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Abstract

An increasing number of open-source, alaldable, and compact robotic platforms
built from commercial o [-the-shelf components are being developed to approach the
capabilities of complex space rovers. This trend is motivated by the fact that traditional
space rovers take many years to develop, are extremely expensive, and are typically
mission-specific, making them inaccessible as learning platforms for students and
researchers. This thesis presents an open-source, modular state machine framework
that integrates a utility-frontier-based exploration strategy with real time 3D object
localization for low-cost autonomous rovers, and validates the approach on DLR’s
Lunar Rover Mini (LRM).

Exploration is decomposed into reusable low-level state machines within a hier-
archical architecture that handles frontier detection, clustering, and filtering, as well
as position and orientation monitoring, implemented in RAFCON, DLR'’s open-source
software tool to manage autonomous tasks. A utility function balances information
gain, computed by performing 3D ray casting, and travel cost, determined by the
estimated travel time to a frontier centroid, to decide the next frontier centroid.

Moreover, a frontier coverage algorithm is employed to determine the most e [
cient set of orientations that maximize information gain, based on the normalized
cumulative entropy within the camera’s iFOV across the full azimuth range around
each frontier centroid.

A parallel perception pipeline runs, in real time, a quantized, custom-trained
YOLOvV7 model on the LRM'’s Intel NUC to detect objects of interest, and compute
their 3D coordinates in the global map frame using stereo depth data and the
camera’s intrinsic and extrinsic parameters.

The design was tested in DLR’s Planetary Exploration Laboratory across a set of
benchmarks and mission scenarios. Results show the proposed Utility With Edges
strategy performs better than classical Closest-frontier and Entropy-only methods,
with the Utility With Edges strategy improving exploration e [cidncy by 27% over
the Closest-frontier baseline, while achieving accurate real time CPU-only object
detection and localization.

Key limitations of this implementation include the computational cost of ray casting,
the use of a full OctoMap that stores the full range of occupancy probabilities instead
of a binary map, and drift in the visual odometry estimates.

Future work recommendation entail studying how more complex utility functions
aledt selecting the next frontier centroid, building a fully autonomous mission pipeline
with autonomous object grasping, and testing the implementation of the open-source
ready-to-use exploration strategy on other robotic platforms with user-defined para-
meters.
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Introduction

The development of mobile robotic platforms has transformed space exploration
by enabling sample retrieval on the surface of planetary bodies. While the Apollo
Program conducted 11 crewed missions, including six successful lunar landings
between 1969 and 1972, advancing scienti ¢ exploration of the Moon [1], such
missions are costly, limited to nearby celestial objects, and carry considerable risks
to human life. Moreover, although signi cant progress has been made in rover
teleoperation since the successful lunar landings of Lunokhod 1 and Lunokhod
2 in the 1970s [2], increasing communication delays make real-time control from
Earth impractical for more distant targets. For example, Mars exploration missions,
beginning with the Mars Path nder mission that deployed the Sojourner rover in
1997 [3], operate either on a delayed send-command-and-execute model or
rely heavily on onboard autonomous systems. Recent examples include NASA's
Perseverance rover, which landed on Mars in 2021 [4], and ESA's ExoMars
rover, planned for launch in 2028 [5], both incorporating advanced autonomous
capabilities. Additionally, the MMX rover, developed jointly by DLR and CNES and
scheduled for a 2026 launch, will land on Phobos as part of JAXA's MMX mission
[6, 7]. This highlights the importance of space rovers capable of independently
navigating terrain, performing experiments, and collecting samples, as they form a
cornerstone of future deep-space missions.

These important capabilities have driven extensive research within the scienti ¢
community into optimal strategies for exploring unknown environments, with
frontier-based exploration, where frontiers are regions that separate explored free
space from unknown space, introduced in 1997, emerging as one of the most
widely used approaches for autonomous exploration [8]. Since this breakthrough,
numerous strategies have been proposed in the literature, for both single- and
multi-robot exploration, each o ering signi cant advantages and aiming to improve
the e ciency of autonomous exploration [9, 10, 11]. However, these approaches
are often system-speci ¢, making them di cult to apply to other robotic platforms,
and some are evaluated only in simulated environments.

Ultimately, they seek to identify the set of parameters, such as travel cost
and information gain, that maximize a chosen objective function, with substantial
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literature dedicated to comparing di erent methods [12, 13, 14]. As previously
mentioned, another important capability is autonomous sample retrieval, where
object detection plays a crucial role. This eld of knowledge expands beyond the
space robotics domain and has been gaining signi cant traction in recent years,
largely as a result of progress in Al and machine learning. Several state-of-the-art
real-time object detection algorithms have been proposed in this context [15, 16]. All
things considered, the integration of a frontier-based exploration strategy coupled
with real-time object detection, allows a robotic platform to e ciently map the

environment while detecting objects of interest. These capabilities, when combined
with autonomous object grasping, enable fully autonomous exploration, which
are then tested in analogous mission environments on Earth that simulate space
conditions.

However, these advanced systems pose signi cant challenges for STEM
researchers and students, including high hardware costs, closed-source and
non-modular software, and the complexity involved in manufacturing and testing,
which makes them impractical as experimental platforms. In response, there has
been increasing interest in developing more accessible, open-source alternatives
built from o -the-shelf components, while still incorporating many of the capabilities
of high-end systems. Such example that addresses this gap is the Lunar Rover
Mini (LRM), Fig. 1.1. Inspired by the locomotion system of the ExoMars rover
and utilizing some of the same software packages as DLR's Lightweight Rover
Unit (LRU), designed for autonomous search and exploration [17], the LRM
0 ers a cost-e ective, modular, and easy-to-assemble solution, sharing software
components with other DLR robotic platforms, and bene ts from an open-source
middleware framework, such as ROS, RAFCON [18], and Simulink.

Other similar modular, built with o -the-shelf components, robotic platforms
tailored to research and educational purposes have increasingly being adopted due
to their ease of prototyping, assembly, a ordability, and compatibility with widely
used software.*

Moreover, ROS presents itself as the most used exible framework for writing robot
software. Hence, it comes as no surprise that almost all autonomous exploration
implementations in literature are done through ROS. Yet, most implementations
remain closed-source, and the few that are available typically o er only basic
functionalities when it comes to autonomous exploration, such as moving to the
closest frontier [20] or simply considering the 2D occupancy grid instead of the more
informative 3D point cloud [21].

In addition, a gap in the literature exists regarding few documented open-source
nite state machine-based ROS implementations to coordinates the execution of
autonomous tasks [22], even though they are widely recognized as powerful tools
for introduction to robotics, with their importance scaling while task complexity
grows [23].

This report focuses on the design of an autonomous exploration strategy built on
an open-source framework, that combines ROS with a hierarchical state machine

1DLR took the rst step in this direction by launching ASURO, followed by NASA's JPL Open Source
Rover, launched in 2019. Later, in November 2020, ESA developed the ExoMy rover [19].



execution software, implemented and tested on the LRM. The devised strategy can
explore a greater space volume in the same amount of time as existing ROS-based
open-source approaches in the literature, without compromising performance. Its
core relies on a utility function that balances travel cost-estimated by the distance to
a frontier-with information gain, which is computed at each frontier centroid through
ray casting to estimate entropy, a measure of uncertainty in the occupancy state of
the environment.

The results indicate that it o ers a promising alternative for adoption within
open-source robotics, since the middleware is designed to be extensible, and can
be applied to future research and missions involving other small ground-based
rovers. Furthermore, it advances toward a fully autonomous mission pipeline, by
integrating a real time object detection algorithm running locally on the NUC of the
LRM, parallel to autonomous exploration. This enables it to survey and create a
3D map of the environment while detecting objects on interest, and storing their
position for future object grasping. All in all, this work aims to mature the LRM
project and contribute to the state-of-the-art in autonomous exploration techniques
for open-space rovers and the growing pursuit to develop evermore accessible,
reliable, and modular robotic systems.

Figure 1.1.: Picture of the Lunar Rover Mini 1, on the right with the robotic arm, and
the Lunar Rover Mini 2, on the left.

This thesis is structured as follows. Chapter 2 reviews the state-of-the-art
in autonomous exploration techniques, with a particular focus on open-source
approaches. It also discusses the capabilities of the LRM and similar rovers, as
well as behavior modeling using state machines, and object detection and 3D
localization.

In Chapter 3, the research proposal derived from the preceding literature review is
presented, along with its corresponding research objective and research question.
Chapter 4 focuses on the theoretical background, presenting the key concepts
and relevant theories that underpin the development of autonomous exploration
strategies and object detection. Besides, it covers the foundational capabilities
required a priori in a robotic platform to implement an exploration algorithm.
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Further, Chapter 5 de nes a functional framework based on low-level state
machines that are responsible for detecting, segmenting, and Itering candidate
frontier centroids. The exploration algorithm, designed in Chapter 6, then selects
the best centroid to navigate to based on a de ned set of criteria. Furthermore,
Chapter 8 validates the proposed approach through a series of experiments, with
the resulting data subsequently post processed and evaluated.

At last, Chapter 9 concludes this thesis work by summarizing the key ndings,
revisiting the research questions, and providing recommendations for future work.



Literature Review

This literature review is structured as follows. Section 2.1 describes brie y the
development of space rovers leading up to the LRM, including low-cost open-source
rover platforms. Further, Section 2.2 depicts the capabilities that have been
implemented on the LRM over the years, highlighting the major contributions to
the project. Section 2.3 presents the state-of-the-art in autonomous exploration
techniques, covering both frontier and sampling-based methods, as well as hybrid
approaches and of those, the ones that have been open-sourced and their
characteristics. It also addresses miscellaneous methods and emerging trends in
the eld. Further, Section 2.4 centers on behavior modeling with state machines
in autonomous systems, referencing RAFCON, DLR's software tool to develop
autonomous tasks through HCSMs. Furthermore, Section 2.5 speaks to object
detection algorithms over the years and subsequent development of pipelines for the
localization on objects of interest in 3D space for robotic applications, referencing
YOLO as the most recognized and in uential framework in achieving real-time,
high-accuracy detection and tracking performance. Besides, Section 2.6 provides a
summary of the reviewed literature. Finally, after reviewing the literature, Section
2.7 discusses the ndings in order to identify the research gap and formulate the
research questions that will drive the direction of this study.

2.1. History of Space Rovers

Space rovers developed throughout history for various mission proles can
operate in multiple modes, including teleoperation, crew or payload transport, and
autonomous exploration. Depending on the mission and con guration, a single
rover may perform more than one of these functions. The rst teleoperated rovers
were the Soviet Union's Lunokhods. Although Lunokhod 0 crashed during a launch
failure, the Lunokhod 1 and Lunokhod 2, Figure 2.1a, similar in design, successfully
landed on the Moon, marking the rst deployment of a remotely controlled robotic
platform on a celestial body [24]. Crewed exploration vehicles, such as NASA's
Lunar Roving Vehicle, Figure 2.1b, used during the Apollo 15, 16, and 17 missions
in 1971-72 were designed to transport astronauts on the Moon while carrying
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