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Abstract

The increasing demand for satellite servicing and the high cost involved in keeping
them operative has led on-orbit refueling to be considered one of the most effec-
tive ways to extend satellite lifespan and mission flexibility. This thesis presents
a simulation-based optimization framework for scheduling refueling missions for
satellites in geosynchronous orbits. The optimization problem addresses the travel
mission of multiple Service Spacecraft from an on-orbit station to multiple target
satellites that need refueling. The mission objective is to find the optimal sequence
of targets to refuel for every Service Spacecraft, minimizing the total fuel con-
sumption during all rendezvous. Firstly, a simulator that computes and executes
the maneuvers is proposed. The optimization method used is the Adaptive Large
Neighborhood Search Heuristic, this method uses some proposed "destroy" and
"repair" operators to generate new solutions. Finally, some experiments using a
fixed scenario are performed to explore various strategies and evaluate different
operators.

iv





Table of Contents

List of Tables ix

List of Figures x

1 Introduction 1

2 Astrodynamics background 5
2.1 Kepler’s laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Classical orbital elements . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Circular orbits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Rotation Matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Maneuvers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.5.1 Planar Change . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5.2 Phasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Problem Formulation 15
3.1 Refueling process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 Optimization Model . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2.1 Objective function . . . . . . . . . . . . . . . . . . . . . . . 18
3.2.2 Mathematical Model . . . . . . . . . . . . . . . . . . . . . . 20

4 Optimization framework 22
4.1 Adaptive Large Neighborhood Search . . . . . . . . . . . . . . . . . 23

4.1.1 Weight’s update . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2 Acceptance Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5 ALNS Operators 26
5.1 Destroy Operators . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.2 Repair operators . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

vi



6 Computational Results 32
6.1 Parameters Tuning and Acceptance criteria . . . . . . . . . . . . . . 34
6.2 Initial Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.3 Destruction Policy . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.4 Operators Comparison . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.5 Best Solution obtain by Algorithm . . . . . . . . . . . . . . . . . . 39

7 Conclusions 41

A Links 42

B Helper 43
B.1 Orbits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

B.1.1 GeosyncCircOrb . . . . . . . . . . . . . . . . . . . . . . . . 43
B.2 Satellites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

B.2.1 FuelContainer . . . . . . . . . . . . . . . . . . . . . . . . . . 44
B.2.2 RefillProp . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
B.2.3 SpacePosition . . . . . . . . . . . . . . . . . . . . . . . . . . 45
B.2.4 Station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
B.2.5 Target . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
B.2.6 SSc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

B.3 Maneuvers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
B.3.1 Maneuver . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
B.3.2 Refilling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
B.3.3 OrbitalManeuver . . . . . . . . . . . . . . . . . . . . . . . . 49
B.3.4 Phasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
B.3.5 Planar Change . . . . . . . . . . . . . . . . . . . . . . . . . 50

B.4 Simulation Folder . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
B.4.1 reach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
B.4.2 State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
B.4.3 TourInfo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
B.4.4 Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
B.4.5 Simulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

B.5 Destroy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
B.5.1 DesFirst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
B.5.2 DesLast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
B.5.3 DesRandom . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
B.5.4 DesSSc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
B.5.5 DesSScCost . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
B.5.6 DesSScRandom . . . . . . . . . . . . . . . . . . . . . . . . . 60
B.5.7 DesRelated . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

vii



B.5.8 DesRelatedGreedy . . . . . . . . . . . . . . . . . . . . . . . 62
B.5.9 DesRelatedRandom . . . . . . . . . . . . . . . . . . . . . . . 62
B.5.10 DesTour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
B.5.11 DesTour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
B.5.12 DesTourCost . . . . . . . . . . . . . . . . . . . . . . . . . . 63
B.5.13 DesTourRandom . . . . . . . . . . . . . . . . . . . . . . . . 63
B.5.14 DesTourSmall . . . . . . . . . . . . . . . . . . . . . . . . . . 63
B.5.15 createDesSet . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

B.6 Repair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
B.6.1 RepFarIns . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
B.6.2 RepFarInsNear . . . . . . . . . . . . . . . . . . . . . . . . . 67
B.6.3 RepFarInsSim . . . . . . . . . . . . . . . . . . . . . . . . . . 67
B.6.4 RepRandom . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
B.6.5 createRepSet . . . . . . . . . . . . . . . . . . . . . . . . . . 69

B.7 Optimizer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
B.7.1 GeneralALNS . . . . . . . . . . . . . . . . . . . . . . . . . . 69
B.7.2 StopNIter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
B.7.3 Acceptance . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
B.7.4 AcceptSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
B.7.5 AcceptGreedy . . . . . . . . . . . . . . . . . . . . . . . . . . 74
B.7.6 Destroy policy . . . . . . . . . . . . . . . . . . . . . . . . . . 75
B.7.7 desFixedPol . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
B.7.8 desIncreasPol . . . . . . . . . . . . . . . . . . . . . . . . . . 75
B.7.9 desRandomPol . . . . . . . . . . . . . . . . . . . . . . . . . 75
B.7.10 composed optimizer . . . . . . . . . . . . . . . . . . . . . . . 75

B.8 OtherFiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
B.8.1 Relatedness . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
B.8.2 initialSeq . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

B.9 Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
B.9.1 checkInstance . . . . . . . . . . . . . . . . . . . . . . . . . . 78
B.9.2 createInstanceProblem . . . . . . . . . . . . . . . . . . . . . 78
B.9.3 outputTest . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Bibliography 80

viii



List of Tables

3.1 Example of the form of the solution with six targets. . . . . . . . . 17
3.2 Summary of model variables. . . . . . . . . . . . . . . . . . . . . . . 20

6.1 Orbital elements of a real-world scenario, from [3] . . . . . . . . . . 32
6.2 Mass table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.3 Vehicles parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.4 Delta parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
6.5 Simulated Annealing (SA) parameters . . . . . . . . . . . . . . . . 34
6.6 Tuning and Accept Results . . . . . . . . . . . . . . . . . . . . . . . 36
6.7 Solution from the Random Repair . . . . . . . . . . . . . . . . . . . 37
6.8 Best solution obtained from Tuning . . . . . . . . . . . . . . . . . . 37
6.9 Solution from the Insertion Simulation Repair . . . . . . . . . . . . 37
6.10 Initial Solution Results . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.11 Destroy Policy Results . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.12 Configurations of Destroyed Set chosen to compare . . . . . . . . . 38
6.13 Destroy Comparison Results . . . . . . . . . . . . . . . . . . . . . . 39
6.14 Configurations of Repair Set chosen to compare . . . . . . . . . . . 39
6.15 Repair Comparison Results . . . . . . . . . . . . . . . . . . . . . . 40
6.16 Best solution obtained from Tuning . . . . . . . . . . . . . . . . . . 40

ix



List of Figures

1.1 An example of a multiple GEO space debris removal process [6] . . 2
1.2 A visualization of a single refueling mission scenario [13] . . . . . . 3

2.1 Kepler’s first law . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 A graphic visualization of Right Ascension of the Ascending Node

(RAAN) Ω (blue), inclination i (purple), true anomaly (red) obtained
with Desmos. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 An example of orbits with different circular orbital element but same
trajectory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.4 A Planar change Maneuver [13] . . . . . . . . . . . . . . . . . . . . 12
2.5 Phasing when θ < 0 [19] . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 Phasing when θ > 0 [19] . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1 An example of a refueling scenario [13] . . . . . . . . . . . . . . . . 15

5.1 An application of a destroy method (center) and a repair method
(right) of an initial solution (left). . . . . . . . . . . . . . . . . . . . 26

6.1 Value of the current solution when α = 0.995 . . . . . . . . . . . . . 35
6.2 Value of the current solution when α = 0.8 . . . . . . . . . . . . . . 35

B.1 Class diagram of Maneuvers, geo orbits and Satellites . . . . . . . . 44
B.2 Class diagram of Simulation Classes . . . . . . . . . . . . . . . . . . 52
B.3 Class diagram of Destroy methods . . . . . . . . . . . . . . . . . . . 58
B.4 Class diagram of Maneuvers . . . . . . . . . . . . . . . . . . . . . . 70

x





Acronyms

ACO Ant Colony Optimization

AGA Adaptive Genetic Algorithm

ALNS Adaptive Large Neighborhood Search

EA Evolutionary Algorithms

FS Fuel Station

GA Genetic Algorithm

LNS Large Neighborhood Search

OOS On-Orbit Service

PSO Particle Swarm Optimization

RAAN Right Ascension of the Ascending Node

SA Simulated Annealing

SSc Service Spacecraft

xii



Chapter 1

Introduction

A relevant characteristic of satellites is self-sufficiency and robustness, however,
their limited lifespan have usually been shortened by factors like fuel consumption,
component failure, or technical obsolescence and, as a result, this often led to
deactivation and expanding the space debris issue. In this inefficient and economi-
cally unsustainable setting, On-Orbit Service (OOS) has become a fundamental
tool to mitigate some of those problems. Generally, OOS exploits some smaller
satellites, called Service Spacecraft (SSc), to offers one or more services to some
satellites usually called targets. Those kind of missions might also avoid replacing
the target, decreasing the probability of the mission’s failure and saving money on
lower launch costs [1]. In recent years, OOS missions have developed drastically
[2] and a large number of researchers have investigated the OOS mission planning
problem for multiple satellites. Those missions can be categorized into four main
groups according to the kind of mission they address: On-orbit Repairing, Debris
removal missions, On-orbit Refueling and Mixed missions. Repairing missions are
crucial to extend the lifespan of satellites. [3] proposed a many to many mission
planning considering time and velocity constraints. Debris removal missions try to
decrease the likelihood of collisions by reducing space debris. The principal differ-
ence between debris removal and other OOS missions is that, upon a rendezvous
with the target, the SSc must transport the target to graveyard orbit and release
it. An example of Debris removal mission is shown in fig. 1.1. [4] addressed this
problem using a single SSc and discovering some heuristic laws. [5] suggested two
types of debris mission: multi and single SSc, while also proposing two transfer
models: a static and a dynamic one. [6] considers both chemical and electric
propulsion in task allocation , while [7] provided a multi objective optimization,
trying to minimize the total velocity used in rendezvous while choosing debris to
remove that maximize a measure of danger. On-orbit refueling missions consider a
set of SScs that need to refuel a set of targets. Usually, one or more Fuel Station
(FS) are employed so that the SScs can take some fuel and bring it to the targets.
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Introduction

Figure 1.1: An example of a multiple GEO space debris removal process [6]

That allows the SScs to be lighter and use less fuel. When an SSc reaches the
target, it refills it and then rendezvous with another target or return to some FS.
An SSc will complete a mission (in this work, also called tour) when it leaves the FS,
refills all the assigned targets and returns to the FS. A refueling mission scenario is
presented in fig. 1.2. One may argues that OOS can’t be useful for satellites with
electric propulsion, however, as stated in [8], electrical propulsion is an important
development mode, but cannot completely replace chemical propulsion. [8] pro-
posed the "1 +N" architecture adopted in this work. This architecture is formed by
N SScs and a single FS that carries a sufficient quantity of fuel for all the missions.
The first kind of those tanks has been launched in 2021 [9]. [10] adopted a one to
many framework with one fuel station, while [11] used a many to many setting
with different FSs. [12] considered the option of a closed or open FS. [13] suggested
the option SScs of taking more than one tour and take into account uncertainty in
refueling time. On the other hand, [14] worked on a totally different problem. In a
one to many setting, all targets need to choose a single service position from a set of
service positions. The SSc needs to choose the order of servicing position to reach,
then return to it’s original position. Mixed missions attempt to do several tasks
on a single schedule. [15] addressed a multi objective optimization, minimizing
both fuel cost and time, considering a general service performed to the target.

2
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Figure 1.2: A visualization of a single refueling mission scenario [13]

[16] considered the possibility of a target to become a "Pseudo SSc", which will
be used to service other targets. Moreover, the dry mass of targets became a
design variable, to better decrease the overall cost of the mission. A noticeable
disadvantage of the mixed OOS, as stated in [3], is the fact that each SSc must carry
a variety of object to meet different OOS services, this causes a high dry weight
and consequently higher fuel consumption during orbital maneuvers. Moreover, [8]
compared three orbit deployments based on response time and economic benefit,
proposing the "1+N " architecture explained before. Another interesting application
is in Sun-synchronous orbits, studied in [17]. Regarding optimization, basically all
selected literature uses meta-heuristic. The only two exceptions are [18], which
used branch and bound, exploiting integer linear programming and mixed integer
non linear programming formulations to manage feasibility and tours; and [4],
which developed a "rapid method" based on the heuristic laws that they discovered.
Among the meta-heuristics, two important Swarm-Based meta-heuristics are used:
Ant Colony Optimization (ACO) in [12], and Particle Swarm Optimization (PSO)
in [16]. In addiction, [11] used a hybrid version of PSO combined with exhaustive
search, while [15] employed a multi-Objective version of PSO. [3] adopted a Large
Neighborhood Search (LNS) framework combined with Adaptive Genetic Algorithm
(AGA). All other meta-heuristiucs used are Evolutionary Algorithms (EA), which
are inspired by evolutionary principles such as re-combinations, mutation and
selections. [6] proposed a clustering based adaptive differential evolution algorithm
with potential individual reservation, [2] proposed an intelligent global optimiza-
tion algorithm called evolving elitist club algorithm, that has been compared to
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ACO. [7] used four multi-objective EA: Multi-Objective EA based on Decomposi-
tion, Strength Pareto EA 2, Non-dominated sorting Genetic Algorithm (GA) II,
Multi-Objective PSO. [13] proposed a hybrid Harris Hawks Algorithm combined
with a crossover strategy with GA. Lastly, some GA were also used: [14] utilized
hybrid encoding GA, [10] adopted GA combined with random search and [17] used
genetic quantum algorithms. This work addressed the problem of scheduling a
refueling mission with a Adaptive Large Neighborhood Search (ALNS) framework,
and it is organized as followed: Chapter 2 briefly explains some prior knowledge
on the astronomical setting, describing orbital elements and maneuvers, to give
a proper background and context. Chapter 3 defines the refueling process and
constructs the optimization model. Chapter 4 shows an ALNS framework, while
Chapter 5 explains some implemented destroy and repair operators. Chapter 6
gives and evaluates a simulation examples, comparing operators and highlighting
some interesting discovery. Finally, Chapter 7 summarizes conclusions and some
possible future research directions.
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Chapter 2

Astrodynamics background

2.1 Kepler’s laws

Approximately 400 years ago, Kepler used Tycho Brahe’s documented observations
to empirically check the laws of planetary motion. Those laws are still widely use
for modeling and calculating important quantities such as the period of an orbit
or the velocity of a body on that orbit. Kepler’s first law states that each planet
follows an elliptical orbit around the Sun. The Sun’s position is located in one
of the foci of the ellipse. Kepler was able to show that with the Sun at one of
the foci, every planet traces an elliptic path around the center of the ellipse ([19]
chapter 1.2). Figure 2.1 illustrates the concept of Kepler’s first laws, the orbit has
the following equation:

r(ν) = a(1− e2)
1 + e cos(ν) . (2.1)

The quantity a (green in fig. 2.1) and e are the semi-major axis and the eccentricity
respectively. e measures how far an orbit deviates from a circle: a perfect circle is
obtained with e = 0, while for e < 1 correspond to an elliptic orbit ([20], chapter
2.1.2)). The closest point to a specific focus is called peri-apsis, on the other hand
the furthest point is called apo-apsis. Using a polar coordinate system, as shown
in fig. 2.1, the peri-apsis is collocated at (r = a (1− e), ν = 0) while the apo-apsis
is at (r = a (1 + e), ν = π) (orange in fig. 2.1). According to Kepler’s second law,
the straight line connecting the Sun and a planet sweeps out equal areas in equal
amounts of time. This implies that on an elliptic orbit, the velocity is not constant,
thus is faster on the peri-apsis and slower on the apo-apsis. Finally, Kepler’s
remarkable third law connects the shape of an orbit with it’s orbital period: The
cubes of the semi-major axes of the planet’s orbits are proportional to the squares

5
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Figure 2.1: Kepler’s first law

of their orbital periods. In fact:

a3 = T 2 G · (M +m)
4 π2 . (2.2)

T is the orbital period of the satellite, G = 6.6725910−11 m3

Kg s2 is the gravitational
constant, M is the mass of the body on the focus while m is the mass of the
orbiting body. In this work, the body in the focus will always be the Earth and
the orbiting body will be a satellite. Since the mass of a satellite is negligible if
compared to the mass of the Earth, the following approximation will be used:

G · (M +m) ≈ GM = 3.986004418 · 105 km
3

s2 := µ. (2.3)

This is known as the Earth’s gravitational constant.

2.2 Classical orbital elements
Before explaining what orbital elements are, a suitable reference system is described
[20], Section 2.2.3 and [19] Chapter 3.3. The coordinate system used is based on the
Earth’s orbit around the Sun. The plane of the Earth’s mean orbit around the sun
is called ecliptic. When an orbit creates an intersection with a plane, the resulting
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points are known as nodes. Those nodes are called ascending node, when the object
on the orbits travels that specific node from south to north, and descending node
when it does from north to south. The intersections between the ecliptic and the
equatorial plane are specifically called equinoxes: the ascending node corresponds to
the spring equinox and it is called vernal equinox, the descending node corresponds
to the fall equinox and it is called autumnal equinox (the seasons are for the
Northern Hemisphere). Consider a coordinate system in which the x-y plane is
formed by the equatorial plane and the z-axis points to the north pole. The x-axis
passes through the vernal equinox, and the y-axis is obtained choosing the only
possible direction perpendicular to the previous axes. It is important to remark
that in this specific coordinate system, going from west to east is equivalent to a
rotation on the z-axis from the x-axis to the y-axis, which follows the Earth rotation
indicated by the z-axis using the right hand rule. As explained in [19], section 1.2.3,
a general body on a specific orbit can be characterized by six parameters:

• a: Semi-major axis,

• e: Eccentricity,

• i: Inclination,

• ω: Argument of perigee,

• Ω: Right Ascension of the Ascending Node (RAAN),

• ν: True anomaly,

The first two describes the form of the object’s orbit, as already stated before. The
Inclination is the angle from the z-axis to the angular momentum that describe the
rotation on the orbit. It determines how much the orbit is inclined with respect the
x-y plane. It ranges from 0 to 180 degrees. If an orbit has an inclination between 0
and 90 degrees, the body on that orbit will travel in the same direction of rotation
as the Earth and the orbit is called direct or pro-grade. This means that in an
orbit with an inclination inferior to 90 degrees a body moves counter clock wise
from above. On the other hand, an inclination between 90 and 180 degrees means
that the body on that orbit will travel in the opposite direction of Earth’s rotation,
the orbit is called retrograde orbit. If an orbit is inclined, it has a line of nodes,
which is the intersection of the equatorial plane with the inclined plane in which
the orbit resides. In other words, the line of nodes is the line connecting the two
nodes obtained through the intersection of the orbit and the equatorial plane. The
RAAN is the angle in the equatorial plane measured positive eastward from the
x-axis to the location of the ascending node. The Argument of perigee is the angle
between the direction of the ascending node and the perigee and it varies from 0 to
360 degrees. The True anomaly is an angle that describes the position of the body

7
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on the orbit. It goes from 0 to 360 degrees and it is measured from the peri-apsis to
the satellite. A better visualization is proposed in fig. 2.2 on a circular orbit case.

2.3 Circular orbits
In the considered model the orbits are geosynchronous and circular (assump-
tion (A1)). This approximation helps to simply the model, one of the advantages
is considering three orbital elements instead of six to characterize a point on a
specific orbit: the true anomaly, inclination and RAAN. However, the true anomaly
must be redefined since on an circular orbit, the peri-apsis does not exist. For an
equatorial orbit, the true anomaly has been defined as the angle measured from
the x-axis, positive in the direction of rotation of the orbit. For an inclined orbit,
the starting point has been chosen by simply applying the rotations of the orbit
to the x-axis vector. The two rotation applied are a rotation on the x-axis for
inclination and z-axis for the RAAN. This will be important when calculating the
true anomaly of a specific tridimensional point in Section 2.4 for Subsection 2.5.1.
In the considered model, it can happens that different circular orbital element may

Figure 2.2: A graphic visualization of RAAN Ω (blue), inclination i (purple),
true anomaly (red) obtained with Desmos.

describe the same path. Figure 2.3 exposes this scenario: the orange orbit has
(i = 130,Ω = 60), while the blue orbit has (i = 50,Ω = 240). The orange and the

8
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Figure 2.3: An example of orbits with different circular orbital element but same
trajectory.

blue vector perpendicular to the orbital plane are the angular momentum of the
orbit of the respective color. This occurs when the following criteria are met:

{
i1 + i2 = 180,

|Ω1 − Ω2| = 180.
(2.4a)
(2.4b)

When the condition of eq. (2.4a) is satisfied and Ω1 = Ω2, the two circles are one
the reflection of the other with respect the z-x plane rotated by Ω1 over the z-axis.
Moreover, the two angular momentum are one the reflection of the other with
respect the x-y plane. As a result of adding the condition of eq. (2.4b), the two
angular momentum become one the point reflection of the other with respect the
origin, therefore the two vector will be parallel. The two couple of orbital element
describe the same orbit, but the directions of rotation are opposite. In this setting,
the planar change is harder, since in a real-world scenario proximity maneuvers
require the same direction of rotation between the reacher and the target. Those
cases are not considered in the model (assumption (A6)). Every instances are
checked before created using an implemented function called checkInstance, more
detail on the Test folder of the project (appendix B).

9
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2.4 Rotation Matrices
During the simulation it will be important to obtain the true anomaly from a specific
tridimensional point on the orbit with respect the coordinate system explained
before. This has been accomplished using some rotation matrices. In fact, this task
has been divided in two different steps: rotating the point from an inclined orbit
to an equatorial one and getting the angle. Starting from [20] section 2.2.3, using
some algebraic multiplication, it can be shown the following:

Peq = Ry(ω) Rx(i) Rz(Ω) Pin, (2.5)

where Pin is the input tridimensional point, Peq is the equatorial point and

Rx(ϕ) =

 1 0 0
0 + cosϕ + sinϕ
0 − sinϕ + cosϕ

 Ry(ϕ) =

 + cosϕ 0 + sinϕ
0 1 0

− sinϕ 0 + cosϕ

 (2.6)

Rz(ϕ) =

 + cosϕ + sinϕ 0
− sinϕ + cosϕ 0

0 0 1

 (2.7)

are rotation matrices with respect its specific axis. It is worth noticing that in the
circular case, the rotation on the y-axis is not used. Since the argument of perigee
is not define, it can be permanently set to zero, obtaining the identity matrix from
Ry(ϕ). The second step starts by noticing that a generic point on a circle can be
written in the following form:

P = r

cos v
sin v

0

 , (2.8)

where r is the radius of the considered circle. Thus the true anomaly can be found
by solving the following system:

ν = cos−1
(
Peq,x

r

)

ν = sin−1
(
Peq,y

r

)
.

(2.9)

2.5 Maneuvers
An SSc needs to perform some maneuvers in order to reach a target. Theoretically,
due to Earth’s gravitational force, the satellite does not need to use fuel to stay

10
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on one orbit, however the Earth is not a perfect sphere and, since it’s surface
is not at a fixed altitude, the gravitational potential changes slightly creating
some perturbations. To maintain the orbit, some station-keeping maneuvers are
required in a real setting. Those variations are not considered in the model
(assumption (A5)), still some impulse is requested for change one or more orbital
element. A variation of velocity has to be applied, from this variation (called
from now on ∆v) depends the amount of fuel used during the maneuver. Fuel
consumption is modeled using Tsiolkovsky rocket equation, which has the following
form:

mf = mi e
− ∆v

g Isp , (2.10)

where mf and mi are the final and initial mass respectively, g is the gravitational
constant. Isp is the Specific Impulse, an information quantity about the efficiency
of the rocket. Equation (2.10) shows that the mass after the maneuver is the initial
mass "discounted" by a factor that depends of the variation of velocity employed
and the efficiency of the rocket. After calculating the theoretical mass obtained
after the maneuver, the quantity of fuel used in the maneuver can be computed
by the following difference: f = mi −mf . If the fuel quantity computed this way
is inferior to the fuel mass of the SSc, then the maneuver can be performed. On
the proposed simplified model, two types of maneuvers has been implemented: the
planar change and the phasing. Typically some proximity maneuvers are required
after the phasing to get closer to the target with safety. The model does not take
them into account (assumption (A5)).

2.5.1 Planar Change
In this subsection the planar change maneuver from [3] will be explained. The goal
of this maneuver is to change the SSc’s orbit into the target one. In other words,
the maneuver change the inclination and the RAAN to get in the same target’s
orbit. This particular maneuver can only be performed by applying a single impulse
at one of the intersection of the two orbits (that corresponds to nodes only if one
of the two orbits is equatorial). A visualization is proposed in fig. 2.4. Let ϑpc be
the dihedral angle between two orbital plane, an important angle that will be used
to calculate the variation of velocity needed. It holds the following equation:

cosϑpc = sin Is sin It cos (Ωs − Ωt) + cos Is cos It, (2.11)

where Is, It,Ωs,Ωt are the inclination and RAAN of the SSc and target, respectively.
The two intersection point are computed in the following way:{

rm1 = a hs×ht
∥hs×ht∥

rm2 = −rm1
(2.12)

11
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Figure 2.4: A Planar change Maneuver [13]

where a is the radius of the GEO orbit. ht and hs are the angular momentum of
the target and SSc respectively. The general angular momentum of an orbit can be
calculated using the following formula:

h = √µa

 cos Ω − sin Ω 0
sin Ω cos Ω 0

0 0 1


 1 0 0

0 cos i − sin i
0 sin i cos i


 0

0
1

 (2.13)

where µ is the Earth’s gravitational constant mentioned in Section 2.1, Ω is the
RAAN and i is the inclination. It is worth noticing that h is constant, because
the satellite cannot leave the orbital plane since the gravitational force is always
anti-parallel to the position vector. Due to this fact it does not give any acceleration
perpendicular to the plane ([20], section 2.1.1). In the case of planar change, since
we are dealing with GEO orbits (assumption (A1)), the variation of velocity is to
be intended just as a variation of directions. Let vt and vs be the velocity vectors
centered in the chosen intersection of the target and SSc respectively. The variation
and it’s norm can be computed in the following:

∆v = vt − vs, ∥∆v∥ = 2∥vt∥ sin(α/2). (2.14)

The norm will be used in eq. (2.10), moreover sin(α/2) is computed from the cosα
using the bisection formula, considering only the positive sign since a norm is
always positive. The decision of which nodes should be employed by the maneuver
is made through a greedy policy: the selected node is the nearest to the SSc with
respect to the rotation sense on the orbit.

2.5.2 Phasing
After the Planar change maneuver, the only SSc’s orbital element that may differs
from the target’s one is the true anomaly. The phasing maneuver consists of
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applying two impulses. The first impulse allows the SSc to change it’s orbit so
that it’s velocity can increase or decrease. To end the maneuver, a second impulse
makes the return of the SSc to the target’s orbit possible. This section is taken
from [3] and [19] Section 6.6.1. The most impacting quantity to this maneuver is
the phase difference between the two satellites. Let θ be the phasing angle between
the SSc and the target expressed in degrees defined in [3], it is computed in the
following way:

θ =


ρ, |ρ| ⩽ 180
−2π + |ρ|, ρ > 180
2π − |ρ|, ρ < −180

(2.15)

where ρ = (Ωs + νs) − (Ωt + νt), Ωs,Ωt, νs, νt are the RAAN and true anomaly
of the target and SSc respectively. One may ask why the RAAN appears in the
formula since the initial orbit is the same for the SSc and the target. This definition
will be later used in Section 5.1, and can also be applied in this setting since the
two RAANs cancel out. As shown in fig. 2.5 and fig. 2.6, the phase angle define
how the SSc reaches the target. If θ < 0 (fig. 2.5), then the target is in front of
the SSc with respect the direction of rotation on the orbit. To reach the target,
the SSc will increase its angular velocity by switching into a smaller orbit. On the
other hand, if θ > 0 (fig. 2.6), then the target is behind the SSc with respect the
direction of rotation on the orbit and the SSc will decrease its angular velocity by
switching into a bigger orbit. The first quantity to compute is the time maneuver,

Figure 2.5: Phasing when θ < 0 [19] Figure 2.6: Phasing when θ > 0 [19]

using the following equation:

τphase =
2πkt + θ · π

180
ω

, (2.16)
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kt is the number of revolutions that the target accomplished during the maneuver,
ω is the angular velocity express in radians over seconds of the GEO orbit and the
term π

180 is used to convert the degrees in radians. Moreover, the semi-major axis
of the phasing orbit can be calculated as follows:

aphase = rGEO

(
2πkt + θ · π

180
2πki

)2/3

(2.17)

ki is the number of revolutions that the SSc accomplished during the maneuver.
Since aphase is computed after the time, it could happens that this quantity can be
inferior to the radius of the Earth. A safe radius is implemented to check if the
perigee is too close to the Earth. The total ∆v is computed:

∆v = 2√µ
∣∣∣∣∣
√

2
rGEO

− 1
aphase

−
√

1
rGEO

∣∣∣∣∣ (2.18)

As stated in [3] at the end of section 2.2.2, when kt is chosen, it must hold kt = ki

in order to obtain the minimum ∆v. In this work, kt has been set to the smallest
possible feasible value. During calculations, it is incremented only if the mission is
infeasible due to negative times or semi-major axis being too small.

14



Chapter 3

Problem Formulation

3.1 Refueling process
In this chapter, the setting used for the refueling mission in [13] will be explained
in more details, stating all the assumptions made. As previously explained in
Chapter 1 and as fig. 3.1 shows, it is adopted a "1 +N" architecture [8]. A mission

Figure 3.1: An example of a refueling scenario [13]

consists of a single SSc that leaves the station, refuels one or more targets of that

15



Problem Formulation

mission and returns to the station to be refueled and start the next mission. The
operation is composed by two phases:

• Planning. Before leaving the FS, all targets are assigned to a single SSc in a
specific order. Moreover, for every SSc the number of mission is chosen and
the targets for every mission are determined.

• Missions Execution. Each SScs rendezvous with the target using maneuvers
explained in Section 2.5 and give fuel to the target. If the SSc already visited all
target’s mission, it returns to the FS, otherwise it proceeds with the schedule.

Moreover, the refueling mission is studied under the following assumptions:

(A1) All orbits are circular and geosynchronous.

(A2) The FS possesses enough fuel for the entire operation.

(A3) The FS can refuel several SScs at the same time.

(A4) The simulation does not take into account the possibility of collisions between
objects.

(A5) The simulation does not considers proximity maneuvers nor station-keeping
maneuvers.

(A6) The case of same trajectory but different orbital elements discussed in Sec-
tion 2.3 is not considered.

(A7) The increment of velocity is instantaneous.

(A8) The satellite’s orientation is not take into account during maneuvers, only
the ∆v in modulus is considered.

(A9) The Planar change is istantaneus, as explained in Subsection 2.5.1.

(A10) The refueling process is deterministic, a speed of refueling is given for the FS
and all SScs.

(A11) Every targets and SScs are refilled completely.

(A12) A target is refilled by only one SSc.

(A13) All targets possessed the same priority.

(A14) For every target, a single-target mission is always feasible, regardless of the
initial position of the FS.
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(A15) Removing one or more targets from a feasible mission would still produce a
feasible mission.

Assumption (A14) is used to create a feasible initial solution in a fast way, by
dividing the targets equally among the SScs and creating a mission for every one of
them. Assumption (A15) is used during optimization, where feasibility is constantly
check, for more detail, see Section 5.2.

3.2 Optimization Model

In this section, the optimization model will be formalized. Let I = {1, . . . , I} be
the set of SScs. Let J = {1, . . . , J} be the set of Target and let J ∗ = J ∪ {0} =
{0, 1, . . . , J} be the set of the target with the FS, denoted by the zero. Every SScs
will have µi missions denoted by the index k ∈ Ki = {1, . . . , µi}. For every mission,
a subset J k

i ⊆ J is chosen to denote which target need to be visit in mission k of
the SSc i. Let |J k

i | = ni,k be the cardinality of that subset. The solution si typically
provided by a matrix. The i-th row describes the path of SSc i. In table 3.1 an
example of a possible solution with J = 6 and I = 2 is presented. Every cell of the
sequence represents the next object that has to be reached by the SSc i (the object
can be a target or the FS). A mission is every consecutive part of the sequence that
start with a zero and ends with the following zero. Let si

k be the sequence of SSc i
of mission k. It’s length will be ni,k + 2 due to the fact that a mission will always
start and be completed in the FS, so si

k(0) = 0 and si
k(ni,k + 1) = 0. For reference,

in table 3.1, s1
1(2) = 2, s1

2(2) = 0 and s2
1(3) = 6. In order to fill the empty part of

the matrix, the number J + 1 is selected, like in position (2,6) of table 3.1, but
those numbers are not considered in the representation of si

k. To express all the
possible configurations on the sequence si

k, a permutation of positions on mission k
of SSc i σk

i (·) : {0, 1, . . . , ni,k +1} → {0, 1, . . . , ni,k +1} is defined with the following
constraints: σk

i (0) = 0 and σk
i (ni,k +1) = ni,k +1. To obtain the target on a specific

position p ∈ {0, 1, . . . , ni,k + 1}, one may use si
k(σi

k(p)). To simplify the notation,
let’s define ρi

k(·) := (si
k ◦σi

k)(·) as the function that, given a position on that specific
mission, returns as output the space object on that position.

Table 3.1: Example of the form of the solution with six targets.

0 1 2 0 3 0
0 4 5 6 0 7
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3.2.1 Objective function
The goal of the optimization is to minimize the total fuel consumption. Using
eq. (2.10), the fuel consumption can be expressed using ∆v of each maneuvers. The
SSc might perform a planar change and a phasing maneuver before refueling the
target. Let mk

i,p be the total mass of the SSc i at position p = 0, . . . , ni,k + 1 of the
mission k. The total mass is the sum of the dry mass and the fuel mass. The dry
mass, denoted as mD

i , is the total mass of the SSc without the fuel mass (denoted
as mF,k

i,p ). Due to assumption (A11), mF,k
i,0 is always set to the fuel capacity of the

SSc, denoted Ci from now on. Let mi = Ci +mD
i be the total initial mass of the

SSc, which is the initial mass at the beginning of every missions. Let mR
i,j the fuel

that needs to be added to the target j. Consider the total mass of the SSc after
reaching the first target ρi

k(1) and after refueling it. Using the Rocket equation,
the result will be the following:

mD
i +mF,k

i,1 =
((
mD

i + Ci

)
exp

(
−

∆v0,ρi
k

(1),1

g I i
sp

))
exp

(
−

∆v0,ρi
k

(1),2

g I i
sp

)
−mR

i,ρi
k

(1)

=
(
mD

i + Ci

)
exp

(
−

∆v0,ρi
k

(1),1 + ∆v0,ρi
k

(1),2

g I i
sp

)
−mR

i,ρi
k

(1).

where ∆v0,ρi
k

(1),1 and ∆v0,ρi
k

(1),2 are the variation of velocity used from the FS to
the first target of the sequence in the planar change and the phasing maneuvers,
respectively. I i

sp is the specific impulse of SSc i. To have a lighter notation, let’s
define ∆vj1,j2 = ∆vj1,j2,1 + ∆vj1,j2,2 as the total ∆v used in the Rocket equation to
reach target j2 from j1. The final fuel mass can be written as:

mF,k
i,1 =

(
mD

i + Ci

)
exp

(
−

∆v0,ρi
k

(1)

g I i
sp

)
−mR

i,j1 −m
D
i

= Ci exp
(
−

∆v0,ρi
k

(1)

g I i
sp

)
−mD

i

(
1− exp

(
−

∆v0,ρi
k

(1)

g I i
sp

))
−mR

i,j1 .

Since the aim is to characterize the total mission consumption, let’s consider p
passages from the FS to target ρi

k(p), which means p < ni,k + 1. The following
recursive equation can be written:

mF,k
i,p = mF,k

i,p−1 exp
(
−

∆vρi
k

(p−1),ρi
k

(p)

g I i
sp

)
−mD

i

(
1− exp

(
−

∆vρi
k

(p−1),ρi
k

(p)

g I i
sp

))
−mR

i,ρi
k

(p).

The final result after substituting backwards will be the following:

mF,k
i,p = Ci · exp

(
−

p∑
h=1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp

)
−mD

i ·
(

1− exp
(
−

p∑
h=1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp

))

−
p∑

l=1
mR

i,ρi
k

(l) exp
− p∑

h=l+1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp

 .
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with the following artificial definition:
p∑

h=p+1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp

= 0 for every p =

1, . . . , ni,k. The index of the last sum starts with a +1 since the last action of the
SSc is refueling when p < ni,k + 1 and therefore the last refueling quantity is not
multiplied by any exponential. Finally, when p = ni,k + 1, the formula slightly
changes:

mF,k
i,ni,k+1 = Ci exp

−ni,k+1∑
h=1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp

−mD
i

1− exp
−ni,k+1∑

h=1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp


−

ni,k∑
l=1

mR
i,ρi

k
(l) exp

− ni,k+1∑
h=l+1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp

 .
every p becomes ni,k + 1, with the exception of the penultimate summation, which
does not have to count mR

i,ρi
k

(ni,k+1) because the SSc reaches the FS and it does not
refuel any targets. That is coherent with the fact that in the formula, after the
last refueling there are the last maneuvers to go back to the FS and thus just one
exponential multiplying the last refueling. To obtain the total fuel used during
during mission k of SSc i, the fuel at the end of the mission has to be subtract to
the initial quantity in the following way:

fk
i = Ci −mF,k

i,ni,k+1 =

= mi

1−exp
−ni,k+1∑

h=1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp

+
ni,k∑
l=1

mR
i,ρi

k
(l) exp

−ni,k+1∑
h=l+1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp


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3.2.2 Mathematical Model
In table 3.2 are summarized all the variables of the model.

Table 3.2: Summary of model variables.

Var Description
I Set of SSc.
Ki Set of missions of SSc i.
J Set of targets.
J ∗ Set of targets with the FS.
J k

i Subset of targets associated to mission k of SSc i.
µi Number of missions of SSc i.
ni,k Number of targets associated to mission k of SSc i.

si
k(·) Sequence of mission k of SSc i, it contains

initial and final zeros.
σi

k(·) Permutation of positions of mission k of SSc i.

ρi
k(·) Function that returns the space object on a

given position in mission k of SSc i.
mD

i Dry mass of the SSc i.

mF,k
i,p

Fuel mass of SSc i after refueling the target in position
p of mission k.

mi Total mass of the SSc i with the full fuel tank.
mR

i,j Refueling mass requested from target j.
Ci Total capacity of the SSc i.
∆vj1,j2 Variation of velocity applied to pass from j1 to j2.
I i

sp Specific impulse of SSc i.
εk

i,p Variable used to consider a fuel buffer in the fuel constraints.
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Let’s consider the following model:

min
J k

i , σk
i

I∑
i=1

µi∑
k=1

mi

1−exp
−ni,k+1∑

h=1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp


+

ni,k∑
l=1

mR
i,ρi

k
(l) exp

−ni,k+1∑
h=l+1

∆vρi
k

(h−1),ρi
k

(h)

g I i
sp


(3.1)

s.t.
⋃

k∈K

Jk⋃
i=1
J k

i = J , (3.2)

J k1
i ∩ J k2

i = ∅, ∀ i ∈ I, ∀ k1 /= k2 ∈ Ki, (3.3)

J k1
i1 ∩ J

k2
i2 = ∅, ∀ i1 /= i2 ∈ I, ∀ k1 ∈ Ki1 , k2 ∈ Ki2 , (3.4)

mF,k
i,p ≥ mF,k

i,p+1 + εk
i,p ∀ i ∈ I, k ∈ Ki,∀ p = 0, . . . , ni,k. (3.5)

mF,k
i,ni,k+1 ≥ 0, ∀ i ∈ I, k ∈ Ki. (3.6)

As already stated before, 3.1 is the objective function. The minimization is
performed over the possible sets for every mission and the permutation for every
mission. The sequence si

k is not a decision variable, since it can uniquely be
determined by the previous two quantities. Constrain 3.2 assures that the union
of every mission subset forms the entire target set. Constrain 3.3 enforced every
mission set of the same SSc to be disjoint, while constrain 3.4 enforced the same
condition between every other missions on different SScs. Constrains 3.5 and 3.6
are feasibility constraints: they make sure every maneuvers are feasible by imposing
a continuous decreasing of the fuel mass when the position increases. εk

i,p is a
decision variable used to relax the constraints: the total fuel of the SSc cannot
be zero when p < ni,k + 1 because otherwise the following maneuver would be
infeasible. Therefore εk

i,p represents the fuel buffer that the SSc needs to keep to
performs the following maneuvers. in eq. (3.6) there is not such variable since the
mission ends.
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Optimization framework

Before explaining the optimization process, the definition from [21] of Neighborhood
search is given. Consider an instance of combinatorial optimization problem I. Let
X(I) be the set of feasible solutions of the considered instance (called just X to be
short). Let also c : X → R be a cost function that associates a cost to a feasible
solution. A Neighborhood is a function N : X → X that, for a solution x ∈ X,
returns a set of solutions N(x) ⊆ X. This definition suggests a definition of local
optimality with respect a neighborhood, in fact the condition of a solution x ∈ X
to be locally optimal in this sense is c(x) ≤ c(x′),∀x′ ∈ N(x). In this setting, a
Neighborhood search algorithm can be constructed as follows. Let x be an initial
solution, by iteratively computing x′ = arg minx′′∈N(x) c(x′′) and updating x = x′

if c(x′) ≤ c(x), the solution can be improved until it reaches a local optimal with
respect the chosen neighborhood. Typically, the neighborhood needs to be explicitly
defined to construct such algorithms, but some of them can implicitly define the
neighborhood. The LNS metaheuristic proposed by [22] is an example of implicitly
definition of neighborhood by using some methods called destroy and repair. More
detail about destroy and repair methods are shown in Chapter 5. This kind of
search particularly find applications in tightly constrained settings, since the idea
of a large neighborhood helps the heuristic to explore the solution space easily.
Algorithm 1 describes the LNS metaheuristic. The algorithm uses three principal
variables: the overall best solution xb, the current solution xc and the temporary
solution xt. A temporary solution is obtained from the current solution using the
destroy and repair methods and it is evaluated. If a certain acceptance criterion
is met, then the current solution is update with the temporary one. More detail
on this criterion will be explained in the Section 4.2. If the temporary solution is
better than the best one, then it become the new optimal solution. It is worth to
notice that the LNS does not search the entire neighborhood of solutions, but it
sample the neighborhood with the destroy and repair methods to heuristically find
a good solution.
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Algorithm 1 Large Neighborhood Search (LNS) [21]
Input: Feasible solution xc.
Output: Best solution found xb.
xb ← xc.
repeat

xt ← r(d(xc)).
if accept(xt, xc). then

xc ← xt.
if c(xt) < c(xb) then

xb ← xt.
until stopping criterion is met;
return xb

4.1 Adaptive Large Neighborhood Search
ALNS was proposed by [23] and extends the LNS framework by allowing the usage
of more destroy and repair methods. Algorithm 2 has basically the same framework
as algorithm 1, a new solution is constantly proposed and checked. The main
difference is that, since there are a set of destroy operators Ωd and repair operators
Ωr, in every iteration a single destroy and and a single repair are chosen. A weight
is associated to every destroy and repair operators, those weights are dynamically
updated to adapt better to the specific instance and they are used to calculate the
probabilities of drawing the destroy and repair method they are associated with.
This updating method also provides a way to continuously use good operators and
evaluates the contribution of the operator to the optimization process.

Algorithm 2 Adaptive Large Neighborhood Search (ALNS) [21]
Input: Feasible solution xc

Output: Best solution found xb

xb ← xc wd ← (1, . . . , 1), wr ← (1, . . . , 1).
repeat

Select destroy and repair methods d ∈ Ωd and r ∈ Ωr using wd and wr.
xt ← r(d(xc)).
if accept(xt, xc) then

xc ← xt.
if c(xt) < c(xb) then

xb ← xt.
Update wd and wr.

until stopping criterion is met;
return xb
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4.1.1 Weight’s update
Consider a destroy and repair set (Ωd and Ωr). Let nd = |Ωd| and nr = |Ωr|,
moreover consider the weights associated to the destroy and repair methods,
respectively wd ∈ Rnd and wr ∈ Rnr. Initially, all weights are typically set to one.
The probability associated to every methods are computed at each iteration in the
following way:

πd
j =

wd
j∑nd

k=1 w
d
k

, πr
j =

wr
j∑nr

k=1 w
r
k

,

where j indicates the j-th component of the considered vector. After extracting
the destroy and repair, the solution is calculated and it is compared to the current
and best solution as suggested in algorithm 2. When a destroy and repair is used,
a score ψ is determined in the following way:

ψ = max
{
ψ1, ψ2, ψ3, ψ4

}
,

where 

ψ1 = δ1 · (c(xt) < c(xb)), xt is the new best one

ψ2 = δ2 · (c(xt) < c(xc)), xt is better than the current one

ψ3 = δ3 · (accept(xt, xc)), xt is accepted

ψ4 = δ4 · (1− accept(xt, xc)), xt is rejected

All the conditions in parentheses return 1 if the condition is true or 0 if it is false.
δ1, δ2, δ3, δ4 are parameters used to assign the successful score to the operators.
Normally δ1 ≥ δ2 ≥ δ3 ≥ δ4 ≥ 0, the goal is to reward the operators that provides
value to the solution (δ1, δ2, δ3) and discourage operators that reject solutions (δ4),
since a rejected solution is a wasted iteration. Let jd and jr be the indices of the
destroy and repair operators used in the iteration respectively. The corresponding
weight component is updated in the following way:

wd
jd = λwd

jd + (1− λ)ψ, wr
jr = λwr

jr + (1− λ)ψ,

where λ ∈ [0,1] is the decay parameter that express how much important is the new
increment and the old value with a convex combination. ALNS heuristic typically
favors complex repair methods, since they usually give high quality solutions. Thus,
this weight’s update does not consider how much time-consuming are the methods.
To obtain a trade-off between time consumption and solution quantity, one may
normalize ψ with a measure of the time consumption.
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4.2 Acceptance Criteria
The acceptance criterion is typically a function that allows a change in the current
solution, which means a different starting points for the next destroy and repair
cycle. Some examples are provided by [24] in chapter iii. Some simple choice may
be accepting everything (Random Walk) or accepting every new solutions that are
better than the best so far (Greedy Acceptance). Threshold Accepting discard
every solutions that are below a certain fixed or variable threshold, while Simulated
Annealing (SA) accepts every better solutions and, with a certain probability,
accept some worst solution. The key principle is that even a worse solution may
led to some better solutions, so it has a higher exploration grade than the greedy
acceptance. A worse solution is accepted with probability exp((c(xc)− c(xt))/T ),
where T > 0 is called temperature. The main goal of the temperature is to vary
the acceptance probability so that it allows more exploration at the beginning of
the search process and to exploit more during the final part of the process. The
temperature is initialized at T0 > 0 and decreases gradually through a decreasing
parameter α at each iteration: Tnew = αTold, where 0 < α < 1. c(xc)− c(xt) is a
term used to take into account the goodness of the solution: the more xt is closed
to xc in terms of cost, the higher the acceptance probability will be. Since the
probability is used when xt is worse than xc, it means that c(xc)− c(xt) < 0 so the
probability will be between zero and one. In Section 6.1, Greedy Acceptance and
SA are compared.
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Chapter 5

ALNS Operators

In this chapter, the core idea of implicitly defining the neighborhood is expanded,
describing some general aspects of destroy and repair methods. A destroy method
takes a solution as input and returned an incomplete solution and it’s destroyed
part as an output. This concept is illustrated in fig. 5.1. The initial solution (left

Figure 5.1: An application of a destroy method (center) and a repair method
(right) of an initial solution (left).

of fig. 5.1) is composed by three tours: tour yellow (Y ) composed by [5, 2, 4, 7],
tour red (R) composed by [6, 14, 11, 8, 1, 3] and tour blue (B) composed by
[9, 12, 10, 13, 15, 16]. After a destroy method is applied, the configuration
in the center of fig. 5.1 is obtain, which corresponds to this incomplete solution
: Y = [5, 2, 4, 7], R = [6, 8, 1, 3], B = [12, 13, 15, 16] with the set of
destroyed node, that is [9, 10, 11, 14]. The selection of those destroyed node
is what characterize the destroyer and, consequently, the neighborhood. The
repair method will take the output of the destroyer as input and it will rebuild a
new solution out of it. The right of fig. 5.1 shows the following new constructed
solution: Y = [5, 2, 4, 7, 10, 9], R = [6, 8, 1, 3], B = [12, 13, 15, 16, 14, 11].
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Alternately, the destroy and repair methods can be seen as fix and optimize
operators, respectively. In particular, the destroy fixes some part of the solution,
while the optimize method attempts to improve the solution using what has been
removed. A similar framework called ruin and recreate was proposed by [24].

5.1 Destroy Operators
Typically, all destroy methods includes some stochasticity, because the main goal
is exploring a large neighborhood and thus different part of the solution need
to be placed by the repair after the destruction. The most crucial part of a
destroy method is the degree of destruction. Ideally, one may want a high grade
of destruction to explore a large set of solutions, but if it is too large, there is
a higher chance to re-optimization that throws away important computational
resources. Moreover, since a destroy method needs to reach a good portion of
the search space, it should not focus on destroying always a specific part of the
solution. In Section 6.3 some destroy policies are discussed and compared. Two
important characteristic of destroy methods are diversification and intensification.
Stochasticity is usually employed to diversify the search, while intensification is
choosing the worst part of the solution so that the repair may re-insert them in a
better place. This work proposed different kind of destroy methods and compared
them in Section 6.4.

• Destroy First: It destroys the first target of one or more tours.

• Destroy Last: It destroys the last target of one or more tours.

• Destroy Random: It destroys randomly some targets.

• Destroy Tour Cost: It destroys some tours starting from the most expensive
ones.

• Destroy Tour Small: It destroys some tours starting from the smallest ones.

• Destroy Tour Random: It destroys some tours randomly.

• Destroy SSc Random: It destroys targets from one or more SSc randomly.

• Destroy SSc Cost: It destroys targets from one or more SSc starting from the
most expensive one.

• Destroy Related Greedy: It destroys some similar targets.

• Destroy Related Random from [3]: It destroys some similar targets. It may
not chooses the most similar targets, a level of stochasticity is introduced to
avoid always picking the same targets.

27



ALNS Operators

The following relatedness measure R(i, j) from [3] has been used to implement
some Related destroyer. This measure evaluates the similarity of two targets. A
high value correspond to high relatedness of the two involved targets. The measure
is computed as follows:

R(i, j) = 1
C ′

i,j + Vi,j

.

Vi,j is equal to one if target i is refueled by the same SSc of j and it is zero otherwise.
C ′

i,j is a normalized approximation of the cost of getting from target i to j:

C ′
i,j = Ci,j

max(C) .

Ci,j represents the approximation of reaching j from i. In general denotes the
distance between two nodes in a classical VRP problem ([22]). The approximation
is the same used in [3]:

Ci,j = β |θ(i,j)
pc |+ (1− β) θi,j,

where θ(i,j)
pc is the dihedral angle of the two target’s orbit [eq. (2.11)] and θi,j is their

phasing angle [eq. (2.15)]. max(C) is the normalizing factor, the maximum entry
of the whole matrix C. The Destroy Related Random and the Destroy Related
greedy both start with extracting the first target to remove and by iteratively
computing the relatedness measures. The main difference is that the Related
Greedy continuously considers the most similar target and removes it, while the
Related Random considers a parameter p ≥ 1 used to include randomness and
not selecting always the first option by choosing the ⌊rp⌋-th element, where r is a
random number between zero and one.

5.2 Repair operators
The repair method rebuild the solution from the output of the destroy method.
When designing a repair method, one big decision is whether construct the best
solution or heuristically find a good one. An optimal repair may led to high quality
solutions, but it is computationally heavy and has difficulty to leave local minima,
unless a big part of the solution is destroyed. On the other hand, heuristic repair
are faster but it may take more iteration to get a high quality solution. This
work proposes two repair methods and adopted a third repair method from [3].
The repairers are designed to return a feasible solution, so various check with the
simulator are iteratively performed to ensure all rendezvous are feasible, this is
the reason why assumption (A15) is required. Firstly, a Random Repair has been
implemented. It considers the first mission, tries to insert some random targets in
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random positions for a certain portion of the destroyed set. If the resulting mission
is feasible, the mission is updated and the target is removed from the destroyed
set. If all the resulting missions are infeasible, this process is repeated for the next
tour available. All tours are potentially touched, the algorithm starts by the first
mission of the first SSc, check all the first tours, then check all the others. If some
destroyed targets remains after checking all missions, they will be added to a new
mission after refueling at the FS. This repair methods aims to be computationally
cheaper than the other, trying to obtain a more compact solution in a fastest
time, based on the following fact stated in [13]: the more targets are refueled in
the same mission, the less fuel will be used during the maneuvers. Algorithm 3
presents a pseudo-code on the Repair Random procedure. The repair method from
[3], called in this work Repair Insertion Simulation from now on, is based on the
farthest insertion heuristic. The goal is to obtain a high quality solution, checking
all the possible position where a target can be inserted. The order of insertion
is determined by the biggest "insertion cost". Let ∆fj,i,p be the objective value
changes caused by inserting the removed target j in position p of the SSc i. The
insertion cost has been calculated in the following way:

cj = min
p,i

∆fj,i,p,

in other words, the insertion cost is the minimum variation of objective function
obtained by adding a target j into the sequence. The farthest insertion heuristic
aims to firstly place the most difficult targets, which are the targets with higher
insertion cost, to reduce difficulties of placing those targets in the end of the insert
procedure due to feasibility constraints. The algorithm starts with creating a
structure used to simulate all the possible destroy targets in all possible positions.
Then the chosen target is computed in the following way:

j∗ = arg max
j

min
p,i

∆fj,i,p,

and is inserted in the position and SSc associated to the insertion costs. Then
the algorithm updates the structure used to simulate and calculate again j∗ until
it ends all destroyed targets. A similar repair called Insertion Related based on
the farthest insertion heuristic is proposed to try to consider both high quality
solutions and computational speed. This method tries to insert the destroyed target
near it’s most similar target. The structure is basically the same as the Insertion
Simulation, but it aims to be lighter because it does not simulate every targets in
every positions, thus it computes the relatedness measure between all destroyed
targets and all fixed target. The destroyed target which is the least similar to
all the destroyed set is chosen, then placed near the most similar to him. Only
then, the simulation assures feasibility, if the resulting sequence turns out to be
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infeasible, the second most similar target is chosen and the feasibility is checked
again. Algorithm 4 shows the Repair Insert Simulation procedure from [3].

Algorithm 3 Repair Random Procedure
Input: Set of destroyed target: xd, Information about the partial solution.
Output: Constructed tours for all SScs.
Initialize current tour and current SSc.
Initialize Simulation State for every SSc.
repeat

if current tour = ∅ then
Choose randomly a target and a position.
Update the new tour.
Remove target from xd.

else
xr ← xd ;̇
nInfeas← 0.
repeat

Reset Simulation State of the current SSc.
Choose randomly a target and a position.
Create the new tour and simulate it.
if tour is feasible then

Save new tour.
Remove target from xd.

else
nInfeas← nInfeas+ 1.

Remove target from xr.
until nInfeas > nSearch or xr = ∅;
if nInfeas == nSearch or xr = ∅ then

Update Simulation State of current SSc for a possible following tour.
Switch to another SSc and/or tour.

until xd = ∅;
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Algorithm 4 Repair Insert Simulation Procedure [3]
Input: Removal set: xr, destroyed set: xd.
Output: Repaired set: xt.
Initialize repaired set xt ← xd.
repeat

for tri in xr do
Calculate ∆fi,k of tri based on xt.
Find the minimum cost position Pi,k of tri in xt.

Find tri in xr with maximum ∆fi,k.
Insert tri into Pi,k in xt.
Remove tri from xr.

until xr == ∅;
return xt
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Chapter 6

Computational Results

In this chapter, some experiments are performed to test various strategies on a real-
world orbital element of a fixed scenario. Fourteen launched Chinese geosynchronous
satellites taken from [3] have been chosen, along with the FS, which has been set to
a similar orbit. Every SScs are in the FS ready to be launched. Table 6.1 shows all
orbital elements involved. [3] does not specify their mass, since they addressed the

Table 6.1: Orbital elements of a real-world scenario, from [3]

.

ID Name Inclination RAAN True Anomaly
0 FS 2.00◦ 60.00◦ 0.00◦

1 Beidou2_G7 1.60◦ 66.76◦ 278.27◦

2 Beidou2_G8 0.30◦ 328.08◦ 156.03◦

3 Beidou_G1 1.80◦ 45.11◦ 252.16◦

4 Beidou_G2 7.77◦ 52.63◦ 328.00◦

5 Beidou_G3 1.89◦ 52.10◦ 274.21◦

6 Beidou_G4 1.06◦ 59.65◦ 144.68◦

7 Beidou_G5 1.45◦ 67.40◦ 288.52◦

8 Beidou_G6 1.86◦ 85.65◦ 319.30◦

9 Chinasat_11 0.09◦ 103.25◦ 331.94◦

10 Fengyun_2E 5.00◦ 68.04◦ 285.07◦

11 Fengyun_2F 2.80◦ 83.11◦ 224.48◦

12 Tianlian1_01 4.81◦ 71.74◦ 337.75◦

13 Tianlian1_02 2.21◦ 74.98◦ 229.24◦

14 Tianlian1_03 0.99◦ 98.18◦ 230.86◦
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repairing problem, thus the mass data of the targets are set as indicated in table 6.2.
SSc’s mass and parameters (table 6.3) are instead taken from [13]. Every SScs

Table 6.2: Mass table

Object mD [Kg] mT OT [Kg] mR [Kg]
SScs 500 5000 -

Targets 3000 3700 400

refuel the targets by one Kg every two minutes, while the FS refuels the SScs one Kg
per minute. Every experiment has been run five times to see how the stochastic

Table 6.3: Vehicles parameters

Parameter Value
Specific Impulse [s−1] 0.3058

Refueling speed SSc [Kg/s] 0.0083
Refueling speed FS [Kg/s] 0.0166

aspect of the framework influenced the process. Every experiments are conducted
with the random seed set to "12345" for replicability. Moreover, every experiments
have been conducted with the following characteristics, except when explicitly
stated otherwise: all destroyers and repairs are used, a fixed degree of destruction
of 30%, as done previously in [3], SA acceptance criterion is adopted. Moreover the
initial solution adopted is the simple solution one may think: every mission will
have just one single target. This solution is surely feasible due to assumption (A14).
The work is organized as follows. Section 6.1 evaluates some parameters testing the
best configuration among them and confronts the SA acceptance criterion with the
Greedy approach. Section 6.2 runs simulations starting by different initial solutions,
build using the previous described repair methods and studies how solutions change.
Section 6.3 applies different destruction policies based on changing the degree of
destruction. Section 6.4 compares the weights and results obtained by removing
some destroy method to address the contribution and the importance of each
destroyers and repairs. When a configuration has proven to bring better results, it
is adopted for the following experiments. The complete results are stored in the
"Results" folder of the git Hub project, for more information see appendix A.
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6.1 Parameters Tuning and Acceptance criteria
In the section, the δ and λ parameters from Subsection 4.1.1 along with α and T0
from Section 4.2 are tuned. The configurations chosen for the deltas are shown in
table 6.4. Those values have been chosen to test how the different scale modifies

Table 6.4: Delta parameters

Configuration δ1 δ2 δ3 δ4

1 10 7 3 1
2 2 1.5 1 0.5
3 1 0.7 0.3 0.1

Table 6.5: SA parameters

Configuration α T 0
0 0.995 400
1 0.9 250
2 0.8 100

the optimal value and the weights of the operators. The values chosen for the decay
parameter are 1 : 0.25, 2 : 0.5, 3 : 0.75 to test how much the previous weight is
important to determine the algorithm’s optimal value. In table 6.6 are summarized
the results over all replicas. The most used destroyers are the Random Destroyer,
the Related Random destroyer and the First Destroyer, however some especially
good solutions are obtained with the Destroy Last. The Repair Insert Simulation
is widely used, scoring sometimes double the amount of weights of other repairers.
The change of deltas and lambda does not seems to modify to much the behavior
of the method. The scale of deltas does not affect the number of times a Destroy or
repair is chosen. The decay method provides more uniform picking when it is low,
but still does not change the solution dramatically. The configuration that has been
adopted from now on is (2,1). The next parameters to tune are the the one from
the SA acceptance criterion. After empirically check how the temperature decays,
the parameters in table 6.5 have been chosen. Configuration zero has already been
run during the tuning of deltas and lambda. First of all, T0 has been set to 400 and
the tuning on configuration one and two of α is performed. After taking the best
value for α, configuration one and two of T0 have been tested. The new proposed
parameters for the SA criterion are thought to see if more exploitation at the end
of the simulation could improve the solution.
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Figure 6.1: Value of the current solution when α = 0.995
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Figure 6.2: Value of the current solution when α = 0.8
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In fig. 6.1 and fig. 6.2 the value of the current solution is reported with two
different values of alpha. It clearly shows how setting α = 0.8 completely cancels
the exploration part. Since the configuration with alpha equal to 0.9 returns
an iteration with fuel consumption equal to the best found so far and less fuel
consumption in other iterations, that value will be used for now on. Regarding
T0, a similar reasoning can be apply, thus a new best solution of 2186.8 has been
found. Another simulation has also been performed with the greedy acceptance
criterion, this approach led to constant weights, since all the progress were done in
a relatively small number of iterations with respect to the total number of iteration.
The results shows a minima of 2197.9 Kg.

Table 6.6: Tuning and Accept Results

Configuration Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Sum
(1,1) 2302.7 2280.5 2279.1 2280.5 2280.5 11423.3
(1,2) 2209.7 2280.5 2279.1 2206.7 2280.4 11256.4
(1,3) 2280.5 2303.1 2280.4 2280.5 2280.4 11425.0
(2,1) 2193.1 2281.8 2289.5 2280.5 2280.5 11325.4
(2,2) 2280.5 2280.5 2280.5 2280.5 2280.5 11402.5
(2,3) 2280.5 2279.1 2280.5 2280.5 2280.4 11401.0
(3,1) 2280.4 2280.5 2280.5 2280.4 2280.5 11402.3
(3,2) 2280.5 2297.2 2279.1 2280.5 2302.8 11440.1
(3,3) 2280.4 2280.4 2280.4 2280.5 2280.4 11402.1

alpha1 2204.4 2279.1 2193.1 2280.5 2280.5 11237.6
alpha2 2204.4 2280.5 2280.5 2279.1 2280.5 11325.0

T01 2227.3 2197.9 2280.5 2186.8 2280.5 11173.0
T02 2204.4 2280.5 2279.1 2313.7 2279.1 11356.8

Accept 2280.5 2280.5 2331.2 2197.9 2279.1 11369.2

6.2 Initial Solution
In this section, two new initial solutions are constructed using the Repair Random
and the Repair Insertion Simulation. Moreover, the solution from table 6.8 has
been put as initial solution to see if can be improved more. The idea is to begin
with a better quality solution instead of an easy one to compute. The solution in
table 6.7 presents a total fuel consumption of 4140.6 Kg, while the solution from
table 6.9 uses 3854.7 Kg.
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Table 6.7:
Solution from the Random Repair

Object Sequence
SSc 1 5,3,14− 9,4,6− 8,13
SSc 2 11,10,1− 2,12,7

Table 6.8:
Best solution obtained from Tuning

Object Sequence
SSc 1 9,8,4− 7,10,1,14
SSc 2 12,11,13,2− 5,3,6

Table 6.9: Solution from the Insertion Simulation Repair

Object Sequence
SSc 1 8,12,6− 14,13,11− 5,14,7− 1,10
SSc 2 9,3,2

In table 6.10 are shown the results for every initial solutions. The minimal value
found so far has been reached by starting with the Repair Random, since the other
replica returns lower values, from now on that solution has been set as the new
initial solution. This shows how a good balance of exploitation and exploration
can be the perfect recipe to get a better solution. Starting by a better solution can
improve the solution, but starting from a solution that is too good, like the old
best solution, can lead to local minima or can lead to no improvement at all.

Table 6.10: Initial Solution Results

Configuration Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Sum
Random 2280.5 2280.4 2207.4 2280.5 2186.8 11235.6

Simulation 2280.5 2280.5 2336.8 2280.5 2280.5 11459.0
Best 2193.1 2193.1 2193.1 2193.1 2193.1 10965.5

6.3 Destruction Policy
An alternative strategy is changing the degree of destruction during the optimization.
[22] suggested to increase the degree of destruction during the optimization, to
better avoid local minima. This policy (called in this work "Increasing" for short)
is compared with the fixed policy used before and a Random policy, which changes
randomly the degree of destruction at every iteration. In table 6.11 a summary of
the results are presented. They both present higher fuel consumption with respect
the fixed policy. More or less after two hundred iterations, the increasing policy
does not update any more the current solution. After a while, the temperature
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of the SA makes harder for a worse solution to be accepted, moreover the total
destruction of the solution causes a lack of exploitation, which provides difficulties
to get a better solution.

Table 6.11: Destroy Policy Results

Configuration Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Sum
Random 2406.6 2209.7 2337.9 2279.1 2302.7 11535.9

Increasing 2280.5 2281.8 2280.5 2410.8 2302.8 11556.4

6.4 Operators Comparison
Finally, the following comparison between opearators is proposed. For Destroy
methods five simulation, summarized in table 6.12 has been run. Every configuration
is obtained by removing some destroyers, in table 6.13 are shown the results. The
importance of each destroy methods can be seen by the final weights and how
removing some destroy affects the performance. The first observation is that the
values still does not differs too much: there are some higher and lower values, but
generally they do not differs too much between the results previously discussed.
Secondly, the SSc destroyer generally have very low weights. The most high values
of weights are reached by the First Destroyer, Related Random destroyer, Tour
and Small destroyer and Last Destroyer. That happens because in the first part of
the optimization, it is surely convenient to try to populate the missions with more
targets possible. Additionally, the random versions are typically more used, also the
cost versions provides some importance. For the Repair methods, six simulations

Table 6.12: Configurations of Destroyed Set chosen to compare

Configuration Removed Destroyer
1 Random and Related
2 First and Last
3 all involved with missions
4 all involved with SScs
5 Configuration 2, 3 and 4 together

in table 6.14 have been performed instead. In table 6.15 are presented the results
for every configuration. It can be observed that the last three configurations have
typically higher values than the first three. This shows the strength of the ALNS
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Table 6.13: Destroy Comparison Results

Configuration Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Sum
1 2279.1 2280.5 2280.5 2280.5 2207.4 11328.0
2 2193.1 2279.1 2280.5 2279.1 2280.5 11312.3
3 2279.1 2297.5 2280.5 2279.1 2280.5 11416.7
4 2331.2 2280.5 2197.9 2280.5 2280.5 11370.6
5 2279.1 2280.5 2280.5 2280.5 2207.4 11328.0

over the LNS: more operators means enlarge the neighborhood and may decrease
the optimal value. The configurations with lower fuel cost are the one without the
repair Insert Simulator proposed by [3]. This is not surprising since the goal of the
heuristic is exactly trying to insert the targets in the best way possible, moreover
the simulation provides a sure way to decrease the objective function. The random
repair provides better results than the Insertion Similarity. This may happens
because the random repair is build with the goal of saturate missions, while the
Related Insert may divides and adds missions since it just considers the relatedness,
potentially increasing the total fuel cost. The fact that qualitative repairers are
more rewarded shows how important is the construction of a stable and controlled
optimization.

Table 6.14: Configurations of Repair Set chosen to compare

Configuration Removed Repair
1 Random
2 Insertion Simulation
3 Insertion Relatedness
4 Configuration 1 and 2 together
5 Configuration 2 and 3 together
5 Configuration 1 and 3 together

6.5 Best Solution obtain by Algorithm
In this section, some final observations on the best solution are reported in table 6.8.
The most frequent solutions ranges between 2279.1 to 2280.5 Kg. One interesting
fact is that most of those solutions are just mission permutation of the same solutions,
which means that is not important where tours are placed in the sequence since
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Table 6.15: Repair Comparison Results

Configuration Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Sum
1 2279.1 2280.5 2280.5 2331.2 2280.5 11451.8
2 2361.3 2338.4 2316.2 2309.2 2279.1 11504.2
3 2190.8 2279.1 2279.1 2279.1 2280.5 11308.6
4 2761.3 2436.0 2419.9 2410.6 2338.5 12366.3
5 2207.4 2347.3 2392.9 2297.2 2296.5 11541.3
6 2331.2 2418.0 2279.1 2279.1 2280.5 11587.9

most of the simulations returns similar total fuel consumptions. The minimum
obtained by the algorithm is 2186.8 Kg. The most common solution has a total
fuel consumption of 2280.5 Kg and it is composed by the following tours: t1 :
[0, 11, 13, 2, 0], t2 : [0, 8, 1, 14, 5, 0], t3 : [0, 12, 4, 7, 10, 0], t4 : [0, 9, 3, 6, 0]. A slightly
better solution is obtained by replacing t2 and t3 with t5 : [0, 8, 4, 7, 10, 0] and
t6 : [0, 12, 1, 14, 5, 0]. The best solution found has been obtained starting by the
solution in table 6.7, using every destroy and repair, using configuration (2,1) for
delta and lambda and by choosing SA with α = 0.9 and T0 = 400. It is interesting
to observe that part of the previous tours where embedded in some of the new
tours, for instance the tour [0, 7, 10, 1, 14] is composed by the last two targets of t3
and the two middle target of t2 and t6. This suggest that some portion of the tours
can be destroyed and recomposed to create better solutions. Thus, this particular
strategy is effective also due to the structure of the considered scenario: a tour
could not have more than four targets, because the fuel tank of the SSc and the
requests from the targets impose that. To improve a good solution and to be
sure not to ruin it, at least that number of targets to every mission have to be
maintained.

Table 6.16: Best solution obtained from Tuning

Object Sequence
SSc 1 7,10,1,14− 13,3,6− 12,5,11,2− 9,8,4
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Chapter 7

Conclusions

This work provides an example of both simulation and optimization for OOS. It
addresses some way to improve the solution and it remarks the importance of
balancing exploration and exploitation during the optimization process. It presents
how problem’s characterization may lead to discover new patterns and suggest
some innovations. It shows how hard is improving the solution when too much
randomness are present, the limits of exploiting good solutions too strictly and
how a worse solution can lead to the best one found. But more importantly, it
remarks how different approaches and way of thinking provides a better view of
the problem and a better final result. Still, a lot of future improvement can be
achieved. More constraints can be added: a maximum amount of variation of
velocity to better preserve the satellite as done by most of the literature cited;
deadline constrains as done by [3]; more stochasticity introduced in the model along
with robust optimization as done by [13]. New destroy or repair methods can be
proposed, like the one suggested in Section 6.5. Finally, more improvement on the
adopted model can be considered: station-keeping maneuvers can be considered
along with the J2 perturbation as done in [14]; adding some proximity maneuvers
to better considers the total fuel consumption; considering the scenario stated in
Section 2.3; implementing some priority to decide which targets need to be refuel
first; considers how much fuel give to the SSc before starting the mission as a
decision variable, as done by [13], to further reduce the total cost.
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Appendix A

Links

Some additional details about the project repository and some useful links are
presented:

• GitHub Repository:

https://github.com/Andrea-Baccolo/On-Orbit-Scheduler

• Graphs used to visualize orbits:

– Desmos Single Orbit Displayer

– Desmos Double Orbits Displayer
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Appendix B

Helper

In this chapter, all classes and functions used in the repository are explained. In
the following figure, some information about the maneuvers, orbits and satellites
are summarized in a class diagram. Some objects used in simulation has a method
called output which takes as input a fid variable and it writes or display some
information about that object. The fid variable is obtained when a file is opened,
if it is equal to one, then the output is displayed in the command window. The
objects that possessed this method are all the object in the AstroObj folder, the
Solution, TourInfo and State object. The only excemptiuon is the State object,
which differs slightly from the other methods as explained in it’s proper subsection.

B.1 Orbits

B.1.1 GeosyncCircOrb
Class used to make an instance of a geosynchronous circular orbit with respect the
equatorial coordinate system.

• Properties:
– inclination: inclination angle in degrees.
– raan: raan angle in degrees.
– h: angular momentum.
– semiMajorAxis = 42165 km.
– angVel: = 7.2919e− 05 rad/s.
– GMp: = 398600 km3/s2, product between gravitational constant and

Earth’s mass.
• GeosyncCircOrb: Constructor method.
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Figure B.1: Class diagram of Maneuvers, geo orbits and Satellites

– INPUTS:
∗ inclination: inclination of the orbit.
∗ raan: right ascension of the ascending node of the orbit.

– OUTPUTS:
∗ orbit object: geosynchronous circular orbit instance.

B.2 Satellites

B.2.1 FuelContainer
Implementing Fuel properties.

• Properties:
– dryMass: mass of the object without the fuel.
– fuelMass: fuel that can be used by the object.
– tot_cap: total capacity of the satellite’s tank.

• FuelContainer : Constructor method.
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– INPUTS:
∗ dryMass: mass of the empty satellite.
∗ fuelMass: level of fuel in the satellite.
∗ capacity: maximum tank capacity of the satellite.

– OUTPUTS:
∗ object: returns object.

• add_fuel: Refilling completely the tank of the object.
– INPUTS:

∗ object: the object to refill.
– OUTPUTS:

∗ object: the object with full capacity.

B.2.2 RefillProp
Implementing Refilling model.

• Properties:
– speedRefill: speed of refueling in L/s.

• RefillProp: Constructor method.
– INPUTS:

∗ speedRefill: refueling speed in L/s.
– OUTPUTS:

∗ object: requested object.

B.2.3 SpacePosition
Class used to implement position of the satellite.

• Properties:
– orbit: orbit object containing the orbit information
– trueAnomaly: angle defining the position on the orbit

• SpacePosition: Constructor method.
– INPUTS:

∗ orbit: orbit of the satellite.
∗ trueAnomaly: angle that describes the position on the orbit, measured

from the ascending node with respect to the direction of rotation.
– OUTPUTS:
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∗ object: requested object.

• update:Function that updates the position given a certain dt of time.

– INPUTS:
∗ obj: object to update.
∗ dt: time used to update.

– OUTPUTS:
∗ object: requested object.

B.2.4 Station

Fuel station object.
Station: Constructor.

• INPUTS:

– orbit: orbit of the satellite.
– trueAnomaly: angle that describes the position on the orbit, measured

from the ascending node with respect to the direction of rotation.
– speedRefill: refueling speed in L/s.

• OUTPUTS:

– station obj: station object.

B.2.5 Target

Target to refill.
Target: Constructor.

• INPUTS:

– orbit: orbit of the satellite.
– trueAnomaly: angle that describes the position on the orbit.
– dryMass: mass of the empty satellite.
– fuelMass: level of fuel in the satellite.
– tot_cap: maximum tank capacity.

• OUTPUTS:

– target obj: target object.
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B.2.6 SSc
Service Spacecraft (Ssc) class.

• Properties:

– specificImpulse: quantity that measures the efficiency of the spacecraft
[s−1].

– g0 : = 9.81m/s2

• SSc: Constructor method.

– INPUTS:
∗ orbit: orbit of the satellite.
∗ trueAnomaly: angle that describes the position on the orbit.
∗ dryMass: mass of the empty satellite.
∗ fuelMass: level of fuel in the satellite.
∗ tot_cap: maximum tank capacity.
∗ speedRefill: refueling speed in L/s.
∗ specificImpulse: specific impulse of the ssc.

– OUTPUTS:
∗ ssc obj: service spacecraft object.

• calculateFuel: Function to compute the fuel used by the object.

– INPUTS:
∗ obj: the object used.
∗ dv: variation of velocity that has to be applied.
∗ fuelSSc: fuel of the object. This is used to compute the feasibility of

reaching before updating the real one.
– OUTPUTS:

∗ finalFuelMass: computed final fuel mass.
∗ fuel: fuel used in the maneuver.
∗ infeas: flag of infeasibility (1 if infeasible, 0 if feasible).

• giveFuel: Function that updates the fuel quantity by taking away some fuel.

– INPUTS:
∗ obj: object from which fuel is taken away.
∗ quantity: quantity of fuel to remove.

– OUTPUTS:
∗ obj: final object without the removed fuel.
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B.3 Maneuvers
Here all the considered maneuvers are implemented as classes. The following two
methods are implemented through override to all maneuvers:

• execute: This method updates only the SSc position, checks infeasibility, and
calculates the fuel used during a generic maneuver.

– INPUTS:
∗ obj: maneuver to be executed.
∗ simState: state to update.

– OUTPUTS:
∗ simState: updated state.
∗ fuelUsed: fuel used during execution.

• compute: Calculate maneuver.
– INPUTS:

∗ obj: maneuver to be updated.
∗ ssc: ssc object that needs to reach the target.
∗ target: target object to reach.
∗ fuelReal: actual ssc fuel value when maneuver is performed.

– OUTPUTS:
∗ obj: computed maneuver.

B.3.1 Maneuver
This general class stores all common information needed to calculate and execute
maneuvers for every maneuver,

• Properties:
– dt: time to perform the maneuver.
– totAngle: total angle done in dt of time.
– sscIndx : index that identifies which SSc is involved in the maneuver.
– targetIndx : index that identifies which target is involved in the maneuver.
– type: string that stores the type of maneuver performed.

• Maneuver : Constructor method.
– METHOD: Constructor.
– INPUTS:

∗ sscIndx : index of the ssc performing the maneuver.
∗ targetIndx : index of the target to reach.
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∗ dt: total duration of the maneuver in seconds.
∗ totAngle: total angle corresponding to time dt.

– OUTPUTS:
∗ Maneuver obj: maneuver object.

B.3.2 Refilling
Implementing refueling maneuevr.

• Properties:

– fuelAdded: fuel added during the refilling

• Refilling: Constructor method.

– INPUTS:
∗ sscIndx : index of the ssc performing the maneuver.
∗ targetIndx : index of the target to reach.
∗ dt: total duration of the maneuver in seconds.
∗ totAngle: total angle corresponding to time dt.
∗ fuelAdded: amount of fuel added to the target/ssc.

– OUTPUTS:
∗ Maneuver obj: refilling maneuver object.

B.3.3 OrbitalManeuver
General class that implements common Orbital Maneuvers’s properties.

• Properties:

– dv: variations of velocity to apply.

• OrbitalManeuver : Constructor method.

– METHOD: Constructor.
– INPUTS:

∗ sscIndx : index of the ssc.
∗ targetIndx : index of the target.
∗ dt: duration in seconds.
∗ totAngle: angle corresponding to time dt.
∗ dv: total velocity increment.

– OUTPUTS:
∗ Orbital Maneuver obj: orbital maneuver object.
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B.3.4 Phasing
Implementing phasing, the maneuver to rendezvous with the target.

• Properties:
– semiMajorAxis: semimajor axis of the resulting orbit.
– Revolutions: number of revolutions used for phasing.
– safeRadius = 6378 + 2500 : earth radius + 2500km.

• Phasing: Constructor method.
– INPUTS:

∗ sscIndx : index of the ssc.
∗ targetIndx : index of the target.
∗ dt: total duration of the maneuver in seconds.
∗ totAngle: total angle corresponding to time dt.
∗ dv: total velocity increment.
∗ semiMajoAxis: semimajor axis of the transfer orbit.
∗ Revolutions: total number of revolutions to reach the target.

– OUTPUTS:
∗ Phasing obj: phasing maneuver object.

B.3.5 Planar Change
Implementing planar change, a maneuver to change inclination and raan of an
orbit.

• Properties:
– nodeTarOrb: node position true anomaly with respect to the target orbit.
– nodeSScOrb: node position true anomaly with respect to the SSc orbit.
– tol: = 1e− 8 numerical tolerance.

• PlanarChange: Constructor method.
– METHOD: Constructor.
– INPUTS:

∗ sscIndx : index of the ssc.
∗ targetIndx : index of the target.
∗ dt: duration in seconds.
∗ totAngle: angle corresponding to time dt.
∗ dv: total velocity increment.
∗ nodeTargetOrb: true anomaly of the node with respect to the target

orbit.
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∗ nodeSScOrb: true anomaly of the node with respect to the ssc orbit.
– OUTPUTS:

∗ Planar change obj: planar change maneuver object.
• point2trueAnomaly Function used to pass from a point in 3D to the true

anomaly vector described with respect to a specific orbit.
• INPUTS:

– obj: planar change object.
– r : vector 3x1 containing the coordinates of the point to convert.
– omega: raan of the reference orbit.
– i: inclination of the reference orbit.
– a: semimajor axis of the reference orbit.

• OUTPUTS:
– phi: true anomaly with respect to the input orbit data.

B.4 Simulation Folder
In this section, some function and classes used to characterize the solution and to
simulate are described. The following image shows all the classes used.

B.4.1 reach
Function used to compute the maneuvers to reach a target.

• INPUTS:
– ssc: SSc object that has to compute the maneuver.
– sscIndx : index of the ssc that performs the maneuver in the state vector.
– target: target object that needs to be reached by the ssc.
– targetIndx : index of the target in the state vector.

• OUTPUTS:
– maneuvers: cell array of maneuvers to compute to reach the target.
– infeas: flag of infeasibility (1 if infeasible, 0 if feasible).

B.4.2 State
Class that contains information about the problem in a specific point in time.

• Properties:
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Figure B.2: Class diagram of Simulation Classes

– sscs: vector of nSSc SSc.
– targets: vector of nTar Targets.
– station: fuel station.
– t: starting point of the state.

• State: Constructor method.
– INPUTS:

∗ sscs: vector of SSc objects.
∗ targets: vector of Target objects.
∗ station: station object.
∗ time: time instant of the state.

– OUTPUTS:
∗ state obj: state object.

• partialUpdate: Function that updates the positions of some targets and the
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station.
– INPUTS:

∗ obj: state to update.
∗ dt: time interval for updating.
∗ updateIndex : indices of targets to update.

– OUTPUTS:
∗ obj: updated state object.

• output: Function that prints or writes the updated position of a given ssc and
some targets.

– INPUTS:
∗ obj: state to update.
∗ fid: file identifier or display flag (1 for display, >1 for writing to file).
∗ i: ssc index to print.
∗ updateIndex : set of targets to print.

B.4.3 TourInfo
Class of mission information for a specific sequence of targets. Implements infor-
mation regarding tours and methods to manipulate and update them.

• Properties:
– tours: cell array max(nTour)×nSSc containing targets of tours.
– lTour : matrix max(nTour)×nSSc containing length of the tours.
– nTour : number of tours for every SSc.

• TourInfo: Constructor method.
– INPUTS:

∗ sequence: sequence of the solution.
∗ nTar : number of targets.

– OUTPUTS:
∗ TourInfo obj: TourInfo object.

• artificialTourInfo: Create an artificial TourInfo object with given data.
– INPUTS:

∗ obj: TourInfo object.
∗ tours: cell arrays of tours.
∗ lTour : length matrix of tours.
∗ nTour : vector giving the number of non-empty tours per ssc.
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– OUTPUTS:
∗ TourInfo obj: constructed object.

• rebuildSeq: From the tour information, create the sequence.
– INPUTS:

∗ obj: TourInfo object from which the sequence will be constructed.
∗ nTar : number of targets to fill the gap and complete the sequence.

– OUTPUTS:
∗ sequence to construct.

• addZeros: Obtain the tour structure with zeros to simulate.
– INPUTS:

∗ obj: TourInfo object.
– OUTPUTS:

∗ cell array with the same dimensions of the tour attributes, with all
initial and final zeros.

• cutTour : Function used to cut unnecessary parts of TourInfo.
– INPUTS:

∗ obj: TourInfo object.
– OUTPUTS:

∗ TourInfo object without empty tour rows in all information.
• Tour2Seq: Convert a position in a specific tour to its position on the sequence

row of the SSC.
– INPUTS:

∗ obj: TourInfo object.
∗ sscIndx : index of the SSC in the considered tour.
∗ tourIndx : index of the tour.
∗ posTour : index of the position inside the tour.

– OUTPUTS:
∗ posSeq: position on the sequence row corresponding to the SSC.

• Seq2Tour : Convert a position on the sequence row of the SSC to a position in
a specific tour.

– INPUTS:
∗ obj: TourInfo object.
∗ sscIndx : index of the SSC in the considered tour.
∗ posSeq: position on the sequence row of the SSC.
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– OUTPUTS:
∗ tourIndx : index of the tour.
∗ posTour : index of the position inside the tour.

• expand: Expand the TourInfo structure by k tours.
– INPUTS:

∗ obj: TourInfo object.
∗ k: number of expansions.

– OUTPUTS:
∗ obj: expanded object.

B.4.4 Solution
Class used to collect solution information.

• Properties:
– seq: refueling sequence for every ssc (nSSc, m).
– sscMan: cell array of maneuvers selected from seq.
– fuelUsage: fuel used to reach every target.
– times: time employed for every maneuver.
– totFuel: total fuel used for the solution.
– tourInfo: TourInfo structure.

• Solution: Constructor.
– INPUTS:

∗ seq: sequence of the solution.
∗ nTar : total number of targets.
∗ initialState: initial state from which the simulation starts.

– OUTPUTS:
∗ obj: Solution object.

• artificialSlt: From existing inputs, create the object.
– INPUTS:

∗ obj: Solution object (MATLAB does not allow multiple constructors).
∗ seq: refueling sequence for every SSC (nSsc,m).
∗ sscMan: cell array containing cell arrays of maneuvers selected from

seq.
∗ fuelUsage: quantity of fuel used to reach every target.
∗ times: time employed for every maneuver.
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∗ nTar : total number of targets.
– OUTPUTS:

∗ obj: Solution object with the requested inputs.
• buildManSet: Create the set of maneuvers associated with the solution.

– INPUTS:
∗ obj: Solution object.
∗ initialState: state object with the initial targets, SSCs, and station.
∗ fid: optional parameters used to display or write to a file.

– OUTPUTS:
∗ obj: Solution object with SSC maneuvers.
∗ state: final state after executing the sequence.

• generateUpdateIndx : Generate the update index of a specific row of a sequence.
– INPUTS:

∗ obj: Solution object (needed as parameter, even if unused).
∗ seq: complete sequence matrix.
∗ nTar : total number of targets.
∗ i: row of the sequence chosen.

– OUTPUTS:
∗ updateIndx: vector of targets that need to be updated during the

simulation of SSC i.

B.4.5 Simulator
Collection of methods used to update a state through simulation.

• Properties:
– initialState: initial state from which the simulation starts.

• Simulator: Constructor method.
– INPUTS:

∗ initialState: state object with the initial targets and sscs.
– OUTPUTS:

∗ Simulator obj: simulator object.
• SimulateReach: Function used to simulate one single SSC reaching one single

target.
– INPUTS:

∗ obj: Simulator object (required even if unused).
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∗ simState: initial state from which the simulation and maneuvers are
computed.

∗ sscIndx : index of the SSC in the initial state vector of SSCs.
∗ targetIndx : index of the target to reach.
∗ updateIndex : indices of targets to update.
∗ fid: optional parameters used to display or write to a file.

– OUTPUTS:
∗ simState: State object containing initial state info.
∗ infeas: infeasibility flag (1 if infeasible, 0 if feasible).
∗ totFuel: total fuel consumption.
∗ totTime: total time required for the reach.
∗ maneuvers: cell array with the maneuvers to be performed.

• SimulateSeq: Function used to simulate a sequence given as input (it can
represent a full row or a portion of the solution sequence).

– INPUTS:
∗ obj: Simulator object (required even if unused).
∗ simState: initial state from which the simulation and maneuvers are

computed.
∗ sscIndx : index of the SSC in the initial state vector of SSCs.
∗ seq: sequence to simulate (can also be a tour or a portion of a sequence

row).
∗ updateIndex : indices of targets to update.
∗ fid: optional parameters used to display or write to a file.

– OUTPUTS:
∗ simState: State object containing initial state info.
∗ infeas: infeasibility flag (1 if infeasible, 0 if feasible).
∗ totFuel: total fuel consumption.
∗ totTime: total time required for the simulation.
∗ maneuvers: cell array with the maneuvers to be performed.

B.5 Destroy
Class that implement the general destroy method. Its purpose is to delete part of
the solutions to later rebuild in a hopefully better way. In the following figure is
presented the inheritance of the destroy methods

• Properties
– nTar : total number of target.
– degDes: degree of destruction of the destroyer.
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Figure B.3: Class diagram of Destroy methods

• Destroy: Constructor.
– INPUTS:

∗ nTar : number of targets.
∗ degDes: degree of destruction, a number between 0 and 100.

– OUTPUTS:
∗ obj: destroy object.

• Destruction: Application of the destruction of the specific destroyer.
– INPUTS:

∗ obj: destroy object.
∗ slt: solution to destroy.
∗ initialState: state object that contains the initial info.

– OUTPUTS:
∗ destroyedSet: row vector of destroyed set index.
∗ tourInfos: tourInfo object with info of tours after destruction.

• nDesCompute: Computes the total number of destroyed targets approximated
using ceiling function.

– INPUTS:
∗ obj: destroy object.

– OUTPUTS:
∗ nDestroy: total number of destroyers.
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• chooseTargets: Function that gives the total number of destroyed targets and
their indexes.

– INPUTS:
∗ obj: destroy object.
∗ slt: solution to destroy.
∗ initialState: state object that contains the initial info.

– OUTPUTS:
∗ nDestroy: total number of destroyers.
∗ destroyIndx : matrix nDestroy x 3 where the first column is the sscIndx,

the second the tourIndx, and the third the posTour.

B.5.1 DesFirst
Destroyer that deletes every first target from a tour.
DesFirst: Constructor.

• INPUTS:
– nTar : number of targets.
– degDes: degree of destruction, a number between 0 and 100.

• OUTPUTS:
– obj: destroyFirst object.

B.5.2 DesLast
Destroyer that deletes every last target from a tour. DesLast: Constructor.

• INPUTS:
– nTar : number of targets.
– degDes: degree of destruction, a number between 0 and 100.

• OUTPUTS:
– obj: destroyLast object.

B.5.3 DesRandom
Destroy method that removes random targets from the solution.
DesRandom: Constructor.

• INPUTS:
– nTar : number of targets.
– degDes: degree of destruction, a number between 0 and 100.
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• OUTPUTS:
– obj: destroyRandom object.

B.5.4 DesSSc
Destroy method that chooses all the targets on SSCs.

• DesSSc: Constructor.
– INPUTS:

∗ nTar : number of targets.
∗ degDes: degree of destruction, a number between 0 and 100.

– OUTPUTS:
∗ obj: destroySSc object.

• sortSScIndx : Sorting the SSC with respect to the cost.
– INPUTS:

∗ obj: destroy object.
∗ slt: solution to destroy.

– OUTPUTS:
∗ SScs: sorted SSC index.

B.5.5 DesSScCost
Destroy method that deletes targets of one or more SSCs from the solution by
taking the most costly SSC tour.
DesSScCost: Constructor.

• INPUTS:
– nTar : number of targets.
– degDes: degree of destruction, a number between 0 and 100.

• OUTPUTS:
– obj: destroySScCost object.

B.5.6 DesSScRandom
Destroy method that deletes targets of random SSCs.
DesSScRandom: Constructor.

• INPUTS:
– nTar : number of targets.

60



Helper

– degDes: degree of destruction, a number between 0 and 100.

• OUTPUTS:

– obj: destroySScRandom object.

B.5.7 DesRelated
Abstract class that implements a general choice of targets to remove using a
relatedness measure.

• properties:

– beta: parameter used to give weights to the planar change and the phasing.

• DesRelated Constructor.

– INPUTS:
∗ nTar : number of targets.
∗ degDes: degree of destruction, a number between 0 and 100.
∗ beta: parameter used in the relatedness measure, between 0 and 1.

– OUTPUTS:
∗ obj: DestroyRelated object.

• findIndx : Function used to find the position of a target in a sequence.

– INPUTS:
∗ obj: destroyFirst object.
∗ tarChosen: chosen target to find.
∗ slt: solution to destroy.

– OUTPUTS:
∗ indx : position of the chosen target.

• chooseTar :Function that gives the total number of destroyed targets and their
indexes.

– INPUTS:
∗ obj: destroy object.
∗ slt: solution to destroy.
∗ initialState: state object that contains the initial info.

– OUTPUTS:
∗ nDestroy: total number of destroyers.
∗ destroyIndx : matrix nDestroy x 3 where the first column is the sscIndx,

the second the tourIndx, and the third the posTour.
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B.5.8 DesRelatedGreedy
Destroy method that applies a greedy policy to choose the best related target.
DesRelatedGreedy: Constructor.

• INPUTS:
– nTar : number of targets.
– degDes: degree of destruction, a number between 0 and 100.
– beta: parameter used in the relatedness measure, between 0 and 1.

• OUTPUTS:
– obj: DestroyRelatedGreedy object.

B.5.9 DesRelatedRandom
Destroy method that extracts the best related target using a probability from Han
et al.

• properties:
– p: parameter used to add randomness and not always take the best; lower

values of p correspond to more randomness.
• DesRelatedRandom: Constructor.

– INPUTS:
∗ nTar : number of targets.
∗ degDes: degree of destruction, a number between 0 and 100.
∗ beta: parameter used in the relatedness measure, between 0 and 1.
∗ p: parameter to control the randomness of choosing the best targets,

p ≥ 1, 1 for complete randomness.
– OUTPUTS:

∗ obj: DestroyRelatedRandom object.

B.5.10 DesTour
Destroy methods that delete targets from some tours of the solutions.

B.5.11 DesTour
• DesTour : Constructor.

– INPUTS:
∗ nTar : number of targets.
∗ degDes: degree of destruction, a number between 0 and 100.
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– OUTPUTS:
∗ obj: destroyTour object.

• sortTourIndx : Sorting the SSC with respect to the cost.
– INPUTS:

∗ obj: destroy object.
∗ slt: solution to destroy.

– OUTPUTS:
∗ SScs: sorted SSC index.

B.5.12 DesTourCost
Destroy methods that delete targets from the most expensive tours.
DesTourCost: Constructor.

• INPUTS:
– nTar : number of targets.
– degDes: degree of destruction, a number between 0 and 100.

• OUTPUTS:
– obj: destroyTourCost object.

B.5.13 DesTourRandom
Destroy methods that delete targets from random tours.
DesTourRandom: Constructor.

• INPUTS:
– nTar : number of targets.
– degDes: degree of destruction, a number between 0 and 100.

• OUTPUTS:
– obj: destroyTourRandom object.

B.5.14 DesTourSmall
Destroy methods that delete targets from the smallest tours.
DesTourSmall: Constructor.

• INPUTS:
– nTar : number of targets.
– degDes: degree of destruction, a number between 0 and 100.

63



Helper

• OUTPUTS:

– obj: destroyTourSmall object.

B.5.15 createDesSet
• METHOD: General function to create a destroy set.
• INPUTS:

– nTar : number of targets.
– degDes: destruction degree, a number between 0 and 100.
– nDestroy: total number of destroyers.
– beta: a number between 0 and 1 used in the relatedness measure.
– p: related random parameter, a number greater than 1.

• OUTPUTS:

– desSet: cell array with nDestroy destroyers.

B.6 Repair
General Repair method used to rebuild a new solution from the destroyed solution.

• Properies:

– nTar : number of targets

• Repair : Constructor

– INPUTS:
∗ nTar : number of targets

– OUTPUTS:
∗ obj: Repair object

• Reparing: general repair function used to repair the solution

– INPUTS:
∗ obj: repair object
∗ initialState: state object that contains the initial info
∗ destroyedSet: row vector of destroyed set index
∗ tourInfo: tourInfo object with info of tours after the destruction

– OUTPUTS:
∗ slt: final feasible solution object obtained by the repair
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• updateIndexTour : function used to obtain the udate index from a specific tour
of a specific ssc united with the destroyedSet

– INPUTS:
∗ obj: repair object
∗ tourInfo: tourInfo object with info of tours after the destruction
∗ destroyedSet: row vector of destroyed set index
∗ currTour : current tour from which new targets will be added
∗ currSSc: considered ssc

– OUTPUTS:
∗ updateIndex : row vector of update index to use in the simulation

• updateIndexSeq: function used to obtain the udate index from the sequence
united with the destroyedSet

– INPUTS:
∗ obj: repair object
∗ seq: row vector of the specific ssc considered
∗ destroyedSet: row vector of destroyed set index

– OUTPUTS:
∗ updateIndex : row vector of update index to use in the simulation

• insertTar : this function adds the new target in the position posSelect, shifting
the vector tour by one position to the right

– INPUTS:
∗ obj: repair object
∗ tour : tour from which the target will be inserted, empty if new tour

needs to be made
∗ tarSelect: target index to add to the tour
∗ posSelect: position in the tour where the target needs to be added

– OUTPUTS:
∗ newTour : new requested tour, if the tour is empty, it returns just the

targets without zeros; if the tour is not empty, it returns the new tour
ready to simulate

• buildTours: general function that adds to the TourInfo the targets in a feasible
way

– INPUTS:
∗ obj: repair object
∗ destroyedSet: row vector of destroyed set index
∗ tourInfo: tourInfo object with info of tours after the destruction
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∗ stateSsc: state object that contains the initial info
– OUTPUTS:

∗ tourInfo: the updated tourInfo information ready to be transformed
into a sequence

B.6.1 RepFarIns
Class used to implement the farthest insertion repairs.

• RepFarIns: Constructor
– INPUTS:

∗ nTar : number of targets
– OUTPUTS:

∗ obj: Repair object
• initialStruct: function that creates the structure used to decide the target to

insert. The initial structure will be the distance between the destroyed targets
and all the other targets

– INPUTS:
∗ obj: repair object
∗ state: state object that contains the initial info
∗ destroyedSet: row vector of destroyed set index
∗ currSeq: matrix of the current sequence

– OUTPUTS:
∗ struct: initial structure used to decide the target to insert in the

sequence
• chooseTar: function that chooses the target to insert using the structure

– INPUTS:
∗ obj: repair object
∗ struct: structure used
∗ initialState: state object that contains the initial info
∗ currSeq: matrix of the current sequence
∗ destroyedSet: row vector of destroyed set index

– OUTPUTS:
∗ tarIndx : index of the chosen target
∗ sscIndx : index of the ssc where the target needs to be inserted
∗ posSeq: index of the position of the sequence where the target needs

to be inserted
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• updateStruct: function used to update the structure after inserting the new
target

– INPUTS:
∗ obj: repair object
∗ struct: initial structure used to decide the target to insert
∗ state: state object that contains the initial info
∗ currSeq: matrix of the current sequence
∗ sscIndx : index of the ssc to consider
∗ tarIndx : target index that has been inserted
∗ destroyedSet: row vector of destroyed set index
∗ currDestroyed: index of the target that has been inserted

– OUTPUTS:
∗ struct: the updated structure

B.6.2 RepFarInsNear
Repair method that repairs using the farthest insertion heuristic based on the
relatedness measure. The struct used by this method is a cell array of dimension
2. In the first cell there is a vector containing all the remaining destroyed target,
in the second cell there is the cost matrix of the relatedness measure between the
destroyed target and all the fixed target.

• Properties:
– beta: parameters used to give weights to the planar change and the phasing

• RepFarInsNear : Constructor
– INPUTS:

∗ nTar : number of targets
∗ beta: parameters used in the relatedness measure between 0 and 1

– OUTPUTS:
∗ obj: Repair object

B.6.3 RepFarInsSim
Repair method that repairs using the farthest insertion heuristic based on computing
the variation of the objective function. The struct used by this method is a cell
array long nSSc full of matrices nDestroyTar x number of position of the specific
SSc considered.

• RepFarInsSim: Constructor
– INPUTS:
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∗ nTar : number of targets
– OUTPUTS:

∗ obj: Repair object
• calculateDf: Constructor

– INPUTS:
∗ obj: repair object
∗ initialState: state object that contains the initial info
∗ sscIndx : index of the ssc where the target needs to be inserted
∗ destroyedSet: row vector of destroyed set index
∗ currSeq: row vector of the sscIndx row of the original sequence

– OUTPUTS:
∗ df_i: single matrix of insertion cost regarding ssc sscIndx

• chooseTar: function that chooses the target to insert using the structure
– INPUTS:

∗ obj: repair object
∗ struct: structure used
∗ initialState: state object that contains the initial info
∗ currSeq: matrix of the current sequence
∗ destroyedSet: row vector of destroyed set index

– OUTPUTS:
∗ tarIndx : index of the chosen target
∗ sscIndx : index of the ssc where the target needs to be inserted
∗ posSeq: index of the position of the sequence where the target needs

to be inserted

B.6.4 RepRandom
Class that implement the repair random (pseudo code on the thesis).

• properties:
– prop: percentage of targets to check when using the random repair,

between 1 and 100 , 100 is default.

– RepRandom: Constructor
– INPUTS:

∗ nTar : number of targets
∗ prop: percentage of targets to check when using the random repair,

between 1 and 100 , 100 is default.

68



Helper

– OUTPUTS:
∗ obj: Repair object

• chooseTar: function used to choose the target
– INPUTS:

∗ obj: Repair object
∗ destroyedSet: vector from which the random target is extracted

– OUTPUTS:
∗ tarIndx : the target extracted

B.6.5 createRepSet
• METHOD: General function to create a repair set
• INPUTS:

– nTar : number of targets
– nRepair : total number of destroyers, 4 is default.
– prop: percentage of targets to check when using the random repair,

between 1 and 100 , 100 is default.
– beta: a number between 0 and 1 used in the relatedness measure (default

0.5)
• OUTPUTS:

– repSet: cell array with nRepair repairs

B.7 Optimizer

B.7.1 GeneralALNS
general ALNS algorithms with general destroy policy, accept criteria and stopping
criteria. In the following image are shown all the inheritance done for those classes.

• properties:
– currSlt: solution object that has the current solutions
– bestSlt: solution object that has the best solutions
– state: state object that contains the state info
– outCurrFuelSim: cell array with length nRep with all the total value of

the curret solution for ever replica
– outCurrIndxSim: cell array with length nRep with all the index where

the current solution value changes for ever replica
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Figure B.4: Class diagram of Maneuvers

– outBestFuelSim: cell array with length nRep with all the total value of
the best solution for ever replica

– outBestIndxSim: cell array with length nRep with all the index where the
best solution value changes for ever replica

– outBestSlt: cell array with length nRep containing the best solutions for
every replica

– outWeightsDes: cell array with length nRep with the last destroy weights
for every replica

– outWeightsRep: cell array with length nRep with the last repair weights
for every replica

– outNSelDes: cell array with length nRep containing how many times a
destroy has been called for every replica

– outNSelRep: cell array with length nRep containing how many times a
repair has been called for every replica

– nDestroy: total number of destroyers
– nRepair : total number of repairs
– nIter : total number of iterations
– nRep: total number of replicas
– desSet: cell array containing all destroyers
– repSet: cell array containing all repairs
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– desWeights: column vector of destroyers’ weights
– repWeights: column vector of repairs’ weights
– sumRep: sum of the current repairs weights
– sumDes: sum of the current destroyers weights
– deltas: column vector set in this way

∗ delta1: the new solution is the best one so far
∗ delta2: the new solution is better than the current one
∗ delta3: the new solution is accepted
∗ delta4: the new solution is rejected

– decay: decay parameters used to update the weights
• GeneralALNS: Constructor

– INPUTS:
∗ destroySet: cell array of destroy methods
∗ repairSet: cell array of repair methods
∗ deltas: column vector set in this way

· delta1: the new solution is the best one so far
· delta2: the new solution is better than the current one
· delta3: the new solution is accepted
· delta4: the new solution is rejected

∗ decay: parameter that considers the previous weights, between 0 and
1

∗ nIter : maximum number of iterations
∗ initialSlt: Solution object with the starting solution
∗ initialState: state object with the info about the initial state
∗ nRep: total number of replicas

– OUTPUTS:
∗ obj: object with updated weights and sum of weights

• updateWeights: function that updates the weights and the sum of the weights.
In order to avoid computing every time the sum, the sum of the weights is
continuously updated to reduce the number of computations

– INPUTS:
∗ obj: GeneralALNS object
∗ boolAccept: boolean value that expresses if temporary solution has

been accepted
∗ boolCurr : boolean value that expresses if temporary solution is better

than the current solution
∗ desIndx : index of the destroy method used
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∗ repIndx : index of the repair method used
– OUTPUTS:

∗ obj: object with updated weights and sum of weights
• getProbability: function used to compute the probability associated to every

operator
– INPUTS:

∗ obj: GeneralALNS object
– OUTPUTS:

∗ probD: probability column vector of destroyers
∗ probR: probability column vector of repairs

• extract: function used to extract the destroy and repair methods
– INPUTS:

∗ obj: GeneralALNS object
– OUTPUTS:

∗ destroyIndx : index of the extracted destroy
∗ repairIndx : index of the extracted repair

• Schedule: Scheduling function ALNS algorithm
– INPUTS:

∗ obj: GeneralALNS object
∗ seed: optional parameter random seed for replicability

– OUTPUTS:
∗ obj: object with the scheduling done

• restore: function used to restore the ALNS object for a new replica
– INPUTS:

∗ initialSlt: solution object that represents the initial solution
– OUTPUTS:

∗ obj: the restored object
• createPlot: function used to create the plots

– INPUTS:
∗ obj: GeneralALNS object
∗ cellX : cell array to print in the x axis plot
∗ cellY : cell array to print in the x axis plot
∗ plotTitle: string with the plot title
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∗ savePath: path to the folder without the name of the file, the name
will be the plot title

• tableConstruction: function that builds and returns the result table

– INPUTS:
∗ obj: GeneralALNS object

– OUTPUTS:
∗ outputCell: cell array with the tables

• writeFile: function used to write the table results on file

– INPUTS:
∗ obj: GeneralALNS object
∗ outputCell: cell array with the tables
∗ nameTxt: name with the path of the txt file where to save

• accept: accept method that decides if the current solution needs to be updated.

– INPUTS:
∗ obj: initial object
∗ newSlt: new solution to accept

– OUTPUTS:
∗ acceptBool: boolean that expresses if the solution is accepted
∗ obj: object modification of the temperature

• stoppingCriteria: stopping criteria computation

– INPUTS:
∗ obj: initial object
∗ currIter : current iteration

– OUTPUTS:
∗ stop: 1 if it needs to stop, 0 otherwise

• destroyPolicy: function used to apply the destroy policy

– INPUTS:
∗ obj: initial object

– OUTPUTS:
∗ obj: updated object with new destroy update
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B.7.2 StopNIter
Class that must be used as a mix-in with the GeneralALNS object. It gives the
stopping criteria and the fraction computing for the destroy policy. fractionCom-
puting: function used to compute the fraction of increasing for the increasing policy
method

• INPUTS:
– obj: initial object
– countIter : number of the current iteration

• OUTPUTS:
– fraction: fraction of increasing for the increasing policy method

B.7.3 Acceptance
In this chapter are presented some acceptance criteria classes that have to be
combined with a stopping criteria and the destroy policy. Every acceptance criteria
has the accept method cited before.

• restoreAccept: function that restores the acceptance parameters
– OUTPUTS:

∗ obj: the updated object

B.7.4 AcceptSA
Class that implements the Simulation Annealing acceptance criteria.

• Properties:
– T0 : initial Temperature
– alpha: decay parameter of the temperature
– T : current value of the temperature

• AcceptSA: Constructor.
– INPUTS:

∗ T0 : initial temperature
∗ alpha: decay temperature parameter

– OUTPUTS:
∗ obj: initialized object

B.7.5 AcceptGreedy
Class that implements the greedy acceptance criteria.
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B.7.6 Destroy policy
In this chapter the classes used to address the destroy policy are presented. Every
destroy policy class has the destroyPolicy method cited before and the following
method. restoreDestroy: function used to restore the destroy degree.

• OUTPUTS:
– obj: updated object

B.7.7 desFixedPol
Class that must be used as a mix-in with the GeneralALNS object. Implementing
destroy fixed policy.

B.7.8 desIncreasPol
Class that must be used as a mix-in with the GeneralALNS object. Implementing
destroy increasing policy. Properties:

• Properties:
– degDes0 : vector of initial destroy degrees

• desIncreasPol: constructor
– OUTPUTS:

∗ obj: constructed object

B.7.9 desRandomPol
Class that must be used as a mix-in with the GeneralALNS object. Implementing
destroy random policy.

• Properties:
– degDes0 : vector of initial destroy degrees

• desRandomPol: constructor
– OUTPUTS:

∗ obj: constructed object

B.7.10 composed optimizer
Every optimizer that can be seen in the figure above is a mix-in of the previously
discussed classes. The name suggests the mix-in:

• ALNS : mix-in with GeneralALNS
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• Gr : mix-in with AcceptGreedy
• SA: mix-in with AcceptSA
• I : mix-in with StopNIter
• dF : mix-in with desFixedPol
• dR: mix-in with desRandomPol
• dI : mix-in with desIncreasPol

Every constructor calls first of all the same parameters of the GeneralALNS
constructor, then it calls the AcceptSA parameters if there is SA in the name,
nothing else otherwise.

B.8 OtherFiles

B.8.1 Relatedness
Class used to implement the relatedness measure between satellites.

• relatednessMeasure: Creation of relatedness matrix between set K and set
J. consider that the order is important, since there is not simmetry in the
relatedness measure.

– INPUTS:
∗ obj: the specific object used
∗ kIndx : vectors of target index k in K to calculate R(k,j)
∗ jIndx : vectors of target index j in J to calculate R(k,j)
∗ targets: vectors of targets to get all the information needed
∗ seq: total sequence solution
∗ beta: parameters used to weight phasing and planar change

– OUTPUTS:
∗ R: related matrix R(k,j), for every k in kIndx and j in jIndx

• obtainVector: vector used to obtain vector of specific dimension to compute
the relatedness matrix

– INPUTS:
∗ obj: the considered object
∗ kIndx : vectors of target index k in K to calculate R(k,j)
∗ jIndx : vectors of target index j in J to calculate R(k,j)
∗ targets: vectors of targets to get all the information needed

– OUTPUTS:
∗ ik: column vector of inclination of targets from kIndx
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∗ ok: column vector of raan of targets from kIndx
∗ nuk: column vector of true anomaly of targets from kIndx
∗ ij: row vector of inclination of targets from jIndx
∗ oj: row vector of raan of targets from jIndx
∗ nuj: row vector of true anomaly of targets from jIndx

• cMatrix: compute the not normalized cost matrix lk x lj
– INPUTS:

∗ ik: column vector of inclination of targets from kIndx
∗ ok: column vector of raan of targets from kIndx
∗ nuk: column vector of true anomaly of targets from kIndx
∗ ij: row vector of inclination of targets from jIndx
∗ oj: row vector of raan of targets from jIndx
∗ nuj: row vector of true anomaly of targets from jIndx
∗ beta: parameters used to weight phasing and planar change

– OUTPUTS:
∗ c: not normalized cost matrix lk x lj

• cPrimeMatrix: method used to normalize the cost matrix
– INPUTS:

∗ obj: object used
∗ c: not normalized cost matrix

– OUTPUTS:
∗ cPrime: normalized cost matrix

• vMatrix: Construction of similarity V matrix
– INPUTS:

∗ obj: the considered object
∗ kIndx : vectors of target index k in K to calculate R(k,j)
∗ jIndx : vectors of target index j in J to calculate R(k,j)
∗ seq: total sequence

– OUTPUTS:
∗ V : similarity V matrix

B.8.2 initialSeq
• FUNCTION: Function that creates a feasible solution for the assumptions

made in the thesis. Creates missions composed by reaching one single target
for all targets
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• INPUTS:
– nTar : number of targets
– nSSc: number of sscs

• OUTPUTS:
– seq: initial sequence

B.9 Test

B.9.1 checkInstance
• FUNCTION: Checks whether an instance is acceptable. It performs the

following checks:
– 0 ≤ i < 180
– 0 ≤ o < 360
– all couples (i,o) are unique
– for every possible couple, the following condition is not satisfied: (i1+i2) =

180 and |o1 − o2| = 180
• INPUTS:

– i: vector of inclinations
– o: vector of RAANs

• OUTPUTS:
– infeas: 1 if infeasible, 0 if feasible

B.9.2 createInstanceProblem
Function that helps to create an instance of the problem by building the initial state
and initial solution information based on the provided orbital and spacecraft/target
data.

• INPUTS:
– nSSc, nTar : number of SScs and Targets
– i_S, i_T : inclinations of SScs and Targets
– ω_S, ω_T : RAANs of SScs and Targets
– ν_S, ν_T : true anomalies of SScs and Targets
– dryMass_S, dryMass_T : dry masses
– fuelMass_S, fuelMass_T : fuel masses
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– totCap_S, totCap_T : total tank capacities
– specificImpulse_S : specific impulse of SScs
– refillSpeedSSc, refillSpeed: refilling speeds of SScs and Station
– seq: initial sequence

• OUTPUTS:
– initialState: object containing initial state information
– initialSlt: object containing the initial solution

B.9.3 outputTest
function used to test the output functionalities of the object by writing specific
information to a file.

• INPUTS:
– obj: object whose output method is tested
– filename: name of the file where the output is written

• OUTPUTS:
– None
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