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Resumen

La innovación y el desarrollo tecnológico siempre han jugado un papel esencial en
los avances científicos. El uso de vehículos submarinos no tripulados (UUV por sus
siglas en inglés, unmanned underwater vehicle) ha revolucionado la exploración
acuática en las últimas décadas. Los UUV permiten su implementación en
profundidades y en entornos inaccesibles para las personas, y pueden recopilar
datos que no pueden obtenerse mediante ningún otro método.

En los últimos años ha habido un creciente interés en la reapertura de minas
abandonadas en toda Europa, que podrían contener materias primas una demanda
crítica en la actualidad, cuya explotación reduciría la dependencia de fuentes
externas de Europa. Una encuesta reciente sobre minas abandonadas en Europa
recopiló datos sobre 30000 minas, con más de 8000 ellas inundadas. Esta tesis
contribuye a las innovadoras soluciones desarrolladas en el marco del proyecto
UNEXMIN, que nace con el objetivo de explorar dichas minas inundadas para el
que se ha diseñado un novedoso robot submarino denominado UX-1. El robot UX-
1 debe navegar de una manera completamente autónoma, dada la imposibilidad
de las comunicaciones en las desconocidas redes 3D de túneles que componen
las minas a explorar, y recopilar diversos datos geocientíficos. El desarrollo del
nuevo submarino, destinado a funcionar en estos complicados entornos, requiere
de enfoques innovadores para el diseño tanto de su software como de su hardware.

El principal objetivo de investigación de esta tesis es el diseño, implementación
y validación del sistema de guiado autónomo del robot submarino UX-1. El
novedoso diseño mecánico del robot y la distintiva instrumentación científica con
la que está equipado representan características específicas de esta plataforma. La
coordinación de dicha instrumentación con el movimiento del propio sumergible,
cumpliendo los estrictos requisitos posicionales de la recogida de muestras
científicas mediante cada tipo de sensor, debe ser lograda gracias al sistema
de guiado del robot. Por estas razones, el diseño e implementación del sistema
de guiado del UX-1 constituyen un desafío de investigación único.

Además, para garantizar la autonomía del robot a largo plazo, es necesario
dotarlo de un grado suficiente de resiliencia que le permita mantener y recuperar
la funcionalidad operativa del sistema en caso de eventuales interrupciones
o disrupciones. A tal efecto, se ha desarrollado una técnica avanzada de
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autoconciencia del robot denominada metacontrol. El metacontrolador ha sido
diseñado para aumentar la autonomía del robot mejorando sus capacidades de
tolerancia frente a fallos o eventos. Dicho metacontrolador está compuesto de un
módulo de autodiagnóstico que determina el estado del robot y de un módulo
de toma de decisiones que elege la mejor reconfiguración de todo el sistema del
robot para un funcionamiento óptimo de acuerdo con el diagnóstico anterior.

Las soluciones propuestas han sido validadas experimentalmente en esce-
narios complejos utilizando, como enfoques de experimentación, simulación,
software-in-the-loop (SIL) y hardware-in-the-loop (HIL), que reproducen con
un grado creciente de fidelidad la navegación en entornos de túneles mineros.
Los experimentos HIL, que representan el más alto grado de fidelidad, han
requerido la integración de módulos hardware y software del robot real, incluido
el sistema de guiado desarrollado en esta tesis, complementados con lecturas
ambientales parcialmente simuladas. Los experimentos se han realizado en una
piscina, en la que se utilizaron las lecturas reales de los sensores relacionados
con el posicionamiento del robot para fines de navegación y control, mientras
que la lectura de los sensores de mapeo ha sido omitida para replicar diferentes
estructuras de túneles mineros. Los resultados obtenidos en estas pruebas
demuestran la efectividad del sistema de guiado y su adecuada integración con el
resto de sistemas del robot, y validan la capacidad del robot UX-1 para realizar
misiones complejas en minas inundadas.



Abstract

Innovation and technological developments have always played an essential role
in breakthroughs in science. The use of unmanned underwater vehicles (UUV)
has revolutionized aquatic exploration in the last decades. UUVs can be deployed
at depths and in environments that are inaccessible to humans, and can gather
data that cannot be obtained in any other way.

In the recent years, there has been a growing interest in re-opening abandoned
mine sites across Europe, which may contain raw materials that are currently
in critical demand, whose exploitation would reduce Europe’s dependency on
external sources. A recent survey on abandoned mines in Europe collected data
regarding 30000 mine sites, with more than 8000 sites being flooded. This thesis
contributes to the innovative solutions developed within the framework of the
UNEXMIN project, born with the aim of exploring those flooded sites and wherein
a novel underwater platform system, named UX-1, has been designed. The UX-
1 robot needs to navigate completely autonomously, as no communications
are possible, in the 3D networks of unknown mine tunnels and gather various
geoscientific data. The development of the novel platform, intended to perform in
challenging environments, requires innovative design approaches for its software
and hardware modules.

The main research goal of this thesis is the design, implementation and
validation of the autonomous guidance system of the UX-1 underwater robot.
The novel mechanical design of the robot and its distinctive on-board scientific
instrumentation represent specific features of this platform. The coordination
of such instrumentation with the movement of the submersible itself, fulfilling
the strict positional requirements of the scientific sample capturing for each
type of sensor, must be ensured by the guidance system of the platform. For
these reasons, the design and implementation of the guidance system of the
UX-1 constitute a unique research challenge.

Furthermore, to ensure long-term autonomy, a sufficient degree of resilience
is required in order to keep and recover the operation functionality of the system
when disrupted by unexpected events. To this effect, an advanced knowledge-
based self-awareness technique, named metacontrol, has been developed. The
metacontroller has been designed to increase the autonomy of the robot by
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enhancing its fault tolerance capabilities. A self-diagnosis module is used to
determine the status of the robot, and a decision-making module is used to
choose the best reconfiguration of the whole robot system for optimal functioning
according to the previous diagnosis.

The proposed solutions are experimentally validated in complex scenarios
using simulation, software-in-the-loop (SIL), and hardware-in-the-loop (HIL)
approaches, designed to reproduce with an increasing degree of fidelity the
navigation in mine tunnel environments. HIL experiments, representing the
highest degree of fidelity, required the integration of real hardware and software
modules, including our guidance system, with partially simulated environmental
readings. The experiments were performed in a water pool, wherein the real
readings related to its positioning were used for navigation and control purposes,
while the mapping sensors reading were bypassed in order to replicate different
mine tunnel structures. The results obtained in these tests demonstrate the
effectiveness of the guidance system and its proper integration with the rest
of the systems of the robot, and validate the abilities of the UX-1 platform to
perform complex missions in flooded mine environments.
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There are things you know about, and things you
don’t, the known and the unknown, and in between
are The Doors.

— RM
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1.1 Motivation

Europe’s economy is in critical need of raw materials. Raw materials represent

the base for industry, and are necessary for the production of a wide range of

goods used in daily life, industrial processes, and military applications, ranging

from consumer electronics to cutting-edge technologies. To address this issue,

the European Commission has created a list with those raw materials which are

critical for the European Union [EC, 2020]. The critical raw materials combine

raw materials of high importance to the European Union economy and of high

risk associated with their supply. This list is regularly updated and reviewed,

and the latest, fourth version was published in 2020.
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2 1.1. Motivation

The importance of critical raw materials comes from their various strategic

roles [EC, 2020]:

• Link to industry - non-energy raw materials are linked to all industries

across all supply chain stages.

• Modern technology - technological progress and quality of life rely on

access to a increasing number of raw materials. For instance, a modern

smartphone contains up to 50 different kinds of metals, needed for its small

size, light weight and functionality.

• Environment - raw materials are closely linked to clean technologies. They

are essential in wind turbines, electric vehicles, solar panels, and energy-

efficient lighting.

To tackle the issue of critical raw material supply, re-opening of closed mine

sites in Europe has been receiving an ever-growing interest in the last decades.

The authors in [Didier et al., 2008] estimate that there are approximately 30000

closed mine sites in Europe: most of these sites were abandoned in the last

century due to economic reasons rather than actual ore exhaustion; many of

them, however, contain valuable raw materials and are potentially profitable

mining sites. These raw materials were usually materials which were disregarded

during the operational lifetime of the mines due to their low commercial value, at

that time, that made further exploitation economically unfeasible. However, the

market price of the most materials has greatly increased, and is still increasing.

And, moreover, the direction of the demand for materials has also shifted

drastically: what was regarded as contaminant 50-100 years ago, now is regarded

as commodity. An example is fluorite, which was considered a waste mineral

in many lead-zinc mines until recent decades, but which appears today on the

list of critical raw materials of the European Union. For those reasons, further

motivated by the latest advances in mining technology, the reopening of certain

of these sites might be profitable, a number of which may even contain raw
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materials that are currently in critical demand and whose exploitation would

reduce Europe’s dependency on external sources.

This increasing interest in reopening some of these abandoned mine sites,

however, faces a severe problem: the lack of reliable, up-to-date information

regarding the mines’ topology and structural soundness, as well as their miner-

alogical information. In fact, in many of these sites, mining ceased more than

a century ago, which causes the information regarding the structural layout of

their tunnels to be limited and imprecise, in the best of cases, or totally lacking,

in the majority of sites. Hence, in order to acquire the topological, structural,

and geoscientific data, the core information for assessing the mine’s status and

the feasibility of reopening, initial surveys must be carried out.

The acquisition of required information on the existing abandoned mines is

dramatically complicated by the fact that most of them are nowadays flooded,

since such is the fate the vast majority of these sites after their abandonment:

when the mining activities in the mine ceased, the dewatering pumps that once

served to actively prevented the sites to become flooded were switched off, leaving

the abandoned mines to be naturally flooded. Together with the lack of knowledge

about the mine’s status, the complex network of tunnels constitutes an extremely

hazardous environment that makes prospecting by conventional methods inadvis-

able. For instance, such environment would represent an extremely risky scenario

for human divers; in the case of human diver exploration, in addition to safety

concerns, only a relatively limited depth range, much smaller than that of a

standard mine, could be reached [Iliffe and Bowen, 2001].

The use of Unmanned Underwater Vehicles (UUVs) appears thus as a natural

alternative to overcome the drawbacks of direct human exploration. And, given

the specific characteristics of the scenario and the difficulties for online control by

human operators, not only underwater but also autonomous exploration vehicles

seem to be the key to unlock the situation, as long as they have the capability to

explore, map and collect topological and geoscientific information about the mine.



4 1.2. Problem Statement and Objectives

The project UNmanned EXplorer for flooded MINes (UNEXMIN) was born

precisely to answer the aforementioned challenges, and its the main objective

is the design of a team of Autonomous Underwater Vehicles (AUVs), named

UX-1 class underwater explorers (depicted in Fig. 3.1, and hereafter simply

UX-1), specifically tailored to explore underground flooded mines, and their

testing in such environments; therefore, the UX-1 robots are equipped with

navigation instrumentation that allows them to build a map of the mine as they

go through the tunnels and collect geological information through the scientific

instrumentation they are equipped with. The project UNEXMIN1 is a response

to the European Commission’s 2014-2015 Horizon 2020 Research and Innovation

Programme. This program intends to lessen the European Union’s raw materials

import dependency by developing innovative solutions for sustainable exploration

scenarios in abandoned flooded mines, while improving the knowledge base

for raw materials. The project UNEXMIN represents, thus, a meeting point

connecting geosciences, engineering, and sustainability, applied together for the

benefit of our society and of future generations.

The development of this new series of innovative underwater vehicle platforms

and the technical challenges involved in the UNEXMIN project have provided

the main motivation for the works covered by this dissertation. More specifically:

the specific motivation if this thesis is the design and implementation of the

autonomous guidance system of the novel underwater robotic platform UX-1

of the project UNEXMIN, contributing in this way to the state of the art in

real-world underwater robotic applications.

1.2 Problem Statement and Objectives

Autonomy is of paramount importance for an underwater robot to be able to

operate in the target working conditions of the UX-1. The guidance system

of the robot is an essential actor to achieve the intelligence and autonomy
1https://www.unexmin.eu/

https://www.unexmin.eu/
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required to operate in flooded mines due to the inherent restrictions imposed

by such environments, discussed above (and developed further in Sec. 3.1). The

development of a guidance system providing the high level of autonomy demanded

for the target application is thus key in the development of the UX-1 platform.

The guidance system represents an essential part of a bigger conceptual

system, referred to in some works as Guidance, Navigation and Control (GNC).

Guidance, navigation and control are interwoven concepts that can be interpreted

as different facets of one single problem: controlling a vehicle’s movement, either

automatically or remotely. They can also be regarded, partly, as addressing

different levels of concretion of the control of a vehicle, from a higher conceptual

level related to intention and purpose and how to achieve the robot’s goals through

movement, to a lower conceptual level related to how the inferred movement

for achieving the robot’s goals is actually being achieved. Although the actual

software architectures for GNC systems exhibit a great permeability between

its composing elements and therefore are beyond rigid compartmentalization,

they can be best visualized, for explanatory purposes, as composed of the three

independent submodules suggested by their name. According to [Fossen, 2011],

the three submodules can be further specified as follows:

• Guidance is the system that decides the actions that the robot needs

to take to succeed in a series of tasks, and plans how those actions must

be performed, which includes the continuous planning of the reference

(desired) position, velocity, and acceleration required for the vehicle to be

used by the motion control system. Sophisticated features such as obstacle

avoidance and mission planning are thus often included into the design of

guidance systems.

• Navigation is the system that uses available sensors to determine the

submersible’s state, its position/attitude, velocity, and acceleration.



6 1.2. Problem Statement and Objectives

• Control, or more specifically, motion control, is the system determining

the necessary control forces and moments to be provided by the submersible

to satisfy a particular control objective.

Guidance represents, therefore, the highest abstraction level of the control of

the robotic platform, and the ultimate responsible for the achievement of a

satisfactory autonomous behavior.

Given the importance of the guidance system in the autonomous performance

of the UX-1 robot and, ultimately, in the safe mission accomplishment and

survival of the robotic platform controlled by it, its design must not only focus

on its operational functionalities but also on its resiliency to faults. Such fault

tolerance is developed, in the work contained by this thesis, using self-diagnosis

and reconfiguration based on self-awareness methods.

Based on the defined motivation and problem definition, the main objective

of this research can be summarized in one sentence: to enable and facilitate

the autonomous, intelligent missions by contributing to the development, imple-

mentation and validation of the guidance system for an autonomous underwater

vehicle, designed for exploration of unknown, confined, flooded tunnel networks

found in abandoned mines.

In order to achieve such a high-level objective, the following lower-level

objectives are defined:

1. Design and implementation of a robust guidance system for the UX-1 robot.

2. Experimental evaluation of the guidance system using test paradigms

comprising different degrees of simulation.

3. Integration of the guidance system with the rest of the systems of the

robotic platform UX-1.

4. Design of the self-awareness system, namely metacontroller, to perform self-

diagnosis of the robot’s subsystems and determine the best configuration

of the system based on the previous diagnosis.
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Figure 1.1: SIMILAR process.

5. Integration and testing of the metacontroller with the guidance system.

6. Validation of the guidance system and its proper integration with the rest

of the robot’s system using hardware-in-the-loop (HIL) approach.

1.3 Methodology

The methodology in this thesis is inspired by an iterative process based on the

systems engineering approach proposed by [Bahill and Gissing, 1998], consisting

in seven phases: (i) State the problem, (ii) Investigate alternatives, (iii) Model

the system, (iv) Integrate, (v) Launch the system, (vi) Assess performance,

and (vii) Re-evaluate. This methodology, called using the acronym SIMILAR

standing from its composing phases, is depicted in Fig.1.1. Our methodology,

based on the phases defined by SIMILAR, consists of the following steps:

• Problem Statement

In this stage, the first step consists of identifying the top-level functions

that the system must perform. The problem statement must include all the

requirements that the system must satisfy, and should be defined in terms

of what needs to be done, but not how to do it. In this thesis, the system

requirements were defined for the use of a robotic system for exploration

of flooded mines. The subsequent step is investigating state-of-the-art

methods that address the previously defined problem, either in partial or

complete way.

• System Modeling
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The modeling stage is a crucial task in order to acquire as accurate as

possible description of the whole system. There are many types of system

models, such as state machines, flow diagrams, computer simulations,

etc. Running these models reveals bottlenecks in the current development

stage, clarifies requirements, and reduces cost. It is worth noting that

different system models can exists for developing solutions for different

requirements. To give an illustration, a system model developed for motion

control does not have to be the same model used for development of software

for localization and mapping. Furthermore, different level of detail of the

system model is needed for different tasks.

• Solution Development and Integration into the Model

Once the problem is identified and described, and the system model is

made, the next phase is the solution development and integration into the

model. This is an important step that allows the developers to test how

the overall solution concepts will work before deploying them into the real

platform.

• Solution Development and Integration into the Real Robot

In this stage, the lessons learnt from the previous step are used for solution

development and integration into the real robot. This is a time-consuming

task, especially for advanced robotic platform developed by various groups

of developers. Interfaces between subsystems must be designed. Subsystems

should be defined to minimize the amount of information to be exchanged

between the subsystems.

• Verification and Validation

Verification and Validation (V&V) are independent procedures that are

used together to check that a system meets requirements and specifications

and that it fulfills its intended purpose. By Barry Boehm, a software

engineer, V&V should reply to the following questions [Pham, 1999]:
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– Verification: Are we building the product right?

– Validation: Are we building the right product?

“Building the product right” checks that the specifications are correctly

implemented by the system while “building the right product” refers to the

end-users’ and stake-holders’ needs.

• Performance Assessment

In this phase, an analysis of the results obtained in the V&V tests is

performed. The performance of the proposed solution has to be objectively

assessed to determine the level of success.

• Re-evaluation

Re-evaluation is an important step, ran continuously throughout the entire

process. Re-evaluation means observing outputs and using that information

to improve the system, and to ensure optimal performance and fulfillment

of the initially defined requirements.

1.4 Dissertation outline

This thesis is divided into seven chapters, In the first chapter the motivation,

problem statement and objectives, and methodology are presented. The rest

of the thesis is organized as follows:

Chapter 2 gives the background on robotics, classification of robots, and

reviews the state of the art in the field of underwater vehicles with focus on the

UUVs. Furthermore, an introduction to autonomous systems is given, as well

as the definitions of Levels Of Autonomy (LOA) and Technology Readiness

Levels (TRLs).

Chapter 3 presents the underwater mine explorer robot UX-1, used as a

platform for developing our guidance system. The requirements and constraints

for the robot’s design are explained, the mechanical design of the robot is detailed,
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as well as its motion system. Furthermore, the UX-1’s hardware components

and its sensors are explained, as well as its software architecture.

Chapter 4 introduces the guidance system. First, the state of the art in

path planning and mission control in underwater vehicles are presented. Then,

the guidance system is explained, as well as its subsystems, namely Mission

Planner, Action Executor Trajectory Generator. Finally, a benchmark of the

several path planners is performed and discussed.

Chapter 5 introduces the developed metacontroller to achieve fault-tolerant

operation. First, the state of the art in fault tolerance and self-awareness is

presented. Second, the general metacontrol framework and the extension of

the TOMASys metamodel is presented. Third, ontological modelling of the

UX-1 robot with TOMASys is explained. Finally, the benefits and limitations

of the proposed solution are addressed.

Chapter 6 covers the experimental setup used for testing and validation of the

guidance system. software-in-the-loop (SIL) and HIL paradigms are explained,

as well as the used virtual environment. Then, the performed experiments for

the guidance system validation are detailed.

Chapter 7 includes the conclusions and future work.
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The future’s uncertain and the end is always near.

— JM
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2.1 Robotics

Robotics is devoted to the study of those machines that can supplant humans

in the execution of a task, both in terms of decision making and physical

acitivity [Siciliano et al., 2010].

The work robotics was derived from the word robot, first introduced by the

Czech writer Karel Čapek in his science fiction play “R.U.R.” (for Rossumovi

Univerzální Roboti, Rossum’s Universal Robots). The word robot has roots in

the Slavic word robota, meaning slave or servant. The play starts in a factory

that creates artificial people called robots, creatures resembling humans.

It is interesting to notice how these Rossum’s robots were represented as

creatures made with organic materials. The first image of the robot as a

13
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mechanical artifact starts with the Russian science fiction writer Isaac Asimov,

and his short story “Liar!”, published in 1941. He described robots as an

automation of human appearance, but devoid of feelings. Their actions were

dictated by a “positronic” brain, programmed by humans so as to satisfy certain

rules of ethical behaviour. Later, Asimov introduced the term robotics as the

science devoted to the study of robots and ruled by the Three Laws of Robotics,

known also as Asimov’s Laws and The Three Laws [Asimov, 1950]:

1. A robot may not injure a human being or, through inaction, allow a human

being to come to harm.

2. A robot must obey the orders given it by human beings except where such

orders would conflict with the First Law.

3. A robot must protect its own existence as long as such protection does not

conflict with the First or Second Law.

These laws are still broadly used by engineers for defining rules of behaviours

and specifications for robots’ design.

Science fiction has had a huge influence on how people perceive and imagine

robots, which does not totally correspond to formal concepts. According to

a purely scientific interpretation, robots are regarded as apparatuses able to

modify the environment in which they operate. This is accomplished by acting

by certain intrinsic rules while acquiring data on the robot status itself, and the

environment. In fact, robotics is commonly defined as the science researching

the intelligent connection between action and perception.

In reality, a robotic system is a complex system comprised of multiple

subsystems (Fig. 2.1), to wit:

1. Mechanical system, the essential component of a robotic system and

comprising, in general, a locomotion apparatus, such as wheels, mechanical

legs, and a manipulation apparatus, such as mechanical arms and end-

effectors.
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ACTUATION 
SYSTEM

CONTROL 
SYSTEM

SENSORY 
SYSTEM

Figure 2.1: Components of a robotic system.

2. Actuation system, providing the capability to exert an action, comprising

both locomotion and manipulation.

3. Sensory system, acquiring data on the internal status of the mechanical sys-

tem (proprioceptive sensors) and on the external status of the environment

(exteroceptive sensors).

4. Control system, connecting action to perception in an intelligent manner,

and commanding the execution of the action in respect to the set goals

considering the constraints imposed by the environment and the robot

itself.

All things considered, we can recognize that robotics is an interdisciplinary

field concerning the areas of mechanics, control, informatics and electronics.

Classification of Robots

Considering that the key feature of a robot is its mechanical structure, we

can classify robots into those with a fixed base, known as robot manipulators,

and those with a mobile base, known as mobile robots.

Fixed robots: Largest class of robots which does repetitive, but precise

mechanical and physical tasks. Fixed robots are also called robotic manipulators,
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Figure 2.2: Mobile wheeled robot.

and are tightly related to industrial manufacturing. The mechanical structure of

a robot manipulator consists of a sequence of rigid bodies (links) interconnected

by means of articulations (joints). A robot manipulator is described by three

main parts: an arm that provides mobility, a wrist that grants dexterity, and

an end-effector that performs prescribed tasks.

Mobile robots: The main characteristic of mobile robots is the presence of

a mobile base allowing the robot to move freely in the environment. Unlike

manipulators, used for repetitive tasks, mobile robots are mostly used in service

applications, where extensive, autonomous capabilities are necessary. A mobile

robot consists of one or more rigid bodies equipped with a locomotion system.

Depending on the locomotion system, we can describe three main classes of

mobile robots:

• Land-based: wheeled, legged, tracked mobile robots

• Air-based

• Water-based

Furthermore, there are other robots that are difficult to categorize from the point

of view of their motion. Bio-inspired, animal-like robots, such as snake-like and

worm-like, are highly articulated robots able to perform a variety of locomotion

capabilities, thus expanding the abilities of conventional wheeled or legged robots.
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Advanced Robotics

The term advanced robotics usually refers to the study of robots with

autonomous performance and able to operate in barely structured or fully

unstructured environments. Today, advanced robotics is still in its infancy:

however, its undeniable interest and virtually unlimited range of potential fields

of application makes it one of the most active research topics nowadays. Among

those fields of application, two stand out clearly: field robotics and service robots:

• Field Robotics

Field robotics refers to deploying robots in environments which could be

either unreachable by humans or potentially unsafe: examples include space

exploration, deep ocean exploration, and exploration of areas contaminated

by radiation. Possibly the most known example of field robotics is NASA’s

Mars rover. Mars rover was partially teleoperated, but have successfully

performed exploration of the environment with sufficient autonomy.

Furthermore, exploration of areas after disasters caused by earthquakes,

fires, escape of gases, are receiving intention.

• Service Robots

Service robotics addresses the improvement of life quality through the as-

sistance of a robot, which covers a wide range of applications. Autonomous

vehicles are employed for mass transit systems in urban areas, thus decreas-

ing the contamination levels. Additionally, there is a considerable market

regarding service robots for domestic applications, assisting humans in

tasks such as cleaning or cooking. Moreover, assistance to the elderly and

impaired to compensate for their reduced autonomy in their everyday life is

an application that has deserved active research efforts from the scientific

community.

Furthermore, healthcare appears as a subfield of service robotics with enor-

mous potential. During COVID-19, for instance, numerous scenarios has
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Figure 2.3: Hospital communication in times of Covid-19 (© 2020 IEEE).

appeared where robotics prove extremely helpful [Guizzo and Klett, 2020]

[Cardona et al., 2020]: from sanitizing, monitoring patients, and help-

ing frontline medical workers to reducing their exposure to the virus

[Ackerman, 2020], to assisting in surgical operations [Zemmar et al., 2020].

Fig. 2.3 shows communication between the medical team and a patient

without having direct contact. Moreover, motor rehabilitation systems and,

more specifically, exoskeletons are used to actively interact with a patient

according to the programmed plan.

Finally, robots are widely used as an entertainment toy for children, as

well as an educational tool [Chu et al., 2019].

Underwater Robotics

Water covers 71% of the Earth’s surface and has been critical to human welfare

throughout history. From transport of goods across nations, to a source of food

and other resources such as oil and gas, oceans play an fundamental role in our

world: it is therefore no wonder that underwater robotics represents one of the

aspects of field robotics that draws most attention from the scientific community.

Various definitions for submerged vehicles can be found in the literature,

involving different degrees of intervention by a human operator. According

to [Fossen, 2011]:
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• Submarine is “any naval vessel that is capable of propelling itself beneath

the water as well as on the water’s surface. This is a unique capability among

warships, and submarines are quite different in design and appearance from

surface ships.”

• Underwater vehicle is a “small vehicle that is capable of propelling itself

beneath the water surface as well as on the water’s surface. This includes

Unmanned Underwater Vehicles (UUVs), Remotely Operated Vehicles

(ROVs) and Autonomous Underwater Vehicles (AUVs).”

UUVs, known also as underwater drones, are vehicles able to operate underwa-

ter without a human occupant. UUVs can be classified into two main categories:

Remotely Operated Underwater Vehicless (ROUVs), which are controlled by a

remote human operator, and AUVs, which operate without direct human input.

Furthermore, there are various subcategories worth mentioning: IAUVs, used

for inspection, installation, repair or replacement of underwater power supplies,

cables and sensors; Hovering Autonomous Underwater Vehicles (HAUVs), distin-

guishable by their high maneuverability; gliders, capable of covering extensive

ranges, due to their variable buoyancy propulsion instead of traditional thrusters

or propellers; and survey AUVs, usually capable of operating significantly deeper

in order to accomplish tasks such as seabed surveying.

The following section provides a deep analysis of the existing works for UUVs

with special focus on those platforms and projects addressing the the challenges

derived from the operation in confined underwater environments, such as the

flooded mine networks target of the UX-1 robot.

2.1.1 Unmanned Underwater Vehicles

Unmanned Underwater Vehicles (UVs) have many potential applications in a

variety of fields, such as ocean mining exploration [Senke, 2013], autonomous

seafloor mapping [Bergh Ånonsen et al., 2017] [Roman and Singh, 2007], data
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Figure 2.4: IAUV docking station.

gathering [Yu et al., 2002] [Fernandes et al., 2000] [Nadis, 1997], maritime secu-

rity [Real-Arce et al., 2015], marine archaeology [Mindell and Bingham, 2001]

[Bingham et al., 2010], and search and rescue [Venkatesan, 2016].

Although underwater navigation is a relatively consolidated field of research,

most of the research in this field addresses open water environments, or, alter-

natively, partially confined environments such as submarine canyons or water

masses under layers of superficial ice [Whitt et al., 2020] [Su et al., 2020]. Such

environments, although challenging, show structural characteristics that do

not represent critical constraints regarding the shape, size, maneuverability,

and navigation of the robot: this is reflected, for instance, on the forward-

moving torpedo-shaped design [Goldberg, 2011] followed by the vast majority

of corresponding works [Vedachalam et al., 2019], associated with a limited

range of motion achievable by the vehicle (except for very limited exceptions

such as [Carreras et al., 2018], torpedo-shaped but with 6 degrees of freedom

(DOF)). In open water or semi-constrained environments, in addition, it is

possible to establish communication paths with surface stations and/or vehicles,

providing the UV with different levels of assistance. In this line, and mostly
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through the use of a physical tether providing a high bidirectional throughput

between the UV and the assisting platform and allowing the continuous or

intermittent intervention of a human operator, Remotely Operated Vehicles

(ROVs) or UVs with supervised autonomy, respectively, have been extensively

used [Yoerger et al., 2018] [Soylu et al., 2018] [Whitt et al., 2020]; a fast commu-

nication channel with the computational resources of a surface station could

also be used to derive part of the computational tasks of the UVs to the latter.

Linked to this capacity to establish a communication channel, in this case

an acoustic channel, with Global Positioning System (GPS)-enabled surface

platforms, the UVs can obtain accurate positioning using long or short baseline

(LBL/SBL) techniques [Vaganay et al., 2006] [Su et al., 2020]. Following this

approach, manual mapping of 500 m meters of a shallowly submerged cave

system was successfully achieved by the Sparus AUV [Mallios et al., 2016].

The volume of works in the literature addressing the exploration of confined

flooded spaces such as caves and tunnels, relating mostly to marine archaeology

and geological prospecting [Preston et al., 2018], narrows down dramatically,

which serves as an indicator of the bigger technical challenges posed by such

environments. These challenges reflect on three main aspects of the UVs tailored

for them [Richmond et al., 2018]: their constrained mechanical design relating

both shape and size, and their necessary high maneuverability; their difficulties

in acquiring detailed positional information; and their required autonomy. These

three aspects, detailed further in the following paragraphs, shape drastically

the works in this field.

Required maneuverability and positional control

The need for high maneuverability and fine positional control has been signaled

in the literature with the departure from the forward-moving torpedo-shaped sub-

mersibles typical from open water exploration [Goldberg, 2011] [Vedachalam et al., 2019]
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to other mechanical designs able to perform movements in 6 DOF and with hover-

ing capabilities: hence their generic name, HAUVs. In order to achieve such mo-

bility, HAUVs with other shapes such as ellipsoids [Fairfield et al., 2007], spheres

[Soylu et al., 2018], cubes [Yoerger et al., 2018], and flat structures [Xanthidis et al., 2020]

have been proposed, although torpedo-shaped examples with hovering capabilities

do also exist [Carreras et al., 2018]. Precise movements in 6 DOF and hovering

capabilities require complex thruster design and control, since stable control in

changing conditions regarding fluid flow rate, pressure and density, and tunnel

cross-sectional area and length is a must [Antonelli et al., 2016].

Following the above shape considerations for the HAUVs, the DEPTHX UV

carried out the exploration and mapping of hot springs [Fairfield et al., 2007]

and the ENDURANCE, closely related, performed the exploration of lakes covered

with ice layer [Richmond et al., 2009]; the submersibles Sentry [Kaiser et al., 2016]

and Mesobot [Yoerger et al., 2018] performed oceanographic surveys and observa-

tions of marine life; and U-CAT [Preston et al., 2018], IMOTUS-1 [Soylu et al., 2018],

and and SUNFISH [Richmond et al., 2018] were used to autonomously explore

and map archaeological sites, storage tanks, and underwater caves, respectively.

These three latter works, which can be considered the closest existing works to

our UX-1 robot not only in terms of their field of application but also regarding

their guidance, are discussed further below.

Bio-inspired designs extending the capabilities of the HAUVs with addi-

tional motor skills have also been proposed: a good example is the ASRobot

[Xing et al., 2019], a small amphibious spherical robot for exploration tasks in

restricted environments with the addition of legs for crawling.

Difficulties for the acquisition of positional information

The acquisition of absolute positional information through GPS-enabled surface

platforms or beacons, as done often in open water UVs, is infeasible in an

underwater maze of rocks due to the lack of a direct acoustic communication

link; needless to say, radioelectric signals have no practical use underwater due
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to their severe attenuation. More complex networks performing underwater

localization are based not only on the deployment of surface landmarks but

also acoustic nodes mounted on the seafloor or reefs [Su et al., 2020]: this need

for planning and node mounting makes them unsuitable for the exploration of

inaccessible confined flooded spaces based on them.

An alternative to said planned node deployment is embodied by the so-called

breadcrumb networks, where the nodes of the network are self-deployable by an

agent as it traverses the environment under study [Chaudhary and Conrad, 2019].

They present, however, a number of difficulties for their deployment in the flooded

mines subject of our work. First, if self-deployed by the robot, the breadcrumbs

would represent a significant additional payload for the carrying submersible,

whose design restrictions are already highly limiting. Second, the deployed nodes

could represent, depending on their shape, obstacles for the movement of the

submarine itself and an unacceptable alteration of the natural environment if left

abandoned. And third but foremost, breadcrumbs for underwater applications

would require fixation means: tailoring them to the specific surfaces or structures

of deployment [Lai et al., 2012] is often not feasible, even more for exploration

missions given the lack of knowledge on the environment to explore; fixating

them would additionally require contact with the walls of abandoned and flooded

mines, often in a precarious structural state, which is strongly discouraged

due to the risk of collapse.

Existing UVs for confined flooded spaces base therefore their positioning on

inputs on their relative pose captured on-board, either with respect to their

position in previous time steps like the Inertial Measurement Units (IMUs), Fiber-

Optic Gyroscopes (FOGs), and Doppler Velocity Logs (DVLs), or with respect to

their environment, like the sonar [Richmond et al., 2018] [Preston et al., 2018]

[Soylu et al., 2018]. These inputs, partial and noisy, in the case of sonar be-

cause acoustic signals suffer from multipath in narrow and intricate pathways,

are integrated using accumulative processing such as dead reckoning, Kalman
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Filters (KFs), or Simultaneous Localization And Mapping (SLAM) techniques

[Preston et al., 2018] [Vedachalam et al., 2019].

Lack of communication and required autonomy

Not only a wireless link between the robot and external platform is unfeasible in

flooded mines composed of intricate labyrinthine passages, as detailed above for

the acquisition of positional information: tethered communications are unfeasible

too. First, achieving a neutrally buoyant tether in unknown, or only partially

known, multi-level environments spanning hundreds of meters is impractical,

and therefore the influence of the cable would represent a severe disturbance for

the dynamics of the UV. Second and foremost, given the frequent clutter of the

consider environments and their extension the risk of potential entanglement

in protruding elements such as ladders, cranks and levers, or simply rocks

is unaffordable.

This lack of communication leaves the UV alone with its autonomous capa-

bilities, both in terms of sensing and environmental mapping and of decision

making [Preston et al., 2018]. The autonomy of a vehicle is greatly embodied in

two main concepts: path planning, i.e., deciding which sequence of locations in

the space to follow in order to reach a determined target location, and mission

planning and control, i.e., deciding which high-level tasks and in which order are

to be addressed by the robot and controlling their execution. The most relevant

works relating path planning and mission planning in underwater environments

are reviewed, respectively, in Sec. 4.1.1 and Sec. 4.1.2.

All aspects considered, the HAUVs systems U-CAT [Preston et al., 2018],

IMOTUS-1 [Soylu et al., 2018], and SUNFISH [Richmond et al., 2018] are, in

terms of their objectives, size, maneuverability and positional sensing, degree

of autonomy, and path planning capabilities, the closest platforms to our UX-1

submersible. The main characteristics of these submersibles, whose design is

illustrated in Fig. 2.5, are described next.
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(a) (b) (c)

Figure 2.5: Three representative designs of Hovering Autonomous Underwater
Vehicles: (a) IMOTUS-1 (©2018 IEEE); (b) U-CAT (©2019 IEEE); (c) SUNFISH
(©2018 IEEE).

IMOTUS-1 [Soylu et al., 2018] is a HAUV designed for industrial inspection

in flooded, confined spaces such as offshore platform legs and storage tanks.

It has a spherical shape, comprising two distinguishable hemispheres, enclosed

by a fiberglass skin, and a size of 1.1 m in diameter and 0.9 m in height (see

Fig. 2.5(a)). It achieves 6 DOF by means of its eight thrusters, four vertical

and four horizontal, and can remain motionless relative to its environment until

commanded. It has a nominal depth rating of 150 m and an endurance of

12 hours. The submersible is equipped with a pressure sensor, a DVL, and a

FOG, fused using a KF, for 3D navigation, combined with a scanning sonar for

environmental mapping. Its software architecture, both for path and mission

planning, is based on ROS. Its evaluation, performed in water tanks, included

tasks such as pipe diameter measurement and pipe cleaning.

U-CAT [Preston et al., 2018] addresses industrial inspection and archaeolog-

ical and geological site studies. It has a cylindrical shape and very limited

size, with a length of 0.56 m, and and bases its 6 DOF propulsion on four

fins [Salumäe et al., 2019] (see Fig. 2.5(b)) instead of rotors as usually used

in the field: although such design causes, according to its authors, less sound

and flow disturbances to the environment than the usual rotor-based solutions,

useful in sensitive environments with an abundance of sediments, stability during

displacements and motionless hovering seem somewhat compromised with respect
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to them. Its battery allows an operation of 6 hours. The submersible is only

equipped with eight simple, discrete rangefinders, a depth sensor, an IMU, and

a monocular camera, used to perform odometry. Its software architecture uses

ROS for its lower layers and develops further layers for behavioural control. Its

evaluation, performed on submerged buildings, focuses on a good coverage of the

whole environments under study (see also [Galceran and Carreras, 2013]).

Finally, the submersible SUNFISH is a very general-purpose HAUV with

6 DOF, designed to tackle navigation and mapping of complex 3D spaces,

both man-made and natural, and utilised and tested for the exploration of an

underwater cave system [Richmond et al., 2018]. Its weight, 48 kg, and size,

1.61×0.47×0.20 m, although not so reduced, allow its deployment by one single

person (see Fig. 2.5(c)). It has a depth rating of 200 m, although upgrades up to

1000 m are considered, and an endurance of 5 hours. SUNFISH is equipped with

pressure-depth sensor, IMU, FOG, and DVL, combined using KF. Its multibeam

sonar, only able to provide planar readings by itself, is utilised in combination

with the 6-DOF motion of the robot to achieve omnidirectional coverage through

scan alignment and SLAM. Regarding its navigation capabilities, it relies on

an automatic return home and a visual docking system for mission termination,

and performs path planning without the explicit construction of a metric map

of the explored environment [Konolige et al., 2011].

2.2 Autonomous Systems

The vision of a machine intelligence embodied in a physical actuated system is

not recent [Watson and Scheidt, 2005]: as a matter of fact, the Greek myths of

Hephaestus and Pygmalion mention concepts of animated statues or sculptures

reminiscent of it [Cohen, 1966].

In recent history, Norbert Wiener defined cybernetics in 1948 as “the scientific

study of control and communication in the animal and the machine” [Wiener, 1948].
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His work led to the formalization of a feedback control theory and its generaliza-

tion to biologic systems, which is considered an important initial step towards

modern artificial intelligence. The hypotheses derived from this work motivated

the first generation of autonomous systems research, which used analog control

electronics and simple sensors and manipulators to build systems that were

able to show a range of fascinating reactive behaviours. The Johns Hopkins

Beast was one of the outcomes of this first wave. It was a cybernetic robot,

without a computer, built in 1964 at the Johns Hopkins University Applied

Physics Laboratory, that demonstrated navigation through the laboratory’s

hallways while identifying electrical outlets in the wall and plugging itself for

recharging [Watson and Scheidt, 2005].

With the rise of digital electronics in the 1970s, new horizons opened. The

new field of artificial intelligence was blooming, and the interest in automating

perception and cognition was higher than ever. Impressive advances were made

in autonomous systems, such as the first installed industrial “Unimate” robot

patented in 1961 by an American inventor George Devol, who earned the title

“Grandfather of Robotics” with this invention, and the first artificial hand made

in 1963 by a Serbian scientist Rajko Tomović.

As the cost of hardware components has been dropping over the last decades,

the interest in developing autonomous system solutions for all environments has

increased significantly. Nowadays, our society relies on autonomous systems in

both civilian and military applications: Internet-of-Things devices, self-driving

cars, industrial robotics and interplanetary exploration are just some of the

examples of these systems.

Definitions of Autonomy

No broad consensus has been reached so far regarding the definition of the

concept of autonomy. In fact, the term is used to depict many distinctive

aspects of robotics, from the robot’s ability to self-govern to the level of human

intervention. Some of the existing definitions in the literature are:
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• “Autonomy: agents operate without the direct intervention of humans

or others, and have some kind of control over their actions and internal

states.” [Wooldridge and Jennings, 1995]

• “An autonomous agent is a system situated within and a part of an

environment that sense that environment and acts on it, over time, in

pursuit of its own agenda and so as to effect what it senses in the future”;

“[It] exercises control over its own actions” [Franklin, 1997]

• “The robot should be able to carry out its actions and to refine or modify

the task and its own behavior according to the current goal and execution

context of its task.” [Alami et al., 1998]

• “A rational agent should be autonomous —it should learn what it can to

compensate for partial or incorrect prior knowledge.” [Russell and Norvig, 2002]

• “An Unmanned System’s own ability of sensing, perceiving, analyzing,

communicating, planning, decision making, and acting, to achieve goals as

assigned by its human operator(s) through designed HRI”; “The condition

or quality of being self-governing.” [Huang, 2004]

• “Autonomy refers to a robot’s ability to accommodate variations in its

environment. Different robots exhibit different degrees of autonomy; the

degree of autonomy is often measured by relating the degree at which the

environment can be varied to the mean time between failures, and other

factors indicative of robot performance.” [Thrun, 2004]

• “Autonomy refers to systems capable of operating in the real-world en-

vironment without any form of external control for extended periods of

time.” [Bekey, 2005]

• “ ‘Function autonomously’ indicates that the robot can operate, self-contained,

under all reasonable conditions without requiring recourse to a human

operator. Autonomy means that a robot can adapt to change in its
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environment (the lights get turned off) or itself (a part breaks) and continue

to reach a goal.” [Murphy, 2019]

It is worth noting, and surprising from the viewpoint of today, that only Russell

and Norvig mention learning in their definition.

To clarify the term autonomy, the authors in [Beer et al., 2014] propose two

definitions: a weak one that can be used to denote autonomous capabilities of

humans or machines, and a stronger one that can be given to robots.

• A weak (i.e., global) definition of autonomy is: “the extent to which a

system can carry out its own processes and operations without external

control.”

• A stronger, more specific definition can be given to robots, by integrating

the aforementioned definitions. Autonomy, as related to robots, is defined

by the authors as: “The extent to which a robot can sense the environment,

plan based on that environment, and act upon that environment, with

the intent of reaching some goal (either given to or created by the robot)

without external control.”

It is important to note that both definitions start with “to the extent to

which...”. This wording is important since it emphasize that autonomy is not

all or nothing, but that it exists on a spectrum from full manual control to

a fully autonomous system.

2.2.1 Levels of Autonomy

Developing fully autonomous robots has been a goal of engineers and other

visionaries since the emergence of the field of robotics. Nevertheless, today

we can create systems that typically perform only limited tasks under specific

situations. The vast majority of “autonomous systems” in use are actually semi-

autonomous. Currently, there is no consensus on the definition of the Levels

Of Autonomy (LOA): various taxonomies, models, and classification systems

defining LOA have been proposed.
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Table 2.1: Levels of Decision Making Automation [Sheridan and Verplank, 1978].

Level of Allocation of FunctionAutomation
1. The computer offers no assistance; the human must take all decisions and actions.
2. The computer offers no assistance; the human must take all decisions and actions.
3. The computer offers a complete set of decision/action alternatives, or
4. Narrows the selection down to a few, or
5. Suggests one alternative
6. Executes that suggestion if the human operator approves, or
7. Allows the human a restricted time to veto before automatic execution, or
8. Executes automatically, then necessarily informs the human, and
9. Informs the human only if asked, or
10. Informs the human only if it, the computer, decides to.

The earliest categorization scheme was proposed by [Sheridan and Verplank, 1978].

This taxonomy, whose levels are illustrated in Table 2.1, states the feedback loop

between human and the robot and the decision making automation. However,

it lacks the specification related to data acquisition, i.e., sensing.

The authors in [Beer et al., 2014] propose Taxonomy of LORA for the field

of human-robot interaction that can be extended to other fields in robotics: the

levels of this taxonomy are illustrated in Table 2.2. Its authors emphasize that

these levels should not be treated as exact descriptors of the autonomy of the

robot, but rather as an estimation of the autonomy level along the continuum

from the first to the last level.

The work in this thesis can be considered to be at between LORA 7 and

LORA 8. The robot performs all aspects of the tasks, but a human monitors

the robot. The robot is able to deal with difficulties which are a priori defined,

however in a case of encountering not defined situations, it can prompt the

human for assistance.

2.2.2 Technology Readiness Level

In addition to the aforementioned LOA, there is a type of measurement system

used to access a particular technology’s maturity level, named TRLs. TRLs were

initially conceived at NASA in 1974 and formally defined in 1989 [Sadin et al., 1989].
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Table 2.2: Taxonomy of Levels Of Robot Autonomy (LORA) [Beer et al., 2014]
(H and R denote, respectively, human and robot).

Level of Robot
Autonomy

Function Allocation Description

Sense Plan Act
1. Manual

Teleoperation
H H H The human performs all aspects of task including sensing the

environment and monitoring the system, generating plans/options
/goals, and implementation.

2. Action
Support

H/R H H/R The robot assists the human with action implementation. However,
sensing and planning is allocated to the human. For example, a
human may teleoperate a robot, but the human may choose to
prompt the robot to assist with some aspects of a task (e.g.,
gripping objects).

3. Assisted
Teleoperation

H/R H H/R The human assist with all aspects of the task. However, the robot
senses the environment and chooses to intervene with task. For
example, if the user navigates the robot too close to an obstacle,
the robot will automatically steer to avoid collision.

4. Batch
Processing

H/R H R Both the human and robot monitor/sense the environment. The
human, however, determines the goals and plans of the task. The
robot then implements task.

5. Decision
Support

H/R H/R R Both the human and robot sense the environment and generate
a task plan. However, the human chooses the task plan and
commands robot to implement action.

6. Shared Control
with Human
Initiative

H/R H/R R he robot autonomously senses the environment, develops plans
/goals, and implements actions. However, the human monitors the
robot’s progress, and may intervene and influence the robot with
new goals/plans if the robot is having difficulty.

7. Shared Control
with Robot
Initiative

H/R H/R R Robot performs all aspects of the task (sense, plan, act). If the
robot encounters difficulty, it can prompt the human for assistance
in setting new goals/plans.

8. Supervisory
Control

H/R R R Robot performs all aspects of task, but the human continuously
monitors the robot. The human has over-ride capability and may
set a new goal/plan. In this case the autonomy would shift to
shared control or decision support.

9. Executive
Control

R (H)/R R The human may give an abstract high level goal (e.g., navigate
in environment to specified location). The robot autonomously
senses environment, sets plan, and implements action.

10. Full
Autonomy

R R R Robot performs all aspects of a task autonomously without human
intervening with sensing, planning, or implementing action.

There are 9 technology readiness levels; TRL 1 being the lowest and TRL 9

the highest.

TRL 1 implies the beginning of the scientific research. Once the basic

principles have been studied, and practical applications have been applied

to the initial finding, TRL 2 is reached. At the TRL 2, the technology is

still very speculative, as there are no experimental proof of concept for the

technology. Technology is elevated to TRL 3 when active research and design

start. At this level, a proof-of-concept model is constructed, analytical and

laboratory studies are performed in order to see if a technology is viable. Once

the proof-of-concept technology is ready, the technology advances to TRL 4.
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During TRL 4, an integration of multiple components and their validation is

performed. At TRL 5, a technology is identified as a breadboard technology

and must be subjected to rigorous testing. Simulation are run in environments

that are as close to reality as possible. A technology at TRL 6 has a fully

functional prototype. TRL 7 technology requires a prototype validation in a

real environment. TRL 8 represents a developed commercial prototype, while

TRL 9 represents a real commercial application.

Tables 2.3 and 2.4 provide a summary of the TRLs definition [NASA, 2020].

It is worth noting that a TRL is obtained once the description in the diagram

has been achieved. A completion of one TRL does not move the technology to

the next one. At this respect, the following terminology is used in the definition

of exit criteria and evaluation of the TRLs:

Laboratory Environment is intended for demonstrating the principles of

technical performance, without the impact of the environment.

Relevant Environment is a specific subset of the operational environment

that is needed in order to demonstrate critical components of the final system.

Operational Environment is the environment in which the final product

will be operated.

The experiments performed in this thesis prove the TRL 6 of the guidance

system, demonstrating the functionalities of the real UX-1 robot in a relevant

environment, which in our case is a water tank used for the HIL experiments.
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Table 2.3: Technology Readiness Level Definitions (part 1).

TRL Definition Hardware Description Software Description Exit Criteria
1 Basic principles

observed and
reported.

Scientific knowledge generated underpinning
hardware technology concepts/applications.

Scientific knowledge generated underpinning basic
properties of software architecture and mathemati-
cal formulation.

Peer reviewed publication
of research underlying the
proposed concept/applica-
tion.

2 Technology concept
and/or application
formulated.

Invention begins, practical application is
identified but is speculative, no experimental
proof or detailed analysis is available to
support the conjecture.

Practical application is identified but is speculative,
no experimental proof or detailed analysis is avail-
able to support the conjecture. Basic properties
of algorithms, representations and concepts defined.
Basic principles coded. Experiments performed with
synthetic data.

Documented description
of the application/concept
that addresses feasibility
and benefit.

3 Analytical and exper-
imental critical func-
tion and/or charac-
teristic proof of con-
cept.

Analytical studies place the technology in an
appropriate context and laboratory demon-
strations, modeling and simulation validate
analytical prediction.

Development of limited functionality to validate crit-
ical properties and predictions using non-integrated
software components.

Documented analytical/ex-
perimental results validat-
ing predictions of key pa-
rameters.

4 Component and/or
breadboard
validation in
laboratory environ-
ment.

A low fidelity system/component bread-
board is built and operated to demonstrate
basic functionality and critical test envi-
ronments, and associated performance pre-
dictions are defined relative to the final
operating environment.

Key, functionally critical, software components are
integrated, and functionally validated, to establish
interoperability and begin architecture development.
Relevant Environments defined and performance in
this environment predicted.

Documented test
performance demonstrating
agreement with analytical
predictions. Documented
definition of relevant
environment.

5 Component and/or
breadboard
validation in
relevant environ-
ment.

A medium fidelity system/component brass-
board is built and operated to demonstrate
overall performance in a simulated opera-
tional environment with realistic support
elements that demonstrates overall perfor-
mance in critical areas. Performance predic-
tions are made for subsequent development
phases.

End-to-end software elements implemented and
interfaced with existing systems/simulations con-
forming to target environment. End-to-end software
system, tested in relevant environment, meeting
predicted performance. Operational environment
performance predicted. Prototype implementations
developed.

Documented test
performance demonstrating
agreement with analytical
predictions. Documented
definition of scaling
requirements.
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Table 2.4: Technology Readiness Level Definitions (part 2).

TRL Definition Hardware Description Software Description Exit Criteria
6 System/sub-system

model or prototype
demonstration in an
operational
environment.

A high fidelity system/component prototype
that adequately addresses all critical scaling
issues is built and operated in a relevant en-
vironment to demonstrate operations under
critical environmental conditions.

Prototype implementations of the software demon-
strated on full-scale realistic problems. Partially
integrate with existing hardware/software systems.
Limited documentation available. Engineering fea-
sibility fully demonstrated.

Documented test
performance demonstrating
agreement with analytical
predictions.

7 System prototype
demonstration in an
operational
environment.

A high fidelity engineering unit that ade-
quately addresses all critical scaling issues is
built and operated in a relevant environment
to demonstrate performance in the actual op-
erational environment and platform (ground,
airborne, or space).

Prototype software exists having all key function-
ality available for demonstration and test. Well
integrated with operational hardware/software sys-
tems demonstrating operational feasibility. Most
software bugs removed. Limited documentation
available.

Documented test
performance demonstrating
agreement with analytical
predictions.

8 Actual system
completed and “flight
qualified” through
test and
demonstration.

The final product in its final configuration
is successfully demonstrated through test
and analysis for its intended operational
environment and platform (ground, airborne,
or space).

All software has been thoroughly debugged and
fully integrated with all operational hardware and
software systems. All user documentation, training
documentation, and maintenance documentation
completed. All functionality successfully demon-
strated in simulated operational scenarios. Verifica-
tion and Validation (V&V) completed.

Documented test
performance verifying
analytical predictions.

9 Actual system flight
proven through
successful mission
operations.

The final product is successfully operated in
an actual mission.

All software has been thoroughly debugged and fully
integrated with all operational hardware/software
systems. All documentation has been completed.
Sustaining software engineering support is in place.
System has been successfully operated in the opera-
tional environment.

Documented mission
operational results.



Trade winds find Galleons lost in the sea, I know
where treasure is waiting for me, Silver and gold in
the mountains of Spain, I have to see you again and
again.

— JM
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The comprehension of the presented guidance system requires certain un-

derstanding of the robotic platform UX-1 it is tailored to. For completeness,

the following subsections provide an overview in terms of the requirements and

constraints defined for the UX-1 submersible and and its mechanical capabilities,

computational capabilities, navigation and scientific instrumentation, and general

software architecture.

3.1 Requirements and Constraints

Constraints and requirements for UNEXMIN robots’ design were set by needs of

two stakeholder groups: internal stakeholders and external stakeholders. Internal

stakeholders were the project partners providing a test site, and the external

35
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stakeholders were potential end-users, such as mining companies, geological

surveys, and robotics companies.

Constraints and requirements were divided into two groups based on the input

from the stakeholders: requirements for robot characteristics, and environmental

constraints. The defined constraints and requirements for UNEXMIN robots

which are of interest for this thesis are the following:

Requirements for robot characteristics

1. Shape without external protuberances allowing maneuverability in tight

spaces.

2. Maximum diameter of 600 mm to be able to navigate through narrow

tunnels.

3. Modular design that can be adapted to different missions and/or scenarios.

4. High maneuverability while diving through constrained spots.

5. The robot must provide autonomous operations, power monitoring, and

fault detection for safety purposes.

6. The robot should be equipped with geoscientific sensors to analyse walls

and water.

7. The robot must have a water sampling system.

8. The robot must have the key functionalities:

• Create an online map of the environment for navigation purposes.

• Record time stamped and synchronous mapping and application sensor

data for mission post-processing.

• Use previous information about the map: both historical information

from the mine or from previous surveys.

• The robot’s perception system should be able to perceive thin obstacles,

such as ropes or cables.
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• Has specific survey maneuvers: to move close to mine walls (parallel

and at a known distance); to move in tunnels and galleries avoiding

obstacles; to do scanning motion to map tunnels and galleries; to

reverse direction or move back in closed small tunnels.

9. The mission design system should allow the operator to specify the type of

the mission and the parameterization of the robot exploration methods.

Environmental constraints and considerations

1. Mine tunnels and other openings are narrow, which must be considered in

the maneuverability of the robot, as well as in transporting the robot and

support equipment inside the mine.

2. Mine water is not always transparent, and any contact with the underwater

walls can result in increased turbidity of water and lack of visibility due to

silt and sediment.

3. Mine tunnels are predominantly shafts and horizontal galleries, however,

slight inclination is possible in some sites.

4. Horizontal galleries can vary in dimensions. For smaller galleries, commonly

found in older mine sites, the height is usually larger than the width. In

general, tunnels have height and width not bigger than 5 m.

5. Wider underground spaces are possible at some locations, either in galleries

or at junctions. In these locations, the width can exceed 10 m.

6. Maximum Manhattan distance from any point of the mine to the water

entrance is below 2.5 km.

The defined constraints and requirements required a development of new

technology, beyond state-of-the-art, since no commercially available robotic

platform was fully satisfactory.
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Figure 3.1: The UX-1 underwater vehicle during field trial in Molnár János cave
system (Budapest, Hungary).

3.2 Mechanical Design

The special mechanical design of the UX-1 is the result of the extremely specific

characteristics of the types of mission and environmental conditions that the

UNEXMIN project targets at: high autonomy and maneuverability in flooded

mines composed of intricate networks of narrow tunnels and shafts. Having

such special restrictions into account, a spherical shape was eventually chosen

for the UX-1 (see Fig. 3.1), implemented as a machined aluminum pressure

hull capable of enduring water pressure levels up to 50 bar, corresponding to

a water depth of 500 m.

The size of the submersible, a diameter of 60 cm, represents the necessary

balance between the expected minimum diameter of the narrower tunnels of the

mines targeted by the project and the need for room, inside its hull, for the

required navigation and scientific instrumentation. This latter point is essential,

since all the equipment of the submarine (but for its thrusters) needs to be encased

inside its hull for two reasons: first, the high water pressure at certain operational

depths would otherwise harm elements outside the high-pressure hull; and second,
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Table 3.1: Characteristics of the UX-1 robot.

features specification
shape spherical
diameter 0.6 cm
autonomy 5 h
weight in air 106 kg
ballast capacity 2.8 l
max operating
depth

500 m

max pressure 50 bar
max speed 0.5 m/s
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Figure 3.2: 3D model of UX-1 robot and its thruster placement. (a) Right view. (b)
Left view.

mine tunnels and shafts usually contain elements protruding from their walls (e.g.,

metal bars, cables, ladders, and detached rocks) that could jeopardize the mission

and thus endanger the robot itself if entangled with any element external to it.

The main characteristics of the UX-1 robot are outlined in Table 3.1. Further

details on its mechanical design can be found in [Villa et al., 2018].

3.2.1 Motion System

The spherical design of the UX-1, combined with its propulsion system composed

of two sets of four thrusters placed, respectively, in a cross configuration at each

side of the sphere (see Fig. 3.2(a) and (c)), allow 5 DOF motion and translation

movements in all directions regardless of the heading of the vehicle.
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Table 3.2: Thruster configuration for different motion patterns.

Motion Thrusters Used
Surge T1,−T3, T5,−T7

Sway T1, T2, T3, T4,
−T5,−T6,−T7,−T8

Heave T2,−T4, T6,−T8
Roll −T2, T4, T6,−T8
Pitch /
Yaw T1,−T3,−T5, T7

The configuration of actuators for the different motions is depicted in the

table in Fig. 3.2(b). The mapping matrix B is used to define how the thruster

configuration acts on the dynamics of the vehicle: given a reference force vector

and inverting (i.e., Moore-Penrose inversion) the mapping matrix, we can compute

the force required by each thruster. The mapping matrix is 6× 8, wherein each

column corresponds to a thruster and each row represents one of the 6 DOF,

namely surge, sway, heave, roll, pitch and yaw. Using the thruster configuration

shown in Fig. 3.2(b), the matrix B is defined as

B =



1 0 −1 0 1 0 −1 0
1 1 1 1 −1 −1 −1 −1
0 1 0 −1 0 1 0 −1
0 −l 0 l 0 l 0 −l
0 0 0 0 0 0 0 0
l 0 −l 0 −l 0 l 0


, (3.1)

with

l = sin(δ)
√
σ2

1 + σ2
2 , (3.2)

where σ1 is the distance from the axis of the thrusters to the geometrical center

of the vehicle, σ2 is the distance from each thruster to the middle lateral point,

and δ = arctan(σ2/σ1) is the rotation angle of the moments generated on the

robot. Note that the pitch movement is not achievable by the thrusters, therefore

its corresponding row in the mapping matrix is filled with zeros.
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An additional degree of freedom is achieved by means of a variable pitch

system that uses batteries as an inner pendulum, whose weight displacement

generate, accordingly, the desired pitch angle in the submersible. The UX-1 robot

is required to traverse up to 500 m vertically to explore deep mines. Continuous

operation of thrusters would require a significant power consumption and would

considerably decrease the desired operating time of 5 hours. To prevent this,

a small sized variable ballast system was designed to allow active adjustment

of the buoyancy during the long vertical movements. The complete theory and

development of the ballast system can be found in [Salomaa, 2017].

3.3 Hardware and Sensors

The submersible has a distributed computer system for on-board data processing,

sensor interfacing, and actuator control. Due to the size limitations of the

hull’s interior, a Computer-on-Module (COM) Express Type 6 was chosen as

the main computer responsible for the mission control. This computer performs

multiple sensor integration and data fusion. Furthermore, it hosts the Guidance,

Navigation, and Control (GNC) algorithms, and it is responsible for all sensor data

registration and storage for further post-processing. Additionally, COM Express

Type 10 Dedicated CPUs are used in intensive specific sensor processing tasks.

Regarding the instrumentation incorporated by the robot, encased in the

hull too and schematically showing in Fig. 3.3, two separated categories can

be established:

• Scientific instrumentation, exclusively for geological data collection and

thus not used for the functioning of the robot itself but obtain samples

from the mine. The sensors included by the robot are: thermometer and

barometer, water sampler, conductivity and pH measuring units, sub-

bottom profiler, magnetic field measuring unit, UV fluorescence imaging,

gamma ray counter, and multispectral imaging unit.
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Figure 3.3: Scientific, navigation equipment, and thrusters of the UX-1 robot: left
image, front view of the UX-1; right image, left side view.

• Navigation equipment, necessary for the essential functions of the sub-

mersible and with a direct relevance to the guidance system further

developed in this thesis. The robot localization uses a fiber optic-based

IMU (KVH 1750) for linear acceleration and angular velocity measurements.

DVL (Nortek 1 MHz) is used to estimate the pressure, relative vehicle

velocities, and distance to bottom measurements. These measurements are

integrated over time using the dead-reckoning technique. A Multibeam

Profiler Sonar (Kongsberg M3) generates imaging and bathymetric data,

and it has a distance range of up to 500 meters. Additionally, the robot

has a mechanical scanning 360° sonar (Tritech Micron) with up to 75 m

range used mainly for obstacle detection. A custom-developed laser-based

structured light systems provide detailed point cloud data and depth

estimation: the Structured Light System (SLS) is comprised of five digital

cameras with 110° lens opening, 9 fps, and 2054×1544 image resolution, a

dedicated image processor CPU, and a light projector system. The light

projector system has a visible light source, an UV light LED projector, and

a rotating laser line projector.
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Data acquired from both navigation and scientific instrumentation sensors

are recorded in real-time and stored to disk. For this purpose, hardware

interfaces have been implemented in C++ or Python in Ubuntu 16.04., and data

communications are handled using the ROS standard messages. ROS is chosen as

a middleware (an abstraction layer between the hardware and the software) due

to its modularity, good hardware support (drivers), and its messaging system that

simplifies the communication between different software modules [ROS, 2020c].

Further details on the hardware architecture of the UX-1 can be found

in [Martins et al., 2018a].

3.4 Software Architecture

The software of the UX-1 robot has been designed following, as far as possible,

a modular organization. This division into modules has, as its main benefit, a

high degree of independence between modules as far as their defined interfaces

are respected: this independence allows their fairly independent development,

something important in an international project like UNEXMIN where the

modules are developed by different teams based in different countries, and enables

an almost straightforward modification and testing of each module separately

with minimal effect on the rest of the modules. As a result, the architecture

of the UX-1 consists of four main modules: Sensor Fusion (SF), Simultaneous

Guidance,
Navigation and
Control (GNC)

Sensor Fusion
(SF)

Simultaneous
Localization and 
Mapping (SLAM)

Low-Level
Control (LLC)

Location
and map

Pose and
perception

LL feeback

LL commands

Location
and map

ManeuverPose and
perception

Figure 3.4: The UX-1 software architecture.



44 3.4. Software Architecture

Localization and Mapping (SLAM), Low-Level Control (LLC), and Guidance,

Navigation and Control (GNC) (see Fig. 3.4).

The SF and SLAM modules, developed by researchers at INESC-TEC, provide

the GNC system with localization information (pose, global localization, and map

data). Based on this information, the GNC module is in charge of generating

waypoints and trajectories to be followed by the robot, and control that the

actual motion of the robot attains this planning. In the SF, a 3D mapping node

integrates the point cloud information obtained by the Tritech Scanning Sonar,

the M3 Multibeam Sonar, and the SLS. Additionally, the SF module implements

an Adaptive Extended Kalman Filter to estimate the position, velocity, and

attitude of the UX-1 robot by using data provided by DVL, IMU, and pressure

sensor. Finally, the SLAM module receives the pose information and the mapping

data and provides a corrected 3D map and global localization estimates. The

LLC module, implementing different approaches of control theory to directly

affect the actuators using low-level commands, shows a simpler architectural

structure composed of two monolithic submodules. For further details regarding

the SF and SLAM modules, we refer the reader to [Martins et al., 2018b], and

for LLC module, we refer the reader to [Villa et al., 2018].

The GNC module is composed of the three submodules suggested by their

name. According to [Fossen, 2011], the GNC’s submodule can be defined as:

• Guidance is the system that continuously computes the reference (desired)

position, velocity, and acceleration of a vehicle to be used by the motion

control system. Sophisticated features such as obstacle avoidance and

mission planning can be incorporated into the design of guidance systems.

• Navigation is the system that uses available sensors to determine the

submersible’s state, its position/attitude, velocity, and acceleration.

• Control, or more specifically, motion control, is the system determining

the necessary control forces and moments to be provided by the submersible

to satisfy a particular control objective.
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Figure 3.5: Block diagram of the operation of the GNC module.

These three submodules of the UX-1 robot interact with each other through

data and signal transmission, as illustrated in Fig. 3.5.

The autonomous guidance system, which represents the main focus of this

thesis, is described in detail in the next chapters, and in particular in Chap-

ter 4. For details regarding the Navigation system, we refer the reader to

[Martins et al., 2018b], and regarding the Control system, we refer the reader to

[Suarez Fernandez et al., 2019] [Fernandez et al., 2018] [Fernandez et al., 2019]
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Into this house we’re born, Into this world we’re
thrown, Like a dog without a bone, An actor out
alone.

— JM
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4.1 Literature Review

4.1.1 Path planning for underwater vehicles

Path planning, that is, deciding which sequence of collision-free configurations

and poses the robot must follow in order to reach a determined target state and

location maximizing certain criteria, is, along with mission planning (addressed

in Sec. 4.1.2) and with the ability to sense the robot pose with respect to the

environment, essential for practical autonomy in robotics.

The existing path planning techniques, designed mostly for ground vehicles

47
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and robots and for general problems, apply also to AUVs. Underwater path

planning has been often addressed in the literature as a 2D problem, analogous and

interchangeable with terrestrial path planning [Li et al., 2019]. In this direction,

[Wang et al., 2018] discloses a framework for the autonomous exploration of

confined, indoor environments sharing a number of key features with tunnel

exploration, since their topology can also grow in complexity, constructing

a semantic road map that represents the topology and can be incrementally

built. Certain related approaches, considering equivalence classes of maps and

incorporating specifics of underwater navigation such as current forces have

also been proposed [McMahon and Plaku, 2016]. : however, the latter shows

additional challenges regarding possibly changing ambient conditions as well as

complex environments defined in three-dimensional that require specific handling.

However, the simplification into a flat 2D problem, although convenient, does

not suffice for flooded mining environments, complex environments comprising

tunnel and shaft structures and thus inherently defined in 3D. A variety of multi-

purpose path search algorithms suitable for both 2D and 3D environments, both

deterministic and probabilistic like Rapidly Exploring Random Trees (RRTs)

[Hernández et al., 2016], have been proposed in the literature: the surveys

[Li et al., 2019] and [Panda et al., 2020] provide a detailed review the main

works for path planning suitable for AUVs.

The different methods for path planning show a tight interdependence with the

chosen representation of the environment of the robot. Most approaches are based

on regular divisions of the space, resulting in a grid of elements, and on the evalua-

tion and coding of the existence of objects in each resulting element, that is, their

occupancy [Preston et al., 2018]: the coding of the grid can be done uniformly, in

the form a regular matrix of occupancies, or through the use of recursive, multi-

resolution coding techniques based on cell trees such as quadtrees (2D) and octrees

(3D, also known as octomaps) [Hornung et al., 2013]. Regular divisions show, as

their main advantage, their straightforward spatial interpretation they convey.

Although regular maps are considered in the vast majority of path planning works,
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other concepts have been also proposed and used: from irregular, ad hoc divisions

of the space [Dong et al., 2015], to hybrid representations combining topological

graphs and regular divisions [Richmond et al., 2018] [Konolige et al., 2011], and

even environmental representations more directly linked to sensor observations

such as ensembles of features [Soylu et al., 2018].

The majority of algorithms for path planning do not only use a regular division

of the physical space contained by the scene, but an augmented interpretation

of the scene comprising the complete states, or configurations, that the robot

can adopt in the scene: in the case of an AUV with 6 DOF that would represent

the complete pose of the submersible, composed of the 3D location of the robot

as well as its 3D orientation: this representation is referred to as configuration

space, or C-space [Kuffner and LaValle, 2000].

Path planning algorithms for underwater environments can be classified

according to their task of interest into three types:

• Query-based path planning, corresponding to the usual notion of discovering

paths, offering a minimized cost according to a certain cost function defined

for the task, linking two robot configurations of an environment whose map

is available at planning time.

Additionally, query-based algorithms can be further classified into single

query, if they provide a solution path for a pair of start and end configu-

rations specifically requested, or multiple query, if they provide paths for

every end configuration in the C-space [Li et al., 2019].

• Reactive path planning, devoted to the navigation from a start configuration

to a goal configuration or direction in an environment that is only partially

known, or under discovery as the robot advances during its movement,

avoiding obstacles.

The most representative method of this type, halfway between path plan-

ning and exploration, is the Bug algorithm [Lumelsky and Stepanov, 2015]

and is subsequent improvements and modifications [Kamon et al., 1996],
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consisting in the continuation of the path planned without the knowledge

of the environment around the appearing objects as they are discovered.

• Coverage path planning, devoted to the determination of a path that

covers a region of interest according to certain criteria, generally related

to minimum length or non-redundant covering, to gain further knowledge

from it [Paull et al., 2013] [Galceran and Carreras, 2013].

Although the three types are indubitably relevant for underwater navigation,

the rest of this section will focus on the first one, query-based planners, due

to its relevance for the task-oriented path planning required for the operation

of the UX-1 robot. The following paragraphs provide an overview of the main

existing query-based path planners relevant for the field of AUVs, along with

their main characteristics, strengths, and weaknesses.

Optimal path search over a grid

The use of a grid-based C-space encoding occupancy and the transitions, and

costs, between adjacent configurations represents, inherently, a weighted graph.

Using this straightforward interpretation, the use of the (old good) Dijkstra’s

algorithm [Dijkstra, 1959] appears as the most obvious solution to path planning.

Since Dijkstra’s algorithm, by construction, spans a tree of minimum distances

from a source node to all the nodes of the tree, which represents the key to its

optimality, its use provides a multi-query solution to the path planning problem.

The adequacy of the results of Dijkstra’s algorithm in path planning is

directly linked to the granularity of the map grid on which it inherently works:

the consideration of finer obstacles require, thus, large grids. The optimality of

Dijkstra’s algorithm, based on its greediness, entails for this same reason a high

computational cost in large grid maps, compromising its scalability. This aspect

has motivated subsequent modifications [Ammar et al., 2015].

Its closest modification, A*, applies heuristics to first update the accumulated

weights of those nodes most likely involved in the optimal path [Arinaga et al., 1996]:
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it would provide, thus, the same solutions that Dijkstra’s algorithm would

provide if run indefinitely, but it is stopped when a satisfactory solution is found.

An additional modification, involving the efficient recalculation of paths when

alterations in the assumed map are observed and referred to as D*, combining thus

global planning with online planning [Sun and Zhu, 2016]. Further modifications

of Dijkstra’s algorithm and A* achieve increased efficiency through the use of

topological considerations and homotopic paths [Arinaga et al., 1996].

Potential fields and local optimization

An alternative approach to graph-optimization path planning consists in formu-

lating the path planning problem as a mathematical function, advantageously

derivable at every point of the C-space, encoding simultaneously the progress

of the task of reaching a target configuration. Such function, called energy,

potential field, or artificial potential, depending on the author, has the following

beneficial properties:

• The potential function can encode a number of desirable behaviors for the

obtained path, not limited to the simplest configuration corresponding only

to the proximity to the target configuration and a repellent potential from

the obstacles. For instance, the orography of the terrain or the direction of

the water flow [Lolla et al., 2015] [Xu et al., 2009], and even the proximity

to other robots for swarm optimization [Esin et al., 2008] can be included

therein.

• The potential function can be defined as changing over time, therefore

responding to temporally dynamic processes such as variable water flow

speeds [Kulkarni and Lermusiaux, 2020].

• Since it is in principle defined over a continuous C-space, it allows for both

path search algorithms based on regular grids, such as Fast Marching Trees

(FMTs) [Petres et al., 2005] and grid-less optimization approaches such as

gradient descent and level sets [Lolla et al., 2015].
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Multiple modifications and reinterpretation of the principles explained above

have been proposed in the literature of AUVs, which provides an indication of the

effective applicability of this approach to field tasks, and of its potential for inte-

gration with different techniques for the search of the final path once the potential

function has been defined. In this line, FMTs, based on grid-based search reminis-

cent of Dikjstra’s algorithm, has been used to provide, like the latter, multi-query

solutions to path planning [Petres et al., 2005] [Kulkarni and Lermusiaux, 2020].

In a different direction, gradient-based optimization of the potential field has

been enriched with random walks to escape local minima, and provided the

so-called Randomized Path Planner (RPP) [Barraquand and Latombe, 1990].

Probabilistic Roadmap Method (PRM)

Unlike the previous approaches, consisting in the progressive growth of a path

from the start configuration, Probabilistic Roadmap Method (PRM) intends to

obtain a graph representation of the free subspace, C-free, of the configuration

space, C-space, based on a random sampling of the latter and a number related

checks, which, once built, provides a simple way to calculate a roadmap, that is,

an approximate feasible path, between a given pair of start and end configurations.

For this reason, PRM is regarded fundamentally as a multi-query approach.

Path planning for a given pair of start and end configurations PRM is

composed, thus, of two main phases: roadmap graph construction, generic for

the complete configuration space, and query resolution, that is, obtaining the

path of the specific query through the search within the roadmap graph and a

later refining it using local optimization methods. During the construction phase,

random configurations are sampled, and connection between neighboring samples,

according to the dynamics of the robot and the obstacles of the space, are checked

and corrspondingly established. Sample configurations and connections, that

is, vertices and edges of the roadmap graph, are subsequently added until a

certain density is obtained. During the query phase, a rough path for the start
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and end configurations is obtained using Dijkstra’s shortest path algorithm on

the roadmap [Kavraki et al., 1996].

Although PRM has been successfully applied to many complex tasks, including

path planning for AUVs in 3D environments [McMahon and Plaku, 2016], there

are a number of drawbacks related to its construction phase. First, its random

sampling process is not, in principle, guided by the topology of the subspace

C-free: therefore, intricate spaces can dramatically decrease the effectiveness of

the approach. And second, its probabilistic nature makes it sub-optimal.

Subsequent modifications to the basic PRM have been proposed in the

literature to overcome the above drawbacks. In [Karaman and Frazzoli, 2011]

an asymptotically optimal version of PRM called PRM* was proposed, based on

a variable number of connection attempts between neighboring configurations.

Additionally, a method called Lazy PRM was introduced: this method delays

checking the validity of the connection between neighbouring configurations,

part of the roadmap graph construction of the usual PRM, until specific queries

involving the corresponding graph nodes are received [Bohlin and Kavraki, 2000].

Rapidly Exploring Random Tree (RRT)

The algorithm RRT was proposed in 1998 [Lavalle, 1998], inspired by certain

of the positive features of PRM but with the aim of providing a more efficient

sampling of the subpace C-free [Lavalle, 1998]: successfully, it has been proved

faster than PRM for single query path planning [LaValle and Kuffner, 2001].

Since its creation, it and its modified versions with improved or adapted features

have been extensive applied to any existing problem in robotics, and, specifically,

to path planning for HAUVs [Li et al., 2019].

RRT grows, like Dijkstra’s algorithm or A*, a tree rooted at the start

configuration. However, unlike them, no grid representation of the C-space

nor exhaustive cost evaluation of all possible paths is performed. Instead, the

tree grows by extracting, sequentially, random samples from the C-space, and

by linking the newly extracted samples to the closest node of the provisional
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tree (by construction, thus, the RRT remains always connected). This sampling

procedure is responsible for one of the main advantages of RRTs over other

path planning methods: its expansion is, inherently, strongly biased toward the

unexplored portions of the state space, since the probability of a node being the

closest to a newly sampled configuration is proportional to the size of its Voronoi

region, which naturally occurs in the less densely populated areas such as the

limits of the explored subspace of C-space. However, its default behavior can be

modified by biasing the sampling probability of certain areas. Also, RRT can

be used in with C-spaces with an associated cost [Jaillet et al., 2010].

A multitude of variations of the original RRT have been proposed, wherein

those with most acceptance are:

• RRT-Connect grows, for a single start-end query, two trees: one from the

start configuration to the end, and another one from the end configuration to

the start: the growth of the two trees is performed alternatively towards each

other, until their leaves allow merging them [Kuffner and LaValle, 2000].

RRT-Connect has been successfully used in complex environments, in-

cluding underwater navigation [Yu et al., 2019], and shows a remarkable

ability to find valid paths in C-free subspaces with severe narrowings.

However, it appears to be unsuitable for problems with heavy motion

constraints where tree merging may become computationally intractable

[Hernández et al., 2019].

• RRT* is an asymptotically optimal version of RRT, that is, providing

the optimal path to the goal configuration when the number of nodes

approaches infinity [Karaman and Frazzoli, 2011], in contrast with the sub-

optimality of the standard RRT [Zeng et al., 2015].

RRT* follows the same principle of RRT, but performing the modification

of the topology of the tree when new samples are generated. In greater

detail: each node of RRT* keeps the record of the distance to its parent

vertex, referred to as cost; as in RRT, when a new configuration is sampled,
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the nodes of the existing tree within a certain radius are selected, and the

and the closest one is selected by the new configuration for connection;

but, unlike RRT, compares the cost of its connection to the closest node

and the potential cost of connecting to its parent node instead, choosing

the best option. This additional check makes the paths obtained by

RRT* smoother [Karaman and Frazzoli, 2010] and achieves great results

in complex applications [Carreras et al., 2018], but it represents also a

considerable increase in computational cost with respect to RRT.

However, many other variants have been proposed: smooth versions of RRT-

Connect [Lau and Byl, 2015], following similar ideas to the node-connection

procedure of RRT*, have been proposed; versions of RRT* with increased

computational efficiency have been extensively researched, e.g., RRT*-Smart

[Adiyatov and Varol, 2017], RRT*-FN [Adiyatov and Varol, 2013], LQR-RRT*

[Perez et al., 2012], and sparse RRT* [Vidal et al., 2019]. Furthermore, the

Transition-based RRT (TRRT), a combination of the RRT with a stochastic

optimization method for finding global minima is proposed by [Jaillet et al., 2010],

and the Bidirectional Transition-based RRT (BTRRT) is a biderectional version

of TRRT, proposed by [Devaurs et al., 2013].

Additionally, RRT has been used in combination of other path planning

methods: RRT has been combined with PRM for path planning for AUVs

[Poppinga et al., 2011]; real-time implementations of RRT included closed-loop

prediction, that is, taking into account both the vehicle and its low-level controller,

has been achieved [Kuwata et al., 2009]; and homotopy classes [Hernández et al., 2011]

have been also incorporated to RRT [Hernández et al., 2015].

Other lines of research in path planning

Although the approaches described in the previous paragraph, relative to multiple

query and more prominently to single query path planning, can be regarded as

the most widely use in underwater applications, there are a number of additional

lines of research with great apparent potential.
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Differential evolutionary method, combining genetic algorithms and differ-

ential calculus, have been proposed for path planning and obstacle avoidance

in underwater applications with great results [Zadeh et al., 2018], and appear

to provide comparable performance to RRTs in certain problems.

The ever-increasing use of the Neural Networks in all fields of computer

science has resulted in promising solutions regarding path planning, both through

supervised learning [Zhu et al., 2018] and through their use within the framework

of Reinforcement Learning in the form of Deep Q Learning Networks (DQNs)

[Sun et al., 2020]. The latter appears a specially promising line of research due

to the increasing capabilities for detailed simulation.

Finally, adaptations of existing approaches for single-robot path planning

to the multi-robot problem has arisen as a research topic with great applicabil-

ity, as shown in [Hernández et al., 2015] and [Cui et al., 2016] in underwater

environments.

Regarding the availability of the software tools providing practical functional-

ities for path planning, MoveIt! emerges as an invaluable tool for developmental

research in robotics [Sucan and Chitta, ] [Coleman et al., 2014]. MoveIt! is state-

of-the-art software framework providing a wide set of functional tools, including,

among others, motion planning, manipulation, kinematics, control, 3D perception

and collision checking. It provides an easy-to-use platform for developing

advanced robotics applications that integrates Widely used third-party libraries

including the Open Motion Planning Library (OMPL) [Şucan et al., 2012] and

the Flexible Collision Library (FCL) [Pan et al., 2012]. The development of

the software modules subject of this thesis has profusely used MoveIt!, and

OMPL in special.

The general concept behind MoveIt! consists in the definition of groups of

joints, and other auxiliary elements, to perform moving actions using motion

planning algorithms. Modelling in Moveit! follows the Unified Robot Description

Format (URDF) and complementary Semantic Robot Description Format (SRDF)
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extensible markup language XML-based files: URDF defines the kinematic and

dynamic properties of a robot, whereas SRDF complements the URDF and

specifies planning groups, additional collision checking information, default robot

configuration, and additional transforms that may be needed to completely

specify the pose of the robot.

MoveIt!, designed to work with many different types of path planners, contains,

already integrated, the following path planning libraries: Stochastic Trajec-

tory Optimization for Motion Planning (STOMP) [Kalakrishnan et al., 2011];

Search-Based Planning Library (SBPL); Covariant Hamiltonian Optimization

for Motion Planning (CHOMP) [Ratliff et al., 2009]; and, more importantly,

OMPL. OMPL is a open source library consisting the majority of state-of-the-art

motion planning algorithms discussed throughout this section plus a number

of additional relevant planners (not detailed before for the sake of brevity),

including [Şucan et al., 2012]:

• RRT, RRT-Connect, RRT*, Sparse Stable RRT (SST), Lower Bound Tree

RRT (LBTRRT), TRRT, Vector Field RRT (VF-RRT), Parallel RRT

(PRRT), LazyRRT, Task-space RRT (TSRRT), and Quotient-space RRT

(QRRT).

• PRM, LazyPRM, PRM*, and LazyPRM*.

• FMT* and Bidirectional FMT (BFMT)*.

• SPARS and SPARS2.

• Expansive Space Trees (EST).

4.1.2 Architecture for mission planning and execution in
underwater vehicles

The concepts of mission planning and mission execution (or control) are tightly

interrelated: the former refers to the decision and representation of the high-

level tasks that must be addressed by the robot, including their relative order,

whereas the latter links said high-level tasks into concrete, lower-level behaviors
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that represent how said high-level tasks must be achieved and supervises their

execution [Kortenkamp et al., 2016]. The mission execution, thus, comprises in

most cases an interface to a path planner (see Sec. 4.1.1) for the tasks requiring

such feature (unless path planner and mission planning and execution are merged).

The analysis of the literature immediately reveals the lack of a prototypical ar-

chitecture for mission planning and mission execution for AUVs. Certain works de-

velop architectures reasonably following existing standard languages: for instance,

the architecture developed in [Yoerger et al., 2018] follows greatly SMACH

(described below). Most works, e.g., [Preston et al., 2018], [Soylu et al., 2018],

and [Kaiser et al., 2016], develop multi-layered architectures freely inspired by

existing multi-node standards: in [Goldberg, 2011], for instance, a specific

architecture for the Bluefin family of AUVs referred to as Huxley, comprising

a reactive and an executive layer, is detailed. Furthermore, certain works

propose architectures totally tailored to their deployed path planner where the

limit between low-level path planning and higher-level mission planning and

control is almost totally blurred [McMahon and Plaku, 2016]. The same lack of

a prototypical architecture applies to robotics in general.

However, a number of specialized programming languages for mission planning

and execution, corresponding to slightly different architectural styles, can be

identified. Each one provides a different degree of integration with the lower-

level commands of the robotic platform and specificity of the planned tasks,

a different level of deliberation in the reaction towards environmental events,

deterministic or stochastic behavior [Ingrand and Ghallab, 2017]. According to

the literature [Kortenkamp et al., 2016] [Verma et al., 2005b], some of the most

relevant among them are the following:

• Teleo-Reactive Executive (T-REX), a distributed approach over a hierarchy

of components devoted to different functions sharing one single timeline

[Ingrand and Ghallab, 2017], and where sensing, deliberating, and acting

are interleaved [McGann et al., 2008].
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• Reactive Action Packages (RAPs) and Procedural Reasoning System (PRS),

both procedure-based and containing coded skills to apply as a response to

the context [Ingrand and Ghallab, 2017].

• Task Description Language (TDL), also based on procedure-based coded

skills and with explicit temporal constraints for tasks synchronization

[Ingrand and Ghallab, 2017].

• State Machine library (SMACH) and Plan Execution Interchange Language

(PLEXIL), state machines based on nodes representing abstractions indepen-

dent from lower-level processes of the robotic platform [Lesire et al., 2020]

[Verma et al., 2005b].

The last one, Plan Execution Interchange Language (PLEXIL), developed by

NASA for space missions including control of hardware prototypes for planetary

rovers, is broadly used in many automation solutions due to its support and

to its flexibility regarding its integration with lower-level controllers. It is in

occasions combined frequently with the Universal Executive (UE) engine for task

execution [Delfa, 2016]. The fundamental unit of PLEXIL is the node, a data

structure formed of main parts: the conditions that control its execution, and

the actions to be performed after the execution has been accomplished. PLEXIL,

as well as most of the languages listed above, allows the representation of node

relationships such as branches, loops, and conditions. And more importantly

for the aim of this thesis, provides a powerful definition, for event monitoring

event-driven tasks [Verma et al., 2005a]: in fact, the execution of the defined

nodes is driven by events, internal or external.

The concept of event, as defined by PLEXIL but defined similarly in the

other languages described in the above paragraphs, has been adopted in the

design of the mission planning and execution subject of this thesis.
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4.2 Guidance

The following subsections describe with details the implemented guidance system

through the dissection of its component subsystems: Mission Planner, Action

Executor, and Trajectory Generator. The current architecture, described in the

following subsections in reference to Fig. 3.5, is the evolution of the guidance

system as presented in our previous works (compare with [Milosevic et al., 2019])

as a result of successive re-designs motivated by corresponding tests.

4.2.1 Mission Planner

The Mission Planner module is in charge of configuring the overall mission

strategy, defined as a list of high-level, semantic tasks which include, whenever

relevant, the parameters needed to specify them (e.g., in scientific instrumentation

measurement tasks, the map locations they apply to). Those tasks will be

referred to as actions.

The Mission Planner takes as an input a set of actions desired by the operator,

defined in an order related to their intended temporal precedence in the form

of an XML-based mission script. Such script is read, interpreted, and possibly

complemented with additional auxiliary, operative actions to create an ordered

action list (see Fig. 3.5); the meaning of such operative tasks will be detailed

below, along with the rest of the scientific and exploratory actions explicitly

definable in the mission script (Sec. 4.2.2).

The Mission Planner and the resulting action list are of a dynamic nature:

actions from the existing list are sequentially read and dealt with one by one;

upon the termination of the current task, and depending on its result or on the

resulting state of the submersible, the Mission Planner can perform a modification

of the remaining actions of the list. The most intuitive dynamic modification

of the action list would correspond to the detection of a low battery level of

the submarine, which would result in the cancellation of the remaining actions
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and their substitution for an immediate return to a safe location or starting

point (see Sec. 4.2.2).

4.2.2 Action Executor

The main goal of the Action Executor module is accepting actions from the

action list generated by the Mission Planner and executing them.

Regarding their purpose and scope of use, actions can be classified into one

of these four types: pure displacement, scientific sampling, exploration, and event

handling. Both pure displacement and scientific sampling actions are relevant for

those areas of the mine whose map is known and available. In contrast, exploration

actions aim to obtain the geometric information of unexplored sections of the

mine and incorporate it into the map of the environment. Event handling actions,

however, correspond to situations where disruptions in the correct performance of

the submersible are detected or foreseen and where, as a consequence, exceptional

measures to preserve its integrity or safety need to be taken.

Pure displacement actions, simply responding to the submarine’s desired

destination position within a known section of the mine indicated by the mission

script, require no further description. Contrarily, scientific sampling, exploration,

and event handling actions are illustrated further in Sec. 4.2.2, 4.2.2, and 4.2.2,

respectively.

Scientific sampling actions

The UX-1 robot utilizes various sensors for gathering geoscientific data (see

Sec. 3.3). The efficient data logging capabilities of ROS make it useful to record

and store sensory information. By having the sensors drivers implemented on

ROS, we can publish data in a defined format for each sensor and append the

positional and time information.

Each of the available scientific sensors has its own set of reconfigurable

parameters. Some of those parameters do not affect the mission’s execution,

e.g., the sampling frequency of a pH sensor. However, the operation of some
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scientific sensors entails certain positional requirements for the robot: a good

example of this is the collection of data using the multispectral unit, which

requires keeping a certain distance to the mine wall while moving at a constant

velocity during the operation.

Scientific instrumentation actions and parameters:

• pH measurement

Determining acidic or alkaline environment can be done measuring the pH

value. The sensor requires only a trigger by the user and the sampling

frequency is the only available parameter that can be reconfigured.

• Conductivity measurement

The ability of a material to conduct electric current can be measured, and

similarly to the pH sensor, this sensor needs a request command to be sent

and the sampling frequency can be reconfigured.

• Multispectral camera

Multispectral unit is mounted on the side panel of the robot. The sensor

requires an external trigger by the user. Working distance in water is

0.5m± 0.25m and this value can be established by the user. Additionally,

the duration of the flashing time of LEDs can be set. This sensor requires

accurate synchronization between movement of the robot and the imaging

system. This implies that in order to have the best quality of images, the

robot should move with the constant velocity which can be set by the user.

• Gamma ray counter unit

Radioactive elements, such as uranium, thorium and potassium, naturally

emit gamma rays which can be measured with the dosimeter. The sensor

is placed at the bottom of the UX-1 and during its usage it is necessary

to manoeuvre the UX-1 as close to the mine walls as possible (max. 20
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cm). Moreover, the low driving speed can also significantly improve the

detection. Distance to the mine walls and the driving speed can be selected

by the user with the aforementioned restrictions. Measuring time is set by

the user and it is between 2 seconds and 4 minutes. The sensor requires an

external trigger.

• Sub-bottom sonar

The ultrasonic sub-bottom profiler maps the mine wall (or floor layer)

material. Measuring range is 0.5 − 40m. The driver which deals with

the sub-bottom sonar is implemented to make a request and register the

sampled information.

• Thermometer and pressure

Currently the information on temperature and pressure are registered in the

DVL message and therefore is already available. It can be then subscribed

by the required drivers needing this information.

• Magnetic field

The flux gate sensor system measures the magnetic field strength and

collects data that will be stored by the main computer for post processing.

This sensor needs a request command to be sent and the sampling frequency

can be reconfigured.

• Water sampler

Measurements commonly made on site and in direct contact with the

water source in question include temperature, pH, conductivity and so on.

Complicated measurements are often made in a special laboratory requiring

a water sample to be collected, preserved, transported, and analyzed at

another location. For that purpose, the water sampler unit is installed on

UX-1 for taking a portion of water for further analysis. The only required

input is a trigger by the user.
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• UV fluorescence imaging unit

This sensor is comprised of a camera and UV lights which are built into

the structured light system (SLS). The complete SLS has been designed by

INESC-TEC. The external trigger by the user is required. Reconfigurable

parameters are the exposure time and the intensity of the UV light, and

distance to the mine walls.

Table 4.1 summarizes the scientific sensors and their corresponding parame-

ters.

Before the mission, scientific sampling actions, defined by the user, are

inserted in the mission script together with their parameters, including, when

applicable, their desired location, time, or both: the Action Executor handles

the different aspects involved in each specific sampling action by engaging the

required corresponding modules, as depicted in Fig. 3.5.

Exploration actions

Due to the nature of most mines’ geometry, normally organized in horizontal layers

connected by the vertical shaft, we can simplify three-dimensional exploration

by decoupling horizontal plane and vertical exploration:

Horizontal exploration

Horizontal exploration is used for traversing tunnels. The approach we

used is based on the detection of frontiers [Yamauchi, 1997], regions on the

border between explored and unexplored space. During exploration, a robot

navigates to successive frontiers to extend the known area until the complete,

reachable environment is explored.

Our exploration has been based on the available ROS package frontier_exploration [ROS, 2020b],

which returns a list of frontiers which we further sort according to a cost, defined

through the function

cost(f) = wd d(f) + w∆θ ∆θ(f) − wAA(f) , (4.1)
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Table 4.1: Scientific sensors in the UX-1 robot.

sensor parameters

pH location/time trigger
sampling frequency

conductivity location/time trigger
sampling frequency

multispectral unit

location/time trigger
distance
duration
velocity

gamma ray counter

location/time trigger
distance
duration
velocity

sub-bottom profiler location/time trigger
duration

temperature none (constantly measured)
pressure none (constantly measured)

magnetic field location/time trigger
sampling frequency

water sampler location/time trigger

UV fluorescence

location/time trigger
exposure time
intensity
distance

where d represents the distance to the frontier f , ∆θ represents the required

change in orientation of the robot to face f , and A is the extent of f , and

where wd, w∆θ, and wA are factors weighing the relative importance assigned

to the different aspects. Consequently, the frontier in the current list of open

frontiers that involves the lowest cost is chosen.

Furthermore, we merged the frontier exploration with the exploration strategy

named wall-following logic [Yamauchi, 1997]. Wall following logic, also known

as the right-hand rule (or, analogously, the left-hand rule), is the best-known

rule for traversing mazes [Mishra and Bande, 2008]. Assuming that the walls are

connected, then by keeping one hand in contact with one wall of the maze,

the solver is guaranteed not to get lost and return to the entrance. We
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use the right-hand rule for horizontal exploration, a policy that is naturally

enforced by appropriately setting the parameter w∆θ of the cost function in

eq. (4.1), conveniently signed, to favor the selection of frontiers involving ∆θ

towards the right.

Vertical exploration

Vertical exploration is used for descending shafts. For initializing the explo-

ration, the UX-1 robot must be placed in the center of the shaft cross-section.

Then we use the depth readings of the DVL sensor for descending the shaft

while keeping the position in its center.

Exploration actions’ entries in the mission script are thus comprised of

the following parameters: desired duration of the exploration; for horizontal

exploration: spatial coverage and/or a desired number of junctions to be entered;

for vertical exploration: maximum depth to be reached if no shaft bottom

is reached before.

Event handling actions

In order to monitor changes in the world state, we adopt the concept of an

event. This concept is broadly used in many automation programming languages,

such as PLEXIL [Verma et al., 2005a], a NASA’s Plan Execution Interchange

Language used in autonomous spacecraft operations.

There are two changes in the world state that we want to monitor and handle:

External events

External events represent a change in the external world’s state, such as a

new obstacle appearing. They affect, above all, path planning.

We used the ROS action interface to track the status of the path execution.

The actionlib [ROS, 2020a] ROS package provides tools for creating servers

and clients that execute long-running goals that can be preempted. In our

example of path execution, a goal represents reaching a target location. A client

and a server communicate using a predefined protocol that relies on ROS topics
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Action 
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Action 
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goal

cancel

result

feedback

status

Figure 4.1: ROS action interface.

to transport messages (see Fig. 4.1). A client sends a goal, e.g., moving to a

certain target location, to a server through the goal message. Once a goal is

received, the server creates a state machine to track the goal execution status and

continuously notifies the client of the current state through the status message.

When a new obstacle is detected and the current path is not feasible any longer,

the goal’s state changes from valid to invalid, and the client sends a cancel

request to the server. Subsequently, the client sends a request for a new path,

and the server attempts to plan it. If replanning cannot generate a feasible path

to the goal location, the robot is sent back to the base.

Internal events

Internal events represent a change in the internal robot’s state. The internal

events addressed here include low battery level; mechanical component failure

(i.e., broken thruster); failure of sensors used for localization; and scientific

instrumentation failure.

Internal events can be categorized into critical and non-critical events. The

division is based on whether the detected event is jeopardizing the whole

mission or not.

UX-1 robot is equipped with several scientific instruments (see Sec. 4.2.2) that

are not necessarily used in all missions. Their usage is dependent on the type of

mine being explored and on the user requirements. Hence possible faults of these

sensors are handled taking into consideration the aforementioned needs. If the

mission is focused on the exploration and mapping, the scientific instrumentation’s

fault is not considered a critical failure; therefore, the mission is continued despite
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the failure. Nonetheless, if the mission’s focus is gathering the scientific data, the

failure of the respective sensor is considered critical, and the mission is aborted.

The UX-1 is an over-actuated system, where the number of actuators used to

perform a control action is redundant [Suarez Fernandez et al., 2019]. Having

that in mind, if one thruster fails, we can continue the mission by reconfiguring

the force distribution for the rest of the thrusters. Therefore, a failure of only

one thruster is considered a non-critical event, whereas a failure of more than

one is considered a critical event.

A naive way of dealing with one thruster’s failure consists in disabling the

symmetric thruster, i.e., the thruster in the same position in the hull but on the

opposite side of the robot. Accordingly, the initial threshold for the low-battery

is lowered to half its value: this modification is done to compensate for the

new limitation in the robot’s speed caused by the loss of two thrusters, which

would produce less distance coverage, hence possibly insufficient battery power

to return to the deployment location. Therefore, we should abort the mission

and signal the return to the base with a higher battery percentage compared

to the situation when having all eight thrusters.

The disabling of the thruster is performed by changing the force allocation

of the UX-1 robot. The force allocation control approach is based on the

mapping matrix (see Sec. 3.2.1) that describes the relationship between the

control inputs and the forces actually produced by the actuators. Knowing

that the columns of the matrix correspond to each thruster, by changing their

values we can manipulate the forces that each thruster must exert to match

the given desired movement. Disabling a thruster is reflected by simply putting

zero values in its corresponding column.

The approach of disabling the symmetric thruster implies an almost immediate

system adaptation and quick resumption of the mission. However, the operational

capabilities of the robot would clearly benefit from more sophisticated approaches

comprising self-diagnosis, self-adaptation capabilities, and fault tolerance. This

is exactly the motivation of the developed metacontroller, detailed in Chapter 5
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of this thesis: instead of merely disabling symmetric thruster, the metacontroller

would compute at runtime the optimal configuration of the rest of the thrusters.

Failure of navigation equipment necessary for essential robotic functions

is considered a critical failure, and its handling is out of the scope of this

thesis. However, fault-tolerant navigation would also represent a field that

could benefit from metacontrol methods: this option remains open for future

developments in the UX-1 robot.

4.2.3 Trajectory Generator

The Trajectory Generator module receives the desired goal location, generated

by the Action Executor. Given the location and pose of the robot, the knowledge

of the robot’s dynamics and actuation system constraints, and the map of its

environment, results of the self-awareness capabilities of the UX-1, the Trajectory

Generator module generates an collision-free sequence of motions of towards the

desired path location according to certain planning criteria to optimize.

Time is often not included as a planning restriction. Planning that takes into

account only positional references is known as path planning. This simplification

is only valid for specific tasks, e.g., mapping focused only on quality. However,

it can definitely not be applied to applications requiring aggressive maneuvers

for which velocity restrictions are paramount.

The Trajectory Generator must handle uncertainties, minimize the possibility

of collisions, be generic with respect to different environments and map shapes,

and find the solution path in the minimum time possible.

Performance of a path planner is highly related to user needs. Like for many

other fields (e.g., object tracking) there is no one-size-fits-all solution. A good

planner for one application, can be totally wrong for another one.

We have adopted the MoveIt! Motion Planning Framework [Sucan and Chitta, ]

[Coleman et al., 2014] as the backbone for the development of our software,

and the library OMPL included therein as the basis for our path planning

functionalities: further details regarding them are provided in Sec. 4.1.1. In order
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Table 4.2: Summary of the benchmarked planners.

Planner name Optimizing Time-invariant Single/
planner goal Multi-query

RRT " Single
RRT* " Single
RRT-Connect " Single
PRM Multi
TRRT " " Single
BiTRRT " " Single
FMT " " Single
Lazy PRM* " Multi

to choose a path planner fitting our requirements, we performed a comparison

of the path planners available in OMPL, namely: RRT, RRT*, RRT-Connect,

PRM, TRRT, BTRRT, FMT and Lazy PRM*. The methodology for their

comparison is detailed in the next section.

4.2.4 Path planner benchmarking

The fair comparison of multiple path planners with different self-imposed working

restrictions, e.g., with fixed execution time versus case dependent duration or

with a defined number of generated path hypotheses versus unlimited attempts,

is not a straightforward task. To this end, we follow the formulation of the

work of [Karaman and Frazzoli, 2011].

First, we divide planners into two main group, optimizing and non-optimizing:

optimizing planners improve their previously inferred feasible paths for as long

as it has been indicated in their input parameters, e.g., RRT* or PRM*, whereas

non-optimizing planners simply aim to obtaining a feasible, collision-free path.

Problem Formulation

Let C = (0, 1)d be the configuration space, where d ∈ N, d ≥ 2. Let Cobs be

the obstacle region. The obstacle-free space is denoted as Cfree = cl(C \ Cobs),

where cl(·) denotes the closure of a set. The initial condition xinit is an element
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of Cfree, and the goal region xgoal is an open subset of Cfree. We can define a

path planning problem by a triplet (Cfree, xinit, Cgoal).

A path p is called collision-free path if:

p(x) ∈ Cfree for all x ∈ [0, 1] (4.2)

A path p is called feasible path if it is collision-free path and:

p(0) = xinit and p(1) = xgoal (4.3)

Let c : ∑→ R≥0 be a cost function. Then we say that a path p∗ is optimal if:

c(p∗) = min{c(p) : p is feasible } (4.4)

Problem implementation

Non-optimizing planners are requested to produce a feasible path with a maximum

computing time of 10 s. Optimizing planners are requested to produce an

optimized path with a maximum computing time of 10 s. Path simplification

performed by MoveIt! is enabled.

Performance metric

The performance of the planner is measured in terms of solved runs, path length

and computing time. Solved runs are shown in percentage of the total motion

planning runs that finish successfully. For each run, path length and total

computing time can change due to the randomization in sampling-based path

planners. Total computing time is measured as the time it takes for the planner

to produce feasible (or optimized path) with path simplification. Additionally,

a standard deviation from the average computing time was calculated. Shorter

time and smaller deviation are considered as higher performance.
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Table 4.3: Specified planner parameters.1

(a)

RRT RRT* RRTConnect PRM
goal bias: 0.05 goal bias: 0.05 range: 0 max nearest
range: 0 range: 0 neighbors: 10

(b)

TRRT BiTRRT FMT Lazy PRM*
goal bias: 0.05 goal bias: 0.05 cache cc: 1 range: 0
range: 0 range: 0 extended fmt: 1
fr. th.: 0 fr. th.: 0 heuristics: 0
fr. node ratio: 0.1 fr. node ratio: 0.1 nearest k: 1
min t.: 1e-09 init t.: 100 num samples: 1000
init t.: 1e-05 t. change factor: 0.1 radius multiplier: 1.1
t. change factor: 2 cost th.: inf
max states failed 10
k constant: 0

Parameters

Two types of parameters are considered: global parameters, used by all planners,

and local parameters, used by a specific planner. Table 4.3 summarized local

parameters for each tested path planner.

Regarding the global parameters, the parameter longest_valid_segment_fraction

is used by all planners. This parameter defines the discretization of robot motions

used for collision checking. A motion in this context can be understood as an

edge between two nodes in a graph, where nodes are waypoints along a path.

If the distance between the nodes is lower than the predefined value of this

parameter, collision detection is not checked. In narrow passages and corners,

and when dealing with small and thin obstacles, this parameter is critical. If this

parameter is too high, collision checking might missed small objects, however,

setting this parameter too low would significantly increase planning time. This

parameter was set to 5cm.

Maximum computing time and maximum number of planning attempts are

also global parameters. Maximum computing time was set to 10 s, and maximum
1t. stands for temperature, fr. for frontier, th. for threshold
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Figure 4.2: Planned path with the RRT-Connect planner shown inside the mine
tunnel used for benchmarking.

number of planning attempts was set to 10 attempts.

Defined motion planning problem

An environment used for measuring the performance of the planners was built

to simulate traversing a tunnel, avoiding an obstacle, and descending a shaft.

The mine tunnel built has a total length of 12 m and a diameter of 1.5 m. An

obtruding obstacle is positioned at the 4 m from the initial position, and at the

6 m a turn of 90° simulates the entry to a vertical shaft.

The used environment is illustrated in Fig. 4.2.

Evaluation

The benchmarking experiments were performed on a PC with an Intel i7-6700

2.6 GHz processor and 16 Gb of memory. Each algorithm was run 20 times for

the given motion planning problem. The algorithms were given a maximum

planning time of 10 s to evaluate the effect of time on the algorithms for which

the goal is not time-invariant.

Table 4.4 summarizes the benchmarking results. The planners RRT, RRT-

Connect and BTRRT showed a 100% success and returned a feasible path for
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Table 4.4: Evaluation metrics for motion planners.

Planner
name

Path
length

Standard
deviation

Computing
time

Standard
deviation

Solved
runs %

RRT 14.93 0.401 8.1122 3.7613 100
RRT* 14.573 0.973 10.1724 0.0737 95
RRT-Connect 14.92 0.21 1.0202 0.1984 100
PRM 15.782 0.417 10.2402 0.0255 90
TRRT 15.64 0.573 0.7380 0.1841 95
BTRRT 15.371 0.479 0.7534 0.0879 100
FMT 16.113 5.231 9.8004 0.7656 90
Lazy PRM* 14.33 0.397 10.2468 0.0575 95

every run. RRT-Connect had a smallest standard deviation from the average

path length, thus proving the highest consistency for each run, while the shortest

path was obtained by Lazy PRM*. The fastest solution was provided by TRRT,

while the smallest standard deviation from the average computing time for the

planners with a time-invariant goal was obtained by BTRRT.

For our application, robustness and consistency are the most valuable metrics.

Computing time is not of a critical importance, since the velocity of the

submersible is low, and the environment is not considered to be highly dynamic.

Therefore, first requirement for selecting a planners was 100% success, that is,

success at every run. The second requirement was a small standard deviation

in path length for each run. Thus, having in mind the results of the performed

evaluation and our requirements, we chose the RRT-Connect for our path planner.

Fig. 4.2 depicts environment used for the benchmarking, as well as the

returned feasible path, found in one of the runs by RRT-Connect planner.

Fig. 4.3 and Fig. 4.4 depict returned feasible paths by FMT and PRM planners,

respectively, in two of their runs. While both paths report no obstacle collision

and successfully plan the path from the initial position to the desired goal,

the paths are visible far from optimal. This specific path returned by FMT

had a length of 17.23 m, much longer than the average length of the path

return by RRT-Connect planner: actually, many times the standard deviation

of RRT-Connect longer than its average. The specific path returned by PRM
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and shown in the figure is satisfactory in terms of length, but exhibits a change

of orientation of 360° around the x-axis, notwithstanding the same orientation

of the robot for both start and goal positions.

Figure 4.3: Example of unsatisfactory path generated by the FMT planner.

Figure 4.4: Example of unsatisfactory path generated by the PRM planner.
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For the music is your special friend.

— JM
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Operating in harsh environments, such as flooded mine tunnel networks, pose

additional requirements, in addition to the “classical” planning and GNC features

of autonomous robots. System’s components, such as actuators and sensing

sensors, are prone to failure in these environments. Thus, it is crucial to develop

a system functionality capable of keeping the robot operating in the presence of

disturbances that may produce disruption, faults or even physical damage.

Due to the lack of any kind of real-time communications with a human

operated command and control station, the robot, besides of taking autonomous

decisions regarding its mission, must be provided with enhanced fault-tolerance

77
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capabilities. In order to provide the robot with such advanced capabilities, we

decided to go beyond simple “fault tolerance”. Our purpose is to augment the

UX-1 control architecture with self-adaptation properties to ensure the reliability

of its behavior, using the Metacontrol architectural framework by Hernandez

et al. [Hernández et al., 2018] and ontological reasoning.

The UX-1 perception and motion systems are redundant, which allows for

multiple (sub-optimal) configurations. We focused on a subset of possibilities

for its motion system (see Sec. 3.2.1), and demonstrate how, thanks to the

self-diagnosis and self-adaptation capabilities provided by the Metacontrol,

it can respond to thrusters failures with suitable reconfiguration of both its

hardware and software.

We argue that ontological reasoning to drive Metacontrol operation fulfills

the needs in the previous context. Ontologies are suitable to capture the

system’s architecture and capabilities with the appropriate level of abstraction.

Ontological reasoning allows to separate the rules for Metacontrol operation (i.e.

diagnostics and reconfiguration) from the application specific knowledge, and the

use of off-the-shelf reasoners, facilitating the validation of the architectural

reconfigurations inferred.

Autonomous underwater robots, such as the UX-1, need to maintain reliable

autonomous operation in hazardous and unknown environments. Because of the

lack of any kind of real-time communications with a human operated command

and control station, the system architecture needs to be enhanced with self-

awareness properties, explained previously.

Present techniques for coping with irregular situations depend on component-

level fault-tolerant solutions. However, these techniques cannot deal with

impromptu failures, since generally the case-based solutions are hard-coded.

This result in costly, unscalable and difficult to maintain solutions.

We decided to go beyond simple “hard-coded fault tolerance”. Our purpose

is to augment the UX-1 control architecture with self-adaptation properties

to ensure the reliability of its behavior, using the Metacontrol architectural
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framework [Hernandez Corbato et al., 2020] and ontological reasoning. The UX-

1 perception and motion system are highly redundant, which allows for multiple,

sub-optimal configurations. We focus on a subset of possibilities for its motion

system (see Fig. 2) and demonstrate how, as a result of self-diagnosis and self-

adaptation capabilities provided by the Metacontrol, it can respond to thrusters

failures with a suitable reconfiguration of both its hardware and software.

5.1 Related works

The proposed approach to fault tolerance based on self-awareness and metacontrol

is grounded on two long scientific and industrial traditions which developed,

mostly, independently. In the next sections we review separately the most relevant

existing works in the fields of fault-tolerant systems and self-awareness.

5.1.1 Fault tolerance

Faults, defined as events or states that prevent a certain system from performing

within the limits considered as satisfactory, are an unavoidable matter of concern

in any system: for those working in never-changing, repetitive environments,

due to the limited life of their component parts, foreseeable but eventually of

stochastic nature; bet even more for those those working in dynamic and ever-

changing environments, since the shift of the actual environmental features from

those postulated during the system’s design might cause a dramatic decay

in their performance.

Therefore, the concept of fault, often identified only with a binary assessment

of performance, is actually intimately linked to the continuous concept of Quality-

of-Service (QoS), that is, the extent to which a task of service is satisfactorily

provided [Brugali et al., 2018]: it is therefore no surprise that fault-tolerant

systems are an active field of research in connection to services such as video

streaming [Ledmi et al., 2018] and cloud computing [Elhabbash et al., 2019],
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since they represents, all in all, systems with capabilities for run-time adaptation

[Hernández et al., 2018].

The concept of fault tolerance first developed for industrial applications

[Visinsky et al., 1994], due to their vast use of robotic platforms and tools, and

given that increasing the reliability and effective working time of the deployed

robots has a direct impact on production costs. The first approaches to failure

detection in industrial applications involved human monitoring: however, human

detection proved unreliable and unable to perform early detection of small faults

with incipient behavior; in addition, delays between the robot malfunction and

the operator notification can cause potentially tolerable faults to eventually grow

into dramatic system breakdowns [Isermann, 2006]. As a result of this realization

and the unfulfilled industrial needs, the literature in the field shows the following

evolution regarding automatic fault management: first, automatic fault detection

was introduced, providing a binary warning; next, automatic fault diagnosis

could be achieved, indicating not only the existence of a failure but also an

account of its location and magnitude; finally, fault tolerant systems, there the

fault diagnosis is followed by a reconfiguration of the system in order to achieve

a satisfactory performance given the operational circumstances [Isermann, 2006],

and based on closed-loop control [Blanke et al., 2016].

Fault-tolerance has long been considered in software development, first

addressed by means of code-level utilities such as signaling flags and timeouts,

as as synchronous tools, and exceptions, as asynchronous triggers supported by

most modern programming languages [Garlan et al., 2003]: however, such fault

tolerance does not react dynamically to unforeseen phenomena, only to those

circumstances predicted and hardcoded during the development of the system,

and in the manner indicated therein: [Hernández, 2013]. This is an inflexible

approach, unable to respond to a wide range of unexpected phenomena, to fault

understanding and to deliberative reactions, is insufficient for autonomous robotic

platforms. More recently, self-adaptation and the use of models at run-time has

become a field of active research, being extensively studied for software systems in
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the last decade [Bencomo et al., 2019, Weyns and et al., 2017]. Simple examples

have shown that models of software properties, such as execution time, can

be used to optimize the software design of a robot according to associated

requirements, such as safety [Brugali et al., 2018] [Ramaswamy et al., 2015].

Regarding software systems with fault tolerance and run-time adaptability,

IBM released in 2001 a technical report stating that the main challenge to further

progress in the IT industry is not “keeping pace with Moore’s law” or “a barrier

of machine intelligence”, but the ever-growing software complexity caused by the

extraordinary computational power of the new chipsets, applications, and the

connectivity caused by the Internet. Given such increasing diversity, software

developers are simply unable to anticipate all behaviors and components required

in the future, leaving such issues to be dealt with at run-time. Simultaneously,

the concept of Autonomic Computing is introduced as a solution to address

complexity by using technology to manage technology [Horn, 2001]. The term

autonomic is derived, by analogy, from the autonomic nervous system of the

human body, which monitors our heart rate, body temperature, without any

conscious effort from our part: autonomic applications should exhibit analogous

self-managing capabilities to anticipate and resolve problems with minimal

supervision or intervention. The core of autonomic computing systems is self-

management, which has a goal to free the developers from the details of system

operation and maintenance. In their technical report, IBM identifies a number

of key elements for autonomic systems, among which the most important are

the following aspects [Kephart and Chess, 2003]:

• Self-configuration: autonomic systems shall configure itself automatically

according to high-level policies, and new components will seamlessly

integrate themselves into the system, with the rest of the system adjusting

automatically.
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• Self-optimization: autonomic systems shall continually search for ways

to make itself more efficient in performance and also in cost, proactively

seeking for updates to improve the functioning of the whole system.

• Self-healing: autonomic systems shall detect, diagnose, and repair detected

problems resulting from either bugs in software or hardware failures and,

using knowledge about the system configuration, match the diagnosis of

the fault against known software patches until installing the appropriate

patch.

• Self-protection: autonomic system shall defend the whole system against

external, malicious attacks, as well as anticipate problems based on early

monitoring information, and take steps to mitigate them.

Two fundamental needs regarding all the above four aspects of autonomous

systems can be extracted: the need for external awareness, that is, its elements

require precise knowledge of the environment of the system to be capable of

reacting to its changes; and the need for internal awareness, that is, the elements

of an autonomic system require descriptive knowledge of its own state and

behaviour [Elhabbash et al., 2019]. Regarding this need for the former, also

referred to as self-awareness, further details are provided in Sec. 5.1.2.

A certain degree of fault tolerance in robotics has been achieved by certain

works through the design of control systems with increased robustness, so the

inherent reaction provided by the present closed-loop accounts not only for noise

and operation drifts, as in usual closed-loop control, but also for a wider range of

events and potential fault sources [Yu and Zhang, 2015]. This approach to fault

tolerance, which can be referred to as robust control [Hernández, 2013], is however

insufficient to account for all the sources of variability that autonomous robots

would face in field operations. For this reason, a more powerful approach, based

on adaptive control, that is, the modification of the control system of the platform

as reaction to a fault, was proposed [Blanke et al., 2016]. Such approach, referred

to as metacontrol since it represents the “control of the control system”, has
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proved as a flexible and powerful tool in combination with robot self-awareness

techniques (see Sec. 5.1.2) for fault tolerance in robotics [Hernández et al., 2018].

5.1.2 Self-awareness

As discussed in previous Sec. 5.1.1, fault-tolerant and run-time adaptable systems

require: first, a detailed of the fault; second, the knowledge and understanding

of the state of the environment of the system; and third, the knowledge and

understanding of the system itself, its capabilities, and its possibilities to affect

its environment. This latter aspect corresponds to the concept of self-awareness.

The research on self-awareness, a concept whose exact boundaries are a matter

of disagreement between authors [Elhabbash et al., 2019], is deeply influenced

by biological analogies: a detailed discussion from this point of view can be

found in [Hernández, 2013]. Self-awareness is regarded as an expression of the

consciousness, whose differences with the latter are blurry, and whose real

existence is not even acknowledged by some neuroscientists. In spite of these

philosophical and conceptual uncertainties, self-awareness is regarded in the field

or robotics as enabled by the two following capacities [Chatila et al., 2018]:

• Self-evaluation, regarding the construction of a knowledge database with

the own abilities of the robot, their applicability, and their effect, involving

the transformation from learnt behaviors into explicit skills.

• Meta-reasoning: regarding the capacity of deliberating about the own

reasoning capabilities of the robot.

In other more applied environments, robot self-awareness involves self-observation,

that is, the perception of its own state differentiated from the perception of

surrounding elements, allowing reasoning about its own performance.

From the above descriptions (or attempts of description) one thing appears

clear: one of the main aspects behind self-awareness is the representation of the

information about the own abilities and skills. The most relevant representations

are metamodels and ontologies:
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• Metamodels: models that define how models, wherein models provide a

closed, prescriptive description of reality.

• Ontologies: explicit specification of concepts and their relationships, with

enough formality to be interpreted by computers.

Metamodels were developed for software development, whereas ontologies were

chosen for intelligent systems for exploitation of the knowledge at run-time.

Models are prescriptive, that is, they correspond to a closed-world assumption

[Aßmann et al., 2006] wherein only the aspects that can be specified by the

model are allowed, to prevent for unforeseen consequences when extending the

system; ontologies, however, are descriptive, and correspond to an open-world

assumption that treats the lack of knowledge as exactly what it is, unknown

information. Ontologies, therefore, do not impose conditions on the described

aspects of reality, only describe them, whereas models are usually known as system

specifications. In fact, metamodels can be considered a subset of the ontologies,

since all metamodels can be regarded as ontologies but not all ontologies are

modeled explicitly as metamodels [Hernández, 2013].

Ontologies have proven effective for representing complex knowledge about

things, groups of things, and interrelationships between them: for this reason, spe-

cific languages such as OWL have been created for them [Bechhofer et al., 2004].

OWL is often combined with Semantic Web Rule Language (SWRL), a language

complementing the OWL language with features for defining rules [Horrocks et al., 2004].

Ontologies have also proven suitable in the field of robotics thanks, mostly,

to their ability to represent heterogeneous knowledge [Beetz et al., 2018]: for in-

stance, the Ontology for Autonomous Systems (OASys) [Bermejo-Alonso et al., 2016]

is meant to describe and drive the entire life-cycle of autonomous systems,

from engineering to operation, base on metamodeling and ontologies. They

have been successfully used, for example, to provide mission-level resilience in

autonomous terrestrial robots [Hernández et al., 2018]. Underwater navigation

and AUVs appear also as an ideal testbed for this kind of systems, since the
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need for autonomy and resilience is much more compelling in their working

environment than the rest of sub-fields of robotics. In this line, [Zhai et al., 2018]

developed a OWL and SWRL-based ontology to provide users of underwater

robots with query services to know the status of the robotic systems and the

underwater environment. We use the same technologies, but to implement

automatic diagnosis and reconfiguration of an autonomous underwater robot.

5.2 Metacontrol framework

The work presented here extends the framework by [Hernández et al., 2018] for

self-adaptive autonomous systems. The core idea (Fig. 5.1) is to leverage the engi-

neer knowledge of the system in the form of a runtime model, to drive its runtime

self-adaptation capabilities. This knowledge is captured as a model of the func-

tional architecture during system development [Hernandez and Fernandez-Sanchez, 2017],

by using the Integrated Systems Engineering (ISE)&Pipelines of Processes

in Object-Oriented Architecture (PPOOA) method for Model-Based Systems

Engineering (MBSE) [Fernandez-Sánchez and Hernández, 2019]. Following the

functional approach in ISE&PPOOA allows to raise the level of abstraction

in the system’s representation and focus on representing the architectural

properties that are particularly relevant for the system’s capabilities required

in the mission at hand. To create an application and domain independent

solution, the Metacontrol framework departs from knowledge representation

approaches in robotics, centered in application-specific models, by applying a

metamodelling approach. The TOMASys metamodel [Hernández et al., 2018] is

designed to represent runtime models for metacontrol, based on other metamodels

for MBSE (UML, SysML), so that eventually transformations can be defined to

automatically generate the runtime model from the functional architecture model.

Concepts that would allow the metacontrol subsystem to reason on the impact

of the system’s current state upon its mission or objectives, in an analogous

way to what an experienced engineer would do.
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Figure 5.1: The Metacontrol approach.

Requirements for the metamodel: 1) The metamodel includes concepts for the

explicit representation of the autonomous system’s structure. 2) The metamodel

includes concepts for the explicit representation of the autonomous system’s

functions. 3) Runtime 4) Concepts should be application and domain independent

5) It must be feasible to develop a transformation from the engineering description

languages used to specify the design and functionality of autonomous systems,

such as UML, to our metamodel.

5.2.1 TOMASys

TOMASys is a metamodel to represent the functional architecture of an au-

tonomous robot, and distinctively also its runtime state. TOMASys functional

concepts are based on the theoretical framework for autonomous cognitive systems

by Lopez [López et al., 2007], and TOMASys elements related to structure are

inspired by models for component-based software [OMG, 2008]. Here we briefly

present the functional elements in TOMASys, displayed in its ontological version

in Fig. 5.3, a complete description of the original TOMASys metamodel can

be found in [Hernández, 2013].

While systems are primarily defined as a pair < system, environment >,

autonomous systems require the triplet < system, environment,mission > for

their definition. Intuitively, a system is autonomous if it capable of achieving
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its objective(s) –the mission– in its environment. The behaviour of an efficient

autonomous system is directed towards its objectives. This directiveness or

finality is the distinct trait of autonomous systems. Structural directiveness stands

for the fact that a particular architecture of the system results in a behaviour

convergent to its current objective(s). Purposive directiveness corresponds

of the adaptation of the system architecture so that the resulting behaviour

shall be convergent to the objective(s). Self-adaptive frameworks, such as the

one presented here, address the engineering of this purposive directiveness.

In TOMASys, the central concept of function represents how the system’s

directiveness is implemented in the system’s architecture, which is through

functional decomposition.

A differentiating aspect in TOMASys is that it takes the functional approach

from systems engineering and functional modelling. TOMASys explicitly captures

the relation between the robot’s objectives1 and its control architecture through

functional decomposition. At each instant, the system pursues a set of Objectives,

or specific instances of the functional requirements of the system, i.e. the

Functions. A FunctionDesign (FD) is selected in order to Solve each particular

Objective using concrete system resources, i.e. Components. The FunctionDesign

contains a set of Roles that define how certain Components in the system

are configured to fulfill the Function. The instantiation or grounding of a

FunctionDesign by the Binding of its defined Roles to actual Components is

represented by a FunctionGrounding (FG). The FunctionDesign may also require

the realisation of other Objectives, which would in turn require the instantiation

of other FunctionDesign that solve them, and so on. This is how TOMASys

represents functional decomposition.

Summarily, a TOMASys model represents the control architecture of an

autonomous robot through two sets of elements. The first set includes Objectives,

FGs, Bindings, Components and additional property values and links to capture

the information of dynamic state of the functional hierarchy of the system. The
1We use italics for the elements in TOMASys ontology.
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second set includes Functions, FDs and Roles, to represent the static knowledge

about the system resources and architectural alternatives.

Functional decomposition involves three aspects: objectives, resources and

algorithms. An algorithm in the system knowledge is selected in order to realize

a particular objective with specific system resources, this is a function grounding.

However, it is usually the case that the function defined by the algorithm relies on

other objectives to be also fulfilled, which are usually referred to as sub-objectives.

This is how the system’s operation can be decomposed from the root objectives

into a hierarchy of objectives-functions.

TOMASys originally supported simple fault-based reasoning for diagnosis and

component fault-tolerance and functional reconfiguration [Hernández et al., 2018].

This was implemented as fault-propagation in the functional hierarchy model

(FGs and Objectives). In this work we address quality attributes of functions,

using performance as an example. For this, we have extended TOMASys with

three elements. Performance is a property of Components, FunctionGroundings

and Objectives, and it is a real number [0.0, 1.0]. Efficacy is a property of

FunctionDesigns, also [0.0, 1.0], that express their ability to solve the objective

they address. The instantaneous performance achieved at runtime for each

objective in the system depends on the performance of the FunctionGrounding

solving it and the efficacy of the FD it grounds. To compute the performance

of the FG, different models could be considered, and we have enabled the

definition of different performance models for different FDs through SWRL rules.

However, here we will consider only a default model for all FDs, which equals

the performance of its grounded FG to the average of the performances of the

components binded to the roles defined by the the FD.

5.2.2 Ontological reasoning for metacontrol

One of the core contributions of this work is the implementation of TOMASys

in an OWL ontology with SWRL rules. This way, the metacontrol operation for

functional diagnosis and reconfiguration is implemented using an OWL reasoner,



5. Metacontrol and Self-Awareness 89

Table 5.1: Example of the SWRL rules implementing TOMASys semantics for error
propagation.

R1 Binding(?b) ^binding_component(?b, ?c) ^c_status(?c, false) ->b_status(?b, false)
R2 Binding(?b) ^hasBindings(?fg, ?b) ^b_status(?b, false) ->fg_status(?fg, false)

R3 Objective(?o) ^fg_status(?fg, false) ^FunctionGrounding(?fg) ^realises(?fg, ?o)
->o_status(?o, false)

Table 5.2: SWRL rules implementing.

R4 Component(?c) ^typeC(?c, ?cc) ^c_status(?c, false) ^cc_unique(?cc, true)
->cc_availability(?cc, false)

R5
FunctionDesign(?fd) ^ComponentSpecification(?cs) ^cc_availability(?cc, false) ^
Role(?r) ^roleDef(?r, ?cs) ^typeC(?cs, ?cc) ^roles(?fd, ?r) ^ComponentClass(?cc)
->realisability(?fd, false)

with the following benefits. First, it facilitates validation and verification by

using standard reasoners for the metacontrol operation, and explicitly separating

it from the model semantics. Finally, it opens the door to extend the runtime

model with knowledge from other robot ontologies, and enables the use of the

multiple ontological tools for metacontrol development.

The SWRL extends OWL with the capability to specify Horn-like rules (i.e.

statements of the form “if-then”) to perform inferences over OWL individuals,

so new knowledge about those individuals can be generated. An example of the

SWRL rules developed to implement TOMASys semantics is shown in Table

5.1. Concrete, these rules allow to perform functional diagnosis: they identify

which objectives are affected by an error in a component. R1 propagates an

error detected in a component by the monitoring infrastructure, to the role it

plays in a function, by setting the binding’s status to ERROR. R2 scales that

error to the function grounding, and R3 to the objective being realised by the

function grounding. Rules 4 and 5 in Table 5.2 determine that a function

design that uses a component that is not available because of being unique

and in ERROR, is not realisable.

We have used a rule-based reasoner that supports SWRL, concretely Pellet

[Sirin et al., 2007], and OWLAPI [Horridge and Bechhofer, 2011], to implement

the metacontrol operation as symbolic inference, in a similar approach to that
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of [Jajaga and Ahmedi, 2017]. The TOMASys metamodel assumes that the

architectural alternatives (FDs) are finite and known, and the statuses of the

system components are fully known through monitoring. We use OWLAPI

constructs to implement our reasoning with the partial-closed world assump-

tion. The metacontrol reasoning operation consists of functional diagnosis

and reconfiguration.

Firstly, the functional diagnosis proceeds as follows. The monitoring

observations about the system components are converted into assertions of OWL

individuals. Then, the reasoner is executed on the updated ontology, and the

status of FGs and Objectives is inferred using the TOMASys SWRL rules. In

this work, in addition to the rules for functional diagnosis in Table 5.1, SWRL

rules are defined for the FDs in the application ontology to implement the new

TOMASys performance model (see Rule 5 in Table 5.3). These rules update

the performance achieved in the fulfillment of each Objective, based on the

instantaneous performance of the components involved in their realization2 and

the efficacy of the FDs they ground.

Secondly, the metacontrol reasoner infers the best reconfiguration to optimize

Objectives’ performance, based on the available resources, i.e. Components, and

the design knowledge, i.e. the Efficacies of the FDs that can be implemented

with them. This is done reasoning again with the application-specific rules for

performance, in addition to the generic rules for TOMASys semantics.

5.3 Metacontrol of the UX-1 robot

In this section, we elaborate the application of the Metacontrol framework to

implement reasoning for self-adaptation in the control architecture of the UX-1

robot. Concretely, the objective was to design the metacontroller to: 1) perform

self-diagnosis of the navigation and motion subsystems, given the status of the
2We assume here that this information is provided by the monitoring infrastructure or other

specific observers
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thrusters, and 2) determine the best configuration of both subsystems based

on the previous diagnosis.

The knowledge obtained during the engineering of both subsystems is that i)

according to the level of performance of the thrusters, different controllers shall

be used for optimal performance, and similarly ii) according to the controller

used, one or the other navigation system is suitable. To account for this type of

self-adaptation requirements, we have extended TOMASys to model performance

as presented at the end of Section 5.2.1.

5.3.1 Control Architecture of the UX-1

Figure 3.3 depicts the UX-1 prototype, highlighting both its perception and

actuation means. As mentioned earlier, in this work we take into consideration

only a subset of all the devices as a proof of concept. Concretely, we take into

account only four of the eight thrusters (the ones dedicated to the forward and

backward movement), and we consider only the subsystem to control the motions

of the underwater robot, including two low-level possible controllers (one PID and

one fuzzy) tuned for different thruster configurations. We use the ISE&PPOOA

[Fernandez et al., 2016, Hernandez and Fernandez-Sanchez, 2017] to develop the

hypothetical model of the control architecture for the motion subsystem and its

alternative configurations. This is represented in Fig. 5.4, where only two of the

multiple alternatives are displayed for each function, and the Navigation function

is not detailed as it is not considered in the concept proof presented here.

For forward motion, the pair {T3,T7} (back thrusters) is preferred (efficacy=1),

but any combination of T1/T3 - T5/T7 is allowed, depending of the performance

of the thrusters. For example, if T1 has bad performance, T2 can be employed.

The rationale is that, according to the level of performance of the thrusters,

different controllers shall be used for optimal performance. For the shake of our

hypothetical scenario, it is assumed The PID controller works well when the

performance of the thrusters results in a propulsion thrust above 70%, while
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the fuzzy controller performs better when the overall thrust is below 30% due

to the instantaneous thruster’s performance.

5.3.2 Initial ontology for the UX-1

For the metacontroller to reason at runtime the optimal configuration of the

control architecture of the UX-1, the previous engineering knowledge is encoded

in the ontology following the TOMASys metamodel.

The UX-1 ontology consist of two modules: the TOMASys ontology, and the

application specific ontology for the underwater robot. The later contains the

simplified version of the robot’s control architecture described in section 5.3.1.

TOMASys concepts have been implemented through OWL classes, comple-

mented with SWRL rules for additional Metacontrol semantics, in the so called

TBox (for terminological knowledge), which is used to represent the domain, i.e.

the functional architecture of autonomous systems in this case. The model of the

underwater robot’s architecture is thus captured in the ABox (for assertions) by

creating specific instances of the TOMASys classes for the different objectives,

functions and components in the underwater robot’s architecture.

In our simplified version of the UX-1, the system has the root Objective

to Navigate, for which any FunctionDesign solving it requires the Objective

ControlledMotion. Correspondingly, multiple FDs for ControlledMotion

are available, each one corresponding to each of the different controller options

presented in the previous section, and all of them requiring a specific objective

for the function Propulsion. Finally, the different configurations of thrusters

are modeled as different FDs for the Function Propulsion.

We have used the new TOMASys elements performance and efficacy already

discussed in section 5.2.1, and an associated set of SWRL rules to model the

runtime performance of alternative architectures. For example (see figure 5.4),

the FunctionDesign FD_PID solves the function ControlledMotion with an

efficacy of 1.0 (optimal), and for this it has a role that contains a specification for

the PID controller, and requires that an objective of functionType Propulsion
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Table 5.3: One of the SWRL rules that implement the TOMASys performance model
for the UX-1.

R6

FunctionGrounding(?fg) ^typeF(?fg, ?fd) ^fd_efficay(?fd, ?eff)
hasBindings(?fg, ?bA) ^hasBindings(?fg, ?bB)
Binding(?bA) ^binding_role(?bA, role1-fd_move_fw_2m15) ^binding_component(?bA, ?motorA) ^
Binding(?bB) ^binding_role(?bB, role3-fd_move_fw_2m15) ^binding_component(?bB, ?motorB) ^
c_performance(?motorA, ?pA) ^c_performance(?motorB, ?pB) ^
swrlb:add(?aux1 , ?pA, ?pB) ^swrlb:divide(?aux2, ?aux1, 2.0) ^
swrlb:multiply(?eff, ?aux2, .0) ->
fg_performance(?fg, ?aux)

is fulfilled with a performance higher than 0.7. At the lower level, multiple FDs

are available to address objectives of functionType Propulsion. For example,

PropulsionM1M5 defines two roles, specifying the use of thruster T1 and T5

for propulsion, with an efficacy of 0.9 (they are not the optimal configuration

for propulsion). During runtime operation, the performance achieved for each

objective is given by the TOMASys model for performance, which has been

implemented in application-specific SWRL rules such as R6 in Table 5.3. For

example, the performance for the propulsion objective, when realized by a

FG implementing the FD PropulsionM1M5, is given by multiplying the

performance of both thrusters, weighted by the efficacy of the FD, which

in this case is 0.9. Note that different performance models could have been

specified for different FDs.

5.3.3 Extended ontology for the UX-1

After the previous proof of concept showed the successfully self-adaptation of

robot control architecture, we have extended the ontology for the UX-1 and

applied it on thruster failure handling. We focused on the scenario of descending

the shaft, entering the tunnel, and going back to the deployment location. In

order to complete this mission, the robot is performing a L-movement, moving

in four directions independently: downward, forward, backward, and upward.

In order to perform this experiment, we simplify the movement of the

robot and assume fully decoupled movements. For example, while the robot is

performing a surge movement, only the thrusters in charge for that movement are
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used (see Sec. 3.2.1). For surge, thrusters T1, T3, T5 and T7 are used, whereas T2,

T4, T6 and T8 are used for heave motion. The ontology captures this knowledge

making use of the classes defined in TOMASys. Table 5.4 depicts the individuals

of the UX-1 robot according to TOMASys classes.

Table 5.4: TOMASys classes and UX-1 individuals used for the navigation tunnel
application.

Component Function Function Design Quality Attribute type Quality Attribute value
- T0 - f_nav_surge - fd_surge_no_t1 - performance - low_performance
- T1 - f_nav_heave - fd_surge_no_t3 - high_performance
- T2 - fd_surge_no_t5
- T3 - fd_surge_no_t7
- T4 - fd_surge_all
- T5 - fd_heave_no_t0
- T6 - fd_heave_no_t2
- T7 - fd_heave_no_t4

- fd_heave_no_t6
- fd_heave_all

TOMASys sees the system as an aggregate of Components capable to

do functions. The runtime realization of a Function defines an Objective.

However, a function can be done with different techniques and components. The

alternatives are stored in Function Designs. Runtime, the realization of a

function design is defined by a Function Grounding. In fact, the selection

of a Function Grounding is the best available solution, so Quality Attribute

types and Quality Attributes values are used to specify the character of the

different design alternatives (Function Designs).

An overview of some relationships between classes and individuals is showed

in figure 5.5, in bold there are the individuals displayed in the figure. The

objective and function grounding individuals are created runtime. When the

UX-1 is descending the tunnel, the reasoner gets a diagnostic message of this

movement and sets the objective to o_nav_heave. When it starts going forward,

this objective is deleted and instantiates a o_nav_surge objective. Each

time a new objective is defined, the reasoner searches the best function design

available and grounds it creating a new function grounding individual. In this

case, it is the fg_surge_no_t0.
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The rest of the elements are stored in the knowledge base. First we have

functions, in this case two functions are defined f_nav_surge and f_nav_heave.

Each of them has five function designs that are alternatives to complete the

navigation in that direction. For the surge movement, we have fd_surge_all

to use when all surge thrusters are available and specific function designs when

any of the surge thrusters are disabled, e.g. fd_surge_no_t0.

The selection among function designs is done with Quality Attributes criteria.

Different Quality Attribute Types can be defined, such as safety, energy, or

reliability. In this case, only performance is used. Two Quality Attribute

values are defined, high performance for all the function design that use all

the thrusters and low performance to navigate without a thruster.

Relationships among classes such as solvesF, typeFD or solvesO, links

between Functions, Objectives and Function Groundings. However, the main

important relation in this application is requiredBy that defines which com-

ponents (thrusters) are required in each function design.

When thruster’s failure is detected, a force reallocation is required to keep

operating with the rest of the thrusters responsible for the movement being

performed. The main objective of the metacontroller is to keep operation even

in suboptimal conditions without human intervention.

Based on the design alternatives, the reasoner selects an appropriate Function

Design for the happening scenario. For example, if the objective is performing

the surge movement, and a thruster T1 failure is diagnosed, the selected Function

Design is fd_surge_no_t1.
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Figure 5.2: Main elements of TOMASys metamodel.

Figure 5.3: Main classes in the OWL implementation of TOMASys.
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Figure 5.4: Architectural alternatives for the UX-1 MotionControl and Propulsion
functions, displayed using the SysML graphical notation.



98 5.3. Metacontrol of the UX-1 robot

Figure 5.5: Main relationships affected by thruster T0 contingency.



The time to hesitate is through, No time to wallow
in the mire.

— JM

6
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6.1 Experimental setup

The development and field testing of autonomous robots are complex tasks for

a number of reasons. The logistics are often quite complicated, and the risk of

damaging the equipment is very high. Such difficulties are greatly magnified in

the development and testing of the underwater platform UX-1, the object of our

work. The unique field working conditions of the UX-1, i.e., flooded subterranean

mines, involve a high risk of permanent loss of the platform in case of failure or

error and a high life risk in rescue attempts entailing direct human actions.

An additional difficulty during the development and testing of certain modules

is the dependency on the existence and performance of the modules, hardware

and software, composing the loop they are part of. The guidance system is part

of a closed-loop composed of the GNC module, the SF and SLAM modules,

99
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the LLC (see Fig. 3.4), and, as important as them, the physical environment

of the robot and the robot itself.

On the contrary, simulators are useful tools for system preliminary valida-

tion and algorithm benchmarking, where troubleshooting is simplified through

the use of a controlled environment. Modern simulators have achieved as-

tounding completeness and are able to simulate, with a high degree of real-

ism, not only object dynamics but also all the operational components of a

robotic system such as their sensor readings and communication protocols.

Gazebo [Koenig and Howard, 2004], for instance, is an open-source robotic

simulator that has become the de-facto standard in the robotics scientific

community, which includes multiple high-performance physics engines providing

collisions and realistic movements, along with sensor data generation for a

wide range of modalities.

Having in mind the above difficulties for autonomous robot testing and the

capabilities of modern simulation software, we have developed an incremental

testing framework for our guidance system based on the completion of the loop it is

part of, discussed in the previous paragraph, using partly real and partly simulated

modules and environmental data. In other words: our testing framework for

the guidance augments, using different degrees of simulation, the real working

modules, and the real data captured by the submarine on its environment, so

all the interactions required for the guidance to operate are available.

Following this designed testing framework, two different degrees of simulation

have been explored in detail: the first level is referred to as software-in-the-loop,

or simply SIL, since all the components and data beyond the guidance and

control systems are either purely software or simulated, allowing complete control

of all the surrounding variables of interest; the second level is referred to, as a

contrast, as hardware-in-the-loop, or simply HIL, because it incorporates the real

hardware and software modules related to the control of the robot, the movement

of the real robot in water, and the sensory readings of the robot regarding its

positioning. Both testing paradigms are depicted and compared in Fig. 6.1.
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Hardware-in-the-loop

Figure 6.1: Visual depiction of the SIL and HIL testing paradigms.

Both SIL and HIL tests, explained further in Sec. 6.1 and 6.1, respectively,

simulate the presence of the robot in the mine, so the difficulties derived from

the logistics and risks of on-site tests are avoided. However, in order to make

the tests as representative as possible, realistic mine sites have been created and

used in both testing paradigms, as detailed in Sec. 6.1.

Virtual environments

Several virtual environments, with different degrees of realism with respect to

real underwater mines, have been developed to test different functionalities of

the guidance system. The complexity of the simulated environments range from

simple straight pipe-like cylinders in different orientations, adding progressively

more obstacles inside them and turns and joints of several angles and types,

to the following two complete mine models:

• A model reproducing an existing mine, namely the Kaatiala mine in

Finland, where the first field tests of the UNEXMIN project were performed.

Kaatiala is an open-pit mine with an underground section currently being

used for cave diving, for which an approximate layout and depth profile

measured by the divers is available, as depicted in Fig. 6.2b. The model
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(a) Hand-written map (b) Depth profile

32 m

World
NED

(c) 3D reconstruction

Figure 6.2: Kaatiala mine, Finland.

25 m
55 m

World
NED

Figure 6.3: Complex virtual environment.
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of the mine, shown in Fig. 6.2c, was artificially created using such limited

low-detailed available information. This figure includes an indication of its

North-East-Down (NED) frame of reference, where its axes are depicted,

respectively, using red, green, and blue (RGB) colors: this convention will

be kept in the rest of this chapter and the thesis.

• A purely synthetic complete mine, not corresponding to specific real data

of any mine, but only following general shape and size characteristics of

real mine sections. It reflects a significantly more intricate layout than

the Kaatiala model, with multiple bifurcations and junctions of different

types, and useful for testing the capabilities of the Trajectory Generator

and our exploration algorithm. A depiction of such a synthetic environment

is shown in Fig. 6.3.

The two environments representing full-size mines described above have been

only used, however, in the SIL tests, since the size of the virtual environments

used for the HIL tests are limited by the size of the physical tank in which

the robot is physically operating.

Software-in-the-loop setup

SIL experiments involve uniquely software, since the loop in which the guidance

system is comprised is completed using purely simulations. They are thus

performed without the participation of the real robotic platform itself, which

is substituted for a realistic simulation model, including the environment and

their mutual interactions.

Performing the SIL tests requires the simulation of, at least, the physical

substrate of the modules SLAM, SF, and LLC (see Fig. 3.4 and Fig. 6.1)

in operation with its environment, which includes: sensor readings; control

commands and their effect on the position of the robot; and the environment

itself. The modeling of the robot dynamics in the environment and the capture

of readings from it have been simulated using Gazebo. The operation of the
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(a)

(b)

Figure 6.4: An example of built OctoMaps used for experimental validation.

SLAM, SF, and LLC modules have been reproduced using different levels of

idealization, ranging from the idealization of said modules facilitated by the

availability of the ground truth provided by the simulation of the robot in

the virtual environment, at their simplest level, to the use of the real software

modules developed by their corresponding development teams and operating on

realistic sensor capture simulations provided by Gazebo, at the most complex

level of SIL experimentation.

In order to bring the SIL experiments as close as possible to the imperfect

and uncertain conditions of real experimentation, and bearing in mind the severe

noise that real robot positioning readings usually show, we have disturbed the

ground truth measurements provided by Gazebo simulator with extra additive

noise specifically generated.

As indicated, we have taken the odometry measurement data from the
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Figure 6.5: OctoMap built using a model the Urgeirica mine.

simulation in Gazebo as input and we have consider it as ground truth data:

although the odometry published by Gazebo is not completely perfect, and it

contains a certain amount of noise, it is modelled accurately enough to be used

as ground truth data. At this point, we have added random Gaussian noise

(generated according to a normal distribution) to the instant readings in each axis

of translation of the ground truth odometry. The generation of normal random

noise with the required power have been implemented by means of the Box-Muller

transform, providing pairs of independent, standard, normally distributed random

numbers, conveniently scaled. The Box-Muller transform has been chosen due to

is computationally efficient with respect to other alternatives such as the inverse

transform sampling method [Kloeden and Platen, 2013]. Finally, odometry’s

noise is accumulated over time as it is the case in real world situation.

Early testing SIL experiments present a number of additional advantages

derived from the lack of limitations that both the robotic hardware and physical

reality would impose on testing, to wit:

1. Detachment from the real passage of time: since simulations are not required

to map simulation and real-time one-to-one, tests symbolizing a long test
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(a)

(b)

Figure 6.6: OctoMap of the Kaatiala mine.

duration can be run in almost negligible time.

2. Full control of testing conditions: exact initial conditions for each test can be

set and reproduced for subsequent tests, and different aspects inside/outside

the scope of study of a certain experiment can be included/left out

selectively.

3. Isolation of the effect of individual aspects in the performance of the

guidance system: since the different modules of the tested loop run purely

in the form of software, they can be selectively transformed into their

ideal, flawless versions, allowing the consideration of realistic performance

considerations for a limited number of them.
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Figure 6.7: UX-1 in the water tank used for HIL tests.

For instance, the above advantages, combined, have made it possible to develop

sets of tests aimed at evaluating stochastic algorithms and experimental conditions

through the statistical analysis of a significant amount of test runs (1 ) with

identical starting conditions (2 ), and the optimization of the performance of the

designed guidance system for certain operational tasks (3 ).

Hardware-in-the-loop setup

HIL tests use both the real hardware and software of the UX-1 submarine,

including controlling its movement in the water. The submarine is deployed in a

water pool, where it dives according to the instructions provided by the LLC

of the robot applied to the real robot’s dynamics. Real readings related to its

positioning, such as depth, orientation, and velocity, are used for navigation

and control purposes.

HIL experiments require, thus, the simulation of the solid walls of the mine

in coordination with the real control of the robot in the pool, which involves

synchronization between simulation and reality in two opposite directions of

information: (i) the real displacement of the robot has to be reflected in the

simulated environment so the virtual avatar of the submarine moves, accordingly,

with respect to the walls of the simulated mine; and (ii) the sensor readings
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that the virtual avatar of the submarine would capture, from its position, from

the simulated walls of the mine has to be transferred as the input for the

corresponding sensors of the robot. According to these required communications,

sensor readings related to robot positioning through the iterative creation of the

map and used by the SLAM module, namely the SLS, the Multibeam Profiler

Sonar, and the Scanning Sonar (see Sec. 3.3), were simulated in Gazebo and the

real sensors were bypassed. The IMU and DVL, however, were not simulated,

and their readings were real. The controller used for HIL experiments is the

Feedback Linearization (FL) controller developed for the UX-1 platform, and

presented and validated in detail in [Suarez Fernandez et al., 2019].

It can be clearly seen that the extension of the HIL experiments is limited

by both the amplitude of the virtual mine and the physical dimensions of the

available pool. Our tests were performed in a 10× 6× 5 m (length, width, depth)

water tank located in the Robotics and Autonomous Systems Laboratory at

INESC TEC, shown in Fig. 6.7. Since the tank size was far smaller than the

dimensions of the two complete mine models discussed in Sec. 6.1, HIL tests could

not be performed using a significant extension of their maps. Instead, different

maneuvers covering partial aspects of a submarine campaign, such as shaft descent,

tunnel entrance and traversing, and bend turning, were tested independently

using limited corresponding models or sections of the complete mines.

Although the UX-1 robot was designed and intended for fully autonomous

navigation of flooded mines, during this preliminary test phase, the UX-1 robot

(a)
(b)

Figure 6.8: Drift in East (y) direction caused by the tether (a) UX-1 with the tether;
(b) Odometry Measurement.
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Figure 6.9: Waypoint control results.

was equipped with a neutrally buoyant cable for two reasons: first, real-time data

communication regarding the simulation was required, as well as for visualization

and parameter tuning; and second, the possibility of manual control in case of

software or hardware failure needed to be granted. The addition of this cable,

unfortunately, had a non-negligible effect on the robot dynamics, mainly in

terms of lateral displacements (see Fig. 6.8).

6.2 Performed Experiments

A series of experiments aimed at validating the guidance system’s performance

in different tasks of interest for the submarine operation were carried out. Such

experiments, performed, respectively, following only SIL, only HIL, or both

paradigms depending on the specific task’s requirements, are detailed in the

following subsections.

Path planning experiments: obstacle-free

The objective of the performed path planning tests consists in following, in an

open-water map (free from walls and obstacles), a path preset using a number
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of intermediate waypoints entered sequentially: the expected result of this

experiment is, thus, a piece-wise linear trajectory between waypoints.

The assessment of the accomplishment of the tasks was based uniquely

on spatial considerations, that is, the fact that the sequential waypoints were

successfully reached within a certain spatial tolerance; no temporal restrictions

regarding the time required for completion were evaluated. The experiment for a

given path to test, defined as a list of waypoints, consisted thus in: transmission

of the next waypoint to reach to the Trajectory Generator module; calculation, by

the Trajectory Generator module, of the path to follow from the current position

of the submarine to said waypoint; and, once the goal has been reached within the

preset tolerance, repetition of the same steps using the next waypoint in the list.

Waypoints comprised both the desired location in space and the orientation

of the submersible, and were entered following the format [x, y, z, φ, ψ], where

the location variables x, y, and z follow the usual North (x)-East (y)-Down

(z) convention for marine navigation, and φ and ψ represent, respectively, the

pitch and yaw of the robot. (Note that no roll has been included since it

has been considered of little practical interest.) The instant pose of the robot

during the tests was recorded using the same coordinate system detailed for

the waypoints. The tolerance for waypoint reach was preset independently for

each dimension of the coordinate system: the tolerance for the translation-

related dimensions x, y, and z was set to 10 cm, and for the orientation-related

dimensions φ and ψ to 5 degrees.

The performed path planning experiments comprise both SIL and HIL tests

with open-water maps (equivalently, no maps). Fig. 6.9 depicts the results of

one of the HIL path planning experiment, where the waypoints of the desired

path are linked to four points of interest (PoI), which could correspond to a

situation where the submarine traverses a horizontal tunnel connected to a

narrow, vertical shaft extending downwards (although, as explained, no map

including walls to be considered by the guidance system are included). The

defined PoIs would correspond, in this symbolic setting, to: PoI 1, entrance
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of the tunnel; PoI 2, entrance of the shaft, end wall in the forward direction;

PoI 3, bottom of the shaft, descending vertically by its end wall from PoI 2;

and PoI 4, connection of the horizontal tunnel and the narrow shaft. Each

point was sent to the path planner, which planned the safe path from the

starting point to the goal: these points and the real positions described over

time by the robot in the water pool appear marked in Fig. 6.9. The inclusion of

the separated PoI 2 and PoI 4, instead of one single point reached twice, was

specifically considered to illustrate that the path planner correctly handles paths

not aligned with the axis of the considered coordinate system, but also oblique

lines whenever suitable. Furthermore, the pitch angle was set to be different

in the different waypoints: Nose Down configuration (90°) was part of PoI 3,

and thus was used while descending, and the Nose Up configuration -60°was

part of PoI 4 and thus was used while ascending the shaft diagonally. Points

PoI 1, PoI 2, and the endpoint were set according to the Nose Front configuration

(0°), and thus such configuration was used while moving in a straight line and

exploring the horizontal mine passages.

The parameters of the RRT-Connect path planner were set knowing that

the experiment is performed in an obstacle-free environment. The discretization

of the robot motion was set to 20 cm, the planning time was limited to 5 s,

and the maximum number of planning attempts was set to 5. The waypoint

control experiment had a duration of approximately 545 s. The RMSD in x and

z direction is 0.056 m. The total length of the reference path is 13.4 m, and the

total calculated traveled distance is 15.1m. This difference could be due to the

noise in the odometry measurement. In the water tank where this experiment

was performed, no external positioning methods were available, therefore the

position of the robot was calculated fully internally by the robot’s SF module.

This experiment demonstrated a successful execution of the guidance module

and its proper integration with the SF and LLC modules. Table 6.1 shows the

mean and max force reference commands obtained by the FL controller, the

length of the reference and the accomplished path, RMSD of vehicle’s position
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Table 6.1: Key figures of the path planning experiment performed in the water tank.
(a) Mean and max force reference commands obtained by FL controller. (b) Length of
the reference path and the accomplished path, RMSD and the duration of the test.

(a)

Metrics Value Units
Mean Fx 1.9 [N]
Mean Fz 1.71 [N]
Max Fx 13.37 [N]
Max Fz 9.42 [N]

(b)

Metrics Value Units
Ref. path length 13.4 [m]

Accomp. path length 15.1 [m]
RMSD 0.056 [m]
Duration 203 [s]

with respect to the planned path, and the duration of the experiment. The

planning time is not considered critical for our case due to the low velocity of

the submersible, and therefore it has not been evaluated.

During this initial experiments, the sway motion was not controlled. Therefore,

the drift caused by the tether could not be corrected. Fig. 6.8b depicts the drift

occurred during the execution of this experiment.

Path planning experiments: environmental restrictions

Closely linked to the obstacle-free path planning experiments described in Sec. 6.2

and as an incremental level of difficulty over them, the ability of the guidance

system to plan paths adapting suitably to the environmental map and potential

obstacles within the tunnels and shafts was tested.

Two types of obstacles were included in the considered environment models:

1) virtual mine walls to test maneuvers for mine traversing and 2) virtual obstacles

inside the mine to test more challenging scenarios. The goals were predefined in

an analogous manner to the waypoints detailed in Sec. 6.2 but, in the current

setting, the path planner is assumed to infer more complex maneuvers inside the

provided tunnels and shafts to achieve the goals without collisions. This type of
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Figure 6.10: Path planning experiment with environmental restrictions depicted in
different views. (a) OctoMap of the environment with start and goal position of the
robot. (b) 3D planned path. (c) Side view of the mine tunnel with an obstacle between
start and goal position of the robot. Tunnel walls are depicted in green, the obstacle
in blue, and gray circles depicts the planned path.

experiment was performed both in SIL and HIL environments. However, for the

HIL tests, the size of the pool greatly limited the virtual environments which could

be considered; as a result of this limitation, we tested different maneuvers, such

as descending the shaft and entering tunnels, traversing the tunnel and taking a

turn, to name a few, in reduced combinations fitting the available pool size.

Here we present the results of one type of maneuver tested independently in

SIL and HIL environments. The experiment consisted of a narrow horizontal

tunnel with a sharp narrowing caused by an obstructing wall in its lower half. The

experiments in SIL and HIL were performed with the identical parameters in order

to better evaluate their performance and compare them. Fig. 6.10 depicts the

results of the performed maneuver. Fig. 6.10(a) represents the initial position of

the UX-1 robot and the desired destination. Note the obstacle between these two

positions, which was chosen intentionally to test the obstacle avoidance algorithm.
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The OctoMap was pre-built and it was imported into the guidance system at

the beginning of the experiment. The start and the goal position were identical

in both tests, as well as the used OctoMap. Also, the same RRT-Connect path

planner was used with the identical parameters. The planning time was limited

to 10 s, the number of planning attempts was limited to 20, and the discretization

of robot motion used for collision checking, known as the longest valid segment,

was set to 5 cm. This parameters greatly affects the performance of the path

planner and the obstacle avoidance. Setting the parameter too low would greatly

increase the planning time; however, setting the parameter too high could cause

collisions of narrow objects to be missed. Accordingly, 5 cm was chosen knowing

that the width of the inserted obstacle is 10 cm. Considering that the execution

speed is not of critical importance in our case due to the low velocity of the

vehicle, the planning time and the number of planning attempts were increased

compared to the experiments in an obstacle-free environment to allow the path

planner more time and attempts to plan a safe path. An additional 10 cm

padding, or obstacle inflation, was added to the tunnel walls and the obtruding

obstacle to add more safety to the vehicle.

Fig. 6.10(c) shows the side view of the tunnel with an obstacle for easier

visualization of the planned and accomplished paths, as well as the distance of

the robot to the closest obstacle. Fig. 6.10(b) depicts in 3D the planned path

with the OctoMap representation of the environment. The length of the planned

path was 4.12 m in the SIL environment and 4.2 m in HIL. The difference can

be explained due to the randomness of the RRT-Connect path planner. The

calculated accomplished path in SIL was 4.31 m, and 5.17 m in HIL. Similarly to

the previous experiment, the bigger difference in the length of the accomplished

path and reference path in HIL environment seems to be caused by the noise in

the odometry measurement, whereas the SIL experiment used the ground-truth

odometry from Gazebo simulator. The RMSD in the HIL test was 0.05m and

0.007 m in SIL. The duration of the SIL test was approximately 53 s, and 67 s for

HIL. The vehicle’s mean velocity of 0.1 m/s was equivalent in both experiments,
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Table 6.2: Key figures of the path planning experiment with obstacle avoidance
performed in SIL and HIL environments. (a) Mean and max force reference commands
obtained by the FL controller. (b) Length of the reference path and the accomplished
path, RMSD and the duration of the test.

(a)

SIL HIL
Metrics Value Units
Mean Fx 3.1 0.21 [N]
Mean Fz 2.7 0.05 [N]
Max Fx 5.2 0.4 [N]
Max Fz 4.2 0.1 [N]

(b)

SIL HIL
Metrics Value Units

Ref. path length 4.12 4.2 [m]
Accomp. path length 4.31 5.17 [m]

RMSD 0.007 0.05 [m]
duration 53 67 [s]

however higher mean force values were obtained in the SIL test due to the

differences in the model of the robot used therein. The difference in the duration

of the tests was caused mostly by higher complexity of the system used for HIL

test and the latency between different software modules. Table 6.2 summarizes

the key figures for the two tests. As in the previous test, the planning time is

not considered critical for our case due to the low velocity of the submersible,

and therefore it has not been evaluated.

A number of HIL experiments were included as part of a live demo1 for

the UNEXMIN project.

Exploration experiments

The testing of the exploration software, still in an early stage of development,

was performed independently for vertical and horizontal exploration. Vertical

exploration was tested in the HIL environment, while horizontal exploration

was tested in the SIL environment.
1The video footage of the demo can be found in https://youtu.be/BYf3hiTCIY8?t=

4523.

https://youtu.be/BYf3hiTCIY8?t=4523
https://youtu.be/BYf3hiTCIY8?t=4523
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body

world_nedworldlddd__nnnneeeeddd

1 m

Figure 6.11: Autonomous horizontal exploration result. Main image: travelled
path as green line; detected frontiers as red lines and appearing on the edges of the
unexplored tunnels. Overlaid top-right image: model of the mine used for exploration.
Overlaid bottom-left image: laser range within the tunnel with the robot at a junction.

In Fig. 6.11, the results of the horizontal exploration, as explained in Sec. 4.2.2,

are depicted. The experiment was performed in the simulation environment,

using simplified model of the robot with 360°laser mounted on top of the vehicle.

The range of laser range finder was limited to 2 m: its resulting readings are

exemplified, for a robot location corresponding to the intersection of mine tunnels,

by the bottom-left overlay in Fig. 6.11. The preset requirement of the exploration

was chosen as a maximum number of right-most junctions taken. Using a priori

knowledge of the map, this parameter was set to 4. No timeout nor maximum

distance were set. The model of the mine used for the experiment is depicted

in the top-right overlay of Fig. 6.11. Since the focus of this experiment was

solely testing the exploration software, we used the robot’s ground-truth position

from the Gazebo environment for robot localization to avoid SLAM errors due

to poor laser scan matching caused by the mine model’s lack of textures. The

experiment was interrupted once the fourth turn has been made.

The results represent a successfully completed autonomous horizontal explo-

ration using our merged frontier exploration algorithm with the right-hand rule.

The main image in Fig. 6.11 depicts an explored and mapped section of the mine
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Figure 6.12: Path replanning experiment depicted in different views. (a) Executed
path until the moment when the obstacle is introduced and detected. The red color
depicts a detected possible collision. (b) 3D replanned path from the new start position
(position reached in (a)). (c) Side view of the mine tunnel with the obstacle between
start and goal position of the robot. Tunnel walls are depicted in green, the obstacle
in blue, and gray circles depicts the final planned path.

network. The maximum speed of the submersible was limited to 0.2 m/s. The

whole experiment took 514 sec. The total traversed distance was 77.3 m, while

the shortest distance between the start and final location is approximately 56.3 m.

Event handling experiments

We successfully tested the handling of a set of both external events, e.g., path

replanning due to the detection of new obstacles, and internal events, e.g.,

mechanical component failure and a low-battery level, using our partially-

simulated testing paradigms.

Path replanning

In Fig. 6.12, the result of the path replanning due to the detection of a newly

introduced obstacle is depicted. The path replanning mechanism is explained in
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the Sec. 4.2.2. The experiment was performed in the following manner:

• The goal is set at 3.5 m (North) from the start position in a space comprising

only the tunnel and no obstacles. The initial path is planned accordingly,

and is depicted with blue asterisks in the Fig. 6.12(c).

• During the executing of the path, the collision checking is recurrently

performed by the FCL, checking points of the planned path against the

OctoMap of the environment.

• When the vehicle reaches 0.75 m, we introduce a pre-built OctoMap

consisting of a tunnel with an obstacle positioned to block the way to

the desired goal destination.

• When FCL detects the possible collision of the initial planned path with the

introduced obstacle, the path is declared as invalid and the path execution

is aborted. Fig. 6.12(a) depicts the executed path of the robot until the

moment the obstacle is introduced, as well as the possible collision.

• The request for a new path is made.

• The path is recalculated and is depicted with the green asterisks in the

Fig. 6.12(c). Fig. 6.12(b) depicts the 3D visualization of the recalculated

path as well as the OctoMap of the introduced tunnel and the obstacle.

Fig. 6.12 depicts the side view of the experiment, performed in the SIL

environment. The ground-thruth odometry readings from Gazebo simulator

were used for positioning. The velocity was limited to 0.1 m/s. The obstacle

is introduced at a safe distance from the vehicle, namely 1 m, allowing the

vehicle to timely and safely pass around it. The time elapsed from the moment

the obstacle was introduced to the moment the possible collision was detected

was approximately 1.3 s. Then, after 0.7 s the request for the new path was

sent, which was planned in approximately 2.3 s. During the first latency of
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Table 6.3: Key figures of the path replanning experiment performed in SIL. (a) Mean
and max force reference commands obtained by FL controller. (b) Length of the
reference path and the accomplished path, RMSD and the duration of the test.

(a)

Metrics Value Units
Mean Fx 2.13 [N]
Mean Fy 0.12 [N]
Mean Fz 1.14 [N]
Max Fx 3.18 [N]
Max Fy 0.3 [N]
Max Fz 1.93 [N]

(b)

Metrics Value Units
Ref. path length 4.24 [m]

Accomp. path length 4.49 [m]
RMSD 0.068 [m]
duration 205 [s]
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Figure 6.13: Event handling result.

1.3 s the vehicle kept following the initial path and it travelled 10.2 cm. The

whole experimented lasted approximately 205 s. The key figures of the of the

experiment are summarized in Table 6.3.

Low-battery handling

In Fig. 6.13, the result of the handling of the low-battery signaling in HIL
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Figure 6.14: Thruster failure experiment. The main figure depicts the executed
trajectory. Yellow squares depicts the moment the corresponding waypoint are sent.
The thruster T1 failure happens when the waypoint C is reached. The insets represent
RPM of four thrusters on the right side of the robot.

environment is depicted. The goal location of the UX-1 robot was initially

sent to the depth of 4.5 m. While descending, the battery level readings were

bypassed, triggering the low-battery signal.

This signal was accepted by the Action Executor module, which canceled the

mission, and sent the new goal location for the UX-1, i.e., the surface. The timing

of the triggered signals and the latency of the responses are depicted in the figure.

This experiment was included as part of a live demo2 for the UNEXMIN project.

2The video footage of the demo can be found in https://youtu.be/M1rmX8KjRi0?t=
802.

https://youtu.be/M1rmX8KjRi0?t=802
https://youtu.be/M1rmX8KjRi0?t=802
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Thruster failure handling

Furthermore, we validated the handling of a thruster failure in the HIL

environment.

We performed three tests with analogous setting but each one with different

thruster configuration. The tests were performed in the water tank, without

obstacles, performing the maneuver of descending the shaft, entering and

traversing the tunnel, and returning to the deployment location. The first

part of the experiment, descending the shaft and traversing the tunnel, will be

referred to as Part 1, while the second part of the experiment, the return to the

deployment location, is denoted as Part 2. The complete reference path was

composed of the follwing 6 waypoints (x, y, z in meters, ψ (yaw) in degrees):

A : ( 0, 0, 2.5, 0), B : ( 2, 0, 2.5, 0), C : (3.5, 0, 2.5, 0),

D : (1.5, 0, 2.5, 0), E : ( 0, 0, 2.5, 0), F : ( 0, 0, 0.5, 0)
. (6.1)

The waypoints A, B and C are considered as the part 1, and D, E and F the

part 2 of the experiment (see Fig. 6.14). The first test, denoted as test I, was

performed with all thrusters working. The second test, denoted as test II, was

performed with two thrusters disabled. Finally, the third test, denoted as test III,

is a hybrid test which was performed with all thrusters working in the part 1,

and the part 2 was performed with two thrusters disabled. During the test III,

the failure of the thruster T1 was simulated by bypassing the output values of

the LLC module. The failure was signalled when the waypoint C was reached,

which represented the end of the part 1. Once the failure was detected and the

specific failing thruster identified, the initial thruster allocation matrix, shown

in eq. (3.1), was reconfigured online into

Bnew =



0 0 −1 0 0 0 −1 0
0 1 1 1 0 −1 −1 −1
0 1 0 −1 0 1 0 −1
0 −l 0 l 0 l 0 −l
0 0 0 0 0 0 0 0
0 0 −l 0 0 0 l 0


. (6.2)
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Table 6.4: The duration of each test per different parts and the RMSD of the vehicle
position with respect to the reference trajectory.

(a)

Duration
Test Part 1 Part 2 Complete Units
I 75 124 199 [s]
II 97 180 277 [s]
III 78 180 258 [s]

(b)

RMSD
Test Part 1 Part 2 Complete Units
I 0.049 0.051 0.05 [m]
II 0.067 0.073 0.07 [m]
III 0.052 0.059 0.056 [m]

Note that the new matrix has zero values in the columns representing the

defective thruster and its symmetric one, that is, T5.

For the sake of conciseness, only the test III is shown in Fig. 6.14. The

odometry measurement is depicted in different colors for the part 1 and part 2

for easier visualization. The RPM of the four thrusters on the right side of the

vehicle are shown: due to the symmetry of the vehicle, the equivalent forces

are obtained from the thrusters on the other side.

The gray area denoted in the figure represents the latency from the moment of

the triggered T1 thruster failure to the moment of re-initializing the experiment,

once the thruster allocation matrix had been updated. The total latency time

between the reception of the thruster failure signal and the resumption of the

test was approximately 9.7 s.

The duration of each part of each test is depicted in Table 6.4a. Table 6.4b

presents the RMSD with respect to the reference path. Attention is drawn to

the hybrid test III, whose parts relate to different configurations. It can be

noted that, in this test, the path error was very similar for part 1 and part 2;

this is expected due to the UX-1 robot being an over-actuated system where

thrusters are redundant. However, the duration of part 2 in this test was higher:
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Figure 6.15: Odometry measurment during the metacontrol test.

since the RPM limits of the remaining thrusters were not changed after the

failure, lower velocities were achieved by the submarine as a consequence of

the lower overall thrust achievable.

This experiment confirmed that in the case of a thruster failure the mission

can be continued, although at a lower velocity. Higher velocities can be obtained

by increasing the RPM limits: however, this is not recommended as it can

cause a failure of additional thrusters.

Metacontrol experiments

After the proof of concept for the metacontrol explained in Sec. 5.1, we have

performed a series of experiments using the SIL paradigm explained in Sec. 6.1.

The experiments were performed in the same conditions as the experiments for

the event handling explained in the previous section. Similarly, the performed

maneuver consisted of: descending the shaft, entering and traversing the tunnel,

and returning to the deployment location.

The first experiment was performed with all thrusters working. The second

experiment was performed with a failure of one of the thrusters in charge of the
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(a) T1 (b) T3

(c) T2 (d) T4

Figure 6.16: Forces produced by thrusters on the right side of the hull

surge movement (T1, T3, T5, or T7). Fig. 6.15 shows the odometry measurements

of both first and second experiments, respectively with and without thruster

failure, provided by Gazebo.

In the second experiment, corresponding to the fault situation, said failure of

the thruster T1 was triggered at the position x = 1.5 m during the surge movement.

Based on the defined reasoning rules and Function Designs, the metacontroller

chooses the Function Design fitting the observed experienced: since in this case the

movement is surge and the failure occurs in the thruster T1, fd_surge_no_t1

is chosen and the corresponding force reallocation is done (see Sec. 5.3).

Fig. 6.16 depicts the forces produced by the thrusters on the right side of

the robot, the side where the thruster T1 undergoing the failure is located. The
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(a) T5 (b) T7

(c) T6 (d) T8

Figure 6.17: Forces produced by thrusters on the left side of the hull

upper graph in each subfigure (blue lines) relates to the experiment with all the

thrusters working, while the lower subfigures (blue lines) depict the experiment

with the simulated failure of thruster T1 and subsequent thruster reconfiguration.

It can be noted that the forces of T2 and T4 are with almost no difference in

both experiment, this is due to these thrusters not being used during the surge

movement. Fig. 6.17 depicts analogous information, with analogous layout,

but for the the forces produced by the thrusters on the left side of the robot,

complementing the information conveyed by Fig. 6.16.

Finally, Fig. 6.18 depicts the force reference commands in both experiments:

that is, the force in each direction demanded to the thrusters by the controller.

It can be noted that the force sent in both experiments is, in magnitude, almost
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Figure 6.18: Force reference commands.

identical: however, the forces actually produced by the set of thrusters is lower

in the experiment with the failure of T1, which leads to longer duration of

the mission. The duration of the experiment with all thrusters working was

approximately 102 s, while the duration of the experiment with the failure of T1

was approximately 170 s. The total latency time between the reception of the

thruster failure signal and the resumption of the mission was approximately 1.7 s.

This experiment showed the successful integration of the metacontroller with

the guidance system, and its validation in the SIL environment. We showed that

the main mission objective, in this case performing a L-maneuver, was performed

successfully despite the failure of one of the thrusters.



People are strange when you’re a stranger.

— JM

7
Conclusion and Future Work

This thesis addresses the design, implementation, and experimental evaluation of

the autonomous guidance system of the robotic submersible UX-1 developed in

the UNEXMIN project, essential software system for the operation of the robot in

its target maze-like environments. The corresponding sections detail the solutions

adopted in the design and implementation of the guidance system in order to

make the system not only effective at its pre-scheduled tasks but also dynamically

responsive to potential asynchronous events, both external and internal.

The followed methodology regarding the design of the guidance system, and

the implemented system resulting from the conclusions of this design step, have

been detailed in the corresponding sections of this thesis. The design decisions

made for the guidance system have been based on the careful study of the state-

of-the-art in the field, its assessment regarding the specific working environment

expected for the UX-1 robot, and specific benchmarking carried out to select the

most suitable existing algorithms in the context of the UNEXMIN project.

The experimental validation of the implemented guidance system in its

integration with the rest of systems of the UX-1 robot has been one of the

main points of attention of this work. The experiments presented herein, which

have involved both fully and partially simulated robot interaction with its

127
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environment, prove the capability of the developed guidance system to successfully

lead the movement of the submarine in a number of tasks representative of its

operation in real mine campaigns. The performed tests address a great variety of

situations in terms of structural features of the environment, required tasks, and

asynchronous events in which the different modules of the developed guidance

system have shown their capabilities.

Furthermore, the control architecture of the UX-1 robot has been enhanced

with mission-level self-diagnosis and self-adaptation properties with the meta-

controller component. We have proposed an ontological implementation of such

component based on OWL and SWRL. Our solution is based on an ontology

of the functional architecture of autonomous robots, which allows inferring the

effects of the performance of its constituent components in the functions required

during the robot mission, and generates the reconfiguration commands needed

to maintain operation reliably. The conceptual solution has been validated

using a hypothetical set of scenarios implemented in an OWL ontology and an

OWLAPI-based reasoner. Furthermore, we have integrated the metacontrol

reasoning with a realistic simulation model of the UX-1 robot, which which

we have validated the metacontrol reasoning, its proper system diagnosis, and

its respective reconfiguration.

Despite the satisfactory performance of the implemented guidance system

proved by the presented sets of tests and the indubitable usefulness of the

used experimental paradigms, a number of questions related to the progressive

deployment of the fully autonomous version of the UX-1 submersible in real

flooded mines require further clarification. For instance, as indicated in the

experimental evaluation section, the scope and validity of the performed hardware-

in-the-loop experiments have been hindered by practical aspects such as the

limited size of the available physical pool or the need for a connection cable

affecting the dynamics of the robot, which deserves additional efforts as future

work. Real campaigns in actual abandoned flooded mines appear also of special

interest in the path towards full operation of the UX-1, since simulations
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cannot suffice to illustrate all potential variability of real environments: in

this direction, several campaigns in different mines with specific details and

peculiarities are already planned, which will lead to an extensive evaluation

of the complete platform.

Future works regarding the metacontrol module include the integration of

TOMASys with the ontological standard CORA (IEEE 1872-2015) for robotics

and automation [IEEE RAS, 2015], which contains concepts to represent the

complete triplet mission–system (architecture)–environment. This would allow

the coordination of the metacontrol operation with the mission or task-planning.

In this work, we have focused on navigation, one task derived from the robot

mission: with this ontological expansion, we aim to close the loop with meta-

control at the mission level to ensure the fulfillment of the mission objective

for which the robot was designed.

Furthermore, we plan to explore reconfiguration of the software components

of the robot, such as the modules in charge of positioning and mapping. The

redundancy of the components of the UX-1 robot offers a wide spectrum

of possibilities for reconfiguration, far beyond the sole reconfiguration of its

propulsion means, addressed in this thesis as an exemplary application of the

capabilities provided by the metacontroller. For instance, the available sensors

for mapping have their limitations with respect to the specific environment

where the robot is, and not all the sensors are used during the mission. Thus,

implementing a metacontroller able to diagnose the reliability of the information

obtained by each sensor and to reconfigure the mapping module accordingly is

an interesting line of research that we plan to explore.

The results obtained in this thesis and the ongoing development work represent

an important step towards the final goal of designing a fully autonomous

underwater robotic system, to autonomously explore and map abandoned flooded

mine networks and to gather valuable geoscientific data. Using this gathered

data, geologists will be able to identify potential prospectivity in areas that are

now inaccessible, which in turn could lead to the reopening of abandoned mines.
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