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Abstract:

This project presents the design and implementa-
tion of a Centralised Collaborative Simultaneous
Localisation and Mapping (CSLAM) system for
two or more rovers operating on the lunar sur-
face. The primary environmental challenges ad-
dressed are the sparse visual texture of lunar re-
golith and extreme high-contrast lighting, both of
which impede standard vision-based localisation.
To overcome these, LiDAR is used alongside an
RGBD camera and IMU, with RTAB-Map as the
core SLAM and map-merging framework. The
system follows a centralised architecture in which
each rover performs local SLAM and periodically
transfers its map database to a base station, which
merges all maps into a unified global representa-
tion and redistributes it to the fleet.
The system was developed in ROS2 Humble,
containerised with Docker, and was first imple-
mented in an Isaac Sim lunar-analogue simula-
tion before physical testing on the AAU Space
Robotics rover Gorm at Aalborg Portland Rørdal
limestone quarry. Hardware modifications to
Gorm, including a soft motor starter, USB hub,
and Ethernet switch, were required to integrate
the new sensor suite. Field tests confirmed the
system’s ability to perform per-robot SLAM and
merge maps from multiple rovers into a single co-
herent map.

https://www.aau.dk/uddannelser/kandidat/robotics


The content of this report is freely available, but publication (with reference) may only be pursued due to agreement

with the author.

ii of 64



Preface

We would also like to sincerely thank Aalborg Portland for allowing us to use their facilities
for testing; specifically for granting us access to their limestone quarry in Rørdal, which proved
invaluable in emulating lunar surface conditions.

Carsten Harald Pinderup Nielsen

chpn21@student.aau.dk

Hector Fabricius

hfabri20@student.aau.dk

Marcus Langfeldt

mlangf21@student.aau.dk

Aalborg University, June 4, 2026



Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Lunar Robotics of the 21st Century . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Problem Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1 The NASA CADRE Mission . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Lunar Regolith . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 Lighting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 CSLAM: Computing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 CSLAM: Network Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.1 Project Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3 Delimitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 System Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.1 ROS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.2 Docker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.3 Simulating the Lunar Environment . . . . . . . . . . . . . . . . . . . . . . . . 23
4.4 AAU Space Robotics Rover: GORM . . . . . . . . . . . . . . . . . . . . . . . 23

5 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.1 System Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.2 Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.3 Hardware Modification to AAU Space Rover . . . . . . . . . . . . . . . . . . 30
5.4 Simulation Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.5 RTAB-Map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.6 Map Merging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

6 Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.1 Rationale and Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.2 Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

iv of 64



CONTENTS

7.1 Cumulative Error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.2 Loop Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.3 Differential GPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.4 Heading and GPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.5 LiDAR TF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

9 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
9.1 Testing on a Larger Scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
9.2 Extra Mapping Modalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
9.3 Star Tracking Navigation Methods . . . . . . . . . . . . . . . . . . . . . . . . 60
9.4 Thermal Vision Navigation Methods . . . . . . . . . . . . . . . . . . . . . . . 60

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Appendix

A Links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I

B Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II

v of 64



1 Introduction

1.1 Lunar Robotics of the 21st Century
In the 21st century much of the global space sector has turned its eyes to development of off-
world infrastructure. Several countries and dozens of companies are proposing ways to fund and
execute construction projects on the moon and Mars. A prominent example being the NASA
April 2025 Moon to Mars Architecture Directive, according to which an established presence
on the moon and later Mars are in immediate development for the betterment of mankind. [1]

To establish infrastructure on the lunar surface, mapping of the environment has to be per-
formed. Outlined in the NASA directive, collaborative robotics - independent robots working
under a single directive - is most suitable for the development of off world infrastructure. This
is due to a number of advantages outlined in the released NASA architecture: smaller, lighter,
payloads ease flight margins on the rockets leaving earth, improved redundancy and replace-
ability, increased mapping speed, and incremental financing aligning better with current space
trends. The initial task for the robotic fleet is Collaborative Mapping; implemented as CSLAM
(Collaborative Simultaneous Localisation and Mapping) to account for the lack of GPS locali-
sation. The mapping will aid the coordination of base planning and assessment of landing site
viability. [2][3]

The rationale for using multiple rovers (rather than an improved orbital imager or hopper type
design which NASA also propose[3]), is data fidelity and sensor types. Being so close to the
surface allows for greater detail in the generated maps, as well as more sensor modalities adding
extra dimensions to the map, which can in turn aid in various lunar endeavours.
In this project, the focus is on the navigational aspects - extra sensors for expanded functional-
ity can be added afterwards. Here, a CSLAM system is implemented to work on two or more
robots to map the lunar environment. The mapping data from the robots is collected at the base
station for combination into a single map. The sensors used for the CSLAM implementation
are lidar (Light Detection and Ranging), RGBD (RGB & Depth Camera), and IMU (Inertial
Measurement Unit). The selection is based on an assessment of the most commonly used sen-
sors in SLAM, so as to provide as much supporting documentation and literature as possible
[4]. The moon provides significant challenges for a SLAM system because of its unique surface
environment, the system development will therefore focus on combining existing software and
methods from robotics, minimizing development that will have to be done from scratch.

1.1.1 Problem Scope

The scope of issues encountered for robotics in the lunar environment is vast, so to narrow the
problem preliminarily, all lunar environmental conditions are ignored - except the following:
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CHAPTER 1. INTRODUCTION

• Lunar Surface Geometry: The lunar surface regolith is sparsely textured, with few unique
features to distinguish one place from another. There is almost no local variation in colour
and material composition. Meaning there are few larger stones, and the differences between
them are small. This provides difficulties for all sensor modalities of SLAM, which relies on
identifying unique features in the environment.

• Lunar Surface Lighting: Due to the lack of atmosphere, light is not scattered to more
evenly coat the environment. This results in shadows being truly black, resulting in an al-
most binary landscape for camera sensors. This complicates vision based segmentation of
features, because things in the shade aren’t measurable. Further more, solar radiation has
dulled any colour found in the surface regolith considerably, further complicating vision-
based localisation methods as features can not be distinguished by colour.

This narrowing of scope allows the project to focus solely on the computing and networking of
a CSLAM system that can handle just the geometry and lighting of the lunar environment.

Initial Problem Statement

How can a CSLAM system be implemented to function for 2 or more robots and their base
station mapping the lunar surface geometry given the lighting conditions?
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2 Problem Analysis

To develop a CSLAM system for exploration and mapping of the lunar surface, a foundational
understanding of the problem and its circumstances should be studied. This chapter covers
the existing and upcoming missions on the moon, and covers topics of the environment and
technologies required for its exploration.

2.1 The NASA CADRE Mission
NASA is currently working on a mission that will, if successful, perform the first multi robot
mapping project on the moon - ”paving the way” for similar missions in the coming years.
CADRE launches in 2026 on board the IM-3 mission by Intuitive Machines, one of the few
companies having consistent success making soft touchdowns on the lunar surface this century.
In NASA’s own words:

Figure 2.1: The CADRE ATLO team.[5]

”The CADRE (Cooperative Autonomous Distributed Robotic Exploration) project is
developing a network of small rovers that will work together to explore the Moon in an

experiment to demonstrate new technology. Communicating via mesh network radios with
each other and a base station aboard a lunar lander, the rovers will be largely autonomous,

making decisions and acting without the need for constant human intervention.

By taking simultaneous measurements from different locations, the rovers will demonstrate
how multiple robots can collaboratively record data that would be impossible for a single

robot to gather. Their success could pave the way for autonomous, multirobot missions that
pursue science goals based on such distributed measurements, enter risky and unexplored

terrain, or support astronaut activities.”
NASA JPL 2026 [6]
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CHAPTER 2. PROBLEM ANALYSIS

The trio of rovers are tasked with mapping the area surrounding the lander - the surface with
stereo cameras and below it with ground penetrating RADAR, providing further insight into the
structural integrity of the regolith. [7]

It is for the time being quite limited what NASA has shared regarding speci�c hardware and
software, but the architecture is inspirational to the one proposed for this project: using a base
station communicating with homogenous exploring robots. However, the extension of ”largely
autonomous” path planning is outside the scope of this system. [8]
[5]

2.2 Lunar Regolith

The lunar regolith is a layer of dust, gravel, stones and boulders that varies in depth (from
bedrock) in different regions of the moon. It is composed of meteors from eons of bombard-
ment, as well as bedrock from the moons volcanic past which has been broken off. The depth is
unclear both from a dif�culty of measurement and de�nition, it varies greatly across the surface
with measurements of everything from 4 to 40 meters; either measured in situ or with earth
radio telescopes. [9], [10]

The 2019 Chinese rover Yutu-2 has been exploring the far side of the moon for years and is
equipped with a lunar penetrating radar to take images of the composition of the regolith it
drives across. As seen in 2.2b, the composition does not follow a clear gradient of particle
sizes. This is due to the low gravity and lack of weathering which inhibits sedimentation; which
in turn leaves all particle sizes of regolith at any layer, including the surface.

(a) Chinas Yutu-2 rover on the far lunar
surface.[11]

(b) Illustration of the Yutu-2 Lunar
Penetrating Radar data. Note the question
marks beneath 40m, the max depth of the

sensor.[12][13]

The regolith varies greatly not just in depth but in surface appearance for different regions of
the moon. The Apollo missions took place in the mare, or seas, of the moon. The mare result
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CHAPTER 2. PROBLEM ANALYSIS

from great impacts in the past, where lava has poured in to �ll the craters - the resulting terrain is
comparably �at and has a thinner cover of regolith. In some places the volcanic rock is exposed,
showing sheer cliff faces 2.3(a, b & c) and lava tubes 2.3(g, d, f & e).

Figure 2.3: Examples of exposed lunar basalt in the mare. Images A, B and C display scree of lunar
regolith intermittently draping over exposed cliff faces. D, E, F, and G display openings to lava tubes.

[14]

Most of the photography from the surface of the moon is from the mare, but the current NASA
incentives call for exploration of the south pole. The poles are being investigated as the location
for human settlement due to the calmer environment and constant availability of sunlight. With-
out the lunar day cycle, the temperature swings are much smaller, with an average temperature
of -13 °C at the south pole. [1]

The only mission to ever make a soft touchdown on the south pole of the moon is the Indian
Chandrayaan 3 program in 2023, which successfully returned data from the Pragyan rover for
most of its planned 2 week mission exploring a �at between the Manzinus C and Simpelius
N craters. The pictures it returned are as such the most relevant data available to align with
NASA's directive, two of which are seen in 2.4.[15]
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CHAPTER 2. PROBLEM ANALYSIS

Figure 2.4: Surface regolith from the lunar south pole, as seen by the Pragyan rover in 2023.[15]

Since Chandrayaan is the only mission to photograph the poles from the surface, the analogue
and/or simulated terrain should be similar to what was explored by the Pragyan rover to effec-
tively simulate and test robotic solutions for use at the lunar polar regions.

2.3 Lighting

The lack of atmosphere on the moon and the dust covering the moon combines to create a dif-
�cult environment for visually sensing differences in the lunar surface, since light does not get
scatters before it hits the lunar surface, shadows therefore become sharp dividing the surface in
light and dark. NASA has reported that the dust covering the moon scatters the light in such
a way, that features that could previously be seen from on position will look different under
different lighting conditions, i.e. if the light comes from a different angle. This combined with
the colour uniformity of the dust makes it dif�cult to differentiate features under certain light-
ing conditions, some of these visual challenges was evident in the Apollo missions, and so the
earlier lunar missions would mostly wait until lunar afternoon, such that astronauts could safely
explore surface in well lit conditions.[16]

The Chandrayan photos are again the only true comparisons, as the polar lighting is at a lower
angle, resulting in longer shadows and fewer opportunities for surface scattered light. In the
many environmental photos from the apollo missions, they are taken at high angles of sunlight
during lunar day nearer the equator - so there is signi�cantly more surface scattered light for
vision based systems to interpret there. The boulder in Figure 2.5 is viable for vision based
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CHAPTER 2. PROBLEM ANALYSIS

segmentation.

Figure 2.5: A boulder is lit from behind by light scattered off the nearby mountains. Notice the
horizontal shadows it casts not being illuminated suf�ciently. Recorded on Apollo 17.[17]

The lack of colour and extreme lighting conditions causes problems when recognising a feature
from new angles, causing problems for feature-based loop closure methods in SLAM systems.
The photos in Figure 2.6a and Figure 2.6b demonstrate this. Note again that in polar lighting
conditions there is even less lighting on the back of the feature.
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