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Abstract

Civilization has progressed over time as a result of exploration of previously undiscovered
portions of the Earth and the subsequent exploitation of new resources. Humans will now
explore and exploit new places beyond Earth, i.e. in space, as a natural continuation of this
process. The Moon has been partially investigated, but it still needs to be fully explored and
colonized. Mars and beyond will be the next phase. The establishment of outposts on these
new space bodies will be necessary before they can be habited. But these extraterrestrial
constructions are expensive, time-consuming, and risky. In this article building habitations
by excavation is suggested and proven to be more convenient. Having many challenges in
the physical excavation tasks, only a few researchers have been trying to innovate and
improve excavation-related technologies. Amongst these, some have proposed adopting
robotics in the aspects of excavation in the construction process but none has been tested
practically. In our work, we try to introduce a novel approach for excavation using swarm
robotics.

Behaviour of a robotic swarm is collective and aimed at solving a problem using the
collective conduct. This is similar to the natural animal swarm behaviour of bees/ ants/
termites...etc. Even though there are many researches and developments done in the field of
swarm robotics, the concept has not yet made its way into industrial environments. In order
to colonize planets and moons, it is required to build a surface structure which needs to be a
few meters thick to protect living beings from solar/cosmic radiation, meteoroid impacts, and
extreme temperature variations. However, creating a structure with thickness of a few meters
has been a research challenge for many decades due to practical limitations of developing
them on off-earth.

This research proposes our approach Cave Construction using Swarm Robots acronymed as
CCSR, a practical method to excavate the ground to create subsurface habitats using
decentralized robot swarms. Our CCSR design uses vision, RFID, and orientation sensor
data to decide actioneeded to be taken by the robot. Robots can do basic actions such as
traversing, removing, and dumping regolith.

The swarm consists of a set of robots that are practical to implement, with limited visibility
and limited communication skills. Having only the local view of the terrain, robots in the
swarm excavate a given shape in 3D in collaboration with the other robots in the swarm.
With the application of swarm concepts in an improved manner, the swarm is able to
construct the given shape through excavation, displaying true parallelism which in turn will
improve the construction time.

Ⅲ



DEDICATION

To my grand parents for their dedicated partnership in the success of my life

Ⅳ



ACKNOWLEDGEMENTS

I would like to send my deepest thanks to Dr. K.S.D. Fernando, who ignited my

passion for research and provided help and wisdom at every step of the way of this

research. Her guidance was unequivocally crucial to this work, and I owe a great deal

of its success to her.

I would like to extend my thanks and appreciation to the staff members of the

Department of Computation Mathematics, for their interest in, and consideration of,

my research work.

Lastly, I would also like to express my heartfelt appreciation to all my family and

friends, who supported me in this long endeavor and through all my life. Though

they may not know it, the impact they have had upon me is substantial, and I would

have never made it to where I am now without them.

Ⅴ



TABLE OF CONTENTS

DECLARATION 2

Abstract 3

DEDICATION 4

ACKNOWLEDGEMENTS 5

LIST OF FIGURES 9

LIST OF TABLES 11

CHAPTER 1 - INTRODUCTION 1

1.1 Prolegomena 1

1.2 Aim And Objectives 2

1.3 Background And Motivation 2

1.4 Research Scope 3

1.5 Problem Definition 3

1.6 Novel Approach To Swarm Robots Based Excavation 3

1.7 Outline Of The Thesis 4

1.8 Summary 4

CHAPTER 2 - SWARM ROBOTICS IN OFF-EARTH CONSTRUCTION 5

2.1 Introduction 5

2.2 What Are Swarm Robots? Why Are They Applicable Here? 5

2.3 Early Developments (Gestation) In Swarm Robotics And Concepts 6

2.3.1 Swarm intelligence 6

2.3.2 Basic swarm behaviors for swarm robotics 7

2.4 Breakthroughs And Trends In Swarm Robots 10

2.4.1 Concepts in collective constructions 10

2.5 Off-Earth Constructions 18

2.6 Challenges In Swarm Robot Based Constructions 22

2.7 Problem Definition 25

2.8 Summary 25

Ⅵ



CHAPTER 3-TECHNOLOGIES USED FOR SWARM BASED   EXCAVATION 26

3.1 Introduction 26

3.2 Swarm Robot Design 26

3.3 Technologies Used In Swarm Robot Implementation 27

3.3.1 Stigmergic cooperation 27

3.3.1.1 Stigmergy from the local view of the construction 27

3.3.1.2 Stigmergy from the environment 28

3.3.2 Collective construction 29

3.3.3 Rule based controllers 29

3.4 Application Of Swarm Robots 30

3.5 Summary 30

CHAPTER 4-APPROACH 31

4.1 Introduction 31

4.2 Hypothesis 31

4.3 Input 31

4.4 Output 32

4.5 Process 32

4.6 Users 33

4.7 Features 33

4.8 Summary 33

CHAPTER 5 - DESIGN 34

5.1 Introduction 34

5.2 High Level Architecture 34

5.2.1 Localization 35

5.2.2 Motion planner 35

5.2.3 Shape map 36

5.3 Design of swarm robots 36

5.4 Simulation design 38

5.5 Summary 38

CHAPTER 6 - IMPLEMENTATION 39

Ⅵ



6.1 Introduction 39

6.2 Simulation Framework 39

6.3 Simulation Environment 39

6.4 Robot Controller 40

6.4.1 Navigation 40

6.4.2 Sensor data processing 41

6.4.3 Calculating the next excavation location 41

6.4.4 Control algorithm 43

6.5 Simulation Outcome 44

6.6 Summary 49

CHAPTER 7 - EVALUATION 50

7.1 Introduction 50

7.2 Evaluation Procedure 50

7.2.1 Parallel behavior in construction 51

7.2.2 System redundancy 51

7.2.3 Final outcome of the system 51

7.3 Performance Vs Number Of Bots 52

7.4 Use Cases 53

7.5 Summary 53

CHAPTER 8 - CONCLUSION 54

8.1 Introduction 54

8.2 Conclusions 54

8.3 Future work 55

Appendix 58

Ⅵ



LIST OF FIGURES

Page

Figure 2.1: Basic swarm Behaviours 8

Figure 2.2: Nests constructed by blind bulldozing by one, two and four
robots

11

Figure 2.3: Leader robot managing other robots using light source 13

Figure 2.4: Some shapes constructed by rule-based lattice swarms 14

Figure 2.5: Termites robots create 3D structure 14

Figure 2.6: Global map of construction (left) and perceived local map (right)
of a robot (marked x) at a particular time. The red color circle shows the
maximum sensory distance of the robot

16

Figure 2.7: Structure proposed for off-earth habitats 19

Figure 2.8: Adding regolith layer top of the habitat module 19

Figure 2.9: Modular heterogeneous swarm robots that can form and 3D print 20

Figure 2.10: Structure made using sulfur concrete 21

Figure 2.11: NASA’s RASSOR robot 21

Figure 2.12: Various types of off-earth construction 22

Figure 2.13: Swarm robot based underground structure proposed in 2021 by
Bier et al

23

Table 2.14: Summary of benefits and challenges 24

Figure 5.1- Top level architecture of CCSR 35

Figure 5.2 - Example of a shape map 37

Figure 5.3: Swarm bot inputs and outputs 38

Figure 6.1a/b: View of the graphical user interface and the view of the
simulation environment. Here 30x30x8 block terrain is used with 8 robots.
Gray area is the starting position of those robots. Orange spheres shows
robots.

41

Figure 6.2: (a) and (b) shows a robot removing bricks from the layer its on 43

Ⅸ



and (c ) and (d) shows a robot removing the front layer thats one step higher
than its position

Figure 6.3: Shape Map of the structure 45

Figure 6.4: After excavating few blocks 45

Figure 6.5: bricks that are above excavated bricks are made transparent for easy
visualisation

46

Figure 6.6: After 80% completion 46

Figure 6.7: After the final shape map is obtained 47

Figure 6.8: performance of each robot 47

Figure 6.9: Three robots are killed while the excavation happens and the
given shape map

48

Figure 6.10: Performance of each robot 48

Figure 7.1: Time taken to finish a given shape vs number of bots in the
swarm system

51

Ⅸ



LIST OF TABLES

Table 2.1: Tabulation of existing research
Table 2.2: Summary of benefits and challenges

Ⅸ


