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Resümee/Abstract

KuupNav: Navigation Stack for KuupKulgur

Autonomous navigation is a key capability for small lunar rovers, where communication limi-
tations, limited energy availability, and the difficulty of physical recovery require safe and com-
putationally efficient onboard decision-making. This thesis presents KuupNav, a first-iteration
navigation stack for KuupKulgur, a student-led lunar rover platform developed at Tartu Obser-
vatory. The goal of the work was to test whether gradient-based autonomous navigation could
be achieved using the open-source ROS2 and Nav2 frameworks.

KuupNav currently uses a RealSense D415 depth camera for terrain perception. The depth
camera’s output is used to create a 2.5D elevation map from which local gradients are estimated.
These gradients are then converted to costmaps, which Nav2 can readily use. This work uses
standard Nav2 planners, including NavFn and Smac Hybrid-A*, together with the Regulated
Pure Pursuit controller for path following. Focus was on mapping and costmap generation,
but a localisation solution was also developed. A mission orchestrator layer was developed to
handle launching subsystems, perform health checks, execute waypoint-based missions, and
provide mission feedback.

The system, along with its subsystems, was evaluated with both static and dynamic tests. Static
testing assessed terrain measurement and mapping accuracy, and evaluated performance trade-
offs. Dynamic tests showed that the current solution can localise sufficiently for simple manoeu-
vres, but excessive yawing can lead to yaw drift and mapping artefacts. Testing the navigation
in isolation, it generated a path, followed it, and avoided obstacles as small as 10 centimetres on
the way to the goal. However, difficulties arose when the complete KuupNav mission pipeline
was tested, mainly due to localisation drift, mapping artefacts, low-level control limitations, and
reduced update rates. Full mission execution was therefore only partially achieved.

The results indicate that a gradient-aware 2.5D navigation stack can be built on top of ROS2
and Nav2 frameworks, but that substantial customisation is required before the approach is suit-
able for robust lunar-rover autonomy. In particular, future work should improve localisation,
reduce point-cloud boundary artefacts, consider robot-centric mapping, improve low-level con-
trol, and investigate custom planners that operate directly on elevation maps rather than relying
on standard 2D Nav2 costmaps.

Keywords: robotics, autonomous navigation, path planning, path following, 2.5D mapping,
elevation map, localisation, ROS, robot operating system, Nav2, KuupKulgur
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CERCS: T120 Systems engineering, computer technology. T125 Automation, robotics, control
engineering. P170 Computer science, numerical analysis, systems, control

KuupNav: Navigatsiooni pakk KuupKulgurile

Kuukulgurite puhul on autonoomne navigatsioon hädavajalik, kuna kommunikatsioon Maaga
on raskendatud, kättesaadava energia kogus on väike ja õnnetuse korral on füüsilise roboti
kättesaamine võimatu. Selle töö raames esitletakse navigatsiooni pakki KuupNav, mis on es-
imene versioon KuupKulgurile mõeldud navigatsiooni lahendist. KuupKulgurit arendatakse
Tartu Observatooriumis. Lõputöö eesmärk oli teada saada, kas ROS2 ja Nav2 abil saab luua
tõusupõhist autonoomset navigatsioon pakki.

Hetkel on KuupKulguril peal RealSense D415 sügavuskaamera, millega kogutakse teavet ümbritseva
maastiku kohta. RealSense väljundit kasutakse 2.5D kõrguskaardi loomiseks, mida omako-
rda kasutatakse lokaalsete tõusude hindamiseks. Tõusukaart on kergesti ümber teisendatav
Nav2’le sobilikku kulukaardi formaati. Selle töö raames kasutatakse Nav2 siseseid rajapla-
neerijaid: NavFn ja Smac Hybrid-A*. Planeeritud raja järgimiseks kasutatakse Regulated
Pure Pursuit kontrollerit. Kulukaardi loomine ja ümbruskonna kaardistamine olid peamised
uurimis- ja arendussuunad, kuid töö käigus loodi ka esialgne lokaliseerimise lahendus. Mis-
siooni täideviimiseks loodi eraldi koordinator, mis käivitas vajalikud alamsüsteemid ja veen-
dus, et nad töötavad ootuspäraselt. Lisaks täitis koordinaator etteantud missiooni ja andis selle
käigus tagasisidet.

Loodud süsteemi, koos enda alamsüsteemidega, hinnati nii staatilises kui ka dünaamilises võtmes.
Staatilised testid hindasid kui täpselt suudeti ümbrust mõõta ja kaardistada ning kui palju resurssi
suurem täpsus nõudis. Dünaamilised testid näitasid, et praegune lokalisatsiooni lahend saab
hakkama lihtsamate manöövritega, kuid keerulisemad manöövrid, mis nõuavad suuremat su-
una muutust, võivad viia vigadeni nii asukoha ja orientatsiooni hindamises kui ka kaardis-
tamises üldisemalt. Kui navigatsiooni testiti eraldiseisvalt, siis suutis KuupKulgur vältida 10
sentimeetrist kivi. Keerukused ilmnesid, kui katsetati tervet KuupNavi pakki. Vead tekkisid
peamiselt positsiooni ja orientatsiooni valesti hindamise, juhtsüsteemi piirangute ja piiratud
arvutusvõimekuse tõttu. Tervet missiooni suudeti ainult osaliselt täita.

Tõusupõhise autonoomse navigatsiooni lahendi loomine ROS2 ja Nav2 põhjal on võimalik,
kuid nõuab palju lisatööd. Tulevikus peab keskenduma lokalisatsiooni ja juhtimissüteemi paren-
damisele ning kaardistamisel tekkivate vigade vähendamisele. Lisaks tuleb uurida robotikeskse
kaardi loomist ja eraldi rajaplaneerija loomist, mis on spetsiifiliselt KuupKulguri jaoks mõeldud.

Tööga tuleb kaasa simulatsiooni keskond, mis on mõeldud KuupNaviga tutvumiseks.

Märksõnad: robootika, autonoomne navigatsioon, raja planeerimine, raja järgimine, 2.5D
kaardistamine, kõrguskaart, lokaliseerimine, ROS, robot operating system, Nav2, KuupKulgur

CERCS: T120 Süsteemitehnoloogia, arvutitehnoloogia. T125 Automatiseerimine, robootika,
juhtsüsteemid. P170 Arvutiteadus, arvutusmeetodid, süsteemid, juhtimine (automaatjuhtimis-
teooria)
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1 Introduction

In recent years, space exploration has gained popularity. National Aeronautics and Space Ad-
ministration (NASA) has outlined plans for building a Moon Base as part of the international
Artemis program [1], NASA has recently carried out successful crewed �ights around the Moon
again[2], European Space Agency (ESA) has launched a lunar lander program for supporting
robotic and crewed missions [3] and there are hopes of an ambitious campaign to bring back
samples from Mars [4]. Due to the large distances between Earth and Mars or the Moon,
radio-controlled teleoperation of a rover is not feasible. It can take up to 26 minutes for a radio
signal from Earth to reach a rover on Mars [5, 6]. The Path�nder Mission, launched in 1997,
landed the Sojourner rover onto Mars [7]. Sojourner was manually operated, which limited the
total mission distance to 84 meters over 4 months [8]. For comparison, the maximum distance
covered by the Perseverance rover (the latest Mars rover with autonomous behaviour) within
one sol was 347.7 meters [9]. On the Moon, distances are not as great, but bandwidth remains
limited. An experimental optical communications device was tested as part of the Artemis
II program. It reached speeds up to 260 Mbps (enough to livestream in HD), but it requires
large ground stations to receive the signal [10]. Currently, there are only three such stations,
and hence they are not available without special permission. Having autonomous capabilities
signi�cantly increases the ability to conduct numerous in situ scienti�c measurements.

A cost-effective way to conduct scienti�c research on extraterrestrial bodies is through smaller-
scale rovers [11]. A student-led project, KuupKulgur, aims to do just that. The project has
shown great promise, but requires further advancement in autonomous navigation capabilities.
KuupKulgur is a rover aimed to operate autonomously on the lunar surface and carry a modular
payload for scienti�c missions. A new phase of space exploration is dawning, in which smaller
robots carry out scienti�c missions as opposed to car-sized machines.

A simultion environment is attache to this Thesis for tryigng out KuupNav.

1.1 Problem Statement

In order to autonomously carry out scienti�c missions on the Moon, KuupKulgur must be able
to navigate autonomously on uneven and rugged terrain. Since available energy is limited in
the harsh lunar environment, the navigation algorithm should aim to reduce energy expenditure
while ensuring safe traversal. KuupKulgur may or may not have prior knowledge of the terrain.

Obstacles encountered during missions may be the following, but are not limited to:
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• Rocks.

• Too steep slopes (both upwards and downwards).

• Untraversable surface.

• Lack of sunlight.

The scope of this work covers low-scale autonomy and the avoidance of obstacles such as
rocks and steep slopes. Large-scale obstacles (e.g., lack of sunlight) are handled by large-scale
mission planners using orbital data. The autonomous behaviour of the rover must not jeopardise
the mission, since even a slight damage to the rover can result in mission failure. In-situ repairs
are near impossible.

This Thesis submission includes a simulation environment for reproducing KuupNav.
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2 Literature review

2.1 KuupKulgur Project

Researchers and students at Tartu Observatory have embarked on an ambitious plan to take Es-
tonian technology to the Moon. Their mission is to design a lunar rover and have it operational
on the Moon by the end of this decade or the start of the next one [12].

2.1.1 KuupKulgur Rover

KuupKulgur is a modular rover system that weighs around 5 kg. It has six wheels, each with a
separate motor. The front two wheels (on the same side) are connected by a rocker that allows
rotation around the body's y-axis, and the rear wheels are connected by an axle that allows
rotation around the body's x-axis (Fig. 2.1). Currently, ROS 2 is used to integrate the software
and hardware components into a single robust robotics system.

Figure 2.1: KuupKulgur with the angled RealSense mount and its axes highlighted.

For navigation, KuupKulgur is equipped with a RealSense D415 depth camera, but this is a
temporary solution. There is ongoing work in the �eld of depth perception within the team.

The ideal range of the D415 sensor is from 0.5 to 3 meters, meaning that the rover must keep
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Metrics Depth Output RGB output
Depth error <2% at 2 m -
FOV 65� � 40 � 69� � 42 �

Resolution up to 1280 � 720 1920 � 1080
Frame Rate up to 90 frames per second (fps)30 fps

Table 2.1: RealSense D415 reported speci�cations
Source: [13]

an internal map of the surrounding terrain [13]. Otherwise, it only knows what is up to 3 meters
ahead of itself within a 60� sector. This gives an initial estimate as to how accurately one can
map the terrain, which, in turn, constrains the navigation algorithm, since it must be robust to
this uncertainty.

The software library for the RealSense D415 sensor includes a few built-in post-processing
�lters. These include decimation, spatial edge-preserving, temporal, holes �lling and rotation
�lters [14]. The decimation �lter uses a kernel to reduce scene complexity by averaging over a
neighbourhood. The spatial edge-preserving �lter is an implementation of the �lter developed
by E. Gastal and M. Oliveira [15]. The main effect of this �lter is a smoother result. The
temporal �lter improves depth data by considering previous values. The holes �lling �lter �lls
missing data using prede�ned rules based on neighbours. The rotation �lter rotates the resultant
depth frame by a speci�ed angle.

2.1.2 Control Systems and Simple Wheel Odometry

The onboard control systems of KuupKulgur are currently relatively simple, although devel-
opment in this area is ongoing. The rover's six-wheel con�guration is controlled using a
differential-drive approximation, where all wheels on each side receive the same velocity com-
mand.

The simple wheel odometry approximates the 6-wheeled robot as a differential-drive robot,
with each side essentially a single track (consistent with how velocity commands are mapped
to motor commands). The encoder values for each wheel are averaged to give a single track
encoder value. This value is then converted into linear travel using encoder resolution and
wheel diameter.

�s lef t =
e0 + e2 + e4

3
� �t

�D
N

�s right =
e1 + e3 + e5

3
� �t

�D
N

(2.1)

The forward displacement of the rover is estimated as the mean of the left and right displace-
ments. The yaw displacement is computed from the left and right displacement difference,
which is divided by the effective wheel base and scaled using a constant slip coef�cient. The
slip coef�cient compensates for reduced turning ef�ciency.
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