POLITECNICO
MILANO 1863

SCUOLA DI INGEGNERIA INDUSTRIALE
E DELLINFORMAZIONE

Coverage path planning algorithm
for non-homogeneous multi-UAV
systems

TESI DI LAUREA MAGISTRALE IN
AGRICULTURAL ENGINEERING - INGEGNERIA AGRICOLA

Author: Ludovico Mondinelli

Student ID: 221396

Advisor: Prof. Marco Lovera

Co-advisors: Alessandro Nazzari, Roberto Rubinacci
Academic Year: 2024-2025



////M//////////é N 1 \\\\\\\ / \m\\ %
2N /// \ 117717/ s
//// N\ //// ////::_:::\\\ //) \\\ \\\\
NN 779477770770 00 /2 2
NN N e otrts
oty HH1100177 070070 2 2
SO 77752777777 000 2 2 2 2 27
J ///// /// N //// ////N///////////é __ ________,5\ I \\\\\\\ \\w\\ \\\\\\\\\\\\\\ =
~ 3N M s
N T e
—— f ot
—— = R
- ““\\\\\\\\\\\\\\\\\\m\\\w\w\\ 77 /////////////,/////////////// //// ///UU/
N RN R
1 NN
5577 NN
2 T I A O O



Abstract

Monitoring and managing large agricultural areas remains a major challenge in the field
of precision agriculture. The use of non-homogeneous multi-UAV systems provides a
concrete opportunity to optimize area coverage operations, reducing mission time and
operational costs. This thesis presents the implementation of a coverage path planning
system, an approach aimed at generating paths that allow a drone to completely cover
a given area, using the DARP (Divide Areas based on Robot’s initial Positions) algo-
rithm, which is particularly well-suited for both monitoring and chemical spreading tasks
in agricultural contexts. Additionally, the work includes a critical evaluation of others
coverage path planning algorithms found in literature. The DARP algorithm was tested
in simulations on fields with varying complexity and obstacle presence, and compared
against the Popcorn algorithm (another algorithm for coverage path planning found in
literature). Results demonstrate that DARP, especially when using the “better coverage”
mode, achieves a good field coverage, lower computational time, fewer turns, and the
ability to manage heterogeneous UAV swarms and no-fly zones. These features make it

an effective and scalable solution for modern precision agriculture applications.

Keywords: Drone, UAV, Precision Agriculture, Coverage Path Planning, DARP, Multi-
UAV
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Abstract in lingua italiana

Il monitoraggio e la gestione di vaste superfici agricole rappresentano una delle princi-
pali sfide nell’ambito dell’agricoltura di precisione. L’impiego di sistemi multi-UAV non
omogenei offre un’opportunita concreta per ottimizzare le operazioni di copertura del ter-
ritorio, riducendo i tempi e i costi delle attivita. Questa tesi presenta I'implementazione di
un sistema di coverage path planning (un approccio volto a generare percorsi che perme-
ttano a un drone di coprire completamente una determinata area) utilizzando ’algoritmo
DARP (Divide Areas based on Robots’ initial Positions), particolarmente adatto per
attivita di monitoraggio e di distribuzione di sostanze chimiche in contesti agricoli. Il
lavoro include inoltre una valutazione critica di altri algoritmi di coverage path planning
trovati in letteratura. L’algoritmo DARP ¢ stato testato attraverso simulazioni su campi
di diversa complessita geometrica e presenza di ostacoli, confrontandolo con 'algoritmo
Popcorn (un altro algoritmo per coverage path planning trovato in letteratura). I risultati
mostrano che DARP, soprattutto nella modalita “better coverage”, garantisce una buona
copertura, minori tempi di calcolo, meno cambi di direzione e la possibilita di gestire sci-
ami eterogenei e no-fly zones, rendendolo una soluzione efficace e scalabile per ’agricoltura

di precisione.

Parole chiave: Drone, UAV, Agricoltura di precisione, Coverage Path Planning, DARP,
Multi-UAV
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1 ‘ Introduction

Initially, farmers relied on visual and manual inspections to assess crop health and soll
conditions. Although fundamental, these methods were limited by subjectivity and the
vast areas that needed monitoring. Aerial photography represented a rst step toward
remote monitoring. The earliest aerial images were captured in 1858 in France by Nadar
(Gaspard-Félix Tournachon) using a hot air balloon.[17] Subsequently, photogrammetry
enabled precise measurements of the terrain through the analysis of aerial photographs.
These techniques found applications in numerous elds, ranging from cartography to geol-
ogy, and laid the foundation for the development of modern remote sensing. In the 1980s,
the introduction of Global Positioning System (GPS) technology marked a turning point

in the agricultural sector, paving the way for the development of precision agriculture.
Precision agriculture, also known as precision farming, is a data-driven approach to farm
management that leverages advanced technologies to observe, measure, and respond to
variability in crops. The core objective of precision agriculture is to enhance the e ciency
and sustainability of farming operations by ensuring that the right amount of input (such
as water, fertilizer, pesticides, and seeds) is applied at the right time and in the right place.
By enabling site-speci c management, farmers can reduce waste, increase productivity,
and minimize environmental impacts. For example, GPS-guided equipment allows for
more accurate planting and harvesting, reducing overlaps and missed areas, while sensor
data and predictive analytics help identify crop stress and disease outbreaks before they
spread. Additionally, this approach facilitates better record-keeping and decision-making,
contributing to more informed and adaptive farm management strategies. The term "pre-
cision agriculture” was rst used in 1990 during a workshop held in Montana.[11] Starting
from the 2000s, drones began to be employed in agriculture. Their adoption subsequently
increased, enabling crop condition monitoring, eld mapping, and crop management.
Drones have become highly versatile tools in precision agriculture, o ering advantages
such as real-time data collection and targeted application of treatments.
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1.1. Problem de nition

Monitoring vast agricultural lands remains a signi cant challenge in the eld of Precision
Agriculture. Among the various approaches discussed in the literature, such as satellite
images,[13] employing Unmanned Aerial Vehicles (UAVsS) has emerged as a prominent op-
tion due to its exibility and adaptability. However, the application of UAVs in Precision
Agriculture is still an evolving area of research. This study explores the most e ective
coverage strategies for multi-UAV non homogeneous systems in Precision Agriculture,
emphasizing the generation of trajectories to ensure complete coverage. By identifying
optimal coverage methods and designing smooth trajectories, this research aims to mini-
mize energy consumption and improve the overall e ciency and exibility of multi-UAV
systems in Precision Agriculture applications.

1.2. Contributions

This thesis provides an in-depth analysis of the main Coverage Path Planning (CPP)
methods available in the literature, o ering criteria for their selection based on the speci c
application context. The selected method is described in detail, with a particular focus on
its use in precision agriculture. The main contribution of this work lies in the development
of a systematic approach that enables the transformation of the problem of supervising
a eld using a heterogeneous swarm of UAVs into executable individual trajectories for
each drone.
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Figure 1.1: Obtain the Normalized di erence vegetation index (NDVI) of a eld is an
example of application where multi-UAV system can have an important role.

1.3. Thesis outline

In this section the structure of the thesis is described.

A

Chapter 2: Reviews precision agriculture applications and coverage control algo-
rithms from existing literature.

Chapter 3: Presents the selection criteria and the in-depth analysis of the coverage
path planning method selected.

Chapter 4: Explains the methodology for trajectory generation.
Chapter 5: Presents and discuss the tests results.

Chapter 6: Presents the nal conclusions of the work.






2 ‘ State of the Art

In this chapter an overview of multi-UAV systems used in precision agriculture and their
application is presented then a collection of CPP algorithms found in literature is dis-
cussed.

2.1. Aerial platforms for precision agriculture

In precision agriculture, various categories of UAVs are utilized for a wide range of ap-
plications, from crop monitoring to fertilization. Each category has its own advantages
and disadvantages, which should be carefully assessed to determine the most appropriate
option for each speci c case.

Fixed-Wing UAVs

Fixed-wing UAVs resemble small airplanes and are powered by a single or multiple pro-
pellers. These drones are known for their e ciency in covering large areas.[10, 12]
Advantages:

Long ight duration, making them ideal for monitoring large elds.

" High-speed capabilities from 15 to 30 m/s, ideal for covering large distances between
target areas e ciently.

" High payload capacity.

Disadvantages:
" Require larger takeo and landing areas compared to Multirotor and Hybrid UAVS.
" Typically more expensive compared to Multirotor UAVS.

" Limited maneuverability, making them less suited for small or irregularly shaped
elds.
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Multirotor UAVS

Multirotor UAVs include quadcopters, hexacopters and other variants characterized by
their vertical takeo and landing capabilities.[10, 12]

Advantages:
~ Highly maneuverable and capable of hovering, allowing for close-up inspections.
" Require minimal space for takeo and landing.
" Cost-e ective and accessible for small to medium-sized farms.
Disadvantages:
~ Limited ight time due to hight energy consumption.

~ Slower maximum speeds between 5 to 15 m/s make them less e cient for covering
extensive areas.

" Payload capacity is generally lower than xed-wing UAVS.

Hybrid UAVs

Hybrid UAVs combine the features of xed-wing and multirotor UAVS, o ering vertical
capability with the ability to cover large areas e ciently.[10, 12]

Advantages:
~ Versatility in takeo /landing and e cient coverage.
" Longer ight times compared to multirotor UAVS.
" Medium/high payload capacity.
Disadvantages:
" More expensive than single-type UAVs.
" Bigger size compared to multirotor and xed-wing UAVs

A

Generally have intermediate performance between the other 2 categories.

2.2. UAVs applications in agriculture

In agriculture multi-UAV systems can be employed across two major categories of appli-
cations, each serving distinct purposes. The rst category focuses on monitoring tasks,
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which include activities such as surveillance, data collection, environmental observation,
and infrastructure inspection. These applications are crucial for gathering real-time infor-
mation and ensuring the e cient management of resources. The second category is ded-
icated to chemical spreading, which encompasses tasks like fertilizing, disinfection, pest
control, and other operations requiring the precise distribution of chemical substances on
the eld.

Monitoring task

Multi-UAV systems can be useful in agriculture to collect information in a wide range of
situations and environments. Key applications include area surveillance for security pur-
poses, environmental monitoring to assess ecosystem health, crop and animal monitoring
and infrastructure inspections such as bridges, roads, pipelines, power lines, and building.

The most signi cant use in agriculture is the crop monitoring, where drones are employed
to evaluate crop health, detect areas of water stress or pest infestations, and optimize
resource usage such as water and fertilizers. For these purposes, indices derived from
multispectral and hyperspectral image analysis, captured by sensors mounted on drones,
are commonly utilized.

Among the most widely used indices is thBlormalized Di erence Vegetation Index
(NDVI) , which measures vegetation quantity and quality through the ratio of near-
infrared (NIR) to red (RED) spectral bands.[7]

NIR RED

NDVI = SR + RED

Where:

A

NIR : Re ectance in the near-infrared band.

A

RED : Re ectance in the red visible band.
Other commonly used indices include:

" Enhanced Vegetation Index (EVI): particularly useful for analyzing high-density
vegetation areas while minimizing atmospheric e ects.[7]

(NIR RED)

EVI =G
(NIR + C;, RED C, BLUE + L)

Where:

G: Gain factor (typically 2:5).
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NIR : Re ectance in the near-infrared band.

RED : Re ectance in the red band.

BLUE : Re ectance in the blue band.

C:: Coe cient for atmospheric correction in the red band (typically 6).
C,: Coe cient for atmospheric correction in the blue band (typically 7:5).
L: Soil adjustment factor (typically 1).

~ Soil-Adjusted Vegetation Index (SAVI): ideal for areas where soil is partially
visible, compensating for soil re ectance in uences.[7]

(NIR RED)

SAVI =
(NIR + RED + L)

1+1L)

Where:

L: Soil adjustment factor, varying with vegetation density (typically 0:5 for
moderate vegetation).

" Normalized Di erence Water Index (NDWI): used to evaluate water content
in crops or soil, providing crucial data for precision irrigation.[7]

(NIR  SWIR)

NDWI =
(NIR + SWIR)

Where:
NIR : Re ectance in the near-infrared band.
SWIR: Re ectance in the shortwave infrared band.

" GNDVI (Green NDVI): emphasizes the green spectrum for more accurate chloro-

phyll estimation.
(NIR  GREEN)

GNDVI =
(NIR + GREEN)

Where:
NIR : Re ectance in the near-infrared band.
GREEN : Re ectance in the green band.

Di erent types of NDVI calculations and multispectral cameras require carefully selected
ight altitudes to ensure optimal spatial resolution and data quality. The choice of altitude
directly in uences the ground sampling distance (GSD), the level of detail captured, and
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the overall accuracy of the vegetation indices, making it a critical parameter in remote
sensing applications.

Beyond agriculture, these techniques are employed in forestry management to prevent
wild res, monitoring air and water quality, and protecting wildlife in conservation areas
by preventing poaching activities.

By deploying multiple drones simultaneously, these monitoring tasks can be carried out
more quickly, accurately, and e ciently compared to traditional methods, ensuring com-
prehensive and detailed coverage of the area under observation.

Figure 2.1: This is an example of potential use of NDVI images to locate the vegetated
area in a eld and their status in fact in this picture can be seen that in the upper part
the vegetation is more developed and this can be related for example to the soil condition
in that speci c part of the eld.

Spreading task

This capability is particularly valuable for tasks that require the precise, e cient, and
uniform distribution of substances over large areas.

The use of multi-UAV systems for chemical spreading in agriculture can revolutionize
traditional farming practices by introducing precision and e ciency to tasks that are
essential for crop health and productivity. These systems are primarily employed for the
aerial application of liquid fertilizers, pesticides, herbicides, and other agricultural inputs,
ensuring optimal coverage and reducing the environmental footprint.
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One of the key advantages of UAV-based chemical spreading is the targeted application it

enables. By utilizing GPS navigation and prescription maps, drones can precisely spray

chemicals only where needed, avoiding unnecessary application in una ected areas. This
precision minimizes chemical waste, lowers costs, and reduces the risk of contamination to
nearby ecosystems. Similar to NDVI indices, altitude remains a key parameter to consider

in this context, as it helps reduce waste due to wind and other environmental factors.

Multi-UAV systems are particularly e ective in challenging terrains such as steep slopes,
irregular elds, or areas with obstacles like trees and water bodies. In these scenarios,
traditional ground-based equipment may struggle to provide uniform coverage, whereas
UAVs can navigate with ease and deliver consistent results.

Another critical application of UAVs in agriculture is the ability to perform precision
spraying during time-sensitive windows. For example, the timely application of pesticides
after detecting an infestation can prevent crop loss, while targeted nutrient spraying can
enhance yields during key growth stages.

Figure 2.2: This is an example of UAV used for chemical spreading

Multi-UAV systems also provide scalability, allowing farmers to cover large areas quickly
by deploying multiple drones simultaneously. This capability is invaluable for manag-
ing extensive agricultural operations or responding to emergencies such as sudden pest
outbreaks.

In summary, the adoption of multi-UAV systems for chemical spreading in agriculture
represents a signi cant leap forward in modern farming. By combining precision, adapt-
ability, and e ciency, these systems contribute to sustainable agricultural practices, higher
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yields, and reduced environmental impact.

2.3. Coverage Path Planning algorithms for multi-
UAV systems

The literature features a wide range of algorithms applied across diverse scenarios. This
section provides a brief classi cation of Coverage Path Planning algorithms and gives a
brief description of the algorithm more suited for agricultural applications.

2.3.1. Algorithm Classi cation

Online and O ine

The distinction between online and o ine algorithms lies in how they handle information
about the environment.

" Online algorithms:  These algorithms generate paths in real-time, dynamically
adapting to new information as the drone explores the environment. They are
particularly useful in unknown or changing terrains, where pre-mapped data is un-
available. For instance, an online algorithm can adjust the path to avoid unexpected
obstacles or cover newly identi ed areas.[16]

O ine algorithms: These algorithms generate a complete path before the drone
begins its operation, based on pre-existing information about the environment.[1,
4, 14] They are more e cient in well-mapped and static environments, where the
absence of unknown obstacles or dynamic events allows for optimal path planning
in terms of both time and energy consumption.

With Area Decomposition and Without Area Decomposition

The distinction between these algorithms lies in how they process (or do not process) the
target area.

~ Algorithms with area decomposition: These algorithms divide the workspace
into smaller sub-areas, one for each drone, and then plan the path for each sub-
area. This strategy allows for easier management of complex environments, reduc-
ing computational di culty and facilitating movement control in irregular spaces.
Examples of such approaches include those using Voronoi diagrams or Delaunay
triangulation.[1, 2, 8, 15]
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" Algorithms without area decomposition: In this case, the robot plans the
path directly on the entire area without dividing it. These algorithms tend to
be simpler and faster in regular or simple-shaped environments but may be less
e cient in complex spaces since they do not leverage area division to optimize the
path.[14, 16]

Figure 2.3: On the left there is an example of Voronoi decomposition and on the right an
example of Delaunay triangulation.

2.3.2. Algorithms overview

This section provides a selection of algorithms developed to address the Coverage Path
Planning (CPP) problem. The selected algorithms were chosen to provide a general
overview of this class of methods with particular attention to their suitability for multi-
drone systems, making them suitable candidates for real-world deployment in precision
agriculture contexts.

" Tsunami [16]: This algorithm is an online algorithm without area decomposition
that is able to dynamically adapt to changes in swarm size, such as failures or
battery depletion, ensuring e cient workload distribution and mission performance.

It is subdivided in to two phases: The rst oine phase let the user de ne the
environment to be scouted using GPS polygons representing the area of interest
and no-y zones, the environment is discretized into a grid of GPS waypoints and
in this grid is calculated a wavefront traversal, which prioritizes waypoint coverage
based on proximity and reduces the likelihood of collisions. The second phase is the
online (Runtime) one where a drone pool [Figure 2.4] manages the available UAVs,
with each drone classi ed as "active," "ready," or "idle", ready drones are assigned
the nearest unexplored waypoint while avoiding paths already taken by other drones
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through collision detection and avoidance mechanisms, faults, such as drone failures
or low batteries, are handled seamlessly by returning a ected drones to the pool,
allowing the remaining drones to continue the mission.

Figure 2.4: This scheme explain how Tsunami works showing clearly the 2 main phases.

" Spiral [3]: This is a class of algorithms, generally o ine, that create spiral paths to
cover an area entirely, ensuring every point is visited without redundancy. It works
as follow:

The target area is initially de ned as a grid, polygon, or rectangular region, where
each point is considered a location that requires coverage. The starting point is
usually chosen at the center of the area or at one of its corners. From there, the al-
gorithm generates a spiral-shaped path that expands outward (or inward), ensuring
systematic coverage. For rectangular areas, the path forms concentric rectangles,
while for circular areas, it takes a rounded, spiral trajectory. The algorithm calcu-
lates the waypoints by moving straight for a xed distance and then turning at a
speci ¢ angle depending on the single algorithm. The process repeats, ensuring all
waypoints are visited sequentially. This approach is particularly e cient because it
minimizes overlap and unnecessary travel. It's simple to implement and scales easily
to di erent area shapes and sizes. Spiral CPP is commonly used for mapping agri-
cultural elds, surveying large open spaces, and inspecting circular or rectangular
structures.
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Figure 2.5: An example of a simple spiral algorithm used to map a eld.

" Popcorn [14]: This algorithm is an o ine algorithm without area decomposition
and addresses the challenge of covering large and complex areas by constructing a
grid (lattice) over the survey region, with each node representing a point where data
(e.g., images) will be captured. The algorithm then calculates paths for multiple
drones, ensuring complete coverage of the area while minimizing redundant travel
and optimizing for constraints like limited battery life, altitude limits, and envi-
ronmental concerns. The core of Popcorn's innovation lies in using a Satis ability
Modulo Theory (SMT) framework, which allows precise encoding of constraints into
the planning process. For example, the algorithm ensures that paths start and end
at the same location (cyclical paths), enabling safe recall of drones in case of low
battery or unexpected issues. The SMT approach iteratively optimizes paths, reduc-
ing their length until no further improvement is feasible, resulting in highly e cient
route planning. Compared to traditional geometric methods like sweep or spiral
patterns, Popcorn is signi cantly faster and reduces redundant travel. It achieves
up to a 17.3% reduction in path length compared to other approaches, making it
highly suitable for simultaneous multi-drone operations.[14]
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Figure 2.6: This is an example of the Popcorn algorithm used to map a penguin colony
in Antarctica.

" Back and Forward (BF or sweep) [4]: This is a class of algorithms that are
designed to ensure complete coverage of a target area moving in the simplest way
possible, these are generally o ine algorithms and often make use of area decom-
position.

The algorithm begins by de ning the area to be covered. This area is typically rep-
resented as a polygon or a rectangular grid with known dimensions and boundaries.
When area decomposition is not employed, the input region is generally required to
be a convex polygon to ensure proper coverage planning. A starting point is chosen,
often at one corner of the area, to initiate the coverage path. The algorithm then
divides the area into parallel strips, with the width of each strip determined by the

e ective range of the sensor or tool being used. The path follows a zigzag pattern,
where the UAV moves back and forth along these strips. It traverses one strip
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