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1 - Introduction
Mobile robots are capable of replacing people in many �elds. Applications include
surveillance, planetary exploration, emergency rescue operations, reconnaissance,
intervention in extreme environments, medical care, as well as many other indus-
trial and nonindustrial applications [1].

Space exploration, here de�ned as the physical exploration of the outer space,
fully begun in 1957 with the successful launch of Sputnik 1, the �rst man-made
satellite launched into orbit. After that, both the United States of America (USA)
and the Soviet Union have used a combination of orbiters and impactors to study
the properties and composition of the Moon and various other celestial bodies.
However, both approaches had their limitations. The former could only offer low
resolution data over a large area, while the latter could offer high precision data
but, limited to the impacted site.

To explore a larger area on distant celestial bodies, the use of either a manned
or robotic mission was required. While a human can perform very complex tasks
and experiments, the resources and technological requirements needed for their
safety makes this approach challenging, both from an engineering and a �nancial
perspective. It is for this reason that robotic rovers are preferred.

The �rst rovers (starting with the Soviet Union's Lunokhod 1), were teleoperated.
This is permitted for nearby celestial bodies as the latency is within acceptable
safety margins. A radio communication between Earth and the Moon is around
2.6 seconds. However, on Mars the latency is between 3 and 22 minutes [2]. This
lag would force operators on Earth to either issue only small movement com-
mands or risk the rover getting stuck in an unseen obstacle such as sand dunes.
Both option incur a time cost for the mission which may not be acceptable. This
issue raises the need for an autonomous, vision based system that can localise,
map and navigate in dangerous terrains.

The goal of this project is to create an autonomous rover for planetary space ex-
ploration based on the ExoMy Mars rover technology from the European Space
Agency. To complete the exploration stack, the rover must have a variety of actua-
tors, sensors, and software as Stachniss et al said :"Exploration is the task of guiding
a vehicle in such a way that it covers the environment with its sensor"[3]. The extraction
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2 Chapter 1. Introduction

of data of the explored area will provide more answers to the questions that the
humanity has.

Initial Problem Formulation

How can a mobile robot use its sensors to map and subsequently navigate its environment?



2 - Problem Analysis
There are currently only two celestial bodies onto which unmanned rovers have
been deployed: the Moon and Mars. The missions for these rovers have histori-
cally been a combination of surveying the surface in order to provide high quality
images of it and carrying out measurements using its probes to determine the
physical characteristics of its environment.

A shift from this paradigm occurred with NASA's Mars 2020 mission, where the
Perseverance rover collected soil samples and left the sealed tubes in designated
caching areas for them to be collected and returned to Earth by a subsequent mis-
sion. The reason for this approach is that it is unfeasible to equip the rover with
the equipment necessary to perform a detailed biological analysis of the samples.
Such an attempt would incur adding extra weight and power requirements. More-
over, there is a high chance that the equipment itself could be damaged during the
transit between Earth and Mars.

NASA in collaboration with ESA have thus created the Mars Sample Return (MSR)
mission which aims to bring the samples back to Earth. This consists of a Mars
Fetch Rover (MFR) and a Mars Ascent Vehicle (MAV). The former has the task of
gathering all the samples from the caches left by Perseverance and load them onto
the MAV.

Apart from of�cial missions announced by NASA and ESA, the Defense Advanced
Research Projects Agency (DARPA) has shown interest in developing robots capa-
ble of exploring underground lava tunnels on Earth and, potentially, with appli-
cations for Mars. In 2021 NASA participated in DARPA's Subterranean Challenge
thus implying that research is being done for this use case [4].

Lastly, NASA's Artemis mission has the �nal goal of sending humans to the Moon
again. To achieve this, In-Situ Resource Utilization (ISRU) will have to be used.
This lends itself perfectly to robotic automation where repetitive and potentially
dangerous tasks can be delegated to a robot such as regolith collection and trans-
port to a processing plant.

The main problems that were encountered with Mars rovers were: communication
with the base on Earth, landing of the robot, terrain navigation and the correct
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4 Chapter 2. Problem Analysis

Figure 2.1: Presentation of a Solar Conjunction between Mars and Earth [6]

localization of the robot. These problems will be discussed further in the following
chapters and given solutions on how to solve them. Once each problem gets a
solution the exploration of the extraterrestrial environment will encounter fewer
dif�culties.

2.1 Communication with Earth

Over long distances, such as Mars - Earth, the teleoperations between a rover and
a human can have a delay between 6 and 20 minutes. Such delays have a signi�-
cant effect on real time operations. A way to counter this problem is to make the
vehicle autonomous. [2].

The radio link between the base on Earth and the rover on Mars can be impeded
by solar conjunction. Solar conjunction is the time where the Sun is between the
two planets and expels hot, ionized gas from its corona. This gas combined with
the Sun's strong electromagnetic radiation jams the radio signal for two weeks.
This phenomena occurs once every two years. A representation of this can be seen
in Figure 2.1.

During that period of two weeks, the rover is not receiving any command from
the engineers and it stays on stand by. NASA engineers are preparing for the next
conjunction, 11 November - 25 November 2023, a method to make the rover still
collect data and continue its mission by by automating some of its tasks [5].
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Figure 2.2: Presentation of different stages which the rover has during the landing on Mars using
the TRN method [7]

2.2 Entry, Descent and Landing

According to the NASA's data, only 40 percent of the missions from any space
agency are successful. A big problem being the landing phase, or how NASA
named it, entry-descent-landing (EDL) phase. This phase consists of making sure
the rover enters in Mars' atmosphere and lands without any issues on its terrain.

To land on the Mars surface the rover would need to enter into the martian at-
mosphere, descent at a controlled speed to a chosen safe spot, and then land on
the chosen spot. This is done by an aeroshell which penetrates the upper atmo-
sphere. At 10km altitude, parachutes deploy denoting the descent stage, reducing
the velocity of the rover and prepare it for the landing phase. Twenty seconds af-
ter the parachutes are deployed, the detection hardware becomes operational and
analyzes the terrain . An illustration of the EDL phase can be observed in Figure
2.2 [7].

In 2020, the rover named Perseverance used a new method named Terrain-Relative-
Navigation (TRN). The Perseverance rover uses this method to gauge its location
as it descends into the Martian atmosphere with its parachute. As a result, the
rover can locate itself in relation to the ground with an accuracy of at least 40
meters. TRN works as follows: during the descent the rover takes pictures of the
terrain and compares it to the orbital map which is already stored in the mem-
ory. After some fast comparisons of different landmarks between pictures and the
orbital map the rover chooses the safest zone where it can reach [7].
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2.3 Martian Terrain and Climate

The Martian environment imposes geological challenges such as slopes, cliffs,
sand and rocks of different sizes. These environmental factors makes it dif�cult
to land and traverse the terrain. Also, since the surface of Mars is covered by
martian dust and the climate of this planet it is prone to sand storms, the work
environment for the rover will be challenging [8]. There are also wind gusts and
the dust, being very small and slightly electrostatic, can stick, corrode and even
damage the equipment of the robot. Hence the mission can be jeopardized [9].

Dust storms are not so frequent. The occurrence of a big sandstorm is approx-
imately once every three Mars years, equivalent of 5 and a half Earth years [9].
Hence, during that time the rover cannot do its tasks and the chances of losing
equipment, data or even the rover itself are high.

2.4 Correct Localization of the Robot

Quality of the localization knowledge has a direct impact on how rover activities
are planned and re�ned into commands for execution on the vehicle.

In order to preform task correctly, the rover's control system needs know the lo-
cation and the orientation of the vehicle precisely. The rovers cannot use GPS so
they are equipped with IMU and encoders to estimate the location. For example,
Sojuren rover, during Mars Path�nder mission used wheel and heading sensors
[10]. Since the terrain of Mars is mainly described by rocks, slopes, and canyons
full of dust, the encoders used by Sojuren were not suf�cient for the mission. Due
to this type of environment, the rover's wheels can get easily stuck in sand, dust
or any kind of obstacles and provide erroneous information of it's position.

Usually mars rovers are also equipped with a panoramic camera which is con-
nected to the control system. This camera is used to �nd the location of the Sun
during the cycle of one martian day, named sol, leading to a much more re�ned
determination of the rover's attitude. To further improve localisation, a stereo
camera was also added to create 3D XYZ maps of the readily discernible nearby
topography. In order to direct the scienti�c instruments to the points of interest
with a high precision, the 3D keypoints obtained from stereo vision were used.
Vision based navigation was proven to be reliable method of reducing the locali-
sation error which otherwise would increase over time. [10].

Two mitigating options are available in this situation: either the instrument can be
articulated in a restring manner to increase its effective �eld of view and correct for
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localization error, or a new stereo imagery can be acquired from the new position,
sent back to Earth, and wait until the next sol to estimate a new accurate location.
Both of this options require more usage of bandwidth and also it may be a problem
communication with Earth as stated in Chapter 2.4 [10].

Final Problem Formulation

Now, that it has been given a proper understanding of the major challenges that
can happen during an extraterrestrial mission, the scope of the project will be nar-
rowed to a �nal problem formulation.

How can a mobile robot's navigation be used in spatial exploration to provide ef�cient data
of the explored area such that can be autonomous and provide a precise localisation?



3 - Technical analysis
This chapter will present different methods and techniques in order to answer the
question at the end of Chapter 2.4. The scope of the project has been narrowed
such that the rover can have a better understanding of its surroundings, for ex-
ample 3D mapping, be autonomous and provide an accurate localisation of it's
position in real-time.

3.1 SLAM

The paper presented by Cesar Cadena et al., tiltedPast, Present, and Future of Simul-
taneous Localization And Mapping: Towards the Robust-Perception Age[11], follows to
answer multiple questions regarding SLAM, but one of them is: Do robots need
SLAM?

To answer the question, a de�nition of SLAM is needed in order to understand its
use. SLAM represents the ability of a robot or an autonomous vehicle to localize
itself and create a map of its surroundings.

The map is essential in order to support other tasks, such as path planning or
provide the human operator a visualization of the robot. Also, the map provides
a better understanding of the state of the robot. Scenarios where the robot uses
GPS makes the utilization of SLAM redundant. Hence, the popularity of SLAM
algorithms came within the absence of GPS [11].

Without a map, dead-reckoning would invariably drift over time. However, with
a map containing a set of recognisable landmarks, the robot can "reset" its lo-
calization error by returning to previously visited locations (a process known as
loop-closure).

When performing odometry, a robot views the world as an "in�nite corridor" while
ignoring loop closures. The robot is informed via a loop-closure event that this
"corridor" keeps crossing itself, see Figure 3.1. The bene�t of loop-closure now
becomes apparent. By locating loop-closures, the robot is able to comprehend the
true topology of its environment and discover shortcuts between locations [11].

8
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Figure 3.1: Left: map built from odometry. The map is homotopic to a long corridor that goes from
the starting position A to the �nal position B. Points that are close in reality (e.g., B and C) may
be arbitrarily far in the odometric map.Right: map build from SLAM. By leveraging loop closures,
SLAM estimates the actual topology of the environment, and “discovers” shortcuts in the map. [11]

Hence, the author concluded that SLAM is indeed needed for autonomous robots
lacking external localization service, such as GPS. The versatility of SLAM with
different tasks, from cleaning robots to self-driving cars and even military explo-
ration robots make it a topic worthy of research.

3.2 Comparison Between Different SLAM Approaches

3.2.1 RTAB-Map vs ORB-SLAM3 vs OpenVSLAM

Merzlyakov et al [12] presented in their paper a comparison between several
SLAM algorithms on 3 datasets: KITTI, EuRoC MAV, TUM RGB-D. The differ-
ence between those 3 can be seen in Figure 3.3. The algorithms which are pro-
posed to analyze can be seen in Figure 3.2. In order to compare the algorithms,
a baseline requirement is needed for further selection. This baseline consists of:
loop-closures, re-localization, pure localization support, RGB-D and Stereo cam-
eras.

Those criteria are set in order to make sure that the compared solution can map
a space in a way that is globally consistent and can localise within this map over
the course of several days, weeks, or even years [12]. Based on these arguments,
the authors selected three algorithms for the comparison: ORB-SLAM3, OpenVS-
LAM, and RTAB-Map.

The setup used for their testing consists of a PC which uses an Ubuntu 18.04 OS
and an Intel Core i5-6600 4-core CPU operating at 3.30GHz with 8 GB of RAM
memory [12].
The algorithms are tested on the three datasets in the modes described below:
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Figure 3.2: Different SLAM Algorithms [12]

Figure 3.3: Different datasets used to compare SLAM Algorithms [12]

• EuRoC: ORB-SLAM3 w/monocular, stereo,monocular-inertial, and stereo-
inertial; OpenVSLAM w/ monocular, stereo; RTAB-Map w/ stereo.

• TUM RGB-D: All methods w/ RGB-D.

• KITTI: ORB-SLAM3 w/ monocular and stereo; Open-VSLAM w/ monocular
and stereo; RTAB-Map w/ stereo. [12]

It has been found out, after testing the SLAM algorithms on these 3 datasets that:

• Indoor environments with stereo cameras OpenVSLAM and ORB-SLAM3
with inertial fusion performed the best.

• Indoor environments with RGB-D cameras OpenVSLAM and RTAB-Map
performed well, even in low-feature conditions.

• Outdoors environment OpenVSLAM had the highest robustness and accu-
racy.

3.2.2 Kimera: Visual Inertial Odometry and Mesher

Kimera [13] is an open source library for real-time metric-semantic SLAM. Its in-
puts are a mono/stereo camera feed and the data stream of an IMU. The algorithm
is able to output a local 3D pose estimation and create a 3D mesh of its surround-
ing environment. The architecture comprises of 4 modules, each having their own
thread: Kimera-VIO, Kimera-Mesher, Kimera-Semantics and Kimera-PGMO (Pose
Graph and Mesh Optimisation) .
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Figure 3.4: Kimera architecture [13]

Kimera-VIO is used for accurate, IMU-rate pose (state) estimation. This module
is itself split into two threads. A front-end thread that integrates the IMU mea-
surements and performs the vision algorithm. This algorithm detects Shi-Tomasi
corners [14] and tracks them across the frames using a Lucas-Kanade tracker [15].
These corners are also matched in the stereo image pair using a 3-point RANSAC
[16]. From the corner pairs detected in the stereo pair, the relative position of the
camera can be inferred. From the movement of these corners between each frame
pair, the velocity in 3D of the camera can thus be calculated. The back-end thread
performs a �xed-lag smoother which combines the velocity from the IMU and the
velocity from the vision component to obtain a pose estimate. This step is based
on GTSAM (Georgia Tech Smoothing and Mapping) [17] and uses iSAM2 (Incre-
mental Smoothing and Mapping). This is a variation of landmark based SLAM in
which the Shi-Tomasi corners are used as the landmarks.

The Kimera-Mesher thread is tasked with creating 3D meshes of the environment
based on the data from the Kimera-VIO. It creates a local, per-frame 3D mesh
which is fast to compute and is used for obstacle avoidance, and a multi-frame 3D
mesh of the global environment (Figure 3.4.d). The local mesh is created from the
Shi-Tomasi corners detected by the VIO front-end (Figure 3.4.b).

Kimera-Semantics has two tasks. The �rst is to optimise the global 3D mesh using
RGB-D information from the stereo camera. This is done using the Voxblox library
developed by Oleynikova et. al. [18]. The second task is to semantically annotate
the global mesh based on the 2D semantic labels obtained from the images. The
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2D semantic labels can be obtained witch classic deep neural network algorithms.
The authors of Kimera have used Mask-RCNN [19].

Lastly, the Kimera-PGMO is tasked with detecting loop-closures and then updat-
ing its position and optimising the global mesh. A loop-closure occurs when the
robot sees previously detected landmarks or assesses that it is a location it has
been before. At this time, it is possible to reduce the accumulated error at this
location and reduce the error of each previous known location in the loop.

3.2.3 Elbrus Stereo Visual SLAM

Elbrus or Nvidia VSLAM [20] is a method created by Nvidia for estimating the
position of a robot, by two core technologies. The two technologies are: Visual
Odometry (VO) and Simultaneous Mapping and Localization (SLAM). This two
approaches are useful in environments where GPS can not be used or is noisy,
such as indoors or spatial surroundings.

Architecture of Elbrus

The architecture of Nvidia VSLAM [20] is operated by two modules, working as a
two-tiered system, VIO and SLAM. It's architecture can be seen in Figure 3.5.

The VIO is a technique for determining a camera's position in relation to its start-
ing position. This method is iterative in that it evaluates two sequential input
frames (stereo pairs) at each iteration. It identi�es a group of keypoints on both
frames. The ability to predict the transition and relative rotation of the camera
between frames comes from matching the keypoints in these two sets.

The method of SLAM is based on the VIO predictions. By utilising the knowledge
of previously observed portions of a trajectory, it seeks to enhance the accuracy of
VIO estimations. When the current scene has been seen before, the camera moves
in a loop, which is detected, and an additional optimisation technique is done to
�ne-tune previously obtained positions. Those actions resulting in improving the
accuracy uses up extra resources in the process. The results can be seen in Figure
3.6a. SLAM use is an option that can be turned off.

Elbrus [20] can use IMU measurements in addition to visual data. When the VO
is unable to estimate a position, for as when there is poor lighting or a long solid
surface in front of a camera, it immediately switches to IMU. In circumstances
of poor visual conditions, using an IMU usually results in a signi�cant perfor-
mance improvement. In order for the IMU to work in concordance with the VO,
the robot's sensor has to be calibrated �rst in a plane, horizontal surface. This
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Figure 3.5: Elbrus' architecture. The process of communication between VIO thread and SLAM
thread. The data is gathered by cameras and IMU, corrected by the optimisation thread and en-
hanced by the SLAM thread. Bundle adjustment is part of the optimisation thread and is in charge
of re�ning a visual reconstruction to produce jointly optimal structure and viewing parameter esti-
mates. [20]

requirement can be a disadvantage for in an environment such as Mars or Moon,
since mainly the terrain there is composed by bumps, craters and steep plains.
With VGA resolution, Elbrus [20] offers real-time tracking performance of more
than 60 FPS. The algorithm achieves alocalization drift of 1 % and an orientation
inaccuracy of 0.003 degrees/meter of motion for the KITTI benchmark . This can
be seen in the Figure 3.6b .

3.2.4 RTAB_MAP

RTAB-Map is an open source SLAM library created by Mathieu Labbé et. al
[RTAB-Map ] which is designed to be deployed in large environments over a long
period of time. Originally designed as a standalone C++ library, since 2013 it has
been made open-source and provides a ROS wrapper. It is designed to be highly
modular, allowing a large combination of sensors: RGB-D, stereo images, laser
scan, point cloud and IMU. Moreover, it provides a robust loop-closure algorithm
which, when combined with an ef�cient short-term long-term memory manage-
ment system, requires fewer hardware resources. This make it ideal for use on
limited resource hardware such as embedded platforms.

The main architecture of RTAB-Map is shown in �gure 3.7. The required inputs are
video feed which can be either stereo or RGB-D, a transformation frame which cor-
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(a) The difference between the simple odometry of El-
brus and it's SLAM. Showing that the SLAM enhances
the output of odometry, being closer to ground truth

(b) The test results of Elbrus' approach on the KITTI
data. The �nal results being: localization drift of 1%
and an orientation inaccuracy of 0.003 degrees/meter of
motion

Figure 3.6: Results of the tests for Nvidia SLAM. Sub�gure a, differences between odometry and
SLAM. Sub�gure b, the test results on the KITTI data. Red path being the ground truth and the
blue path is the real-time trajectory reconstruction from the stereo camera. [20]

Figure 3.7: The RTAB-MAP main node architecture. The required inputs are a video feed (stereo or
RGB-D) and a transformation frame (TF) that describes the location of the sensors with respect to
the base of the robot. The standard output is Map Data which contains the built map [ RTAB-Map ].

relates the sensor's position with respect to the robot's base and lastly and odom-
etry source. Additional sensors can be incorporated such as laser scanners, point
clouds and IMU (not shown in Figure 3.7, but described in the ROS implementa-
tion launch �les). The outputs are a corrected odometry topic, the generated Map
Data containing a Map Graph with a compressed subset of the sensor data and a
Map Graph that is devoid of sensor data. Optionally a 3D (OctoMap) occupancy
grid, a dense 3D Point Cloud and a 2D occupancy grid can also be generated.

Similar to Kimera (Chapter 3.2.2), the SLAM approach is that of creating a graph
representing the sequential robot poses and their related sensor information and
then optimise this chain if a loop-closure is detected (Mathieu Labbé et. al. [21]).
However, over a large environment such as outdoors, the graph would grow to
such an extent that it cannot be easily processed with limited hardware. To mit-
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igate this, RTAB-Map uses a memory management system that has a working
memory (WM) and a long-term memory (LTM). The WM holds all the nodes that
are most relevant to the robot's current position. WM can also be interpreted as
a local "map". Once the robot has moved to a further position and certain nodes
are no longer relevant, they are stored in the LTM. This allows the localisation
and loop closure algorithm to only use the nodes that are strictly necessary, thus
improving ef�ciency.

The odometry provided by RTAB-Map can be as simple as using the wheel en-
coders and IMU or it can use more advanced methods such as Lidar or vision.
The visual odometry provided ([Scaramuzza et. al [22]) has two approaches:
Frame-To-Frame (F2F) and Frame-To-Map (F2M). The �rst compares consecutive
frames and builds a sequence of features from them. This is useful when a new
map is built or when a previously made map is expanded. The second approach
compares the the new visual frame with one from a database (map). This is use-
ful when solving the "kidnapped robot" problem where the robot is placed in a
known environment but unknown initial position.

Figure 3.8: RTAB-Map visual odometry diagram for stereo or RGB-D nodes. The F2F and F2M
odometry approaches are color-coded in green for the former and red for the latter. [ RTAB-Map ].
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The architecture of the visual odometry can be observed in Figure 3.8. The com-
ponents of the visual odometry are: feature detection and matching, motion pre-
diction and estimation, local bundle adjustment, pose update and lastly key frame
and feature map update. RTAB-Map can use any feature detectors available in
the OpenCV library however, the authors have chosen to use the GoodFeaturesTo-
Track (GFTT) by Shi et. al. [23] as it is more robust over different light intensities
and image sizes.

Feature matching differs between F2M and F2F. For the former a descriptor is re-
quired in order to match current frame features against those stored in a database.
The descriptor used is BRIEF [24] because its fast computation times. Using the
descriptors, the matching is then done using nearest neighbour search (Lowe et al.
[25]). For F2F, the features are tracked using optical �ow.

The features matching across frames allows the algorithm to calculate the direc-
tion and velocity. From this, a prediction can be made on where the same feature
will be in the subsequent frame. This helps narrow down the feature tracking area
improving the ef�ciency.

The Local Bundle Adjustment and the Pose Update mechanisms in Figure 3.8 have
the purpose of re�ning the calculated motion and outputting the odometry of the
cameras. This odoemtry is then correlated with the transformation frames which,
in the end, will output the location of the base of the robot.

3.3 QR Landmark Recognition

In the paper presented by P. Kurnar et al [26] it is shown the use case of detecting
landmarks, such as QR codes, in the navigation of the mobile robots. The imple-
mented solution consisted in using the class provided by OpenCV for detecting
QR codes. The detected QR codes are further tracked by a Kalman Filter. The
results provided by them were encouraging but not suf�cient.

A similar approach has be realised by H. Zhang et al [27] for indoor navigation.
The method used for detecting and tracking the QR codes was done by combining
two libraries, OpenCV for image processing and ZBar to decode and track the
bar codes. The setup for their experiment consisted on: a mobile robot equipped
with a laser and an industrial camera pointed to the ceiling to detect the QR codes.

The height of the ceiling in the experiment done by authors has a measurement
of 2.45m. The size of the QR codes also played an important role in detection.
QR codes smaller than 0.12x0.12m could not be detected. Results of the test are



17 Chapter 3. Technical analysis

Figure 3.9: Differences between ROS 1 and ROS 2 features [ros2].

promising, resulting in a mean error of 6cm on X axis , a mean error of 6cm in Y
axis and a maximum error at X-Y of 13cm .

Implementing the QR codes in the navigation stack of the robot, made it to move
with a speed of 2.5m/s while preforming SLAM and not losing track of the detec-
tion [27].

3.4 Robot Operating System

Robot Operating System [28] (ROS) is an open source software platform intended
for the development and deployment of robotic solutions. This platform provides
the developer with a wide range of libraries and services that allows them to de-
velop, con�gure and maintain their application in a highly modular fashion. In
broad terms, ROS works as a publisher-subscriber system, with the underlying
communication protocols hidden from the user.

The project begun in 2007 with the introduction of what is now known as ROS 1.
The last version of ROS 1 is Noetic and its end-of-life (EOL) is scheduled for 2025.
ROS 1, while very capable, lacks features that are required for modern applica-
tions and industry in general, such as real-rime support and a more robust and
reliable network middleware. To address this, the developers decided that instead
of adding the necessary patches, it would be more suitable to re-deign the entire
system from the ground up. This new version is known as ROS 2 [28] and its main
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underlying differences are represented in Figure 3.9.

From a user's perspective the following have to be taken into account when chang-
ing from ROS 1 to ROS 2. There is no longer a central node (roscore), making the
system fully distributed. The user has the ability to specify a domain number
isolating the topics, publishers and subscribers to only that domain. This could
be used for instance if there are several robots, each having the same control soft-
ware. In this case each robot will have its own domain id, thus preventing the
overwriting of topics with the same name. Moreover, launcher �les are no longer
written as an XML �le. They are now written as a Python script allowing far
greater �exibility and ease of con�guration. Hence, this framework will provide a
better communication between the hardware of the robot and the code.

3.4.1 Action Client-Server

Actions are a new addition in ROS 2. This provides a new way of communicat-
ing between nodes via requests-responses byactions. Those actions are goal ori-
ented, asynchronous and the communications between services and clients can
be stopped anytime [28]. As previously stated, actions are divided in two types:
services and clients.

Services are represented as a request-response communication from clients and
providing back feedback to them. Throughout the process, it controls how the
action is carried out and handles state changes. The action server can handle nu-
merous objectives at once and prioritizes them according to their importance [28].

Clients represent the component that transits action goals and get results and feed-
back. By getting regular updates from the server, clients may ask for the execution
of an action and keep track of its progress and, if needed the respective action can
be revoked [28].

Hence, the action server and client in ROS 2 provide a standardized method to
manage time-consuming activities with goal-oriented communication and feed-
back mechanisms, which makes it possible to design robust and scalable systems.

3.5 NVIDIA Isaac Sim

NVIDIA Isaac Sim [29] is a robotics simulation environment created by the NVIDIA
Corporation. It provides a powerful physics engine, photo-realistic environment
and a source of high quality sensor data such as IMU and RGBD camera feeds. It
also supports a ROS 1 and ROS 2 interface which facilitates the development of a
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robotic control stack agnostic of the sensor's data source. Regarding the control
of a virtual robot, Isaac Sim exposes to the user the concept of Articulation Con-
troller which can interfaced via a ROS 2 bridge. This controller can be applied to
any articulation (joint link) between two Prims and can be set to either a angular
velocity or an absolute position. A Prim (short for “primitive”) is any basic object
in Isaac Sim such as a wheel, an axle or the body frame.

The concept of Prims comes from the Universal Scene Description (USD) markup
language developed by Pixar Studios [30]. This is a standard that has been adopted
by most major 3D physics engines such as Unity or Unreal Engine. In fact, Isaac
Sim allows its users to import an environment created in Unreal Engine or Unity.
This may be useful as Isaac Sim does not have many tools for 3D modelling and
manipulation, instead focusing more on the creation of virtual robots.

The reason why Isaac Sim is preferable to other robotic simulation environments
such as Gazebo [31] is its highly realistic environment generation and quality of
sensor data. The real-time rendering of a realistic environment is useful for run-
ning computer vision algorithms such as visual odometry and human detection.

3.6 Navigation2

Navigation2 or the short form known in the ROS community, Nav2, is the navi-
gation for mobile robots. It is the successor of ROS Navigation Stack. Nav2 is the
professionally supported spiritual successor of the ROS Navigation Stack. This
project seeks to �nd a safe way to have a mobile robot to move to complete com-
plex tasks through many types of environments and classes of robot kinematics,
such as differential, omnidirectional, Ackermann, legged and custom. Not only
can it move from Point A to Point B, but it can have intermediary poses, and rep-
resent other types of tasks like object following and more [32].

In the paper presented by S. Manceski [33] et al it is shown, more in depth, the
upgrades that ROS Navigation received in order to become Navigation2. The new
addition to the Nav2 stack are the behaviour trees which are in charge of path
planning, control and recovery tasks. Another feature that makes Nav2 stand out
is the �exibility around different types of robots. This stack can be used for any
type of mobile robot for a large variety of environments and applications [33].

Navigation2 was built with the idea of being used in an industrial environment.
As seen in Figure 3.9, ROS 2 now uses DDS, an upgrade from TCP/UDP and Life
Cycle Nodes.
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Figure 3.10: The design system of the Navigation2 stack [32].

The design of the Nav2 system Figure 3.10, in order to work work requires Be-
haviour Trees. BT Navigator Server is the highest component and entry level of
the server which hosts the BT provided to implement navigation behaviours. BT
Navigator Server can communicate with other servers using Action-Client.
Planners and controllers are the core of a navigation problem. Recoveries are used
to get the robot out of a bad situation or attempt to deal with various forms of
issues to make the system fault-tolerant. Smoothers can be used for improving the
path planning of the robot [34].
The four action servers of the Nav2 stacks are: controller, planner, behavior and
smoother.

The main task of Nav2's planner is to create the most optimal path from a current
position to a given goal. The path can also be known as a route, depending on
the nomenclature and algorithm selected. Two canonical examples are computing
a plan to a goal (e.g. from current position to a goal) or complete coverage (e.g.
plan to cover all free space) [34].

Planners can be written to:

• Compute shortest path
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• Compute complete coverage path

• Compute paths along sparse or prede�ned routes [34] [34]

The controller server. or by it's former name in ROS1 the local planner, has the
task to identify the dynamic obstacles which cannot be see in the global map.

Controllers can be written to

• Follow a path

• Interact with an object

• Board in a ramp/elevator [34]

The behavior server contains a costmap subscriber to the local costmap, receiving
real-time updates from the controller server, to compute its tasks. This is done
to obtain information via sensors on how the robot can be reset to a controllable
state. In case of not-being controllable, the behavior server may communicate with
the operators via different: emails, SMS or messages [34].

Additional path re�ning is frequently advantageous since the requirements for
an ideal path are typically lowered in comparison to reality. In order to do this,
smoothers have been developed. These tools are normally in charge of minimiz-
ing path raggedness and smoothing abrupt rotations, but they may also be used to
increase distance from barriers and expensive locations because they have access
to a global environmental representation [34].

Receiving a path and sending back an enhanced version of it is the general duty of
a smoother in Nav2. However, there are several smoothers that may be registered
in this server due of the variety of input pathways, improvement criteria, and
methodologies available [34].



4 - Implementation
This chapter will present the solution to the question asked in Chapter 2.4 based
on the technical analysis preformed in Chapter 3. Hence, a navigation stack, a
detection stack and a SLAM stack will be developed such that the robot will
be autonomous, provide accurate localisation of itself and provide a better un-
derstanding of its surroundings. ROS 2 will be used to support the interaction
between the aforementioned stack and the simulated environment.

4.1 Rover Description

The rover used for this thesis is inherited from the ROB7 team project at AAU
comprised of A. Mortensen et. al. [35]. The model is represented in Figure 4.1a
and is based on the ExoMy Rover [36], developed by the European Space Agency
(ESA). It has a 6-wheel Ackerman drive however, only the front and rear wheel
pair can be steered. the Middle pair's direction is �xed.

(a) Rover model with its main components.

(b) Motor boogie, with 3 drive motors and 2 steering
motors on the front and rear.

Figure 4.1: Rover model [35].

22
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Figure 4.2: Location of components inside the body of the rover [35].

4.1.1 Mechanical Design

The rover is comprised of 6 components: a body, a differential, two rockers and
two boogies (Figure 4.1a). The body houses the battery, on-board computer (OBC),
motor divers, as well as the charging and voltage conversion circuitry. The design-
ers wanted the center of mass to be as close to the geometrical center of the robot
as possible. To this end, they placed the heaviest component, the battery, as close
to the center of the body (Figure 4.2). The rockers are attached to the body by
an articulated joint. They each carry half of the body's weight. Onto each rocker
there are further two components attached. The �rst are the two front drives and
the second are the rear boogies that support the middle and rear drives. Part of
the rocker-boogie suspension is the differential. This component keeps the body
pitched parallel to the ground and transfers most of its weight to the rocker-boogie
assembly.

4.1.2 Electrical Design

The power source is a 24 V battery, capable of sustaining approximately 5h of
continuous drive. There are 10 DB59 motors from Nanotec, each with a 1:62 high-
torque planetary gearbox attached. 6 of the motors are used for driving the rover
and have been equipped with a Hall-sensor to monitor their angular velocity. The
other 4 of the motors are used for steering and they have been equipped with
high-resolution encoders to measure their absolute position. The motors and their
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sensors are interfaced with the OBC via CAN motor drivers.

The OBC is a 64GB NVIDIA Orin [37], a powerful embedded platform running
Ubuntu 20.04. Its Ampere GPU is capable of running computing heavy algorithms
usually used for computer vision such as CNNs. Furthermore, the Arm Cortex-
A78AE CPU has 12 cores which can be used for branching algorithms such as the
ROS 2 navigation and mapping stack.

The sensors propose to be used for this project are Intel RealSense D435i stereo
cameras. The technical details of the camera can be seen in the Table 4.1

Intel RealSense Depth Camera D435i Speci�cations

Baseline: 50mm
Depth Technology: Active IR Stereo
Field of View Diagonal: 95�

Field of View Horizontal: 87�

Field of View Vertical: 58�

Horizontal Resolution: 1280 pixels
Vertical Resolution: 800 pixels
Max. Depth Frame Rate at full resolution: 30 fps
Max. Depth Resolution: 1280 x 720
Max. RGB Framerate at full resolution: 60 fps
Max. RGB Resolution: 1920 x 1080
Maximum Range: 0.4m to over 10m
Minimum Depth Distance: 200mm
IMU: Yes

Table 4.1: Hardware speci�cations of the Intel RealSense Depth Camera D435i [38]

4.1.3 Kinematic Model

The kinematic model of the rover is a variation of an Ackerman steering. The
variation lies in the fact that the steering is also done with the rear motor pair, not
just with the front (like a normal car) as seen in Figure 4.1.3.

To perform a turning maneuver, the rover driver has to control the steering angles
for W1,W2,W5,W6 (Figure 4.3a) and the angular velocities of all the wheels. The
constraint is that the turning point must be on the W3,W4 axis. The turning angles
of each of the wheels will thus be the tangent to the circle formed from the center
P to the wheel. As a consequence to the aforementioned, constraint the the angles
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(a) Rover dives along a circle whose center is next to it. (b) Rover turns around its center.

Figure 4.3: Rover turning model described in [35].

for W3 and W4 will always be 0 °.

The command from ROS 2 will be a linear velocity in the x-axis, vx and a angular
velocity against the z-axis, qz. From this, the turning circle's radius has to be
calculated. One approach is to calculate how long it takes to travel a quarter of a
circle given vx (m

s ) and qz ( rad
s ) (Equations 4.1 and 4.2).

t � qz =
p
2

(4.1)

t =
p

2 � qz
(4.2)

Given that it takes t seconds to turn a quarter of a circle, how large is the distance
based on the vx velocity? From the resulting distance, the circle's radius is thus
obtained (Equations 4.3 and 4.4).

d = vx � t (4.3)

p
2

� r = vx �
p

qz � 2
(4.4)

Finally, the turning radius r (m) is obtained (Equation 4.5).

r =
vx

qz
(4.5)

Once the radius is computed, the steering angles a have to be calculated. These
can be visualized with a simpli�ed model of the robot: Figure 4.4. In it, the turn-
ing radius r calculated obtained in Equation 4.5 is the distance between the center
of the robot O and the turning point P. The following algorithm computes the
turning angle a (just above the front right FR wheel). The same can be applied for
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Figure 4.4: Simpli�ed model of the rover's kinematics, focusing only on the front right FR wheel's
steering angle a.

the rest.

Observe that the steering angle a is equal to the
_

CRPFR angle. Thus the angle
alpha is calculated in Equations 4.6 and 4.7.

CRP = r � CRO (4.6)

a = atan2(
CRFR

CRP
) (4.7)

The turning radius is with respect to the center of the robot. However, each wheel
will have to drive over a smaller or larger circle depending on their offset form the
center O. The radius of the inner and outer circles are given by the distance from
the turning point P and the center of the wheels. In the case of the front right FR

wheel (Figure 4.4), the radius rwheel_turn if given by Equation 4.8.

rwheel_turn =
q

CRP
2

+ CRFR
2

(4.8)

The last step is to calculate the angular velocity of the wheels. The turn radius
for each wheel is computed with Equation 4.8. A quarter of the circle with radius
rwheel_turn has to be travelled in t seconds (Equation 4.2). Thus the wheel angular
velocity qwheel is given by Equation 4.9.

qwheel=
p � rwheel_turn

2 � t � wheel_diameter
(4.9)
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