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VII

La strada si scopre soltanto percorrendola.

Guai a rimanere bloccati di fronte ad un crocicchio di vie

e non decidersi mai a tentarne una.

La rivelazione della strada avviene lungo la strada.

Non prima.

La strada giusta la si scopre soltanto dopo che si è deciso,

coraggiosamente, di uscire all'aperto

e di partire in esplorazione.

Certo si corrono dei rischi.

Ma il rischio maggiore è quello di non correre rischi.

E quando avremo percorso un bel tratto

ci volteremo indietro,

ma solo per un attimo: per valutare il tragitto,

gli ostacoli superati, le cadute, le forze rimaste...

Scopriremo di avere un panorama di fronte a noi,

ma ci accorgeremo che solo proseguendo il cammino

potremo giungere alla meta

ancora nascosta ai nostri occhi.

A. Lowen.





KURZFASSUNG IX

Kurzfassung

Die Erforschung kleiner Körper in unserem Sonnensystem, wie Asteroiden und Kometen, ist zu

einem wichtigen Schwerpunkt in den Planetenwissenschaften geworden, da sie Aufschluss über

die Entstehung des Sonnensystems und die Möglichkeiten der Ressourcennutzung geben können

und die Notwendigkeit besteht, die Risiken für die Planetenverteidigung zu bewerten und zu min-

dern. In-situ-Explorations- und Probenrückführungsmissionen zu diesen kleinen Körpern liefern

wertvolle Informationen über deren physikalische und chemische Eigenschaften, Zusammensetzung

und Umweltbedingungen. Autonomie ist von entscheidender Bedeutung, wenn es darum geht,

die Grenzen von Missionen zu kleinen Sonnensystemkörpern (SSSB) zu erweitern, indem Raum-

fahrzeuge in die Lage versetzt werden, Aufgaben auszuführen und eigenständig Entscheidungen zu

tre�en.

Diese Arbeit zielt darauf ab, einen Beitrag zur Weiterentwicklung der Autonomie bei SSSB-Missionen

zu leisten, wobei der Schwerpunkt auf der präzisen Landung von Mikro-Raumfahrzeugen liegt.

Die Forschung untersucht kritische Aspekte der autonomen Navigation und konzentriert sich dabei

auf die Wahrnehmung der Umgebung und die Entscheidungs�ndung. LiDAR-freie visuelle Navi-

gation und KI-gestützte Landetechniken werden für die Fern- und Nahbereichsnavigation unter-

sucht. Die Dissertation enthält die folgenden Hauptbeiträge:

Erstens wird ein autonomes visuelles relatives Navigationssystem entworfen, implementiert und

getestet. Dieses System ermöglicht die Navigation von Raumfahrzeugen in Ober�ächennähe durch

relative Messungen. Es verwendet einen neuartigen monokularen, simultanen Lokalisierungs- und

Kartierungs�lter (SLAM), der durch Höhenmessungen unterstützt wird und eine punktgenaue

Landung am Ziellandeplatz ermöglicht.

Zweitens wird eine KI-gestützte autonome Technologie zur Auswahl eines sicheren Landeplatzes

entwickelt, implementiert und getestet. Diese Technologie vereint Bildverarbeitungs- und maschinelle

Lernmethoden, erfordert minimale Benutzereingaben und bezieht die Landeanforderungen direkt

in den Algorithmus ein. Für die Validierung werden authentische Missionsbilder verwendet.

Diese Forschungsarbeit bietet Einblicke in die Herausforderungen und Möglichkeiten bei der Ver-

wirklichung von Autonomie in SSSB-Missionen. Die Arbeit schlieÿt mit einer Zusammenfassung

der wichtigsten Beiträge, der Diskussion von Einschränkungen und Vorschlägen für zukünftige

Forschungsrichtungen, um die Navigationsfähigkeiten von Raumfahrzeugen bei der Erforschung

kleiner Körper in unserem Sonnensystem weiter zu verbessern.





ABSTRACT XI

Abstract

Exploring small bodies in our solar system, such as asteroids and comets, has become a signi�cant

focus in planetary sciences due to their potential insights into the Solar System's formation, re-

source utilization prospects, and the need to assess and mitigate planetary defense risks. In situ

exploration and sample return missions to these small bodies provide valuable information about

their physical and chemical properties, composition, and environmental conditions. Autonomy is

crucial in advancing the boundaries of small solar system body (SSSB) missions, enabling space-

craft to perform tasks and make decisions independently.

This thesis aims to contribute to the advancement of autonomy in SSSB missions, focusing on the

precise landing of micro-spacecraft. The research investigates critical aspects of autonomous nav-

igation, focusing on environment perception and decision-making. LiDAR-free vision-based nav-

igation and AI-assisted landing techniques are explored for far-range and close-range navigation.

The thesis presents the following main contributions:

Firstly, an autonomous vision-based relative navigation system is designed, implemented, and

tested. This system allows spacecraft to navigate in the proximity of the surface using relative

measurements. It employs a novel monocular simultaneous localization and mapping (SLAM)-

based �lter assisted by altimeter measurements, enabling pinpoint landing at the target landing

site.

Secondly, an AI-assisted autonomous safe landing site selection technology is designed, imple-

mented, and tested. This technology fuses image processing and machine learning methods, re-

quiring minimal user input and incorporating landing requirements directly into the algorithm.

Authentic mission images are used for validation.

This research provides insights into the challenges and opportunities in achieving autonomy in

SSSB missions. The thesis concludes by summarizing the main contributions, discussing limita-

tions, and suggesting future research directions to further enhance spacecraft navigation capabili-

ties in exploring small bodies in our solar system.

Keywords: Autonomy, Autonomous Navigation, Asteroid Landing, Microlander, Machine Learn-

ing, Hazard Detection, Vision-based Navigation, AI-based Safe Landing Site Assessment, GNC,

Space Exploration.



XII



CONTENTS XIII

Contents

1 Introduction 1
1.1 The Small Bodies Frontiers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Landing on SSSB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Autonomy: Key Enabling Technology for Precise Landing . . . . . . . . . . . 2

1.2 State-of-the-Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.1 Past and Current Missions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2.2 Planned Missions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3 Research Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.4 Contribution of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.4.1 External Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2 Safe and Autonomous Landing on a Binary Asteroid System 21
2.1 Binary Asteroid System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2 Concept of Operations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.1 Mission Phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2.2 Initial Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.3 Final Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2.4 Landing Approach Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2.5 Retargeting Operations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3 GNC System Landing Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.3.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.3.2 System Drivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.3.3 Landing Requirement De�nition . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Spacecraft Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4.1 GNC Avionics Suite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.4.2 Payload . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.4.3 LiDAR-free Solution Trade-o� . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.4.4 Propulsion System Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3 Feature-based Altimeter-aided Navigation for Close Range 37
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Current Close Range Navigation Strategies . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.1 Current Asteroid Relative Navigation Systems . . . . . . . . . . . . . . . . . . 38
3.2.2 Challenges in Asteroid Relative Navigation . . . . . . . . . . . . . . . . . . . 39
3.2.3 Recent Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.4 Research Novelties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.5 Close Range Navigation Architectures Review . . . . . . . . . . . . . . . . . . 40

3.3 Environment Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.3.1 Reference Target Body . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4 Relative State Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44



XIV

3.4.1 Translational Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4.2 Attitude Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.5 Sensors and Measurement Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.1 Accelerometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.2 Camera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.3 Laser Range Finder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.6 Image Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.6.1 Feature Extractor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.6.2 Feature Tracking and Matching Analysis . . . . . . . . . . . . . . . . . . . . . 50
3.6.3 KLT Tracking and Performances . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.7 Navigation Filter Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.7.1 Navigation Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.7.2 State De�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.7.3 State Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.7.4 State Update . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.7.5 Reference Landing Trajectory . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.8 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.8.1 Filter Con�guration and Consistency . . . . . . . . . . . . . . . . . . . . . . . 60
3.8.2 LRF Measurement Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.8.3 Monte Carlo Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.9 Lunar Landing Extension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.9.1 Argonaut Mission Test Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.9.2 Lunar South Pole Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.9.3 Adaptations and Criticalities . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4 LiDAR-Free Hazard Detection and Landing Site Selection 73
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.2 Autonomy for Hazard Detection and Landing Site Selection . . . . . . . . . . . . . . 74

4.2.1 Current Hazard Detection Systems . . . . . . . . . . . . . . . . . . . . . . . . 74
4.2.2 Challenges in HDA and Landing Site Assessment . . . . . . . . . . . . . . . . 75
4.2.3 Recent Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.2.4 Research Novelties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3 Landing Autonomy Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3.1 Inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.3.2 Outputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.3.3 Core Functionalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4 Safe Landing Site Selection Functionalities . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.1 Reachability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.2 Slope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.4.3 Illumination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.4.4 Boulders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.4.5 Preliminary Fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.4.6 Proximity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.4.7 Final Fusion Map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.4.8 Assessment and Logic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.5 Deep Learning Developments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.5.1 Dataset Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.5.2 Neural Networks Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.5.3 Optimal Framework Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.5.4 Map Fusion Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.5.5 Real Mission Images Validation . . . . . . . . . . . . . . . . . . . . . . . . . . 100



CONTENTS XV

4.6 Analysis and Performances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.6.1 Simulation Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.6.2 Parametrization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.6.3 Execution Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.6.4 Monte Carlo Analysis Performances . . . . . . . . . . . . . . . . . . . . . . . 104

4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5 Conclusion 107
5.1 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.1.1 Standard for Autonomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Bibliography 111

Appendices 125

A Reference Frames 127
A.1 From J- to I-frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
A.2 From I- to P-frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
A.3 Body-�xed Frame De�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
A.4 From I- to S-frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
A.5 From S- to L-frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

B Avionics and Design Trade-o� 135
B.1 Avionics Datasheet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

B.1.1 Star Tracker Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
B.1.2 Gyroscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
B.1.3 Accelerometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
B.1.4 Camera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
B.1.5 Laser Range Finder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
B.1.6 RCS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

C GNC Model-in-the-Loop Simulator 139
C.1 Simulator Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

C.1.1 Reference Orbit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
C.1.2 Gravity Model and Disturbances . . . . . . . . . . . . . . . . . . . . . . . . . 141
C.1.3 Solar Radiation Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

C.2 GNC Simulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
C.2.1 Low Altitude Phase Simulator . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
C.2.2 Image Processing Front-End . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

C.3 Simulator Veri�cation and Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
C.3.1 SPICE Kernel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
C.3.2 Solar radiation pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
C.3.3 Gravity �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
C.3.4 Camera Simulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

D Centroid-based Altimeter-aided Navigation for Far Range 147
D.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
D.2 Absolute State Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

D.2.1 Translation Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
D.2.2 Attitude Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

D.3 Sensors and Measurement Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
D.3.1 Accelerometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149



XVI

D.3.2 Camera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
D.3.3 Laser Range Finder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

D.4 Image Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
D.4.1 Centroid Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

D.5 Reference Landing Trajectory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
D.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152



LIST OF FIGURES XVII

List of Figures

1.1 DART's last complete image of the Dimorphos asteroid before impact. (NASA/APL) 2
1.2 NEAR Over Eros' horizon. (NASA) . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Hayabusa-1 at Itokawa. (JAXA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 67P/Churyumov�Gerasimenko and Rosetta spacecraft. (European Space Agency

(ESA)/Rosetta/MPS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.5 Image captured by the Italian Space Agency's LICIACube a few minutes after the

intentional collision of NASA's Double Asteroid Redirection Test (DART) mission
with its target asteroid, Dimorphos, captured on Sept. 26, 2022. (ASI/NASA) . . . . 13

1.6 An illustration, created in March 2021, of NASA's Psyche spacecraft. (NASA/JPL-
Caltech/ASU) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.7 An illustration of HERA spacecraft with the two CubeSats.(ESA) . . . . . . . . . . . 15

2.1 Concept of operations during descent from [1]. . . . . . . . . . . . . . . . . . . . . . 24
2.2 Sensor Con�gurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1 Hayabusa target marker on Ryugu (JAXA) . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Synthetic Didymos Environment Generated with ESA/PANGU Software . . . . . . 43
3.3 Asteroid Modelling Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4 Synthetic surface detail(left) and 67P/CG Comet surface (right). . . . . . . . . . . . 45
3.5 Relative navigation reference frame sketch . . . . . . . . . . . . . . . . . . . . . . . . 46
3.6 Landmarks projected into features on a sample image, the white cross is the Laser

Range Finder (LRF) measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.7 LRF measurement association: valid (left) and invalid (right) measurement . . . . . 48
3.8 LRF measurement (blue) in Low Altitude Phase (LAP) and estimated landmarks

(yellow) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.9 Image processing front-end �ow chart . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.10 Comparison of feature tracking versus feature matching . . . . . . . . . . . . . . . . 51
3.11 Kanade Lucas Tomasi Tracker (KLT) tracking performances . . . . . . . . . . . . . . 53
3.12 KLT tracking performances: tracked features over time for a sample trajectory . . . 53
3.13 Image processing preview: in yellow tracked features in red true features, in blue

LRF beam and measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.14 Relative navigation architecture sketch . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.15 Landmarks initialization/refresh: predicted landmarks locations (yellow) on� (LRF

plane) and true landmarks (blue). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.16 Sample landing trajectory: PKE in colorbar and tracked landmarks (yellow) . . . . . 60
3.17 Sample landing trajectory used for Monte Carlo analysis: green and red respec-

tively success and failed requirement trajectory . . . . . . . . . . . . . . . . . . . . . 61
3.18 Extended Kalman Filter (EKF) performances: position and velocity knowledge er-

ror and predicted covariance (dashed). . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.19 Final landing image: in yellow tracked features, note the lower resolution at such a

low altitude due to simulation limitations. . . . . . . . . . . . . . . . . . . . . . . . . 62



XVIII

3.20 LRF measurement performances with (red) and without (blue) LRF measurement
and predicted covariance (dashed). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.21 Monte Carlo initial (red) and end (blue) conditions. . . . . . . . . . . . . . . . . . . . 65
3.22 Monte Carlo analysis on boundary conditions: position knowledge error (blue), pre-

dicted covariance (red) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.23 Monte Carlo analysis on boundary conditions: velocity knowledge error (blue), pre-

dicted covariance (red) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.24 Monte Carlo compliance analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.25 Example of limited observability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.26 Monte Carlo consistency analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.27 Descent and landing scenario from [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.28 Terminal vertical descent approach with tracked features . . . . . . . . . . . . . . . . 70
3.29 Initial landing phase with tracked features . . . . . . . . . . . . . . . . . . . . . . . . 71

4.1 The Apollo 15 lunar lander positioned on the edge of a small crater is depicted in
these two images. The landing incurred a tilt of approximately 11 degrees, merely
1� from maximum allowable limit, leading to damage to the engine bell. [3] . . . . . 74

4.2 Typical HDA pipeline from [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3 Target landing site projection sketch . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4 Core Functionalities High-Level Overview . . . . . . . . . . . . . . . . . . . . . . . . 79
4.5 distMap example: red is unsafe, green is safe . . . . . . . . . . . . . . . . . . . . . . 80
4.6 Slope de�nition sketch: measured slope (red), e�ective slope (blue) . . . . . . . . . . 81
4.7 Absolute slope error performances . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.8 slopeMapexample: smaller slope (green) and higher slope (red) . . . . . . . . . . . . 82
4.9 illuMap Generation Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.10 illuMap pre-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.11 illuMap example: yellow is unsafe, blue is safe . . . . . . . . . . . . . . . . . . . . . . 83
4.12 hazMap Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.13 Post-Processing Work�ow from RGB Image toriskMap . . . . . . . . . . . . . . . . 84
4.14 riskMap sample: green is safe and red is unsafe. . . . . . . . . . . . . . . . . . . . . . 85
4.15 Membership function design process sketch . . . . . . . . . . . . . . . . . . . . . . . 86
4.16 riskMap membership function: maximum roughness is set to 60% and design points

are de�ned as 

2 and 


4 of the parameter . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.17 slopeMapmembership function: maximum roughness is set to 30 degrees, and de-

sign points are de�ned as�=2 and �=4 of the parameter . . . . . . . . . . . . . . . . . 86
4.18 fusedRiskMapmembership function: unsafe score is set to 80% and design points

are de�ned by the user . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.19 fusedRiskMapLook Up Table (LUT): resulting score from riskMap and slopeMap

fusion, illuMap, and distMap condition are checked at pre-fusion input. . . . . . . . . 87
4.20 Distance Tranform Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.21 keepOutMapexample: red are unsafe areas, green is the distance from the hazard. . . 88
4.22 distMap membership function: set point are�; 2�; 3� . . . . . . . . . . . . . . . . . 90
4.23 keepOut map membership function: set point are�; 2�; 3� . . . . . . . . . . . . . 90
4.24 �nalRiskMap example at 300m: green is safe, red is unsafe. . . . . . . . . . . . . . . 91
4.25 Process Summary from Dataset Generation to Veri�cation . . . . . . . . . . . . . . 92
4.26 U-net architecture adapted from [5] . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.27 ResNet residual block architecture adapted from [6] . . . . . . . . . . . . . . . . . . . 94
4.28 PSPNet architecture adapted from [7] . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.29 C-LSTM cell adapted from [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.30 U-net Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.31 U-net Results Dark Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.32 Safety Map and Inputs for synthetic images . . . . . . . . . . . . . . . . . . . . . . . 99



LIST OF FIGURES XIX

4.33 Safety Map and Original at 22.5 m from the surface: the black square is the esti-
mated lander footprint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.34 Safety Map and Inputs for Rosetta sequence . . . . . . . . . . . . . . . . . . . . . . 100
4.35 Safety Map at 244 m (equivalent) from the surface with 0.99 safety parameter . . . . 101
4.36 Safe LandingSimulink Block . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.37 �nalRiskMap error predicted vs. ground truth: false positive (red) and false nega-

tive (green) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.38 Histogram on �nalRiskMap predicted vs. ground truth . . . . . . . . . . . . . . . . . 105
4.39 Cumulated histogram for landing site distance predicted vs. ground truth . . . . . . 106

A.1 Reference frames sketch as de�ned in the document . . . . . . . . . . . . . . . . . . . 127
A.2 Reference frames diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
A.3 Bennu Rescaled body shape with its body-�xed coordinate system (x-, y- and z-

axes in red, green, and blue). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
A.4 Itokawa Rescaled body shape with its body-�xed coordinate system (x-, y- and z-

axes in red, green, and blue). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

C.1 Visualization of the Up, East, Down coordinate system. . . . . . . . . . . . . . . . . 140
C.2 Hera's Didymos system (secondary on the x-axis of I-frame) . . . . . . . . . . . . . . 140
C.3 Disturbance accelerations on the spacecraft as a function of the distance to the

CoM of the secondary asteroid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
C.4 Schematic diagram of the di�erent components of the LAPNAV simulator . . . . . . 143
C.5 Image taken during the Planet and Asteroid Natural Scene Generation Utility

(PANGU) test, showing the shadow cast by the secondary onto the primary. . . . . . 146

D.1 Projection of a landmark P de�ned in S-frame onto the camera sensor frame as
feature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

D.2 Navigation camera output. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
D.3 Sketch of the LRF beamr Bj

P intersecting the surface of asteroid P in the point j.
Also shown is the position of P and B in the I-frame . . . . . . . . . . . . . . . . . . 151

D.4 Key concepts from the image processing. Note howpcob is shifted in the direction
opposite ofudet to obtain p̂cof [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

D.5 Trajectory of the primary, secondary, and spacecraft in the reference landing sce-
nario. Note that the illumination conditions are favorable due to the low sun phase
angles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153



XX



LIST OF TABLES XXI

List of Tables

1.1 Asteroid Mission Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1 Mission phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Initial conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3 Landing Approach Trade O� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4 Safe Landing Site Selection (SLSS) system requirements . . . . . . . . . . . . . . . . 31
2.5 Mass Budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.6 Mass properties of the Near Earth Orbit Modelling and Payloads for Protection

(NEO-MAPP) �Lander . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.7 Payload Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.8 Light Detection and Ranging (LiDAR) Comparison . . . . . . . . . . . . . . . . . . . 34
2.9 Thruster Comparison Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.10 Reaction wheels assessment table (low score is worse) . . . . . . . . . . . . . . . . . . 36

3.1 Overview of architectures in reviewed literature . . . . . . . . . . . . . . . . . . . . . 41
3.2 Baseline parameters for target body environment . . . . . . . . . . . . . . . . . . . . 42
3.3 Itokawa Dimorphos Scale Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.4 Perlin Noise Speci�cations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.5 Surface Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.6 Comparison feature matching and tracking . . . . . . . . . . . . . . . . . . . . . . . . 51
3.7 Navigation �lter settings in default con�guration at LAP . . . . . . . . . . . . . . . . 63
3.8 Monte Carlo Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.1 On-board Camera Speci�cations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.2 distMap interface de�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.3 slopeMap interface de�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.4 illuMap interface de�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.5 hazMap interface de�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.6 riskMap interface de�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.7 Pre-fusion fuzzy logic rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.8 keepOutMapinterface de�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.9 �nalRiskMap interface de�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.10 �nalRiskMap LUT Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.11 Neural network architecture training results . . . . . . . . . . . . . . . . . . . . . . . 96
4.12 Function Programming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.13 SLSS Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.14 Function Average Execution Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.15 Monte Carlo Parameters Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.1 Mission execution autonomy levels as imported from [10] . . . . . . . . . . . . . . . . 109

A.1 Reference Frames De�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130



XXII

B.1 Star Tracker (STR) properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
B.2 Gyroscope Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
B.3 Accelerometer Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
B.4 Camera Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
B.5 Laser Range Finder Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
B.6 Performance characteristics of the RCS. . . . . . . . . . . . . . . . . . . . . . . . . . 138



LIST OF ACRONYMS XXIII

Nomenclature

List of Acronyms

AI Arti�cial Intelligence

AOCS Attitude and Orbital Control System

CNN Convolutional Neural Network

CoM Centre of Mass

DoF Degree of Freedom

DSN Deep Space Network

EKF Extended Kalman Filter

ESA European Space Agency

FCN Fully Connected Network

FOV Field of View

FPGA Field Programmable Gate Array

GNC Guidance, Navigation and Control

HAP High Altitude Phase

HAPNAV High Altitude Phase Navigation

HDA Hazard Detection and Avoidance

IMU Inertial Measurement Unit

IP Image Processing

IR Infrared

ISL Inter-Satellite Link

JPL Jet Propulsion Laboratory

KAZE Japanese for "wind"

KLT Kanade Lucas Tomasi Tracker



XXIV

LAP Low Altitude Phase

LAPNAV Low Altitude Phase Navigation

LFR Low Frequency Radar

LiDAR Light Detection and Ranging

LOS Line of Sight

LRF Laser Range Finder

LUT Look Up Table

ML Machine Learning

MOI Moment of Inertia

NEO Near Earth Orbit

NEO-MAPP Near Earth Orbit Modelling and Payloads for Protection

PANGU Planet and Asteroid Natural Scene Generation Utility

RCS Reaction Control System

RW Reaction Wheel

SLAM Simulataneous Localization and Mapping

SLSS Safe Landing Site Selection

SRP Solar Radiation Pressure

SSSB Small Solar System Body

STR Star Tracker

TAG Touch And Go

VBN Vision-based Navigation

List of Symbols

General

� Sun phase angle[rad]

c Speed of light[m=s]

hcam Pixel angular size[rad=px]

hpx Pixel metric width[ m=px]

l Length [m]

R Mean radius of asteroid[m]



LIST OF ACRONYMS XXV

r Generic spacecraft position norm in asteroid-�xed reference frame[m]

Navigation

� cob Lightning conditions correction factor[pixel]

p̂cof Estimated center of �gure pixel coordinates[pixel]

� Density

� Assumed surface re�ectivity[� ]

pcob Centre of brightness pixel coordinates[pixel]

udet Unit vector of Sun direction in camera sensor plane[m]

A? Surface area of the spacecraft project in the Sun direction[m2]

E Intensity of solar radiation[W=m2]

p0 Solar radiation pressure at 1AU [N=m2]

r 
 Mean radius of Earth's orbit[km]

Other Symbols

k1 In�nity constant



XXVI



1

Chapter 1

Introduction

This chapter serves as the introduction, setting the stage for the research by highlighting the back-

ground and motivation behind the study. It outlines the challenges faced by Small Solar System

Bodies' missions and identi�es the need for innovative autonomy solutions. The objectives and scope

of the thesis are clearly de�ned to give the reader a clear understanding of what will be covered.

1.1 The Small Bodies Frontiers

The in situ exploration of Small Solar System Body, mostly asteroids and comets, is currently

at the forefront of planetary sciences. These bodies provide a window into the past of the Solar

System [11]. Asteroids, in particular, are remnant debris from planetary formation. They contain,

at various stages, the history of the birth of the Solar System. They can provide details of the core

formation process or the composition of the protoplanetary disk [12, 13]. Moreover, they can also

provide mechanisms for the formation of inner planets. Motivation for the exploration of Small

Solar System Body (SSSB) is well-grounded and strong; it has encouraged a large portion of the

planetary science community over the last years [14]. The main mission drivers are the following

top-level scienti�c objectives:

1. Science Research : The asteroids are key science targets, thought to be pristine objects

of the early formation of the Solar System. Signi�cantly, organic molecules surveyed on the

surface could profoundly impact our understanding of the origin of life [15, 16].

2. Future resource : As resources on Earth become increasingly scarce, asteroids could represent

a strong potential for minerals and precious metals mining. They are the closest substantial

resources due to the Solar System's formation, and the critical experience gained with the

next asteroid missions will represent a necessary improvement for mapping and analyzing

these unknown environments for resource exploitation [17, 18].

3. Planetary Defence : The risk assessment for the impact of asteroids has been considered

for almost two decades. Small bodies are continually colliding with Earth, and although the

chances of a signi�cant asteroid impact are low in the near future, a constant evaluation of the

risk is necessary. Many planetary defense strategies have been developed, such as a kinetic

impactor to alter the target trajectory, and asteroids are the focus of the research on the latter

strategies [19�21].



2 INTRODUCTION

Figure 1.1: DART's last complete image of the Dimorphos asteroid before impact. (NASA/APL)

1.1.1 Landing on SSSB

In situ studying and sample return missions allow for characterizing the environment, investigating

the surface's physical and chemical properties, and understanding the composition and aggrega-

tion of the target body. Spacecraft missions to the asteroids are the only solution to get in situ

measurements, and there are several ways to achieve these measurements.

One of the �rst mission strategies is to �y by the body to gather precious information [22] and

collect particles around it [23]. The orbiting missions allow more time around the asteroid and,

consequently, a more extensive survey of the unknown environment. The Touch And Go (TAG)

approach only temporarily touches the surface [24], and the sample is obtained via a horn-like

fast mechanism. The mission concept is less complex than a traditional landing, and currently, no

landing has been attempted for large spacecraft. Landing has been accomplished only for smaller

spacecraft (CubeSat or microprobes [25]) to mitigate the risk of losing the mothership without

excessively altering the mission returns of surface measurements. These methods will be thoroughly

described in Section 2.2.4 and applied in several missions, which will be discussed in Section 1.2.1.

1.1.2 Autonomy: Key Enabling Technology for Precise Landing

Autonomy represents the leading research driver for this research as it has been identi�ed as the

primary key enabling technology for future explorations [26�28]; in this section, the research is

motivated by stating the clear need for autonomous systems and deriving the principal key-enabling

technologies for autonomous precise landing.

Autonomy as a future mission enabler. Advancements in exploring celestial bodies are fo-

cused on achieving autonomy in mission operations. Autonomy pertains to a spacecraft's capability

to perform tasks and make decisions independently, without requiring constant human intervention

[29]. The development of autonomy plays a crucial role in enabling spacecraft to navigate, land,
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and conduct scienti�c investigations on SSSBs, as evident in past and current missions [30].

Why more autonomy is needed? Advancing the boundaries of autonomy in upcoming missions

is crucial as we are reaching the limit of human intervention or ground in the loop for SSSB missions.

The need for autonomy becomes paramount to ensure higher performance, mainly when operating

at large distances where communication delays pose signi�cant challenges. As missions become more

complex, either due to an increase in the number of probes or the exploration of multiple targets,

the importance of autonomy is further underscored [31]. Scenarios, where multiple spacecraft can

independently land and explore asteroid �elds with minimal human intervention, are envisioned.

To meet these demands, further development of the mentioned technologies is imperative [32].

This includes advancing more sophisticated machine learning algorithms enabling spacecraft to learn

and adapt in real-time, improving their decision-making capabilities. Improved sensor capabilities

are also vital, allowing spacecraft to gather accurate and reliable data to inform their autonomous

operations. This encompasses advancements in optical, infrared, and Light Detection and Ranging

(LiDAR) sensors and integrating new sensing technologies.

Distant �ight time. The main asteroid belt lies around 2.5AU , between Mars and Jupiter,

and it holds small solar system bodies of di�erent compositions [33]. Therefore, this is next to

Near-Earth Asteroids, a very relevant site to �nd a scienti�cally interesting asteroid for close prox-

imity operations. Communication time at that distance would take approximately 25 minutes. The

ground station can command the spacecraft remotely; however, the time delay implies a high risk

for close-range operations. In addition, in case of unforeseen circumstances, the spacecraft is com-

promised without autonomy, and the time delay for active control could endanger the safety of the

mission. Autonomy is principal as a consequence of long signal �ight time.

One potential solution is to execute a gradual descent, ensuring a crash-free trajectory despite

the presence of Earth-in-the-loop navigation, albeit at the expense of increased fuel consumption.

Another approach involves leveraging autonomous navigation techniques based on the data ac-

quired during the mission's characterization phase. By eliminating Earth's involvement from the

observation-state estimation, guidance decision-making, and actuator command loop, autonomous

navigation permits signi�cantly closer operations while ensuring the spacecraft's safety. This au-

tonomous approach has proven to be the preferred method in previous asteroid missions.

Decrease time-to-surface. Typically, prior to the landing phase, a prolonged surveying and

characterization period is requisite, during which the target is meticulously examined, facilitating

the acquisition of a comprehensive map. The characterization phase is a protracted process that

consumes substantial time and fuel resources. In situations where an asteroid mission involves a

mothership and smaller spacecraft, it is conceivable that the smaller spacecraft may possess a more

limited array of sensors. Consequently, there exists a need to expedite the mission timeline and

accommodate cost-e�ective and compact spacecraft by cultivating alternative autonomous method-

ologies.

Nevertheless, for the purpose of maximizing mission duration and mission yield, it is imperative

for the spacecraft to promptly land subsequent to the rendezvous with the asteroid, allowing for

expeditious transfer of the payload to the surface for direct interaction.
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Consequently, some strategies can be identi�ed to enhance initial operation phases. Firstly,

local mapping could be enough for relative navigation and to allow a safe landing. If the Guidance,

Navigation and Control (GNC) algorithms are capable of adapting to an unknown environment,

little a priori information is needed from the orbiter or ground.

Robustness and adaptivity Additionally, robust decision-making and adaptive autonomy are

crucial for navigating the challenges posed by SSSB missions. These aspects involve developing

algorithms and strategies to handle unexpected events, adapt to changing environments, and make

intelligent decisions in complex and uncertain situations. By incorporating robustness and adapt-

ability into the autonomy framework, spacecraft can better handle mission complexities and ensure

the success of their operations.

Robust design is a high priority due to the unknown environment in which the spacecraft navi-

gates. The main sources of uncertainties are:

ˆ Gravity �eld: as a consequence of the diverging spherical harmonics approximation, new

representations techniques need to be analyzed (Mascons, Polyhedron). Especially during

proximity operations, the gravity �eld is strongly perturbed, and the GNC systems should

compensate for unexpected environmental forces. The gravity �elds of SSSB are highly per-

turbed and non-central due to their irregular shape or di�erentiated composition, and they

are relatively weak. As a result, stable closed orbits could turn into crashing or escape orbits

in days [34]. They are signi�cantly subject to perturbations by nearby object approaches and

Solar Radiation Pressure (SRP), which may increase even more the irregularities in the gravity

�eld due to mass distribution. Also, several asteroids are subject to fast rotation periods; as a

consequence, the di�erence between gravity acceleration and e�ective gravity (i.e., taking into

account apparent forces) is large. As a target for a mission, they have the most perturbed

environment, and hence the dynamics around them can be unpredictable.

ˆ Surface: terrain information is not always accurate, and the lander should be able to cope

with various conditions. Hazard Detection and Avoidance (HDA) functionalities combined

with the assessment of the landing site allow a reduction in the landing footprint; the latter

greatly enhances the robustness and science return of the mission [35]. Safer operations are

run as a consequence of real-time assessment of the hazards. Moreover, the scienti�c return

is increased by selecting a more interesting landing site due to the increased on-site surface

knowledge. Only local mapping could be required for proximity operations, and the target

body's global characterization could be less detailed.

ˆ Long �ight time: degradation is another central point linked to robustness; in fact, failure

of units after long �ight duration could lead to the de�nition of �exible strategies for GNC

or algorithms which require few and diverse information (e.g., camera and LiDAR or only

camera or LiDAR according to the availability). Flexible algorithms also allow the application

to di�erent missions, from large-size landers to small CubeSat and vice versa, independently

from avionics.

Perception and decision-making The assessment of previous missions (as in Section 1.2.1)

reveals the utilization of various key enabling technologies for autonomy. Autonomous environment
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perception (e.g., vision-based navigation) has played a crucial role, allowing spacecraft to determine

their position and orientation relative to the target body using visual information. Additionally,

decision-makingautonomous systems incorporating machine learning and image processing (Image

Processing (IP)) have been employed for hazard detection, slope estimation, and safe landing site

selection [36].

Partial progress towards autonomous systems. This has been achieved by optical relative

navigation and radiometric absolute navigation. Radiometric tracking enables precise absolute

tracking of the spacecraft trajectory with respect to Earth [37]. Landmark-based navigation has

utilized identi�able features on the SSSB's surface to aid in spacecraft localization and orientation.

Although these technologies led to successful missions, they rely on continuous human monitoring

and processing. The landmark-based navigation requires extensive modeling e�ort on the ground,

radiometric measurements are not always available, and the landing site is carefully chosen by

extensive surface mapping. In contrast, a fully autonomous spacecraft would land on the surface

and afterward explore the whole surface independently. By extending the exploration range in this

way, the overall scienti�c return of the mission would increase signi�cantly.

Leverage computing advancements. In the last decades, computing power has largely in-

creased, resulting in a paradigm shift towards computational real-time GNC, with limited human-

in-the-loop [38]. To address the limitation of human-in-the-loop, more recent missions progressively

included technologies that pushed the autonomy frontier even further. Hayabusa-2 [39], showcased

upgraded navigation instruments and extensive characterization techniques, including radiometric

tracking and autonomous descent. OSIRIS-REx [40], employed, in addition to radiometric track-

ing, vision-based navigation for close-range operations, advanced exposure techniques, and landmark

tracking. Finally, DART [21], achieved kinetic impact de�ection with the help of fully autonomous

navigation systems and avionics.

Tooling arti�cial intelligence. Moreover, image processing is shifting towards a machine learning-

oriented approach [41]. Even if the space sector is considered conservative, major technological steps

have been made toward Arti�cial Intelligence (AI) and Deep Learning [42]. With the rise of the

practical usability of architectures such as support vector machines or arti�cial neural networks,

machine learning and AI have become ever more attractive and now provide practical solutions for

a wide range of problems. AI has achieved impressive results over the past few years, but often the

learned solution is di�cult to understand and examine by humans. Additionally, the robustness and

reproducibility of AI results are usually evaluated by statistical testing, and there is no systematic

method to guarantee that a solution synthesized using AI techniques meets the expectations of the

designer. This becomes a pressing issue when applying AI methods to safety-critical tasks such as

GNC, where expectations are rigid veri�cation requirements.

1.2 State-of-the-Art

The �rst asteroid �yby was in 1991 by the spacecraft Galileo across the asteroids Gaspra and Ida

on its way to Jupiter. Since then, there have been several missions, which have been dedicated
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to not just �ybys, but landing on and studying asteroids [22, 43]. There has been an increased

interest in them in recent years due to the objectives discussed in Section 1.1.2. Only orbiters

and landers are presented; in particular, no �yby missions are included to focus on close proximity

operations, descent, and landing architectures. In Table 1.1, the missions are resumed, and their

GNC architecture is brie�y described.

Name Mission Type Target

Diameter

[km]

GNC Suite Mass [kg]

NEAR

(NASA)

Orbiter landed on

Eros

16.8 4x 21N hydrazine thrusters

7x 3.5 N hydrazine thrusters

4x Reaction Wheel (RW)s

5x Sun Sensors

1x Star Tracker (STR)

1x Inertial Measurement

Unit (IMU)

800

Hayabusa

(JAXA)

Sample return

TAG on Itokawa

0.3 12x 20 N Reaction Control

System (RCS)

3x RW

1x Sun Sensor

1x STR

2x IMU

1x Accelerometer

1x Narrow Angle Camera

1x Wide Camera

1x LiDAR

1x Laser Range Finder

(LRF)

510

Rosetta

(Euro-

pean

Space

Agency

(ESA))

Comet orbiter with

lander on 67P

4 (Phylae)

1x Upward Facing Thruster

1x Flywheel (Phylae)

100

Dawn

(NASA)

Orbiter around

Vesta and Ceres

525-546 12x 0.9 N hydrazine

thrusters

4x RWs

16x Sun Sensors

2x STR

3x IMU (spinning gyros)

2x Cameras

1217
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Name Mission Type Target

Diameter

[km]

GNC Suite Mass [kg]

Hayabusa-

2 (JAxA)

Sample return

TAG on Ryugu

1.1 12x 20 N Hydrazine

Thrusters

4x RWs

4x Sun Sensors

2x STR

2x IMU

4x Accelerometers

3x Cameras

1x LiDAR

1x LRF

9.6 (Mas-

cot)

OSIRIS-

Rex

(NASA)

Sample return

TAG on Bennu

0.525 28x RCS

4x RWs

Sun Sensors

2x STR

2x IMUs

1x Camera suite

1x LiDAR

1x Laser Altimeter

2110

DART

(NASA)

Impactor on Di-

morphos

0.75-0.16 5x sun sensors

STR

Camera

500

Hera

(ESA)

Probes on Didymos

and Dimorphos

0.75-0.16 RCS

4x RWs

12x Sun Sensors

2x STR

2x IMU

2x Cameras

1x Altimeter

870

NEA-

Scout

(NASA)

Technology demon-

strator on Apollo

NEA

0.1 N/A 14

Psyche

(NASA)

Orbiter around

Psyche

225 N/A 2608

Janus

(NASA)

Orbiter on binary

asteroids

1.6-0.4 N/A 38

MMX

(JAXA)

Sample return lan-

der on Phobos

27 N/A 150

Table 1.1: Asteroid Mission Summary
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1.2.1 Past and Current Missions

NEAR Shoemaker

On February 12, 2001, NEAR-Shoemaker was the �rst spacecraft to land on the surface of Eros. It

was not designed for landing, but after 5 open loop maneuvers, it succeeded in touching down. The

NEAR navigation team used optical navigation during the terminal approach; the main challenges

were to estimate the center of mass given the irregularly shaped body and high surface brightness,

which made it impossible to expose correctly both stars and asteroids.

The goal of the mission was to increase the knowledge of asteroids in general by returning data

to Earth. NEAR started orbiting its target asteroid (433) Eros in February 2000. An image of the

asteroid is shown in Figure 1.2 NASA's Deep Space Network (DSN) was used to perform radiometric

tracking of the spacecraft to navigate it towards Eros. Cameras were used to create a database of

landmarks, after which these landmarks were tracked for navigation purposes, as well as rotational

state estimation, shape, mass, and gravity estimation. The landmark tracking and matching were

done by hand by operators on Earth. A LRF was also used to get altitude measurements whenever

the distance to the surface was in the hundreds of kilometers range. The LRF measurement was

used in the orbit determination �lter. The LRF was also used to solve for an accurate shape model,

which was then used to obtain a-priori gravity estimates by assuming a constant density. The LRF

was never used for real navigation purposes, but merely as a consistency check on the radiometric

tracking and landmark-based navigation. By comparing the estimated gravity to the real gravity

that the spacecraft experienced, it was concluded that the internal structure of the asteroid was

mainly uniform.

The landing trajectory was dependent on the accurate characterization of Eros's dynamical and

physical properties (i.e., mass, gravity distribution, spin, pole, shape). The characterization phase

took approximately 2 years. They have used for the �rst time other gravity modeling techniques

as a consequence of the diverging spherical harmonics representation. In addition, robustness was

granted through Monte Carlo simulation of the open-loop trajectories, and constant ground coverage

was available [44].

Figure 1.2: NEAR Over Eros' horizon. (NASA)
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Hayabusa-1

Launched in 2003, Hayabusa represents the �rst asteroid sample return mission. The target chosen

by JAXA is the asteroid Itokawa. Two touchdowns were accomplished following the touch-and-

go procedure (see Section 2.2.4 for details); during the �rst one, the spacecraft collected some

material from the asteroid's surface, and however the second attempt faced operational problems.

The samples collected were successfully returned to Earth. The failures included two RWs failures

and an accidental landing [45]. Hayabusa included a multi-band imaging camera to image the

entire surface of the asteroid. It had an autonomous onboard guidance and navigation system to

touch down on the target since the precise shape, size, and surface conditions of the asteroid were

unknown. The onboard GNC system included a two axes Sun sensor, STR and an IMU for attitude

determination, an accelerometer, and a reaction control system with thrusters and reaction wheels

for attitude and translational control.

Navigation was carried out using narrow-angle and wide-angle cameras. The latter allowed

mapping and regional safety monitoring of surface obstacles. High altitude and low altitude mea-

surements were done by a LiDAR and a laser ranger, respectively. The Attitude and Orbital Control

System (AOCS) used the inputs from the cameras, LiDAR, laser ranger, and an extended Kalman

�lter for state estimation. The programmed function included image processing designed to detect

an arti�cial target marker location to approach and cancel the surface relative velocity [46].

One of the primary goals of the mission was to return a sample of the surface of the target

asteroid (25143) Itokawa back to Earth. A hybrid navigation solution was employed that combines

optical navigation with radiometric tracking [47]. Images were processed on the ground to calculate

the direction vector from the spacecraft to the asteroid. A nonlinear least-squares estimator was

used to obtain the spacecraft position and velocity in an inertial frame. In the �nal part of the

descent, between 20km and 3 km altitude, a more autonomous approach was envisioned. However,

due to a hardware failure, the crew decided to �y the spacecraft by hand. The intention was to use

the altitude measurement from the LiDAR together with the ' center address', which is calculated

from images of the onboard navigation cameras. This center address is found by extracting groups

of adjoining pixels whose brightness is beyond a speci�ed threshold. The group that has the highest

number of pixels is assumed to be the one representing the asteroid, after which the center of this

group in the frame (pixel coordinates) is used in a Kalman �lter to estimate three-dimensional

relative position and velocity [48].

Noteworthy is the target marker approach that was used for the �nal descent. A bright object

was released from the spacecraft and fell onto the surface of the asteroid. The navigation system

then used this target marker as a point of reference in the frame.

The Minerva micro-lander experienced a deployment failure; it was supposed to test inter-

satellite communication and hopping relocation via an internal �ywheel.

Rosetta

Launched in 2004 to the Comet 67P/Churyumov-Gerasimenko, it orbited around it before sending

the lander, Philae to its surface. After being in space for more than 12 years, Rosetta's mission

concluded with it descending on the surface of the comet in September 2016 [49]. During the

approach, from circa 44000km to 122km, radiometric and optical information were used as primary
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