg | /1 fpmg
s)nsay "¢ "papnjoxa alam Aay) Aym urejdxs pue ‘papnjoxs alem YoIym Ing ‘elsio uoisnjoul sy} 19sw o} Jeadde jyBiw 1eys seipnis a0 | a9l
“weibelp moyy e Buisn A||eap! ‘Mainal 8y} Ul papnjoul
S)nsay ¢ S3IPN}S JO Jaquinu 8} 0} Y2Ieas 8 Ul Paljuapl SpJ0dal JO Jaquinu ay) wodj ‘ssa20id UORIB[eS pue yoIess ayj Jo S)Nsal 8y} aquasaq | eg) uoioa|as Apnig
SLINS3
JuBLUSSasse
s)nsay ‘¢ "aWO2}N0 UE 10} BOUSPIAS JO Apog 8y} Ul (82uspiu0d Jo) Ajuleliad ssasse 0} pasn spoyiaw Aue aquasaq | gi furepan
JusLuSSasse
s)nsay ‘¢ (seseiq Buiodal woyy Buisie) sisayjuks e ul synsal Buissiw o} anp Seiq Jo YSH SSaSSe 0} pasn spoyaw Aue aquasaq | 1 selq Buipodey
s)nsay ¢ "S)nsal PazISayUAS B} JO SSBUISNGOI SSBSSE 0} Pajonpuod sashjeue Ajiasuas Aue aquosaq | JgL
s)nsey ‘¢ ‘(uoissaibai-ejow ‘sishjeue dnoibgns “69) synsas Apnjs Buowe AysusBois)ay jo sasned s|qissod ai0jdxa 0} pasn spoyjawl Aue aquasaq | 8¢l
"pasn (s)abexoed aiemyos pue ‘Aisusbois)ay [BaNSIE]S JO JUB)Xe pue 8ouasaid ay) Ajuspl 0} (S)poylew ‘(s)epow
s)nsay ‘¢ ay) aquasap ‘pawiopiad sem sishjeue-ejaul | *(S)aoloyd sy} Joj sjeuoiel e apiaoid pue s)nsal 8zisayjuks o} pasn spoyaw Aue aquasaq | pglL
s)nsay ¢ "$9S9YJUAS pue S8Ipnjs [BNpIAIpUI JO Synsal Aejdsip AllensiA Jo 8je|nge) o} pasn spoyisw Aue 8quasa( | og)
"SUOISIBAUOD
s)nsay ¢ ejep Jo ‘sasiiels Arewwns Buissiw Jo Buiipuey se yons ‘sisayjuks Jo uoljejussald Joj elep au} asedaud o) pauinbal spoyiaw Aue aquasaq | gg)
aseyd
uoioenx3
ejeq pue
JusLISSaSSY ((g# way) sisaypuks yoes Joy sdnoib pauuerd sy jsuiele Bupedwoo pue spoyiaw
Aienp ‘¢z sapsLajoRIRYD UoRUBAIBIUL Apnis By} Buljenge) '6-9) sisayjuAs yaes Joj 9|qibija aiom SaIpNis Yalym apIoap 0} pasn sassa20id ay} aquasaq | eg) SIsayiuAg
aseyd
uoijoenx3
ejeq pue
JUBWISSASSY
Aend ¢z "s)nsau Jo uonejussaid Jo sisayjuAs sy} Ul pasn (soualayip uesw ‘ofjel ysi “679) (S)aunseaw Joays sy} swodno yoes Joj Ayoads | g Sa.nsesw J0ay3
aseyd
uoijoex3
ejeq pue

papiodai si
Wyl aJaym

uoeso

wia)l 3siy99y9

1ISIPPRY) 020C VINSINd 8

oido]
pue uoioag




90

APPENDIX B. PRISMA 2020 CHECKLIST

TO 7Ra/S35UB]/DI0 SUOWTI0IATea]-SaY JISIA ‘9Sudol| Siy} o Adod B MaIA O] "0y AG DD JopuN pasusdl| S| yiom sy “|/ufwa/ogtL 0l
10 “L/U:Z/€'120Z MG "smalna) anewsysAs Buipodas Joj suliepinb pajepdn ue :juswalels 0z0Z YNSIYd BYL B 18 ‘D MOJN ‘DL UuBWYOH ‘| uosnog ‘Nd nssog ‘Ir eizuayo ‘TN ofed woiq

Juswalels S|eusjew Jayjo
Ajigereay "M3IA8] BY} Ul Pasn S[elsjew Jayjo AUe ‘epod oiA[eue ‘sasA[eue ||e Joj pasn ejep ‘salpnjs pUE 8p0J ‘BlEp
ejeq | papnjour woyy pajoexs ejep ‘Swoj UOIS||09 eJep je|dua) :punoj 8q Ued Asy} a1aym pue djqejiene Ajijgnd aie Buimoy|oj sy} Jo ydiym Joday | /z 10 ANjiqejieay
JsauB)y| sjsalaul
JO SJOIJU0D "SJOYINe MalAsl Jo sisalaiul Buedwoo Aue aiepeq | 9z Bunadwor
Buipun4 "M3IABI U} Ul S10SU0dS J0 SI8punj 8y} JO 8J0J Y} PUB ‘MBIASI BU} J0j Hoddns [BIOUBUIH-UOU JO [BIDUBUI JO $82IN0S 8QHIs8q | Gz Hoddng
paisjsifial jou
SEM MaIABY ‘looojoud 8y ul Jo uopessifial e papiacid uonewlojul 0} Ssjuswpuswe Aue ulejdxa pue aquasaq | oz
paisjsibal jou
SEM M3IASY ‘pasedaid Jou sem [020j0.d € Jey) Bels Jo ‘passaade aq Ued [020j0.d MaIAB) B} Biaym Bjealpu| | apg
pasasibal jou [020j0.d
SEM MOIASY "paJalsifial Jou Sem MaIASI BU} Jey) 8e)s Jo ‘Jaquinu uoljeljsifial pue sweu JajsiBal Bulpnjoul ‘maiaal 8y} Joj uofewojul uonessiBal apinold | epg pue uojjessifay
NOILVINYO4NI ¥3H10
uoissnasiq “yoJeasal anjny pue ‘Aajjod ‘aoijoeld Joj synsal 8y} Jo suonedljdwl ssnasig | PEZ
uoissnasiq ‘pasn sassa20.d malnal 8y} Jo suonejwi| Aue ssnasiqg | 2€z
uoissnosiq 'y "MBIASI B} Ul papNoul 89UapIAS BY} Jo suonenwi Aue ssnasig | qgz
uoIssnasiq “92UBPIAG JBUJO JO JX8JU0d BY) Ul SYNSal 8y} Jo uopejaidiajul [elausb e spinoid | egg uoissnasig
NOISSNnJsIa
a|qeoydde 90UBPING
10N ‘POSSASSE SWI0IINO YIES 10} 8IUBPIAS JO APOg B} Ul (80UBPHUOI J0) AJUIBLAD JO SJuBWISSaSSEe Juasald | Zg J0 Auiena)
a|qeoidde
10N "passasse sisayiuAs yoes Joj (saselq Buiodal wouy Buisue) synsal Buissiw 0} anp Selq Jo YSH JO SjusLSSasse Juasald | |z saselq Bunoday
a|qeoydde
10N "S)nsal PazISayUAS B} JO SSBUISNGOI U} SSBSSE 0} PBJONPU0D SasAleu. A)AnISUSS [[e JO S)nsal Jussald | poz
MBINB)
Buipeal
salpnjs
pajoses ¢'e ‘s)nsal Apnjs Buowe AyeusBois)ay jo sesned a|qissod Jo suojeBiisaaul || J0 Snsal Juasald | 90Z
MBIASI
Buipeal
salpnjs "J0349 8y} JO uondalIp ay) 8quasap ‘sdnoib Buredwod jj ‘AiisusBolsiay (eSS JO SBINSEaW pue ([eAIs)Ul B|qIPaId/aouapyuod “6'a)
pa1o9jes '¢'e uoisioaid s}l pue sjewse AlewWNS ay} Yoea 1o} Juasaid ‘Buop Sem SISA[euB-ejow J| ‘pajonpuod SasayuAs [eanshiels |1 Jo synsal juasald | 40z
MaIASI
Buipeal
salpnjs sasajuAs
pajos|es ‘¢'e 'salpnis Bunnguiuod Buowe seiq Jo ysi pue sonsuB}orIBYD BU) BSELIWNS Alalq ‘SISaYIUAS yoes Jo4 | egg 10 s)nsay

papiodai si
Wyl aJaym

uoeso

wia)l 3siy99y9

1ISIPPRYD 0202 VINSIId R

oido]
pue uoioag




91

Appendix C

Academic Production and Participation

C.1 Activities Mannagement

This section describes the current and future activities of this work. The Unicamp Technology

School requisites for a Ph.D. degree:

A total of 40 credits courses — Total: 46 credits

English proficiency text — Approved on 03/02/2022;

At least two-semester experience as a teacher intern program — PED (TT413 in the second

semester of 2021 and 2023 and EB102 in the first semester of 2022) as shown in C.2.1;

Qualification document presentation — Approved in 24/05/2023;

A paper submission - Done, as shown in Appendix C.2;

Final Ph.D. Thesis defenses in 21/02/2025, as shown in Figure C.1.

C.2 Academic Production and Participations

The current list of related academic works from this research and their status on 03/01/2025:

C.2.1 Unicamp Teacher Internship Program (PED) Participation

* 2021 Second Semester (Level C) - TT413 - Métodos Matemdticos para

Telecomunicacdoes.



APPENDIX C. ACADEMIC PRODUCTION AND PARTICIPATION 92

e 2022 First Semester (Level C) - Delivered lectures for EB102 - Geometria Analitica e

Algebra Linear.

* 2023 Second Semester (Level B) - Returned to teach TT413 - Métodos Matemdticos para

Telecomunicagdes.

Certificates are present in Figure C.2

C.2.2 Mesa de Discusion in the 12° Congreso Internacional de

Investigacion - UVM

In this discussion panel, I presented the 2021 status of this work and discussed agent-based

present and future applications with peers, as shown in Figure C.3

C.2.3 Unicamp School of Technology ''Workshop da P6s-Graduacao da

Faculdade de Tecnologia''

ISSN 2527-256X

Participate in all editons during the Doctorate.

In the 2024 edition, I won the prize for the best work in oral mode in the Information System
area with the work: "Andlise de consumo de bateria de dispositivos usados em [oT (Internet das

coisas)", as shown in Figure C.4

C.2.4 2023 Winter Simulation Conference editions

WSC 2023 Edition https://meetings.informs.org/wordpress/wsc2023/
Work: "Modeling and Simulation for Farming Drone Battery Recharging”
Extended Abstract as shown in Figure C5s. Link:

https://informs-sim.org/wsc23papers/satwceal07.pdf

C.2.5 2024 Winter Simulation Conference editions

WSC 2024 Edition https://meetings.informs.org/wordpress/wsc2024/
ISSN: 1558-4305
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Work: "Modeling and Simulation of Battery Recharging for UAV Applications: Smart
Farming, Disaster Recovery, and Dengue Focus Detection”
Full Paper published in IEEE Xplorer during 2025, as shown in Figure C.6.

Link: https://ieeexplore.ieee.org/document/10839001

C.2.6 MPDI Drones

https://www.mdpi.com/journal/drones

ISSN: 2504-446X

Title: "Systematic Literature Review Methodology for Drone Recharging Processes in
Agriculture and Disaster Management"

Submitted on 09/11/2024

Published in 08/01/2025 as show in Figure C.7

https://www.mdpi.com/2504-446X/9/1/40

C.2.7 Preprint: arXiv

Link: https://arxiv.org/abs/2503.12685

Title: "Agent-Based Simulation of UAV Battery Recharging for IoT Applications: Precision
Agriculture, Disaster Recovery, and Dengue Vector Control"

eprint: 2503.12685

Submitted on 16/03/2025 as shown in Figure C.8.
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Figure C.1: Ph.D Thesis defense section minute

UNIVERSIDADE ESTADUAL DE CAMPINAS
Faculdade de Tecnologia
LUNIC ANER Comissao de Pos-Graduacao da Faculdade de Tecnologia

Disetoria Sc ndémico

Ata da Sessao pliblica de defesa de tese para obtencdo do titulo de Doutor em Tecnologia, na drea de Sistemas de
Informagéio € Comunicagio, a que se submeteu o aluno Leonardo Grando - RA 189052, orientado pelo Prof. Dr. Edson
Luiz Ursini.

Apos vinte & um dias do més de fevereiro do ano de dois mil e vinte e cinco, &s 14:00 horas, Sala de Defesa (Prédio da Pos-
Graduagao da FT) | meet.google.comiwsf-ufvp-evu, de forma hibrida, reuniu-se a Comiss&o Examinadora da defesa em epigrafe
indicada pela Comissao de Pos-Graduacdo do{a) Faculdade de Tecnologia, composta pelo Presidente e Onentador Prof. Dr.
Edson Luiz Ursini (FT/ UNMICAMP) e pelos membros Dr. Kaué Tartarotti Nepomuceno Duarte (University of Calgary ) (por
wvideoconferéncia), Prof. Dr. Eric Alberto de Mello Fagotto (PUC-Campinas ) (por videoconferéncia), Prof. Dr. Anibal Tavares de
Arevedo (FCA/ UNICAMP) e Profa. Dra. Marli de Freitas Gomes Hemandez (FT/ UNICAMP), para analisar o trabalho do
candidato Leonardo Grando, apresentado sob o titulo " Study for Optimization of Battery Consumption for Unmanned
Aerial Vehicles, " (Estude Para Otimizagdo de Consumo de Bateria Para Veiculos Aéreos No Tripuladoes.).

O Presidente declarou abertos os trabalhos, a seguir o candidato dissertou sobre o seu trabalho e foi arguido pela Comissao
Examinadora. Terminada a exposicéo e a arguigdo, a Comissao reuniu-se e deliberou pelo seguinte resultado:

4 APROVADO

[1 APROVADO CONDICIONALMENTE (ao atendimento das alteracdes sugeridas pela Comissao Examinadora especificadas na
parecer anexo)

[1 REPROVADO (anexar parecer circunstanciado elaborado pela Comissac Examinadora).

Para fazer jus ao titulo de Doutor, & versao final da tese, considerada Aprovada ou Aprovada Condicionalmente, deverd ser
entregue & CPG dentro do prazo de 60 dias, a partir da data da defesa. De acordo com o previsto na Deliberagio CONSU-A-10
12015, Artigo 42, paragrafo 1° inciso Il e paragrafo 2°, o aluno Aprovado Condicionalmente que ndc atender a este prazo sera
considerado Reprovado. Apds a entrega do exemplar definitivo e a sua conferéncia pela CPG, o resultado sera homologado pela
Comissao Central de Pos-Graduacao da UNICAMP, conferindo titulo de validade nacional aos aprovados.

Mada mais havendo a tratar, o Senhor Presidente declara a sesséo encerrada, sendo & ata lavrada por mim, gue segue assinada
pelos Senhores Membros da Comissao Examinadora, pelo Coordenador da Comissao de Pos-graduacao, com ciéncia do aluno.

Prof. Dr. Edson Luiz Ursini Dr. Kaué Tartarotti Nepomuceno Duarte
Presidente da Comisséo Examinadora

Prof. Dr. Eric Alberto de Mello Fagotto Prof. Dr. Anibal Tavares de Azevedo
Profa. Dra. Marli de Freitas Gomes Hernandez Leonardo Grando
Aluno(a)
Secretaria de Pos Graduacao Prof. Dr. Enelton Fagnani

Coordenador{a) da CPG

CODIGO DE AUTENTICIDADE
Verifigue a autenticidade deste documento na pagina www.dac.unicamp.br
Cadigo: 8940274d03dadce00bf392d2de45d3d278973bi7

Rua & de Agosto, 50 - Cidade Universitaria - Barao Geraldo - Campinas/SP -13083-870
Comissao Central de Pos-Graduagao
UNICAMP - Universidade Estadual de Campinas

Documanto 2 mesigad. unicamg. bol a

sinado grficar aute L 1A M B
Infor DintORRNCALIERNAS OETS B RGS CEmmED Am 21/02/2025 09:24:16 Pagina 1/2

Source: Author
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Figure C.2:

Certificates of participations

" Universidade Estadual de Campinas
o e St cnps " o oo " @ (O n
- R - - =x - Diciora Académica 3
Certificado Certificado Certificado
Nome Fagisiro Academica [Norre Registio Acadermico e Registio Academico
Loonarco Grando 785052 [Leenarco Grando Tesbez Leonarco Grando 89052
Documento de dentidade  CPF Nascimento se0 [Documento de ldentidade  CPF. ex0 Documonto de identidade P im sexo
(405241352 5P 078799689 16001504 Haseuino laos2410-2 -SSP So787396850 1800 1584 Mascuino ls05241%0:2 - 557 0787996850 180971564 Mascuino
o Nacionaldade e Nacionalidade Nocionalidsde
LLaanil Pavista Brasisie lLarajal Paui Brasio Lararal Pauista Brasier
ver v iver
Curso 55" Tocrologia Dasiorado 1150 35 Toomologia Douiorado Clrso 25 Tscrologia Doiorado
o4 do Concen Arca de Concentracio ‘e Concentracao
16" Sisomas do Informasao o Camunicagao 5 - Sisiamas do nformasdo ¢ Gomunicacao A5 Sisiemas o Inormacao o Comunicagéo
Focorhocido poa Portara MEC - 608 ds 18032018 oconhecido pea Portar MEG n- 609 de 18/0372018 Fecorhecido pea Parar MEC - 6038 18032019
Forma do Ingreaso Pariodo do ngresso Forma do Ingresso Pariodo de Ingresso Forma de ingresso Periodo de Ingresso
Evamo Soiocao da Pés Gracuagdo 1872021 <ame Selecao da Pés Graduagao 1572021 Erime Selacac da s Gracucan 752021
Escola Antorior Més/Ano da Conclusio Escola Anterior Més/Ano da Conclisio Escala Antoior Més/Ano da Conclusso
acuidade do Tecnalogia (FT) - UNICAMP 0572020 ociiade de Tecnologia (FT)- UNIGAMP 09: acuidade de Tecnalogia (FT)- UNICAMP 092020
Situagao no Curso Anoda Catélogo  Ano da Turma Situagdo no Curso Anode Catélogo  Ano da Turma Situagao no Curso Anode Catdlogo  Ano da Turma
urso em andameno. 21 201 2021 20 2021
Certioado Certicads Certficado
3 20 GR n* 482018 do 19-12.201, cerilica Campias, 19122018, corica A @ coriica
que o interessado partcipou do Programa de Estdgio Docente - P6s-Graduagdo-PED. no Grupo G - que o meressado parlcipou do Programa do Estégio Docerte - Pbs-Graduacao-PED. 1o Grupo G que o intressado partcipou do Programa do Estégio Docon - Pés-Graduagao-PED, no Gripo B
Alvidades de Apoio a Dacéncia Parcial, no 2* periado de 2021, com carga horéria de 08 oras somanais Alvidades de Apolo'a Docéncia Parcal, no 1 peiodo de 2022, com carga horria de 08 foras semanais, ‘Atvidades de Docancia Parcial. no 2° periodo de 2023, com carga hordria de 08 horas semanas. sob
S0b supervisdo do Prof* Edson Luiz Ursin, da FT - Facuidade de Tecnologia, desta Unversidade, na(s) s0b supervisao do Pro Edson Luiz Ursin,da FT - Faciidado do Tecwologa, desia Universdade, na(s) supervisio do Pro iz Ursini, da FT - Facudade do Tecnologia, desta Universdade, na(s)
discipinais) e uma(s) especiicada(s) abiro. Giscpinals) ¢ Limals) espaciicaca(s) ababo discipinais) o mals) especiicaca(s) avaxo

Discipiinas
(Codigo Turma Nome
(rrata A

lcodigo Turma
lee 02 c

Discipiines
Nome

Dischiinas
‘Nome

(Codigo Turma
(rrats A

Veritque  auentcidado esta documento 1 pgna v dac unicamptx
G0 0155009540760 1bab00G5ca B2 15207

B

Veritque a auentcidads deste documerto na pigha i ac.uncamp b
Gouige: bsszsTRS41S:

ozaiseims

Tcae.
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Source: Author

Figure C.3:

Mesa de Discusion

Modelling Complex Phenomena
h MultiAgent Approach

Msc. Leonardo Grando, UNICAMP-Brazil
Mtro. Juan Fernando Galindo, Vita Tecnologia - Brazil
Dr. Emmanuel Lépez N VM - México

Vie 8 Oct

Certificates of participations

‘CONGRESO INTERNACIONAL
DE INVESTIGACION UVM

La Universidad del Valle de México
otorga la presente CONSTANCIA a

Leonardo Grando

Por su participacién en Using a classical model to
provide insights through Agent-based Simulation en el
12° Congreso Internacional de Investigacién UVM,
realizado con sede digital en Campus Tuxtla.

LTRSS

Or. Nein Farrera Vezauez
s o) Congres
fliosrric e

Tuxtla Gutiérrez, Chiapas, México, a 7 de octubre de 2021

Source: Author

T

Figure C.4: XV Workshop da Pés-Graduacao Oral Best Presentation Certificate.

Certificamos que

-
POS-GRADUAC ul& j

Leonardo Grando

recebeu o prémio de melhor trabalho na modalidade Oral, na érea de Sistemas de
Informagao, pelo trabalho intitulado “Anélise de consumo de bateria de
dispositivos usados em lot (Internet das coisas)", realizado no dia 11 de setembro de
2024, no XV Workshop da Pés-Graduagdo da Faculdade de Tecnologia - UNICAMP, na
cidade de Limeira - SP.

%

Eneiton Fagnani

Coordenador do Programa de Pos-
Graduagho da Faculdade de
Tecnologia - UNICAMP

Jacqueline Malvestiti
Representante discente da Comissdo
de Pés-Graduacdo da Faculdade de

Tecnologia - UNICAMP

Rodrigo Cavalcante
Representante discente da Comissdo
de Pés-Graduacdo da Faculdade de
Tecnologia - UNICAMP

“BoAndD M @@ uan

Source: Author
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Figure C.5: WSC system approval and Congress Participation Certificate.

Certificate of Presentation

This is to certify that

To-Do List

WSC 2023~ My Account Sign Out

Leonardo Grando

Leonardo Grando

WSC 2023

My Submissions ~ Make a New Submission My Conflicts
presented at the 2023 Winter Simulation Conference on December 10-13, in
San Antonio, Texas, USA.
Simulation Around the World Contributed Extended

Abstracts Presentation Title
i Simulation for Farmi Recharging Modeling and Simulation for Farming Drone Battery Recharging
it Accept P )
Stage1:Submission ( TEE - 08/04/230  @detalls  (Zupdate  @reviews &
Stage 2: Corrected
Contributed Extended ~ Received 11/11/230  @details  Z update a8
Abstract 5:-2.‘ h: R %-“‘,
Stage 3: Program Received 11/11/230 @details  Z update a
Material _
Checklist et Bahar Biller
{one of the authors) f Rlciase e ol General Chair, 2023 Winter Simulation Conference

by the conference editors. Authors: do NOT select 'Yes' until you have received an email requesting you to
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Unmanned Aerial Vehicles (UAVSs), or drones, are becoming increasingly wvital in agriculture and disaster
management due to their autonomous monitoring, data collection, and service delivery capability. However, energy
constraints often limit their potential, highlighting the need for efficient recharging and energy management solutions.
Article Views 1896 This systematic literature review (SLR) examines the current simulations of drone recharging technologies within
precision agriculture and disaster relief. It highlights recent advancements, including various algorithms for path and
mission planning. while identifying ongeing challenges, particularly the scarcity of studies on the recharging
coordination that affects UAV operations in these fields. The review encompasses 36 high-guality studies from 2038
papers initially found in the literature. Despite significant progress in recharging technologies, achieving sustainable
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~ and continuous UAV operation remains challenging, especially in high-demand energy environments such as disaster
Abstract zones and agricultural areas. We identify three research gaps—knowledge, methedological, and practical. There is a
Introduction lack of drone recharging studies, as drones are energy-demanding devices. The studies show that the coordination

process relies on communication, which can use more battery, and we also find a lack of real-world applications in
the studies. Another finding is that the context of disaster is studied more than agricultural usage.
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battery recharge coordination using the Agent-Based Simulation (ABS) approach. In this way,
we propose that each drone inside the swarm does not communicate cancerning this recharge Export BibTeX Citation
coordination decision, reducing energy usage and permitting remote usage. A total of 6000 Bookmark
simulations were run to evaluate how two proposed policies, the BaseLine (BL) and e

ChargerThershold (CT) coordination recharging policy, behave in 30 situations regarding how
each simulation sets conclude the simulation runs and how much time they work until
recharging resuits. €T policy shows more refiable results in extreme system usage. This work
conclusion presents the potential of these three IoT applications to achieve their perpetual
service without communication between drones and ground stations. This work can be a
baseline for future policies and simulation parameter enhancements.
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